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5 Flat glass products with thin film coatings 

Flat glass coated with thin films is of considerable economic importance. These coatings 

on flat glass predominantly fulfil the following functions: 

- Low emissivity for thermal radiation 

- Electrical conduction 

- Antireflection 

- Reflection 

- Decorative effects 

As will be shown in this chapter, there are some physical interrelations between these 

functions. The physical phenomena of electrical conduction and interference of electro-

magnetic waves serve as the foundations of all the functions mentioned above. Interfer-

ence arises when two or more waves (in this case solar or thermal radiation, radar, TV or 

radio waves) are superimposed with the result that they are either amplified or weakened. 

The flat glass products with thin films currently on the market are basically 

- Thermally insulating glazing used in the construction industry to lower energy con-

sumption in heating and air-conditioning systems 

- Solar-control glazing also used in the construction industry for decorative and energy-

saving effects 

- Antireflective glass used externally and internally in construction, but primarily as the 

front glass layer for modern liquid crystal displays or glazing for solar energy convert-

ers 

- Mirrors used for interior decoration, fashion accessories, in bathrooms and in vehicles 

- Conductive glass as a component for a growing number of flat glass products with 

switchable properties, such as liquid crystal displays or electrochromic or electrotropic 

glazing 

All thin film coatings deposited on flat glass on an industrial scale today make use of at 

least two of the functions mentioned above. For example, 

- Thermally insulating coatings - the low thermal emissivity and antireflective properties 

- Solar-control coatings - the low thermal emissivity, reflective properties and decora-

tive effects 

- Conductive coatings - the conductive and antireflective properties 

- Mirrors - reflective properties and decorative effects 

Thus the layer systems coated using thin film technologies fulfil multiple functions (see 

Chapter 2 in Part I). For an increasing number of flat glass products, thin film and thick 

film coatings are combined, e.g. to manufacture spandrel panels for the construction in-

dustry, mirrors, panes with variable solar transmittance, photovoltaic modules and plasma 

displays. 
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The range of functions added to flat glass has been further extended. Flat glass 

with hydrophobic, hydrophilic, photocatalytic, anti-soiling, surface-hardening or 

solar-energy converting properties or with variable solar transmittance are 

commercially available today, again, usually in combination with functions that 

are already available. The applications of flat glass are improved and their num-

ber extended, such that the flat glass market has not only been strengthened, but 

is also expanding further. 

 

5.1 Transparent conductive coatings (TCC) 

Transparent, electrically conductive coatings on flat glass can perform a large number of 

functions. Most industrially produced flat glass products using thin film coatings are based 

on transparent conductive coatings. As a result, these have greater economic importance 

than all other thin films used today. 

All the functions achieved with transparent conductive coatings are based on the effects of 

the free electrons in these layers. Their significant distinguishing feature is whether the 

functions are based on conduction by the free electrons in the layers or on their interaction 

with electromagnetic radiation. The former effect is explained by OHM’s Law, which states 

that an electric current flows within the layers when a voltage is applied. The latter effect 

mainly influences reflection in the spectral range from solar radiation to the long waves of 

radio transmission, which is caused by the interaction of the incident radiation with free 

electrons in the layers. 

Apart from the physical effects based on the properties of the free electrons, modern 

transparent conductive coatings employed industrially make use of reflection or antireflec-

tive effects in the wavelength range mentioned above which are based on interference by 

electromagnetic waves. It can thus be said that the physical properties of free electrons 

and the principles of interference of electromagnetic waves by thin films serve as a basis 

for most of the functions achieved by transparent conductive coatings on flat glass. 

Since this is the case, it is advisable to explain the basic physical laws encountered in 

these layers (see Chapter 5.1.1) and to specify the characteristic features of the coatings 

used today (see Chapter 5.1.2) prior to describing the large number of individual flat glass 

products involving transparent conductive coatings. 

 

5.1.1 Technical terms and physical foundations 

As already mentioned in Chapter 1, flat glass acts as an electrical insulator. Its specific 

electric resistivity ρw is approximately 1010 – 1011 Ωcm at room temperature. Its electrical 

conductivity σ, the reciprocal value of the resistivity, is 10-10 – 10-11 (Ωcm)-1. 

There are a large number of flat glass products where the panes must perform a high 

level of electrical conductivity, or effects based on it, and simultaneously allow excellent 

transmission of visible light or solar radiation. This is ensured by transparent conductive 

coatings (see Figure 5.1.1.1). 
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The property of electrical conductivity in transparent conductive coatings (TCC) is based 

on electrons; this is why they are classed as ‘electron conductors’. Electrons have a very 

small particle mass. On the other hand, there is also ion-based conductivity; the corre-

sponding materials are called ‘ion conductors’. Here, much more heavily charged atoms, 

i.e. ions, are moveable charge carriers. Unlike electron conduction, ionic conduction is 

always linked with chemical changes. Chapter 6.2.2 deals with panes which possess elec-

trochromic properties where ion conductors are involved. 

Flat glass with a transparent conductive coating can be used as conductive glass where 

the layer acts as a transparent electrode to supply or dissipate electric currents, as neces-

sary, for instance, to control opto-electronic effects or for heating purposes. In addition, 

the high reflectance exhibited by these layers for electromagnetic radiation from the near 

infrared to longer wavelengths is used to control solar radiation, infrared (thermal) radia-

tion and radio waves. The reflection of thermal radiation is of particular importance for 

thermally insulating glazing (see Chapter 5.1.3.1), where the heat loss through architec-

tural glazing into the environment has to be reduced. As will be shown in Chapter 5.1.1.1, 

a high infrared reflectance and a low thermal emissivity are closely interrelated physically. 

The characteristic specifications with regard to transparent conductive coatings, i.e. the 

technical parameters which are of interest for the user, are basically 

- Values related to radiation, according to EN 410; i.e. the light and solar (energy) di-

rect transmittance (τv and τe, respectively), the light and solar (energy) direct reflec-

tance (ρv and ρe, respectively), the light and solar (energy) direct absorptance (αv and 

αe, respectively) (see note below) 

- Sheet resistance R□  

- Thermal emissivity ε 

 

Note: According to EN 410, information relating to radiation is determined as follows: 

 

 

 

 

 

 

 
Figure 5.1.1.1: Flat glass with a transparent, electrically conduc- 

                        tive coating 
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where  

S(λ) = relative spectral distribution of solar radiation 

τ(λ) = spectral transmittance 

ρ(λ) = spectral reflectance 

α(λ) = spectral absorptance of the coated pane 

 

 

 

 

 

where  

D(λ) = relative spectral distribution of illuminant D65, and  

V(λ) = spectral luminous efficiency for photopic vision, defining the standard observer for  

           photometry. 

The transmittance, reflectance and absorptance values as a function of the wavelength λ τ(λ), ρ(λ), 

and α(λ) are referred to as the spectral transmittance, reflectance and absorptance, respectively. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The sheet resistance R□ describes the resistance of a square layer area. It is determined 

simply by commercially available measuring instruments applying the four-point method 

as shown in Figure 5.1.1.2, where b is the constant distance between the electrodes, U 

the voltage applied and I the current measured. For the four-point measurement configu-

ration, the sheet resistance R□ follows the equation: 

     R□ = 4.532 •U / I   [Ώ]          

Figure 5.1.1.2: Schematic representation of the four-point method to mea- 

                        sure the sheet resistance R□ of conductive coatings 
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where the number 4.532 is a geometrical factor. 

In an ideal case where the layers are totally homogeneous in terms of structure and thick-

ness (for manufacturing reasons this does not usually occur with thin film layers), the 

following relationships between sheet resistance R□ and resistivity ρw or conductivity σ 

apply: 
    R□ = ρw / d = 1 / σ •d [Ώ]    

where d is the layer thickness. From these equations it can be concluded that the sheet 

resistance R□ is reduced as the layer thickness d increases. 

Because thin film layers are usually not homogeneous, the sheet resistance R□ is of 

greater importance in the application of conductive coatings than the conductivity σ or its 

reciprocal value, the resistivity ρw. However, conductivity and resistivity permit electric 

phenomena to be interpreted more easily and are thus used throughout this chapter. 

The electrical conductivity of matter follows the equation: 

    σ = e • µ• N [Ωcm]−1   

where e is the elementary charge (a natural constant), N the concentration of free charge 

carriers, and µ their mobility. The concentration of charge carriers N represents the num-

ber of electric charges per cm3 available to conduct the current at the applied voltage; its 

unit of measurement is cm-3. The mobility µ demonstrates how well the electrons can 

move within a solid; it is specified in units of cm3/V•s. 

The concentration of free charge carriers N can be determined by establishing a magnetic 

field H at right angles to the layer plane and the current I, which is similar to the meas-

urement configuration for the sheet resistance R□ (see Figure 5.1.1.2). Figure 5.1.1.3 illus-

trates a measuring configuration to determine the concentration of free charge carriers in 

a layer. 

The free charge carriers, in this case the free electrons, drifting through the layer due to 

the applied voltage, deviate from their path because of the influence of a magnetic field H. 

As a result, an electric voltage, the so-called Hall voltage UH, can be measured across the 

layer width h. The deviation of electrons in a magnetic field is described by the LORENTZ 

force. For the measurement configuration shown in Figure 5.1.1.3 it follows: 

    e • v • H = e •UH / h      

where v is the drift velocity of the electrons due to the applied voltage. With this equation 

and the help of the above-mentioned equation for the electrical conductivity σ and OHM’s 

Law, it follows for the concentration of the charge carriers N: 

    N = I •H / e •UH •d    

where d again is the layer thickness and I the measured current. 

.  
Note: This equation is true provided that the magnetic permeability is approximately 1, which 

applies for the layers dealt with in this book 
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The mobility µ of the free charge carriers is determined by the kind and number of scatter-

ing processes which cause the free charge carriers to deviate from their drift course 

through the material. These scattering processes can be caused by structural faults in the 

layer, e.g. by interfaces of differently crystalline areas, by faults in the atomic order, by 

missing atoms or ions, by additional foreign atoms or ions or by the thermal oscillation of 

atoms in the layer, also known as lattice oscillation. In the case of very thin layers in par-

ticular, scattering processes due to the layer surface condition (rough or smooth) play a 

considerable role. In order to interpret the electric phenomena, it has proved to be advan-

tageous to introduce the ‘mean collision time’ τc as an average period of time between two 

scattering events which free charge carriers encounter on their path through a solid. This 

is known as the DRUDE-LORENTZ model. Using this model it becomes apparent that the 

mobility of the electrons µ is proportional to the mean collision time τc; i.e. the higher the 

mean collision time τc, the higher is the mobility value µ. This is the case if the layer has 

only a few scattering centres and if it is as smooth as possible. 

Applying the equation σ = e · µ · N, the mobility of the free charge carriers µ can be calcu-

lated on the basis of the given values σ and N. 

Furthermore, the introduction of the ‘collision frequency’ ωC (ωC = 1/τc) has proved to be 

useful to interpret the behaviour of electrically conductive materials when interacting with 

incident electromagnetic waves. The shorter the collision time τc, the higher the collision 

frequency ωc and vice versa. The value of the collision frequency ωc substantially deter-

Figure 5.1.1.3: Schematic representation of a measurement configura- 

                         tion to measure the concentration N of free charge  

                         carriers in a layer 
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mines the behaviour of electrically conductive materials when electromagnetic waves are 

incident. 

Transparent conductive coatings can be produced from  

- Metals and  

- Semiconductive materials.  

As explained above, the conductivity σ for the TCC under discussion here is based on 

free charge carriers according to the equation σ = e · µ · N. Whereas in metals, electrons, 

i.e. negative charge carriers, convey the electrical charge, in semiconductors  both elec-

trons and missing electrons, (or electron holes, usually referred to simply as ‘holes’), are 

able to do this. Physically, these holes are interpreted as particles (like the electrons), but 

with a positive charge.  

The difference between the two types of material with regard to the generation of charge 

carriers can be understood with the help of Figure 5.1.1.4.  

 

 

 

 

 

 

 

 

 

 

 

In metals (Figure 5.1.1.4 (a)), one electron per atom is usually released, leaving behind a 

positive metal ion at a lattice site. The lattice of positively charged atomic residues is held 

together by the released electrons, collectively called ‘gas of free electrons’ or also ‘elec-

tron plasma’. The released electrons can move freely within solids. 

In semiconductors (see Figure 5.1.1.4 (b)), the free charge carriers are generated by sub-

stituting atoms in the host lattice  (e.g. Si atoms with 4 valence electrons Si4-) by ions from 

atoms of a higher or a lower valence. This technique is called ‘doping’. To conserve elec-

trical neutrality, the atoms with more valence electrons, e.g. the phosphorus atoms with 5 

Figure 5.1.1.4: Generation of charge carriers  

a) in metals and b) in semiconductors,  

e.g. in silicon (Si) with doping of phosphorus  

(P5-) and boron (B3-) ions  

⊕ = holes, Θ = free electrons 
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valence electrons (P5-), release one electron in the Si host lattice by thermal activation at 

low temperatures. By contrast, the ions from atoms with a lower valence (e.g. the boron 

atoms with 3 valence electrons (B3-) capture one electron from the Si host lattice, whereby 

the captured electrons are interpreted as “missing” electrons, i.e. as holes with a positive 

charge which also can be released at low temperatures. Both the free electrons and the 

holes can drift freely in the semiconductor lattice. The electron-releasing atoms are called 

‘donors’, the electron-capturing atoms are known as ‘acceptors’. The doping atoms, called 

dopants, can be implanted only if their ionic radius (i.e. their volume) is comparable to that 

of the host lattice sites and there is no precipitation due to chemical reactions with the ions 

of the host lattice.  

When donors and acceptors are implanted simultaneously, the charge carriers generated 

by them, i.e. the electrons and holes, compensate electrically for each other. In this case, 

the conductivity is determined by the difference between free electrons and holes. If the 

donors outweigh the acceptors, the doped material is called an ‘n-type’ semiconductor, if 

the acceptors outweigh the donors, it is called a ‘p-type’ semiconductor.  

When the concentration of the free charge carriers N is measured according to Figure 

5.1.1.3, n-type and p-type conduction can be distinguished by the polarity of the Hall volt-

age UH. 

In the literature, the doped semiconductors are symbolised by adding a colon and the 

symbol of the dopant to the chemical formula of the host lattice. The materials in Figure 

5.1.1.4b are thus represented as Si:P and Si:B, respectively. 

By supplying a sufficient amount of energy, even bound electrons can be released from 

the host lattice and at the same time the same number of holes is generated. Both can 

drift freely in the host lattice. The free charge carriers generated thereby are called ‘elec-

tron-hole pairs’. The energy needed to release electron hole pairs from the host lattice is 

referred to as the activation energy ΔE. The activation energy is a material-specific value 

and can be supplied e.g. by solar radiation (see Chapter 7). If the activation energy ΔE is 

greater than the energy of incident light, the material appears transparent. 

Metals and semiconductors differ essentially in the following points: 

- While the sheet resistance R□ of thin metal films is exclusively determined by the layer 

thickness, that of semiconductors is determined by the layer thickness and the dopant 

concentration. 

- The thermal behaviour of the sheet resistance R□ is usually different for the two types 

of materials. While in metals the electrons remain mobile at low temperatures, in semi-

conductors both the electrons and holes are recombined with donors and acceptors, 

e.g. with B3- and P5- in Figure 5.1.1.4b. This means that the dependence of the sheet 

resistance on the temperature is different from that of metals. While the sheet resis-

tance of metallic coatings increases as the temperature rises due to increased scatter-

ing of the free electrons by lattice oscillations, the sheet resistance of semiconductive 

layers drops as the temperature rises, because more free electrons are released from 

the corresponding dopant atoms. If a semiconductor is highly doped, i.e. if the free 

charge carriers N are highly concentrated, an anomaly occurs insofar as the thermal 

behaviour of the sheet resistance is identical to that of metallic coatings, i.e. the sheet 

resistance R□ increases as the temperature rises. The reason is that in this case elec-
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trons are already released without thermal activation as it is usual for metals. Highly 

doped semiconductors are therefore also referred to as ‘degenerate’, which is proved 

by the thermal behaviour explained above. Figure 5.1.1.5 shows the dependence of the 

sheet resistance R□ on the temperature for a silver coating and a highly doped semi-

conductive coating based on tin oxide in the temperature range from -20°C to +50°C. 

 

 

 

 

 

 

 

 

 

 

 

 

 

From Figure 5.1.1.5 it can be seen that the sheet resistance R□ of the silver coating in-

creases by approximately 0.9 Ω and that of the highly doped tin oxide coating by 1.5 Ω as 

the temperature rises in the aforementioned temperature range, i.e. the conductive tin 

oxide coating is degenerate.  

The differences in the sheet resistance R□ of transparent metallic and semiconductive 

coatings which can be seen in Figure 5.1.1.5 are typical for transparent conductive coat-

ings deposited on flat glass on an industrial scale today. With metallic coatings, much 

smaller sheet resistance values can be achieved than with semiconductive coatings (at a 

comparable light transmittance τv). This is because the concentration of free charge carri-

ers N amounts to a maximum of 1023 (cm-3) in metallic coatings, but only to a maximum of 

1021 (cm-3) in semiconductive coatings, i.e. the maximum concentration of the free charge 

carriers N is lower by nearly a factor of 100 (see also Chapters 5.1.2.1 and 5.1.2.2). The 

mobility µ of the free charge carriers, however, is almost identical in both materials. 

As explained above, the behaviour of transparent conductive coatings regarding electro-

magnetic radiation is of major importance for their application in relation to flat glass prod-

ucts. Electromagnetic radiation is usually described by sinusoidal waves, the characteris-

tic properties of which are the wavelength λ and the amplitude A. 

Figure 5.1.1.6 shows a sinusoidal wave propagating in the x direction. If the waves oscil-

late only in one plane, e.g. in the x-y plane, they are known as linearly polarised waves, if 

they oscillate in all directions around the x axis, they are known as unpolarised waves. 

Electromagnetic radiation is emitted as “wave trains”, the length of which (also called co-

herence length) depends on the emission source. Radiation emitted by light bulbs and 

Figure 5.1.1.5: Dependence of the sheet resistance R□ on temperature for a 

                         silver coating and a highly doped tin oxide coating 
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diffuse daylight on a cloudy day has comparatively short wave trains and exhibits a low 

degree of polarisation. Light emitted by gas, e.g. in neon lamps, and direct sunlight have  

 

 

 

 

 

 

 

 

 

comparatively long wave trains and exhibit a high degree of polarisation. The wave ampli-

tude A serves as a measure for the intensity I of the wave. The formal relation shows that 

the intensity I is equal to the square of the amplitude A, i.e. 

            I = A2    

The frequency f (=1/t) and the wavelength λ are related according to the equation:      

           λ =  c / f    

where c in this case is the velocity of the electromagnetic wave (λ/t). The frequency f (or 

the wavelength λ) determines the energy E of the electromagnetic radiation. Planck’s Law 

applies here: 

          E = h • f    

where h is Planck’s quantum of action, a natural constant. The difference between energy 

E and intensity I can be illustrated with the help of a bar graph. The height of a bar indi-

cates the energy, the width the intensity. 

Figure 5.1.1.7 shows the spectrum of electromagnetic waves depending on wavelength λ 

and frequency f, which plays a role in the application of flat glass products involving trans-

parent conductive coatings. 

 

  

 

 

 

 

 

 

 

Figure 5.1.1.6: Description of an electromagnetic wave and its characteristic 

                         properties 

Figure 5.1.1.7:  Spectrum of electromagnetic waves that are significant for flat 

                          glass products with transparent conductive coatings                          

Legend: λ = wavelength, f = frequency, NIR = near infrared, vis = visible, UV =  

ultraviolet 
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In theory, the propagation of electromagnetic waves in matter is described by Maxwell’s 

equations (see Appendices AI and AII). From these equations, it can be concluded that 

the physical interaction of conductive coatings with electromagnetic radiation is deter-

mined by its wavelength λ  – physicists generally refer to the angular frequency ω, where 

ω = 2π•f = 2π•c / λ  – and by the collision frequency ωc of the free charge carriers in the 

coatings. Depending on whether ω >> ωc or ω << ωc, the physical behaviour of conductive 

coatings differs substantially. Under the conditions usually encountered with coatings, 

their behaviour in relation to electromagnetic radiation can be roughly distinguished thus: 

- The range of visible light and near infrared radiation, i.e. short-wave radiation with λ < 

3 µm; here ω >> ωc 

- The range from far infrared radiation to radio waves, i.e. long-wave radiation usually 

with λ > 3 µm; here ω << ωc 

Because the interaction of transparent conductive coatings with electromagnetic radiation 

is of fundamental importance for a number of coated flat glass products, the physical con-

text is explained in more detail in the following two chapters. 

 

5.1.1.1 Electrical conductivity and low thermal emissivity 

This chapter deals with the behaviour of electrically conductive coatings with regard to 

electromagnetic waves characterised by an angular frequency ω which is much lower 

than the collision frequency ωc (see also Chapter 5.1.1 and Appendix AII). This condition 

is true for all electrically conductive coatings and radiation with long wavelengths, ranging 

from thermal radiation in the infrared range to radio waves, i.e. electromagnetic waves 

with a wavelength λ > 3 µm (see also Figure 5.1.1.7). 

Figure 5.1.1.1.1 shows the transmittance and reflectance spectra of a conductive tin-

doped indium oxide layer (ITO layer) in the wavelength range λ = 0.20 - 50.00 µm.  

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 5.1.1.1.1: Transmittance τ(λ) and reflectance ρ(λ) spectra of an ITO  

                            layer in the wavelength range of solar and thermal radiation 
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From this figure, it can be seen that the ITO layer exhibits high spectral transmittance in 

the wavelength range from λ = 0.38 - 1.00 µm, but zero transmittance for λ > 3.0 µm. The 

reflectance spectrum is the complement of the transmittance spectrum. (The wavy shape 

of the spectra in the visible range is caused by interference in the indium oxide layer, but 

this will be ignored for the moment; see Chapter 5.1.1.2). The changes in the spectral 

transmittance and reflectance occur in the near infrared spectral range (λ ~ 1 – 2 µm). The 

phenomenon of the spectral reflectance rising rapidly with wavelength in this range is 

known as plasma resonance. 

Around 1900, the physicist P. DRUDE examined the optical behaviour of free electrons in 

solids. This optical behaviour forms the basis for explaining the spectral behaviour of con-

ductive materials, including the conductive indium oxide coating presented above. In the 

early 20th century, the physicists HAGEN and RUBENS found that the thermal emission from 

the surfaces of bulk metals, described by the thermal emissivity ε, correlates strongly with 

their conductivity σ, i.e. with the concentration of free electrons in the metals. Based on 

the findings of DRUDE, HAGEN and RUBENS were able to describe this phenomenon with 

the formula 

     

 

where εo is the permittivity or the dielectric constant of vacuum, a natural constant, ω the 

angular frequency of the radiation and σ the electrical conductivity of the metal. From this 

equation it follows that the thermal emissivity ε of a metal is inversely proportional to the 

square root of the conductivity σ, or more simply: 

The higher the conductivity σ, the lower the emissivity ε. 

This effect is also valid for electrically conductive layers and can also be described phe-

nomenologically. Incident thermal radiation, i.e. electromagnetic waves with a wavelength 

λ > 3 µm, excites the free electrons – and also the free charge carriers in semiconductors 

- to oscillate collectively in the conductive material. Because the frequency ω of the inci-

dent waves is much lower than the collision frequency ωc of the electrons, the electrons 

cannot transfer all the radiative energy they absorb during the period of one oscillation to 

the lattice of the solid. Thus the absorptance in the infrared range αIR is low. Due to the 

high conductivity, the infrared waves in cannot penetrate the coating because the penetra-

tion depth dp (see note) is very low, i.e. the transmittance in the infrared range τIR is al-

most zero. 

Note: The penetration depth dp of a coating is determined by the thickness of the coating at which 

the intensity of the incident electromagnetic wave is weakened by a factor of 2.73. From theory, it 

follows for dp  in the infrared range: 

 

 

where µo is the magnetic field constant in vacuum, a natural constant. For industrially applied 

transparent conductive layers in the infrared range, dp is only a fraction of the layer thicken d. 

 

From the generally valid radiation distribution equation τ + ρ + α = 1 (see also Chapter  
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5.1.1.2) it follows for τIR = 0: 

                     αIR + ρIR = 1  or   αIR = 1 - ρIR   

where ρIR is the reflectance in the infrared range. This means that when αIR is low, the 

radiation in the infrared range is preferentially reflected. 

In the late 19th century, the physicist KIRCHHOFF also discovered that the emissivity ε of a 

solid is equal to its absorptance α. From this follows: 

         ε = αIR = 1 - ρIR,   

i.e. the thermal emissivity ε of a solid is equal to the difference between the infrared reflec-

tance and 1.Thus it can be said: 

The emissivity of an electrically conductive coating is interrelated with its reflectance in the 

infrared range and can be determined by measuring the spectral reflectance in the infra-

red range.  

 

In the visible range (λ = 0.38 – 0.78 µm), the frequency of the radiation is too high for the 

free electrons, being subject to the inertia of their mass in movement, to follow the elec-

tromagnetic field and thus make a constantly falling contribution to the reflectance as the 

wavelength decreases from the infrared to this range. This is one of the reasons for the 

transparency of conductive coatings in the visible wavelength range, as can be seen in 

Figure 5.1.1.1.1 in the example of an ITO layer. (The factors affecting the transmittance of 

transparent conductive coatings in the visible range will be discussed in Chapter 5.1.1.2 in 

more detail.) 

The behaviour of reflectance in the transitional, near infrared range (i.e. λ ~ 1 - 2 µm) is 

interesting. Starting from short wavelengths, i.e. from the visible range, the collection of 

free electrons, which can also be described as an ionised gas or a plasma (see also 

Chapter 5.1.1), starts to oscillate synchronously with the incident electromagnetic waves, 

whereby the reflection increases. For this reason, this transition is also known as the 

‘plasma resonance’. For the application of transparent conductive coatings, the position 

and shape of the curve of increasing spectral reflectance in this range, the so-called 

‘plasma resonance edge’, is of the greatest importance. For so-called “low-e” (from low-

emissivity) coatings, for example, as used in thermally insulating glazing, a low thermal 

emissivity, i.e. a high infrared reflectance and a steep rise of the plasma resonance edge 

is necessary. It should approach the visible range as closely as possible (see also the 

discussion in Chapter 5.1.3.1). 

Figure 5.1.1.1.2 shows the reflectance spectra in the solar spectral range for a silver-

based layer , another example of a transparent conductive coating, with three different 

thicknesses of the silver layer dAg.  

Taking into account the relationship between the sheet resistance R□ and layer thickness 

according to the equation R□ = 1 /( σ · d), the measured curves in Figure 5.1.1.1.2 reveal 

the following interrelations: 

The smaller the sheet resistance R□ (i.e. the greater the thickness of the silver layer), 
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- the higher the spectral reflectance in the infrared range, i.e. the lower the thermal 

emissivity ε 

- the closer the plasma resonance edge shifts towards shorter wavelengths, i.e. toward 

the visible range and 

- the steeper is the plasma resonance edge 

 

 

 

 

 

 

 

 

 

 

 

 

Exactly the opposite holds true for the conductivity of the layers. Similar transmittance and 

reflectance spectra are obtained for gold and copper coatings. 

With transparent semiconductive coatings, such as ITO layers, the plasma resonance 

edge also moves into the visible range as the sheet resistance R□ decreases. However, 

the shape of the plasma resonance edges of semiconductive coatings differs from those 

of the silver coating discussed above. While the spectral reflectance in metals decreases 

slowly from the infrared to the visible range, that of semiconductors drops rapidly in the 

near infrared, even if the layers exhibit a low sheet resistance (compare Figures 5.1.1.1.1 

and 5.1.1.1.2). The reason for this lies in the different bonding mechanisms of the lattices 

of these two types of solids (see Figure 5.1.1.4 and also the note below). 

Note: This also explains why transparent semiconductive coatings are not suitable as so-

lar-control coatings (see Chapter 5.2). 

The spectra shown in Figures 5.1.1.1.1. and 5.1.1.1.2 are measured with the help of spec-

trometers with dual beam paths, similar to the one shown in Figure 3.2.3.1 in Part I. The 

radiation is almost normally incident, i.e. perpendicular to the layer surface, such that the 

reflectance is called the (near-)normal reflectance ρn.  

Figure 5.1.1.1.2: Spectral reflec- 

tance ρ(λ) of a silver-based layer  

system in the solar spectral  

range in dependence on the thick- 

ness of the silver layer dAg  
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When the normal reflectance ρn,IR, is measured in the infrared range, the normal thermal 

emissivity εn is determined according to the equation:    

   εn = 1 – ρn,IR     

From the theory of the propagation of electromagnetic waves in thin conductive coatings 

in the wavelength range λ > 3 µm (see also Appendix AII), the following approximate 

equation can be given for the dependence of the thermal emissivity perpendicular to the 

surface εn on the sheet resistance R□, for the case of low sheet resistance values R□ (see 

also equation (4) in Appendix AII): 

             εn = αn,IR = 1 – ρn,IR = 4 • R□ / zo             

where z0 = 377 Ω is the impedance of vacuum, a natural constant, and R□ << z0. This rela-

tionship for electrically conductive coatings with sufficiently low sheet resistance R□ leads 

to the simple approximate equation: 

   εn = 0.0106 •R□,         

Thus it follows that the thermal emissivity normal to the surface of electrically conductive  

coatings εn is proportional to the sheet resistance R□ of the coating. 

This equation applies to both metallic and semiconductive coatings which have a low 

sheet resistance (R□ << 377 Ω) in the spectral range of λ > 3 µm, i.e. from thermal radia-

tion to radio waves.  

The theory also predicts that the higher the concentration of charge carriers N in the coat-

ings, the closer the plasma resonance edge shifts toward shorter wavelengths, i.e. toward 

the visible range.  This also explains the shift of the plasma resonance edge toward the 

visible range with decreasing sheet resistance value R□ of the silver layers depicted in 

Figure 5.1.1.1.2. 

This phenomenon is, incidentally, also the reason why silver mirrors (see Chapter 5.4.1) 

with a very thick silver layer (the conductivity of which is thus effectively equal to that of 

the bulk metal) exhibit extremely high spectral reflectance, i.e. a mirror effect, over the 

entire visible range. 

Since the electrically conductive, noble metal coatings used today on flat glass have a 

concentration of free charge carriers N which is higher by nearly a factor of 100 than that 

of semiconductive coatings, accompanied by similar mobility values µ (see Chapter 5.1.1), 

the different behaviour of the plasma resonance edge for noble metal coatings and semi-

conductive coatings can also be understood (compare Figures 5.1.1.1.1 and 5.1.1.1.2). In 

spectrally selective solar-control coatings, advantage is taken of the high spectral reflec-

tance in the near infrared range of the solar spectrum which is possible with Ag and Au 

coatings of appropriate thickness (see Chapter 5.2) 

When the thermal emission is calculated, the ‘effective thermal emissivity’ εeff, i.e. the 

emission into the hemisphere in front of the coating is required. According to EN 12898, 

εeff can be determined with sufficient accuracy by initially calculating the normal infrared 

reflectance ρn,IR, using the mean value of 30 selected measured values of the normal 

spectral reflectance ρn(λi) in the range of thermal radiation (λ = 5.5 - 50 µm), according to 

the equation 
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(see Table A.1 in EN 12898). Then, the effective emissivity εeff, which is also called the 

corrected thermal emissivity in EN 12898, can be calculated according to the equation: 

                εeff = f • (1 – ρn,IR) = f•0.0106 • R□,         

where f is a factor derived from the extrapolation of the measured values into the hemi-

sphere. As specified in EN 12898, the values of f are related to εn according to Table 

5.1.1.1.1.  

 

 

 

 

 

Table 5.1.1.1.1: Factors f for the calculation of the effective thermal 

emissivity εeff from the normal thermal emissivity εn  (see EN 12898) 

Note: Generally, the term ‘low emissivity’ refers to εeff values below 0.2. 

As explained in Chapter 5.1.1, the electrical conductivity of solids (and thus also of coat-

ings) depends on the temperature. However, it can be concluded from Figure 5.1.1.5 that 

the differences in the sheet resistance of metallic and semiconductive coatings on flat 

glass in the operational temperature range from -20°C to +50°C are so low that they do 

not noticeably affect the thermal emissivity. When applying low-emissivity coatings for 

thermally insulating, architectural glazing, however, it is advantageous that the sheet re-

sistance and thus the thermal emissivity decrease with falling temperatures, as can be 

seen in Figure 5.1.1.5. This is of vital importance for this application, and is particularly 

important during winter with its low temperatures. 

It should be noted that measuring the sheet resistance does not permit definite statements 

to be made with regard to the thermal emissivity. This is because if electrically conductive 

coatings are covered with an additional infrared-absorbing or reflecting layer, they can 

camouflage the thermal emissivity. A clear statement with regard to the emissivity can 

only be made if the reflectance in the infrared range or the thermal emissivity is measured 

directly, e.g. by using a bolometer. 

 

5.1.1.2  Electrical conductivity and high transmission of light and solar 
radiation 

This chapter deals with the behaviour of electrically conductive coatings with regard to 

electromagnetic waves characterised by an angular frequency ω which is much higher 

than the collision frequency ωc (see also Chapter 5.1.1); i.e. when the electrons cannot 

follow the oscillations of the incident electromagnetic waves. This condition is true for all 

electrically conductive coatings and radiation in the visible wavelength range, i.e. electro-
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magnetic waves with shorter wavelengths than the infrared range (see also Figure 

5.1.1.7). 

When electromagnetic waves with the intensity Io impinge on matter, they are distributed 

spatially as shown in Figure 5.1.1.2.1. The transmitted, reflected and absorbed propor-

tions of the incident radiation are indicated by Io · τ, Io · ρ, and Io · α, respectively. 

 

 

 

 

 

 

 

 

The symbols τ, ρ and α correspond to the transmittance, reflectance and absorptance in a 

selected wavelength range, e.g. for the characteristic specification with regard to radiation 

in the visible range or the solar spectral range described in the note at the beginning of 

Chapter 5.1.1. They also represent the transmittance, reflectance and absorptance at one 

selected wavelength. The sum of these three factors is 1, as shown by the equation 

              τ + ρ + α = 1.   

This fundamental equation, which follows from the law of conservation of energy, is also 

known as the ‘radiation distribution equation’; it generally holds true for electromagnetic 

radiation impinging on matter, as long as internal multiple reflections can be ignored. The 

transmittance τ (λ) and reflectance ρ(λ) spectra are measured with spectrophotometers, 

e.g. of the type shown in Figure 3.2.3.1. The absorptance α(λ) spectrum can be calculated 

using the equation above, as the difference to 1. 

From this equation it also follows that high spectral transmittance can only be achieved if 

both the spectral reflectance and absorptance are sufficiently small. 

The spectral properties of matter are determined by the refractive index, which is a fun-

damental, material-specific quantity. To be mathematically correct, the refractive index 

must be used as a complex quantity for calculation, i.e.  

    n = n + i · κ  

where the real part n is the real refractive index and the imaginary part κ is known as the 

extinction coefficient. The real part of the refractive index n is a measure for the velocity c 

(= λ/t) of an electromagnetic wave in matter, which is also known as the phase velocity. It 

follows that 

     n = co / c    

Figure 5.1.1.2.1: Intensity distribution of  

electromagnetic waves incident on matter 
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where co is the velocity of an electromagnetic wave in vacuum, a natural constant. The 

extinction coefficient κ is a measure for the attenuation of the electromagnetic wave during 

its propagation in matter. 

The analogous refractive index of a layer l may be denoted 

     nl = n + i · κ    

It should be noted that the refractive index n (or nl) and thus also n and κ depend on the 

wavelength λ of the electromagnetic waves.  

As will be explained in more detail in the following two chapters, semiconductive coatings, 

including those based on tin-doped indium oxide (ITO), and metallic coatings, primarily 

those based on silver (Ag), are used as highly transparent, electrically conductive coatings 

on flat glass. The refractive indices nl of these two coating materials, which will serve in 

the following sections as typical examples of the two types of coating, are 

   nl,ITO   =  2 + i · 0.1 , and 

   nl,Ag   =  0.05 + i · 3.5    

at the selected wavelength λ = 0.5 µm, which corresponds to green light within the visible 

spectrum and can be seen as characteristic for the visible range (λ = 0.38 - 0.78 µm). The 

ITO layer has a very small extinction coefficient κ and the silver coating a very small real 

refractive index n. It should be noted that both materials can be used as the basis for 

transparent coatings, despite their complementary values for the real and imaginary re-

fractive indices. The refractive index of the ITO layer nl,ITO in the visible range is principally 

determined by the fact that the activation energy ΔE necessary to release electrons from 

the host lattice is greater than the energy of the incident light and that the concentration of 

free electrons generated by doping is relatively low. The refractive index of the silver coat-

ing nl,Ag in the visible range is mainly determined by the high concentration of free elec-

trons N.  

As explained above, both the spectral reflectance and absorptance in the visible range 

must be small for highly transparent coatings. In the following, the factors are discussed 

which influence the absorption, transmission and reflection of electromagnetic radiation by 

solid materials, particularly by coatings.  

 

Factors influencing the absorptance of coatings 

The intensity of electromagnetic waves in matter is generally diminished according to the 

BEER-LAMBERT Law. Ignoring the effects of reflection, it follows for the decrease in inten-

sity I in a coating with a thickness d that 

   I = Io • exp(-K • d)      

where Io is the intensity of the incident radiation, d the layer thickness and K the absorp-

tion constant of the layer, a material-specific quantity. The absorption constant naturally 

corresponds to the refractive index nl, but this will not be discussed further here. However, 

it must be noted that both quantities depend on the wavelength λ. The above equation 

generally holds true for any electromagnetic radiation passing through matter. Ignoring the 

reflection, from this equation it can be concluded for the spectral absorptance α(λ) that 
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   α(λ) = 1 - exp(-K(λ) • d)       

i.e. the spectral absorptance of a coating depends on both the absorption constant K and 

the layer thickness d.  

Note: From this equation it follows that coatings with a comparably high absorption con-

stant can also be transparent as long as they are deposited sufficiently thinly. 

It is of interest to know to which thickness d the coatings are transparent. The penetration 

depth dp provides a means of determining this. The penetration depth describes the layer 

thickness at which the intensity of the electromagnetic radiation propagating in matter is 

weakened by a factor of 2.72 (to about 37 %). To calculate the penetration depth dp in the 

wavelength range dealt with here, the following equation applies: 

   dp = λ / 2π • κ              

Applying this equation to the extinction coefficient κ of the two above-mentioned, typical 

materials used to produce transparent coatings, ITO and silver, at the selected wave-

length λ = 0.5 µm, yields the results 

   dp,ITO = 7.96 μm, and 

   dp,Ag   = 0.023 μm        

Apparently, there is a significant difference in the penetration depths of the two materials. 

From this it can be concluded that, in order to achieve a similarly high transparency, ITO 

layers can be deposited in much larger thicknesses than silver layers.  

Consequently, modern semiconductive coatings on flat glass are usually deposited in 

thicknesses of more than 100 nm, whereas transparent metallic coatings are a maximum 

of only app. 20 nm thick. Thick semiconductive coatings are also necessary in relation to 

the required low sheet resistance values (R□ ≤ 20 Ω). Because of R□ = 1/σ · d with σ = e · 

µ · N and the comparably low concentration of free electrons N in these coatings (see 

Chapter 5.1.1), low sheet resistance values can otherwise not be achieved. However, 

these low sheet resistance values R□ can be achieved with metal coating thicknesses of d 

< 20 nm. 

Despite the deep penetration of electromagnetic radiation into transparent semiconductive 

coatings, a high transmittance, i.e. a high light transmittance τv and a high (solar) energy 

direct transmittance τe, (the characteristic properties of conductive glass coatings dealt 

with here, see also Chapter 5.1.1) and a low sheet resistance R□ (which is usually also 

necessary), are requirements which are difficult to achieve simultaneously. As can be 

seen in Figure 5.1.1.2.2 in the example of industrially manufactured ITO layers, the light 

transmittance noticeably diminishes as the sheet resistance R□ falls below 8 Ω, which cor-

responds to a layer thickness d of > 250 nm. The reason for this is that for layer thick-

nesses d > 250 nm, the light transmittance is noticeably influenced by absorption, despite 

the low extinction coefficient κ.  

From 5.1.1.2.2 it thus follows that the requirements regarding light transmittance and 

sheet resistance must be weighed up against each other when developing transparent 

semiconductive coatings. 
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As far as transparent metallic coatings, especially noble metal coatings, are concerned, 

the coating structure and the surface roughness are also important factors of influence for 

the absorptance. This is because of the low maximum layer thickness of e.g. d = 20 nm    

– bearing in mind that a 20 nm thick layer consists of only about 40 atom layers. Figure 

5.1.1.2.3 shows schematically the structure of a thin, ideally-smooth silver coating com-

pared with a thin, real silver coating, consisting of several areas with a crystalline structure 

and a rough surface. 

 

 

 

 

 

 

 

It is easy to imagine that, unlike the ideal layer, the real layer causes electrons and inci-

dent radiation to be scattered at the interfaces between the different material areas and at 

the surface of the coating. The scattering of light increases the absorptance in the visible 

range, and of course also influences the refractive index nl. Figure 5.1.1.2.4 makes this 

clear in the spectral transmittance curves in the range of solar radiation, with the exam-

ples of an experimental, rough, thin silver layer and a calculated, ideally smooth and ho-

mogeneous one, both of which have an antireflective coating.  

This figure shows that the spectral transmittance in the visible range is approximately 5 % 

higher for the ideally smooth and homogeneous layer than for the real, rough one. This is 

caused by the reduced absorption, since there are no differences in the spectral reflec-

tance curves. 

 

 

Figure 5.1.1.2.2: Dependence of light transmittance on sheet resistance of  

                            a conductive glass with an ITO layer          (source: BRIGHT)

Figure 5.1.1.2.3: Structural diagram of (a) an ideally smooth, 

                            thin metal and (b) a real, rough-surfaced  

                            thin metal layer 
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In Chapters 5.1.1 and 5.1.1.1, it has already been stated that the scattering of electrons 

due to structural defects in the layer and its surface roughness substantially affect the 

mobility µ and thus the electrical conductivity σ, the spectral reflectance in the infrared 

range ρIR and therefore also the normal thermal emissivity εn of thin noble metal coatings. 

Thus it follows:  In order to achieve simultaneously high transmittance of visible light/ solar 

radiation, and a high electrical conductivity (and thus also a low thermal emissivity), thin 

transparent, electrically conductive coatings must be sufficiently smooth, homogeneous 

and as perfectly crystalline as possible, and must not contain any impurities, i.e. they must 

exhibit as few defects as possible. 

 

Factors influencing the transmittance and reflectance of coatings 

Modern transparent semiconductive coatings, which will be dealt with first in this chapter, 

are characterised by their real refractive index n ~ 2 and by their extinction coefficient κ ~ 

0 in the visible range. These coatings are therefore also known as ‘low-absorptive coat-

ings’. Flat glass has the refractive index nG = 1.52 and also an extinction coefficient κ ~ 0; 

thus it is also low-absorptive in the visible range. 

The reflectance of a flat glass surface can be calculated with the equation 

 

 

and equals about 4 % in the visible range. It has been observed that interference causes 

the reflectance ρ of low-absorptive layers for the refractive index mentioned above on flat 

glass to rise and fall periodically between a maximum and a minimum value as the layer 

thickness d increases at given wavelength of the incident light or the wavelength of the 

Figure 5.1.1.2.4: Transmittance and reflectance spectra of an approximately 

                            12 nm thick rough silver coating and a smooth silver coating  

                             in the range of solar radiation, each with an antireflective  

                             coating             (source: Private communication from P. GROSSE) 
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incident light changes at given layer thickness d as shown in Figure 5.1.1.2.5. This phe-

nomenon is also known as the ‘periodic modulation’ of reflected light. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The positions of the maxima of the spectral reflectance for perpendicular light incidence 

can be calculated according to the equation 

       n• d = (2z + 1) • λ/4   

where n is the real refractive index, λ the selected wavelength and z = 0, 1, 2, 3, … are 

the integers which determine the order of the interference.  

Note: Generally, the maxima are located at 

                               )sinn(d/)z( αλ 22
412 −•=•+  

and the minima at 

                                )sinn(d/z αλ 22
2 −•=•  

where α is the angle of incidence of the light (deviation from perpendicular incidence). 

 

The product n · d is known as the ‘optical thickness’; it is a fundamental physical quantity 

which is necessary to explain interference effects in thin film coatings. 

The positions of the minima of the spectral reflectance can be calculated accordingly: 

     n • d = z • λ/2      

Results of Figure 5.1.1.2.5 can be transferred in sufficient approximation to conductive 

ITO layers. 

It should be noted that the path of light in the coating is prolonged by the factor 1/cosα, 

where α is the angle of incidence of the light, the angle between the incident ray and the 

Figure 5.1.1.2.5: Calculated spectrum of the spectral reflectance for an  

                            absorption-free layer (κ = 0) in the visible range with the  

                            real refractive index n = 2 at normally incident light  
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surface normal. The position of the spectral reflectance minima and maxima then shifts 

accordingly (see note above). 

The values of the maximum spectral reflectance can be found using the equation 

     

 

This means that a low-absorptive layer with a real refractive index n = 2 on flat glass with 

nG = 1.52 has a maximum reflectance ρ(λ)max = 21 % at the optical thickness values n · d 

= λ/4, 3λ/4, … 

From what has been explained above it follows that the minima and maxima of the spec-

tral reflectance require a specific wavelength λ of the incident radiation for a given optical 

thickness n · d, i.e. for a layer with a given real refractive index n and a given thickness d. 

With longer and shorter wavelengths the requirements for a maximum and a minimum 

spectral reflectance are not fulfilled. This means that the spectral reflectance rises and 

falls in relation to longer and shorter wavelengths, as can be seen in Figure 5.1.1.2.5. This 

also explains the wavy nature of the transmittance and reflectance spectra for an ITO 

layer in the visible range (see Figure 5.1.1.1.1). 

The increased spectral reflectance of coatings can be diminished by applying additional 

layers which are low-absorptive in the visible range (or in the range of solar radiation) and 

which are characterised by a real refractive index n > 1 and an extinction coefficient κ ~ 0. 

Because the coating materials used for this are non-conductive, such layers are referred 

to as low-absorptive dielectric layers. 

Figure 5.1.1.2.6 shows the reflection of incident light at the interfaces of a three-layer sys-

tem of low-absorptive layers on flat glass.  
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Figure 5.1.1.2.6: Diagram of the reflection of incident waves at the 

                            interfaces of a three-layer system of low-absorptive  

                            layers (nG = refractive index of glass; n1, n2, n3 =  

                            real refractive indices of the layers). 

 



                                      29 

 

Reflected light waves are superimposed; this effect is known as interference. The extreme 

cases of this interference are shown in Figure 5.1.1.2.7.  

 

 

 

 

 

 

 

 

 

 

 

 

 

In case (a) the phase shift of two interfering waves is 0, or is equal to the selected wave-

length λ, so that the resulting wave amplitude is the sum of the amplitudes of the two 

waves. In case (b) the interfering waves compensate each other, because the phase shift 

is λ/2. The amplitudes are cancelled out and the resulting wave is extinguished. Whereas 

in the first case reflection is enhanced, in the second one reflection is suppressed, which 

is known as the antireflective effect. 

 

Note: An electromagnetic wave that propagates within a medium of lower refractive index under-

goes a phase shift of λ/2 when it is reflected at an interface between that medium and a medium 

with a higher refractive index. 

 

Returning to Figure 5.1.1.2.6 it can thus be said that, provided the individual layers are of 

a suitable thickness and refractive index, the waves reflected at the four interfaces inter-

fere at correct amplitudes and phases, so that all the reflected waves can be cancelled 

out. This type of antireflection is known as ‘destructive interference’. It is also used to anti-

reflect conductive coatings, where, for example, the central layer may be the conductive 

one, e.g. of ITO (n2 =  2). 

Figure 5.1.1.2.8 shows the reflectance spectrum of a three-layer system which is antire-

flected in the visible range. The central layer of this flat glass coating is an ITO layer with 

the real refractive index n2 = 2 and the optical thickness n · d = λ/2 at the selected wave-

length λ = 0.5 µm. The ITO layer is embedded between two low-absorptive dielectric lay-

ers with real refractive indices n1 = 1.38 and n3 = 1.7 and the optical thickness n · d = λ /4. 

These values are approximately equal to those of the materials magnesium fluoride and 

cerium dioxide. In comparison to this layer , Figure 5.1.1.2.8 also shows the reflectance 

spectrum of a single ITO layer of identical thickness to the embedded layer in the layer . 

The spectral reflectance of the single ITO layer is greater than 4 % throughout the illus-

Figure 5.1.1.2.7: Extreme cases of interference of light waves  

                           (a) reflection-enhanced case (constructive interferen-     

                           ce  (b) antireflection case (destructive interference) 
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trated spectral range, with a minimum at λ = 0.5 µm. By contrast, in the case of the antire-

flected, three-layer , the spectral reflectance remains below 4 % throughout the visible 

range and has a minimum at approximately λ = 0.5 µm. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

For the antireflective treatment of transparent, semiconductive coatings on flat glass, up to 

four low-absorptive dielectric layers are deposited in industrial production, i.e. highly-

transparent semiconductive coatings today are layer systems with up to five individual 

layers (see also Chapter 5.3, where the possibilities of minimising surface reflection are 

discussed in more detail). According to the application in question, antireflective properties 

can be achieved specifically for light or for the entire solar spectral range. 

The second possibility of realising transparent conductive coatings on flat glass is the ap-

plication of noble metal layers. The spectral reflectance of these layers increases rapidly 

with the layer thickness in the visible range. This is indicated in Figure 5.1.1.1.2 with the 

example of silver layers. There, however, the spectral reflectance of the silver layers in the 

visible range increases only slightly, as it is camouflaged by the antireflective effect of the 

zinc oxide layers in which the silver layers are embedded. As seen in Chapter 5.1.1.1, the 

reason for the rapid increase is the growing concentration of free electrons N and the as-

sociated increase of the conductivity σ and the decrease of the sheet resistance R□ as the 

layer thickness rises. The plasma resonance edge is thus shifted from the infrared to-

wards the visible range. The rapid increase of the spectral reflectance with the layer thick-

ness is the main reason for transparent noble metal layers being deposited with a maxi-

mum layer thickness d of only 20 nm. However, as mentioned above, the spectral reflec-

tance of these layers can be diminished appreciably by antireflective coatings of low-

Figure 5.1.1.2.8: Reflectance spectra of an ITO layer (n =2) on flat  

                            glass embedded in antireflected, low-absorptive 

                            dielectric layers (solid line) compared to an ITO  

                            single layer of identical thickness (dotted line) in the 

                            visible range  

                                   (source: private communication from P.GROSSE) 
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absorptive dielectric layers in the range of visible light, and if necessary also in the rest of 

the solar spectral range. 

Figure 5.1.1.2.9 shows the spectral reflectance curve of an electrically conductive layer 

system based on silver which is antireflected in the visible range by means of low-

absorptive dielectric layers between which the silver layer is embedded (solid line). It is 

shown in comparison to that of a single-silver layer of identical thickness (dotted line).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The real refractive index n of the top layer of the layer system shown in Figure 5.1.1.2.9 

(the so-called cover layer) is 1.8 and that of the bottom layer (the so-called adherence-

enhancing layer) is 2.3. The silver layer itself is about 12 nm thick. The high spectral 

transmittance is achieved by selecting the embedding layers each to have an optical 

thickness n · d of approximately λ/8.  

From the theoretical explanations (see below), it follows that the antireflective effect for 

such silver layer systems can result in the highest spectral transmittance in the visible 

range. This is the case if the silver layer has a thickness dAg of approximately 12 nm, the 

real refractive index n of the adherence layer is as high as possible (n = 2.3 to 2.6 is tech-

nologically achievable today), that of the cover layer is n = 1.8 and the optical thickness    

n · d of each of the two layers is approximately λ /8. Today, silver-layer systems of a simi-

lar design are used as low-emissivity coatings for thermally insulating glazing (see Chap-

ter 5.1.3.1). 

In theory, antireflection can be calculated for all types of layers using MAXWELL’S equa-

tions, if the refractive index nl = n + i · κ and the thickness d is known for all the layers in-

volved. For this, a calculation method based on ‘FRESNEL’S formula’ is often used. An al-

ternative method for determining and evaluating the spectral properties of thin films is the 

admittance procedure. (Admittance here means the ratio of magnetic to electric field.) It is 

based on the four-pole theory of electric circuits. This theory allows the connection of cur-

Figure 5.1.1.2.9: Reflectance spectra of an antireflected, silver-based coa- 

                            ting on flat glass (solid line) compared to a single-silver  

                            layer of identical thickness (dotted line) in the visible  

                            range                (source: GROSSE, HERTLING, MÜGGENBURG) 
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rents and potentials on the input and output sides of a component in an electric circuit to 

be described. Each four-pole is represented by a matrix. 

The four-pole theory can be applied to layer systems because the structure of describing 

the propagation of electromagnetic waves in layer systems is similar. Each layer is illus-

trated as a matrix which transforms the electric and the magnetic field from the front sur-

face to the back surface and vice versa, free from phase shifts. The optical properties of a 

system comprising several layers are calculated as the product of the matrices of the in-

dividual layers. 

The connections thus established can be elegantly represented in the complex ‘admit-

tance plane’ in a diagram because, provided the refractive index and thickness of the indi-

vidual layers are known, the spectral transmittance and reflectance behaviour of a layer 

system and its dependence on the layer thickness can be read directly from this diagram. 

Conversely, it is thus also possible to construct layer systems with the desired transmit-

tance and reflectance. The calculation of the spectral behaviour of layer systems using the 

admittance method is described in detail in the Appendices AI and AII. 

 

5.1.2 Industrially applied coatings 

5.1.2.1 Transparent conductive coatings on the basis of semiconduc-
tors 

Studies on this subject mention a number of semiconductive materials which have been 

investigated with regard to their suitability as transparent conductive coatings. However, 

only indium oxide (In2O3), tin oxide (SnO2) and zinc oxide (ZnO) are used as coating ma-

terials for flat glass. All three materials are collectively referred to as ‘transparent conduc-

tive oxides’ (TCOs). 

All three of these TCO coatings can be prepared only as n-conductive materials to date, 

i.e. their electrical conductivity is based on free electrons, but their electron concentration 

N is so high that they are ‘degenerated’ semiconductors (see Figure 5.1.1.2). In principle,  

the free electrons can be generated in these TCO coatings by the following methods:  

1. By doping based on substituting metal ions in the host lattice by ions generated from 

atoms that have a larger number of bonding electrons than the metal ions (see Figure 

5.1.1.4b) 

2. By substituting oxygen ions with a valence of two (O2+), i.e. two lacking bonding elec-

trons, by fluorine or chlorine ions with a valence of one (F+ or Cl+), i.e. lacking one 

bonding electron (see Figure 5.1.2.1a) 

3. By creating oxygen vacancies (see Figure 5.1.2.1.b) 

Table 5.1.2.1.1 shows the most important technical specifications of the three most fre-

quently industrially used TCO coatings: the activation energy ΔE for the generation of free 

charge carriers from the host lattice, the maximum possible concentration achieved to 

date of free electrons Nmax and the associated maximum conductivity σmax. 
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Note: The generation of oxygen vacancies in semiconducting SnO2 layers was not observed to 

date, but in In2O3 and ZnO layers. 

 

Host 
lattice 

∆E 

(eV) 

Nmax* 

(cm-3) 

σmax* 

(Ωcm)-1 

In2O3 > 3,75    ∼1*1021   ∼104 

SnO2 > 3,87      ∼3*1020 ∼2*103 

ZnO > 3,3      ∼4*1020   ∼5*103 

                  *at room temperature 

                 Table 5.1.2.1.1: Specifications of TCOs currently used as flat glass coating  

                                           materials  

From Table 5.1.2.1.1 it can be determined that the activation energy ΔE for the generation 

of free charge carriers from the host lattice for all three materials mentioned is greater 

than 3.3 eV and thus exceeds the energy of visible light. As explained in Chapter 5.1.1.2, 

in coatings of these materials the light absorptance is thus very small and only perceptible 

with large layer thicknesses. The concentration of free electrons Nmax and maximum con-

ductivity σmax which can be achieved with the individual coating materials differ approxi-

mately by a factor of 10 and depend not only on the host lattice, but also on the type and 

concentration of the dopant, the doping process and the concentration of the oxygen va-

cancies in the host lattice. As mentioned above, the conductivity is caused by electron 

Figure 5.1.2.1.1 Further generation methods of                 

free electrons in metal oxides, illustrated using  

a SnO2 lattice as an example, (a) by substitution  

of oxygen ions; (b) by creating oxygen vacancies 
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conduction in all three materials and, therefore, they all exhibit n-type conduction. The 

mobility µ of the free electrons ranges from 10 to 100 cm2 / V·s. 

All three materials wet the flat glass surface very well during the coating process. In con-

trast to the noble metal layers discussed in Chapter 5.1.2.2, layers of semiconductive ma-

terials can be deposited very evenly and, simultaneously, a small layer thickness can be 

achieved. If necessary, high-resistivity coatings, e.g. with a sheet resistance of R□ ~ 10 

kΩ, can thus be reproducibly deposited. Furthermore, the layers also adhere well to the 

flat glass surface, because of bonding by Si-O-Me bridges. The layers are also relatively 

hard so that they have excellent mechanical properties, e. g. a good resistance to abra-

sion. Layers of In2O3 and SnO2 are also characterised by a high resistance to chemicals 

and outdoor weathering. In contrast, ZnO layers have only a moderate resistance to 

chemicals and outdoor weathering. 

Because flat glass contains 12-16 % sodium oxide (Na2O), the electrical conductivity of 

the TCO coatings can be influenced by diffusion of sodium ions (Na+) from the flat glass 

into the coating. Na+ ions have a small ionic radius and are thus very mobile even at rela-

tively low temperatures. The disadvantage of the TCO coatings described here is that Na+ 

ions diffuse into them at temperatures of less than 100°C, acting there as acceptors. This 

means the sodium ions capture free electrons, resulting in decreasing conductivity (see 

Chapter 5.1.1). This effect may lead to a faster ageing of products involving conductive 

flat glass coated with these layers. At higher temperatures, which are often necessary in 

order to coat flat glass with these materials, precipitation of sodium chloride (NaCl) has 

even been observed when metal chlorides are used as the coating material. Sodium chlo-

ride precipitations scatter incident visible light, which is one of the reasons for the notori-

ous ‘haze’, i.e. diffusion of incident light, to which these layers are prone. Tin oxide and 

indium oxide layers are particular susceptible to this effect. 

The diffusion of Na+ ions into neighbouring layers can be considerably retarded by apply-

ing a diffusion-blocking interface layer up to 100 nm thick between the glass surface and 

the TCO coating (see Figure 5.1.2.1.2). 

 

 

 

 

 

 

 

 

These diffusion-blocking interface layers usually consist of materials based on silicon di-

oxide. 

The transmittance of transparent conductive oxide coatings is influenced by the reflection 

and absorption of radiation, as explained in Chapter 5.1.1.2. The material-specific quanti-

ties for these are the refractive index nl and the layer thickness d. The real refractive index 

Figure 5.1.2.1.2: TCO coating on flat  glass with a Na+ diffusion

                            interface layer  
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nl of all three coating materials mentioned above is about 2 in the visible range and there-

fore different from that of flat glass with nG = 1.52. As a result, when these materials are 

deposited as coatings onto flat glass, they act to increase the reflection of light. The ex-

tinction coefficient  κ, responsible for the absorption, is only about 0.01 for In2O3 and SnO2 

coatings, in the case of ZnO coatings it is even lower. For these layers on flat glass, the 

spectral reflectance ρ(λ) thus periodically changes between 4 % (the spectral reflectance 

of the flat glass surface) and a maximum of app. 21 % (the spectral reflectance of the 

coating without an antireflective effect, see Figure 5.1.1.2.5) at a given wavelength λ in the 

visible range as the layer thickness d increases (see Chapter 5.1.1.2) or, if the layer thick-

ness is fixed and the wavelength λ varies. 

In the case of layers which are thicker than 0.1 µm, multiple interference in the coating 

gives rise to visible colours, also known as ‘iridescence’, see Figure 5.1.2.1.3.  

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

Note: Colour saturation is a measure of the distance of a colour in a colour space (see 

Figure 5.1.2.2.8) to the colour of an entirely white, matt surface which also represents the 

so-called achromatic locus. The degree of colour saturation increases with this distance to 

the achromatic locus. 

 

As depicted in Chapter 5.1.1.2, the enhancement of reflection and iridescence which oc-

curs as the layer thickness increases can be countered by antireflection. To do this, one 

possibility is to embed the conductive layer in dielectric layers which are low-absorptive in 

the visible range (see Figure 5.1.1.2.8). However, a particularly efficient antireflective layer 

of thick SnO2 coatings used industrially can be achieved simultaneously with the Na+ dif-

fusion-blocking interface layer shown in this figure, if its optical thickness is n1 · d = λ/4 

and its real refractive index n1 in the visible range satisfies the equation 

Figure 5.1.2.1.3: Colour saturation of SnO2 layers on flat glass in dependence

                            on layer thickness. (a) single layer; (b) with antireflective  

                            Na+ diffusion-blocking interface layer      (Source: Gordon) 
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Given a real refractive index of the SnO2 coating n2 = 2 and that of glass nG = 1.52, the 

required refractive index n1 of the interface layer must be 1.74. This real refractive index in 

the visible range can be achieved through the use of a carbidic silicon oxide (e.g. 

SiOx(CHy)z) interface layer of a suitable chemical composition. To achieve optimum antire-

flection in the visible range, this interface layer must be approximately 70 nm thick, ac-

cording to the formula n1 · d = λ/4. As can be seen from curve (b) in Figure 5.1.2.1.3, such 

an interface layer allows thick SnO2 coatings to be effectively antireflected and the effects 

of iridescence to be reduced below the perceptibility threshold (see also Figure AI.8 in 

Appendix AI). The carbidic silicon oxide interface layer thus fulfils two functions: it blocks 

the Na+ diffusion and antireflects the semiconductive coating. The antireflection method 

described is suitable for all thick TCO coatings on flat glass, but it is used on an industrial 

scale only in conjunction with SnO2:F layers to date. 

In the following sections, a few remarks are made about TCO coatings produced today, 

their applications, the production processes, the minimum sheet resistance (R□) and the 

resulting maximum light transmittance τv which has so far been achieved. 

 

Indium oxide (In2O3) layers 

Today, flat glass with an electrically conductive In2O3 layer is used industrially in the larg-

est quantities as TCO-coated flat glass, especially for opto-electronic applications (see 

Chapter 6). Of the three TCO materials discussed here, with this coating the highest con-

ductivity and transmittance can be achieved (see Table 5.1.2.1.1). Doping the indium ox-

ide with 2 - 10 at.% tin, where the indium ions substitute tin ions at their lattice, allows 

maximum conductivity (see Figure 5.1.2.1.4).  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.1.2.1.4: Concentration of free electrons N in In2O3 layers depen- 

                            ding on the concentration c of the dopant ions, tin (Sn),  

                            titanium (Ti) and zirconium (Zr).            (source: KÖSTLIN) 
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Tin-doped In2O3 layers are denoted by the formula In2O3:Sn and are also denoted by in-

dium tin oxide layers, abbreviated ITO. The solid line in Figure 5.1.2.1.4 represents the 

maximum possible concentration of free charge carriers N for In2O3, in this case electrons, 

depending on the concentration c of the dopant ions, if all the available dopant ions were 

incorporated into the host lattice. It can be seen that above a concentration of c = 6 at.% 

tin, any additional tin does not lead to a further increase in the measured concentration of 

free charge carriers N, i.e. the available tin ions cannot substitute further indium ions in 

the host lattice. Instead, precipitation occurs within the layer. Furthermore, it can be seen 

in this figure that titanium and zirconium are much less effective dopants than tin. 

Figure 5.1.2.1.5 shows the mobility µ of the free electrons in an In2O3 layer as a function 

of the measured charge carrier concentration N.  

 

 

 

 

 

 

 

 

 

 

 

 

 

It can be seen that the mobility µ falls with increasing concentration of free electrons N 

when N exceeds 1020 cm-3. The reason for this is the increased scattering of electrons 

when they collide with dopant ions and, perhaps, precipitation in the host lattice; i.e. the 

concentration of free electrons and their mobility decrease with increasing dopant concen-

trations. Considering the equation for electrical conductivity σ = e · µ · N in In2O3 layers, 

no further increase of electrical conductivity is possible when the doping exceeds a certain 

level. 

Today ITO layers are predominantly deposited by means of magnetic field-assisted sput-

tering (see Chapter 4.2.1.7). To ensure improved product reliability for coatings applied on 

an industrial scale, predominantly nearly non-reactive sputtering processes are used 

world-wide today, employing ceramic indium-tin oxide targets. I.e. the sputtering gas Ar-

gon is added a low content of oxygen to ensure stoichiometric In2O3 deposition. It has 

been shown that the highest conductivity values σ, the lowest sheet resistance R□ and the 

highest spectral transmittance in the visible range can be achieved if the layers are depos-

ited onto flat glass which is heated to approximately 300°C, with a slight oxygen deficit 

compared with the oxygen content in the sputtering gas necessary for a stoichiometric 

deposition. By depositing onto hot panes, a crystalline structure of the layers can be cre-

Figure 5.1.2.1.5: Mobility µ of the free electrons in ITO layers as a function 

                            of the free electron concentration N  

                                                                                        (source: KÖSTLIN) 
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ated, leading to increased mobility of the free electrons and therefore to higher conductiv-

ity. Sputtering under oxygen-deficient conditions causes oxygen vacancies to be gener-

ated in the host lattice, whereby additional electrons are released as free charge carriers, 

see Figure 5.1.2.1.1. A crystalline layer structure with oxygen vacancies can also be 

achieved by subsequently annealing the ITO coatings in a reducing atmosphere. 

ITO layers with a low sheet resistance can also be produced on flat glass heated up to 

300°C with the same technical values by sputtering metallic indium-tin targets in the reac-

tive mode. However, when sputtering in the reactive mode, adjusting the optimum partial 

pressure of oxygen requires much more care than sputtering oxidic targets in the non-

reactive mode. This is one reason for the predominant use of the non-reactive sputtering 

technique in industrial coating. Another reason for this is the low melting point of metallic 

indium (165°C) which allows the sputtering process with metallic targets to be operated at 

limited power only, because otherwise the target would melt (see also Chapter 4.2.1.6). 

The oxygen vacancies in the In2O3 host lattice are particularly important for coatings with a 

very low sheet resistance R□. However, the disadvantage is that they disappear when ex-

posed to air at temperatures above 250°C through the oxidation of the host lattice. This 

results in a rising sheet resistance of the layer. Thus special care is necessary for the fur-

ther processing of extremely low-resistivity ITO layers using thermal processes. 

The best light transmittance τv and sheet resistance values R□ which can be achieved with 

ITO layers deposited using industrial-scale processes can be seen in Figure 5.1.1.2.2. 

Today, ITO layers are deposited on an industrial scale onto flat glass panes as thin as 0.3 

mm. Using the sputtering technique, highly transparent ITO layers with a low sheet resis-

tance can only be deposited onto panes which have been heated to a temperature of 

about 300°C, as explained above. This temperature is difficult to maintain in vacuum over 

the entire surface of large panes, so the panes may warp as a result of temperature dif-

ferences (see Chapter 1.4.2). Thus low-resistivity ITO layers on very thin glasses can only 

be deposited onto smaller panes. The maximum possible pane size depends on the pane 

thickness.  

Transparent conductive ITO layers can also be deposited onto flat glass at room tempera-

ture using the sputtering process. However, the light transmittance τv of these layers is 

somewhat lower and the sheet resistance R□ is higher by at least a factor of 2 than is the 

case for layers of identical thickness sputtered onto heated flat glass panes. Nevertheless, 

ITO layers can be deposited this way onto large panes up to the jumbo size of 3.21 m x 

6.00 m. A decrease of the sheet resistance can be achieved by subsequent tempering 

(e.g. together with tempering of safety glass, see Chapter 1.4.2) of these cold deposited 

ITO layers in a reducing atmosphere at temperatures of up to 300°C. Through such a 

tempering process the crystalline structure of the layer is improved and oxygen vacancies 

are also generated. Tempering improves the mechanical properties of the coatings and 

possibly also the optical and electrical properties. 

There is one important problem associated with ITO layers. Indium-tin targets, particularly 

ceramic ones, are very expensive, which determines the current high price of ITO layers. 

Although indium is a very common metal, it does not occur in a pure form. It is extracted 

as a by-product during the production of zinc, lead and copper. The cost of extracting the 

indium and also producing especially ceramic targets determines the high price of the ITO 

targets. Because the market of TCO layers expands rapidly, especially for opto-electronic 
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displays (see also Chapter 6), in which highly transparent conductive glass based almost 

exclusively on ITO is used, its price raises continuously. Therefore, less expensive alter-

natives offering the same quality are urgently needed. 

Tin oxide (SnO2) layers 

For many years now, electrically conductive SnO2 layers have also been used to produce 

conductive glass. However, because of their inferior technical parameters, tin oxide layers 

were always in the shadow of ITO layers for this application. Considerable efforts have 

also been made to establish transparent conductive SnO2 layers for many conductive 

glass products and to improve the thermal insulation of insulating glazing for the construc-

tion industry. However, for this application, the technical parameters (τ and ε or R) of tin 

oxide layers are inferior to those of silver-based layer systems (see Chapter 5.1.3.1). 

Conductive SnO2 layers with the best technical values to date, i.e. the lowest sheet resis-

tance R□ and the highest light transmittance τv, are deposited on hot flat glass using the 

chemical deposition technique (see Chapter 4.3.2). The process can be optimised by dop-

ing the tin oxide with fluorine, because the fluorine ions can substitute oxygen ions at lat-

tice sites and cause free electrons to be generated. Figure 5.1.2.1.6 shows (a) the maxi-

mum concentration of free electrons N and (b) their mobility µ which can be achieved with 

this dopant. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

SnO2 layers doped with fluorine are deposited onto hot float glass on an industrial scale 

today, applying the CVD technique (see Chapter 4.3.2.2) on-line in conjunction with the 

float glass production process. Panes of up to 3.21 m x 6.00 m, i.e. the jumbo size, are 

Figure 5.1.2.1.6: Concentration (a) N and µ (b) mobility of free 

                           electrons in SnO2 as a function of the con- 

                           centration c of the fluorine dopant ions  

                                  (source: Frank, Kauer, Köstlin, Schmitte) 
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coated with SnO2:F containing approximately 1 % fluorine. However, this coating method 

can be used only for panes with a thickness d ≥ 3 mm to date. The layer design is similar 

to that shown in Figure 5.1.2.1.2. A carbidic silicon oxide interface layer acts simultane-

ously as a Na+ diffusion-blocking interface layer and an antireflective layer.  Due to their 

poorer optical quality – not only poorer τ and R values but also greater colour inhomoge-

neity, more haze (reduced transparency caused by light scattering) and greater surface 

roughness – these layers cannot approximate the quality of the ITO layers produced to-

day. For opto-electronic applications the short-wave planeness of glass coated in this way 

is also usually not adequate (see also Chapter 6.1.1). Nevertheless, SnO2:F layers on flat 

glass panes coated industrially by CVD are still suitable for some applications in the con-

struction industry. 

Figure 5.1.2.1.7 shows the transmittance and reflectance spectra in the solar radiation 

range of an SnO2:F layer with a carbidic silicon dioxide interface layer deposited onto 4 

mm thick flat glass using the CVD technique. The main specifications of this type of coat-

ing on 4 mm thick float glass are 

- Layer thickness d  ~ 320 nm 

- Light transmittance τv  ~ 82 % 

- Sheet resistance R□  ~ 15 Ω 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A further increase in transmittance of about 7.5 %, which would be particularly advanta-

geous for low-emissivity coatings used in modern thermally insulating glazing units, is 

theoretically possible, as can be seen in Figure AI.8 (see Appendix).  This can be 

achieved e.g. by an antireflective double layer underneath the SnO2:F layer or an addi-

tional antireflective coating above the SnO2:F layer. However, the technical implementa-

Figure 5.1.2.1.7: Transmittance and reflectance spectra of a SnO2:F layer  

                            with the configuration glass/SiOx(CHy)z/SnO2:F in  the so- 

                            lar radiation range deposited by CVD onto 4 mm thick flat  

                            glass  
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tion of such a thin-film  is very complicated and has not yet been undertaken on an indus-

trial scale.  The cost-benefit ratio is apparently too low. 

Modern industrial CVD coating processes also allow thicker SnO2:F layers with a sheet 

resistance R□ down to about 8 Ω to be deposited. However, the light transmittance τv of 

these thicker layers is only 76 %, (according to the explanations for Figure 5.1.1.2.2). 

Compared to the layers mentioned above, these thicker layers also exhibit still more haze. 

SnO2:F layers deposited by the CVD technique mentioned above have a columnar struc-

ture (see Figure 5.1.2.1.8). This causes their surface to be rough. Because they are also 

very hard, these coatings have an abrasive effect on many (softer) materials.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

SnO2:F layers deposited onto hot flat glass using chemical processes are chemically and 

mechanically highly resistant. These coatings can thus be used for glazing with the coated 

side outdoors, because they are able to resist weathering (see also Chapter 5.1.3.2). In 

contrast to ITO coatings, they also withstand well higher temperatures. Therefore, panes 

coated with these layers can be tempered, e.g. processed to form heat-strengthened 

monolithic glass, without perceptible deterioration of the technical parameters. Convective 

tempering ovens, which are carefully adjusted to compensate for the different emissivity of 

the coated and uncoated surfaces of the panes, are most suitable for tempering panes 

that are coated in this way. SnO2:F coated panes can easily be bent with large radii. How-

ever, small bending radii may cause the coatings to crack because they are so thick. This 

in turn increases haze. 

For many years, attempts have been made to deposit conductive SnO2 layers by sputter-

ing. This has now proved to be possible on a laboratory scale, using the AC magnetron 

sputtering process (see Chapter 4.2.1.7). The best results have been achieved with 

SnO2:Sb layers, where coatings approximately 250 nm thick exhibited 88 % transmittance 

in the visible range and an optimum sheet resistance R□ of about 60 Ω. The layers were 

deposited onto flat glass which had been heated to 300°C. However, conductive SnO2 

Figure 5.1.2.1.8: AFM scan of a SnO2:F layer on flat glass deposited by CVD 

                           technique on-line with the float glass production production 

                           process                    (source: E. Rädlein, TU Clausthal) 
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layers coated using the sputtering process are still of a much poorer quality regarding the 

sheet resistance than layers coated using the CVD technique on-line in conjunction with 

the float glass production process. Sputtering of conductive SnO2 layers onto flat glass is 

not yet carried out on an industrial scale, or at least not in significant quantities. 

Zinc oxide (ZnO) layers 

Transparent, conductive zinc oxide layers were first developed in the middle of the 1990’s, 

especially in conjunction with the production of amorphous silicon thin-film solar cells (see 

Chapter 7.3). The reason for this is that the silicon in these thin-film solar cells is depos-

ited onto conductive glass in an atmosphere containing hydrogen, using the PACVD proc-

ess (see Chapter 4.4), and zinc oxide has the highest decomposition enthalpy (= 700 kJ) 

of the three applied TCO coatings, i.e. the highest energy to split one mole of bound oxy-

gen. In contrast to the two other TCO coatings, the transmittance and conductivity of con-

ductive ZnO layers therefore does not deteriorate appreciably by reduction of ZnO during 

the subsequent PACVD process. 

The highest conductivity of ZnO layers is achieved by doping with aluminium (Al), where 

Al3+ ions substitute zinc at the host lattice sites, releasing free electrons, as in the case of 

the other two TCO discussed above. As an example, Figure 5.1.2.1.9 shows the concen-

tration of free electrons N and their mobility µ depending on the Al dopant concentration in 

a 250 nm thick ZnO layer which has been deposited using the AC magnetron sputtering 

process. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In Figure 5.1.2.1.9, it can be seen that the concentration of free electrons N rises with the 

concentration of the dopant c up to a maximum of 4 · 1020 (cm-3) at 2 wt.% concentration 

Figure 5.1.2.1.9: Concentration of free electrons N and their mobi- 

                            lity µ in dependience on the Al dopant concentra- 

                            tion in ZnO layers  

                      (source: Jäger, Szyszka, Szczyrbowski and Bräuer) 
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of the dopant and then falls again. A similar pattern can also be observed with the two 

other TCO coatings (see Figures 5.1.2.1.4 and 5.1.2.1.6) and was attributed to precipita-

tion of the dopant in the host lattice. However, in contrast to the ITO layers (see Figure 

5.1.2.1.5), the mobility µ decreases continually with increasing concentration of the 

dopant. The maximum conductivity σ of 5·103 (Ω cm)-1 is located between 1 and 2 wt.% of 

the Al dopant. These values can only be achieved if the layer is deposited onto flat glass 

heated to about 300 °C; i.e. the generation of a crystalline layer structure is also essential 

to produce low-resistivity layers, as explained in the case of ITO and SnO2:F layers. 

Transparent, conductive ZnO layers can be sputtered equally well using metallic or oxidic 

(ceramic) targets to achieve identical technical parameters. 

It has been reported in the literature that chemical deposition methods (such as CVD) are 

also feasible for ZnO deposition. The quality of chemically deposited layers is comparable 

to that of sputtered layers. 

With regard to the maximum achievable electrical parameters, ZnO:Al layers are ranked 

between SnO2:F layers and ITO layers (see Figure 5.1.2.1.10 and Table 5.1.2.1.1). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

While ITO and SnO2:F layers have similar extinction coefficients of about 0.01 in the visi-

ble range, that of ZnO layers must be much lower. This is because ZnO:Al layers exhibit 

the lowest light absorptance α and thus the highest light transmittance τv referring to the 

same layer thickness. In other words, conductive ZnO layers allow a smaller sheet resis-

tance R□ to be achieved with a larger layer thickness d at the same light transmittance τv, 

in comparison to e.g. SnO2:F layers. Furthermore, it should be noted that ZnO has the 

lowest activation energy ΔE of the three TCOs discussed here and thus the lowest trans-

mittance for UV radiation i.e. the highest absorptance in the UV range. 

Figure 5.1.2.1.10: Sheet resistance of ZnO:Al layers in dependence on their  

                              thickness      

                           (source: Löffl, Wieder, Rech, Kluth, Beneking and Wagner) 
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A typical conductive ZnO layer made in a laboratory by sputtering has the following speci-

fications: 

- Layer thickness d  ~ 500 nm 

- Light transmittance τv  ~ 85 % 

- Sheet resistance R□  ~ 7 Ω 

It has been shown that the conductivity of ZnO:Al layers (like that of ITO layers) can es-

sentially be determined by oxygen vacancies. During tempering in air, the sheet resis-

tance increases noticeably. Therefore, when processing these layers using thermal proc-

esses, special care is thus necessary, as explained in the case of low-resistivity ITO lay-

ers. 

Unlike In2O3 and SnO2, the material ZnO is hygroscopic and thus its resistance to humidity 

is lower than that of the other two materials. This is of particular importance when ZnO-

coated glass is stored in a humid environment. Efforts to overcome this disadvantage of 

ZnO layers have not yet been successful to date. 

 

Dilemma concerning transparent, electrically conductive oxides (TCO) 

As already presented in the preceding sections, the electrical properties of transparent, 

electrically conductive oxide layers (TCO) are characterised by the electrical conductivity 

σ = e*N*µ or the sheet resistance R□ = 1/(ρ d). The TCO layers used on an industrial scale 

today, as described in this chapter, have conductivity values which are lower by a factor of 

100 than noble metal layers (compare Table 5.1.2.1.1 in this chapter and Table 5.1.2.2.1 

in the next chapter). The main reason for this is that the concentration of free charge car-

riers N is lower by a factor of 100, while the mobility μ is about the same in the two types 

of material. 

Many experimental attempts have been made in the past to reduce this factor by trying to 

increase the concentration of free charge carriers N by increasing the dopant concentra-

tion c. However, this approach has failed so far. It was repeatedly observed that as the 

dopant concentration c is increased, the concentration of free electrons N increases up to 

a maximum value and then drops or remains constant. This is due either to dopant pre-

cipitation in the host lattice (In2O3, SnO2, ZnO) or dopant volatilisation during the layer 

formation. Both effects prevent the free electron concentration N and thus the electrical 

conductivity σ from increasing further. Another reason for the conductivity σ being limited 

in spite of an increase in the concentration of free electrons N can be seen in Figure 

5.1.2.1.5. The mobility μ of free electrons µ falls after a maximum is reached, while their 

concentration N is still growing (see Figure 5.1.2.14). This also adversely affects the con-

ductivity due to the function σ = e·N·µ, as mentioned above.  

In the following it is assumed that this decreasing mobility μ is caused solely by the scat-

tering of electrons on their path through the host lattice when they encounter dopant ions 

at lattice sites (see Figure 5.1.2.1.1). This is also known as ‘ion scattering’ of free elec-

trons. In theoretical studies, BELLINGHAM et al. (J. Mater. Sci. Let. 11, (1992), p. 263) 

found that, assuming that ionic scattering occurs, the electrical conductivity σ independ-

ence on the free electron concentration N reaches a limit. See also Figure 5.1.2.1.11, 
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taken from Bellingham’s paper, in which the reciprocal of the electrical conductivity σ is 

shown, i.e. the specific electric resistance ρw (see Chapter 5.1.1). 

All experimental attempts so far have shown that the resistivity ρw (=1/σ) of the three 

TCOs used as host lattices (In2O3, SnO2, and ZnO) did not fall below this theoretical limit 

determined solely on the basis of ionic scattering. This allows the conclusion to be drawn 

that if the concentration of dopants in the lattice increases, ionic scattering of free elec-

trons by the dopant ions in the host lattice alone would limit the electrical conductivity σ. 

(There are also other scattering mechanisms in the host lattice which further constrain the 

mobility µ of free charge carriers and thus σ, as already discussed in Chapter 5.1.1)  

Therefore, according to the current state of knowledge, it appears that the physical di-

lemma concerning TCO illustrated in Figure 5.1.2.1.11 is of a fundamental nature. 

 

 

 

 

 

 

 

 

 

5.1.2.2 Transparent conductive coatings on the basis of metals 

Transparent conductive coatings can also be produced using a number of metals, e.g. 

gold, silver, copper, platinum, rhenium, aluminium and also iron and nickel. The noble 

metals gold, silver and copper play a special role because of their atomic electron struc-

ture. These three materials are located in the 1st sub-group of the periodic table of ele-

ments. In the form of transparent thin films, they only have a relatively low absorptance in 

the range of visible light, compared with all other metals. The influence of absorptance on 

the spectral transmittance τ(λ) in the visible range has already been discussed in Chapter 

5.1.1.2. Furthermore, very thin layers of gold, silver and copper have a low sheet resis-

tance R□ and, as a result, very high infrared reflectance (see Chapter 5.1.1.1). 

Figure 5.1.2.2.1 shows the spectral absorptance α(λ) curves in the visible spectral range 

for single layers of these three metals with a layer thickness d of approximately 15 nm. It 

can be seen that the silver layer exhibits the lowest absorptance in this range. Absorption 

occurs mainly in the UV range, i.e. at wavelengths λ < 0.4 µm. In contrast to silver layers, 

Figure 5.1.2.1.11: Measured specific elec- 

tric resistivity of TCOs (symbols) compa- 

red to calculated values (straight line),  

as a function of the electron concentration  

(X = dopant).  

                       ( Source: Bellingham et al.) 
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the spectral absorptance of the gold and copper layers is much higher in the visible range. 

This phenomenon is caused by the fact that in the visible range, light is already absorbed 

due to electronic transitions within the inner atomic shells, so-called inter-band transitions, 

particularly from the third shell. The increased absorptance of gold layers towards the blue 

range of visible light (λ < 0.55 µm), together with increased reflectance in the red range (λ 

> 0.55 µm) due to the high concentration of free electrons N (see Chapter 5.1.1.1), is the 

reason why gold layers appear greenish in transmission and golden in reflection. Because 

the absorptance of copper layers extends further into the red range, they appear pink in 

transmission and reddish when light is reflected from them. From Figure 5.1.2.2.1 it fol-

lows that only silver layers exhibit colour-neutral light transmission due to their almost 

constant low absorptance in the visible spectral range. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 5.1.2.2.1 shows the conductivity of the three noble metals as bulk material. Silver 

has the highest conductivity, followed by copper and gold. This indicates the order to be 

expected for the sheet resistance of thin films of these metals with the same thickness. 

Silver layers have the lowest sheet resistance R□. 

In the past, practical applications have been found for layers of all three metals on flat 

glass as transparent conductive coatings on an industrial scale. Gold layers were among 

the first transparent conductive coatings to be produced industrially, because they are 

Metal σ* 
(Ωcm)-1

 

Silver 6,7*105  

Copper  6,5*105 

Gold 4,8*105 

Figure 5.1.2.2.1: Absorptance spectra in the visible range (λ =  

                           0.38 – 0.78 µm) for single layers of gold (Au),  

                           silver (Ag) and copper (Cu) with a layer thick- 

                           ness of approximately 15 nm 

Table 5.1.2.2.1: Electrical conductivity  

values of noble metals from the 1st sub-

group in the periodic table of elements  

as bulk material 

* at room temperature 
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resistant to corrosion and are thus very durable. It was only toward the end of the 1970’s 

that silver layers were embedded in protective layers in industrial production processes, 

providing them with adequate resistance to corrosion and abrasion and ensuring good 

aging properties. Copper-based coatings were also deposited industrially onto  flat glass 

in the past (see Chapter 4.2.2.4). The strong affinity of copper to oxygen results in rapid 

oxidation of the copper layer and thus to loss of conductivity and discoloration of the coat-

ing. This susceptibility to corrosion, combined with the pink transmission colour, has ham-

pered copper-based coatings to achieve commercial success. 

A disadvantage of silver and gold is that they adhere to the flat glass surface very poorly 

during the coating process, because they have a low bonding energy to the flat glass sur-

face (see also Chapter 5.5.1). Thus the deposition of comparatively large amounts of 

coating material is necessary to achieve sufficiently homogeneous layers. Until a homo-

geneous layer has formed, the deposited material undergoes a number of intermediate, 

discontinuous structural stages, which are illustrated in Figure 5.1.2.2.2 (see also Figure 

5.1.2.2.3). 

 

 

 

 

 

 

 

 

 

 

 

Figure  5.1.2.2.3 shows an electron micrograph of a discontinuous gold layer with depos-

ited material corresponding to a 4 nm thick homogeneous layer.  

The growth behaviour of gold and silver layers on a flat glass surface can be observed by 

measuring their electrical conductivity or their infrared reflectance as a function of the av-

erage coverage with coating materials, the so-called effective layer thickness deff, as 

shown in Figure 5.1.2.2.4 for thin silver films as an example. From this figure it can be 

seen that the infrared reflectance is initially low and does not rise as the effective layer 

thickness deff increases. The coating consists of single nuclei which grow to form 

islands. It is only when the islands begin to join up and continuous silver “channels” are 

formed that the infrared reflectance rises to the high values typical for homogeneously 

thick silver layers. The point at which the channels appear is known as the ‘percolation 

limit’ (see Figure 5.1.2.2.2). By applying suitable adherence-enhancing layers, e.g. on the 

basis of bismuth oxide or zinc oxide, the percolation limit can be shifted to a lower effec-

Figure 5.1.2.2.2: Growth phases of gold, silver and copper layers on flat glass 
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tive layer thickness deff (see Figure 5.1.2.2.4). The adherence of gold and silver layers to 

such adherence-enhancing layers is better than that to a flat glass surface. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Because the coatings described grow discontinuously when there is a low surface cover-

age with coating material, it is very difficult to deposit transparent gold, silver and copper 

layers reproducibly onto flat glass with a high sheet resistance R□. The metal layers must 

then be very thin. This is very different to the situation with TCO coatings (see Chapter 

5.1.2.1). 

Figure 5.1.2.2.3: Electron micrograph of a discontinuous gold layer on flat 

                           glass                                                      (source: VOSSEN) 

Figure 5.1.2.2.4: Infrared reflectance of thin silver films on flat glass  

                           (glass/Ag) compared to that of a silver layer on an adher- 

                           ence-enhancing layer of bismuth oxide (glass/Bi oxide/Ag) 

                           dependent on the effective layer thickness deff 

                                                                                                                       (source: STOLLENWERK) 
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Because of the high concentration of free electrons N, layers of noble metals achieve a 

sufficiently low sheet resistance R□ at a layer thickness of less than 20 nm, which is 

equivalent to a  of approximately 60 atomic layers. However, when applying such thin lay-

ers, particular attention must be paid to scattering of the electrons caused by structural 

defects in the layer and the roughness of its surface. This scattering reduces the mobility 

µ of the free electrons and increases the sheet resistance R□ and thus also the thermal 

emissivity ε of the coating, as explained in Chapter 5.1.1.1. In order to achieve minimum 

sheet resistance R□, it is necessary to use layers which are very smooth and homogene-

ous and have the minimum possible number of lattice defects. Doping the metallic layers, 

for example, with foreign materials, as has been attempted in order to reduce corrosion of 

silver and copper coatings, decreases the conductivity and thus also increases the ther-

mal emissivity. 

Figure 5.1.2.2.5 shows the sheet resistance R□ of a silver film with a thickness dAg of 12 

nm as a function of the thickness of a zinc oxide (ZnO) interface layer, also known as a 

seed layer.   

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.1.2.2.5 shows that the sheet resistance R□ of the silver film has a minimum value 

for a seed layer thickness of ≥ 3 nm, i.e. then Ag films grow predominantly crystalline and 

planar on ZnO layers. This is accompanied by increased transmittance of the layer  due to 

reduced absorptance (see also Figure 5.1.1.2.4). The same effect is achieved by an ad-

herence-enhancing layer of bismuth oxide (Bi oxide), which was used in the early devel-

opment phase of silver-based, low-emissivity coatings. ZnO seed layers located under-

neath the silver layers are standard today in industrially produced coating systems which 

have a low thermal emissivity εeff, e.g. in coatings for thermally insulating and solar-control 

glazing (see Figures 5.1.2.2.6 and 5.1.2.2.10 respectively). 

According to Table 5.1.2.2.1, the lowest sheet resistance R□ and thus for a selected layer 

thickness the lowest thermal emissivity ε are attainable with silver layers. Today, silver 

layers with a thickness d of approximately 10 nm are coated industrially which display 

Figure 5.1.2.2.5: Sheet resistance R□ of a silver film with a thickness of 12 

                           nm in dependence on the thickness of a zinc oxide (ZnO)  

                           seed layer between glass and silver layer 

(Source: Private communication by J. Szczyrbowski, Leybold Systems, Hanau) 
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sheet resistance R□ or electrical conductivity σ values, and correspondingly also thermal 

emissivity  ε values comparable to those of bulk silver. 

In the following section, information is provided about the design, special properties and 

application of silver and gold layers that are produced industrially as transparent conduc-

tive coatings on flat glass. 

Silver (Ag) layers 

Silver-based layer s on flat glass have gained importance in the past two decades, par-

ticularly as low-emissivity coatings for thermally insulating glazing (see Chapter 5.1.3.1) 

and for the last few years they are also applied as selective solar-control coatings for so-

lar-control glazing (see Chapter 5.2.). They are also used as transparent electrodes for flat 

panel displays (see Chapter 6.1), as shields against electromagnetic radiation (see Chap-

ter 5.1.3.3), as heatable coatings or antennae in windscreens (see Chapter 5.1.3.6). 

Silver layers are highly susceptible to corrosion. They oxidise in air and react with the 

slightest traces of hydrogen sulphide (H2S) in air. In both cases, they lose their conductiv-

ity and transparency. However, since the 1970’s it has been possible to achieve signifi-

cant resistance to mechanical and chemical attacks by embedding the silver layer in suit-

able protective layers. Industrial-scale, silver-based layer systems on flat glass can thus 

be transported and stored if they are appropriately packed, and can be used in the pro-

tected environments of laminated safety glass or the cavity of double glazing, without suf-

fering deleterious aging processes. 

The specifications for the low-emissivity coatings used in thermally insulating glazing are: 

- Thermal emissivity εeff ≤ 0.03 

- High light transmittance τv 

- High direct transmittance of solar radiation τe 

- Colour neutrality in transmission and outdoor reflection. 

A high value for τe for a coated pane results in a high solar factor g according to EN 410 if 

the pane is used in double glazing, so that thermally insulating glazing achieves the de-

sired “solar collector” effect. 

 

 

 

 

 

 

 

 

 

 Figure 5.1.2.2.6: Layer design of silver-based layer systems on flat   

                            gass for thermally insulating glazing 
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Figure 5.1.2.2.6 shows the general design of coatings based on a single-silver layer sys-

tem, as are predominantly used for thermally insulating glazing and transparent electrodes 

in conductive glass today. A range of different embedding layers and further functional 

layers are shown, as have been tested since the beginning of the development process.  

Some of them are still used industrially, and fulfil the specifications above to a greater or 

lesser extent.  

The silver coating is embedded between a bottom layer, the so-called adherence-

enhancing layer, and a top layer, the so-called cover layer, both of which are of dielectric, 

low-absorptive (κ ~ 0) materials. The adherence-enhancing layer and cover layer in this 

layer system protect the silver layer from mechanical and chemical attacks on the one 

hand, and simultaneously antireflect it in the visible spectral range on the other. In other 

words, they enhance the light transmittance τv and the solar direct transmittance τe. Fur-

thermore, the adherence-enhancing layer had the additional function of improving, as the 

name suggests, the adherence of the silver layer to the flat glass surface. Thus, the cover 

and adherence-enhancing layers serve several functions. 

The bottom interface layer of zinc oxide, the seed layer, is standard for low-emissivity sil-

ver layer systems today. It ensures that very thin silver layers grow with a crystalline struc-

ture with a smooth, planar surface and almost no structural defects. In this way, the lowest 

possible sheet resistance R□ and thus the lowest thermal emissivity εeff are achieved (see 

Figure 5.1.2.2.5). The interface layer on top of the silver layer, also called a sacrificial 

layer, protects the silver layer from oxidising during the following reactive coating process 

of the cover layer. Some manufacturers deposit a further protective layer as the upper-

most layer, which consists e.g. of silicon oxide, silicon nitride or silicon oxynitride.  This is 

intended to protect the coating against chemical and mechanical damage, particularly 

during transport and storage. With film thicknesses d < 4 nm, as used today in industrially 

produced, silver-based coatings, the seed, sacrificial and protective coatings generally 

have little effect on the optical properties. 

Colour neutrality in transmission and outdoor reflection, which is still demanded of low-

emissivity coatings, as well as high solar transmittance, is achieved by an antireflective 

design applying an asymmetric layer (see Chapter AI in the Appendix and Figure A1.10b). 

“Asymmetric” in this case implies that the cover layer has a low real refractive index (n = 

1.8 would be optimum) and the adherence-enhancing layer has a high real refractive in-

dex (here n = 2.3 – 2.6 would be the optimum). The absorptance of both layers is negligi-

ble (κ≈0). Furthermore, for optimal antireflection of the silver layer, the optical thickness 

n·d of both the adherence-enhancing layer and the cover layer should be λ/8. A further 

advantage of the asymmetric silver-based layer system is its robustness against colour 

variation viewed from outdoors, when production conditions cause thickness variations of 

the adherence-enhancing and cover layers over the pane area, i.e. these fluctuations 

have a smaller effect on the interference colours of the coating for an asymmetric design 

than for a symmetric design (see also Figure AI.10b). 

Figure 5.1.2.2.7 shows typical transmittance and reflectance spectra, in the solar spectral 

range, for an optimally antireflected silver-based layer system on flat glass with an asym-

metric layer design and εeff ≤ 0.03, as is commonly used for thermally insulating glazing 

today. The TiO2 adherence-enhancing layer in this coating has a high refractive index in 

the visible range (n = 2.5 – 2.6; rutile structure) and low absorptance (κ ≈ 0). As no mate-
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rial with n = 1.8 is available, the cover layer is made of SnO2, which has a refractive index 

of n ≈ 2 and κ ≈ 0. The optical thickness n·d of both the adherence-enhancing and cover 

layers is approximately λ/8. Silver-based coatings with a similar structure are produced by 

nearly all industrial manufacturers of low-e coatings throughout the world today.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The antireflective treatment of the silver layer with a  design as characterised by Figure 

5.1.2.2.7 comes close to achieving colour neutrality for the coated glass pane in transmis-

sion and reflection. The specification of colour neutrality is based in the opinion that ther-

mally insulating glazing should have the same appearance as uncoated float glass. How-

ever, it can be observed that the “colour-neutral” property has not yet been defined in a 

standard and is often interpreted very broadly. 

The EN 410 standard defines the colour rendering index Ra as a metric to quantify the 

colour rendering of an object in a room which is illuminated by a defined light source. Ap-

plied to glazing, this means that the colour rendering of the object is judged on illumination 

with light from a defined light source that has been transmitted by the glazing (see also 

the discussion in Appendix AIII). Single-silver low-emissivity coatings usually have an Ra 

value ≥ 96, which implies very good colour rendering. However, this is only one aspect in 

describing the colour of glazing. When the manufacturers of low-e coatings evaluate the 

colour of their coated glass in transmission or reflection or specify the colour of their prod-

ucts, they usually do this by stating the CIELab colour coordinates L*, a* and b*. The 

measurement and calculation methods to determine these values are specified in CIE 

15:2004 (see Figure 5.1.2.2.8). “Colourless” means that a* = 0 and b* = 0. Sets of colour 

coordinates which are not located on the a* or b* axes represent colours that are mixtures 

Figure 5.1.2.2.7: Spectral transmittance and reflectance spectra in the solar range 

                           (λ = 300 nm to 2500 nm) for a silver-based  layer system with the 

                           configuration glass/TiO2(n =2.5)/Ag(d= 11 nm)/SnO2(n= 2.0).  

                                                (Source: Private communication, Interpane, Lauenförde) 
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of green or red with blue or yellow.  The further the Pythagorean distance of the colour 

coordinates from the origin, the more intense is the colour. L* describes the light-

ness/darkness of the colour. 

 

 

 

 

 

 

 

 

 

In general, manufacturers specify the colour of their coatings by using a colour “box” like 

that illustrated in Figure 5.1.2.2.9, which defines the colour space within which the colour 

coordinates of the coated glass will be located.  The transmission colour box for commer-

cially marketed low-e coatings today is usually defined by the values a* = -1 and -2 and b* 

= 1 and 2. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The main design requirements for highly transparent, silver-based layer systems with a 

sheet resistance of about 3 Ω, which make excellent low-emissivity coatings for thermally 

insulating glazing, are as follows, in order of importance: 

1. Deposition of a smooth, homogeneous, highly crystalline silver layer, as free of lattice 

defects as possible, with a thickness d ≤ 12 nm 

Figure 5.1.2.2.8: The CIELab colour  

space according to CIE 15:2004 

Figure 5.1.2.2.9: Colour box to characterise  

the colour of coated glass 
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2. In order to ensure optimum antireflection in the solar spectral range, the adherence-

enhancing layer must have a high real refractive index in the range of n = 2.3 – 2.6, and 

the cover layer must have a real refractive index n = 1.8 (see also Figure AI.10 in Chapter 

AI of the Appendix). 

3. Embedding of this silver layer in low-absorptive, dielectric layers acting as adherence-

enhancing and cover layers, each with an optical thickness n·d of approximately λ/8 

As discussed above, the cover layer is manufactured of materials with a real refractive 

index n of about 2 (e.g. SnO2, ZnO, Si3N4), as suitable materials with the optimum real 

refractive index of n = 1.8 for a single layer are not available. Theoretically, the best antire-

flective effect can be achieved with a double layer as cover layer, consisting of one layer 

with a higher real refractive index (nH), e.g. nH = 2 from SnO2, ZnO or Si3N4, and a second 

layer with a lower real refractive index (nL), e.g. nL = 1.46 from SiO2. By adapting the 

thickness of each layer appropriately, a real refractive index nres = 1.8 is obtained. The 

layer with the lower refractive index must always be the uppermost layer in this configura-

tion. With the SiO2 layer as the outermost coating, the chemical and mechanical resis-

tance of the Ag layer can also be increased. 

In the past decade, double- and even triple-silver layer systems, with a schematic  con-

figuration as shown in Figure 5.1.2.2.10, have gained increasing commercial importance, 

particularly in solar-control glazing for buildings (see Chapter 5.2) and vehicles. When 

these coatings are used in windscreens, they can also fulfil a heating function to prevent 

frost formation on the outer surface in winter (see Chapter 5.1.3.6) and simultaneously act 

as antennae for mobile telecommunication. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Solar-control glazing is also required to provide optimal thermal insulation today; however, 

in contrast to “low-emissivity” or “thermally insulating” glazing, solar-control glazing must 

also prevent overheating in summer, i.e. reduce the amount of solar radiation entering a 

building and thus counteracting the greenhouse effect. This is the opposite requirement to 

Figure 5.1.2.2.10: Layer design of double- and triple-silver layer systems manu- 

                              factured today  
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the “solar collector” effect expected of thermally insulating glazing. The quantity which 

characterises the overheating protection provided by solar-control glazing is the so-called 

“solar factor” g (also known as the total solar energy transmittance TSET or the solar heat 

gain coefficient SHGC), which according to EN 410 is the sum of the direct (solar) energy 

transmittance τe and the secondary heat transfer factor qi toward the building interior, 

which occurs due to solar radiation absorbed in the glazing. Expressed mathematically, g 

= τe + qi. The g value of solar-control glazing should be as low as possible. 

A low g value can also be obtained with a configuration containing a single-silver layer 

analogous to thermally insulating “low-e” coatings (see Figure 5.1.2.2.5), if the silver layer 

is made thicker. It then reflects more strongly and thus features a lower light transmittance 

τv. Alternatively an additional absorptive layer, e.g. a metal layer, can be introduced. Insu-

lating glazing units coated with such layer s also provide ideal thermal insulation due to 

the presence of the silver layer. However, their disadvantage is that the low light transmit-

tance τv means that such glazing makes rooms perceptibly darker, which is not desirable 

in temperate and cold climatic zones. Thus, the specifications for coatings for much of the 

solar-control glazing used in these climatic zones for architectural or vehicular glazing can 

be summarised as follows:  

- Thermal emissivity εeff ≤ 0.03 (strictly speaking, this is not relevant for vehicular glazing 

as the coating is embedded within a glass laminate, but it is taken as a basic criterion 

for reasons of appearance) 

- High light transmittance τv 

- Low g value when the coatings are applied to surface 2 within an insulating glazing unit 

- High selectivity S, i.e. a high value of the ratio τv/g 

- Colour neutrality in transmission and a coloured outdoor appearance that is compatible 

with the façade colour scheme 

- If possible, no colour shift in the outdoor appearance for oblique viewing angles. 

With the exception of the final criterion, these specifications can best be met by coatings 

including two or three silver layers.   

In principle, double- or triple-silver layer systems are simply a structural duplication of a 

coating with a silver-based layer system with a single silver layer (see Figure 5.1.2.2.6). 

The materials used for the intermediate layers and low-absorption dielectric layers are 

generally the same ones as those used in single-silver layer systems. As demonstrated in 

the underlying investigations leading to Figure 5.1.2.2.11, the advantage of multiple-silver 

layer systems is that as the number of silver layers increases, the spectral transmission 

band can be made increasingly narrow and designed to correspond to the photopic sensi-

tivity curve of the eye. As a result, transmission in the UV and near infrared spectral 

ranges is increasingly suppressed due to reflection, reducing the value of the direct (solar) 

energy transmittance τe. By “eliminating” transmission at shorter and longer wavelengths, 

transmission occurs essentially only in the visible spectral range. A low value for τe is the 

basis for a low g value when the coatings are used on surface 2 in an insulating glazing 

unit configuration. As the light transmittance τv was assumed to be constant (τv = 66 %) in 

the study summarised in Figure 5.1.2.2.11, it follows that the selectivity S (=τv/g) in-

creases with the number of Ag layers as the transmission band becomes narrower. 
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If the spectral transmittance τ(λ) is changed by changing the reflectance spectrum while 

retaining the position of the transmission band, the selectivity S remains almost constant, 

as other investigations have demonstrated. This indicates a method to adjust the values of 

τv and g in a multiple-silver coating while keeping the value of S constant. 

However, Figure 5.1.2.2.11 also illustrates the following point: The ideal spectrum, with its 

rectangular profile over the entire visible spectral range, if it could be manufactured, would 

result in complete colour neutrality in transmission (and also in outdoor reflection, if the 

reflectance followed a complementary rectangular profile), as it extends across the com-

plete spectral range of visible colours. By contrast, when the increasing number of silver 

layers in the multiple-layer makes the transmission band narrower, the blue and red frac-

tions of visible light are eliminated to an increasing extent. As a result, the colour in trans-

mission becomes green-yellow and the colour in reflection appears bluish red. In other 

words, as the number of silver layers increases, the intensity and perceptibility of the 

coated glazing colour also increase due to their effect on the red and blue colour compo-

nents. Therefore, complete colour neutrality can no longer be achieved. The most colour-

neutral coatings in transmission and exterior reflection are thus those based on single-

silver layers, due to their broad transmission and reflection bands (see Figure 5.1.2.2.11). 

The colour and its intensity in transmission and exterior reflection can be modified for all 

Figure 5.1.2.2.11: Investigation of the transmittance spectra of colour-optimised single-, dou- 

                             ble- and triple-silver layer systems in comparison to that of an ideal, colour-  

                             neutral layer system, assuming that all coatings have a light transmittance 

                             τv = 66%.                                                            (Source: M. Frank, Guardian) 

Legend: 

1 = ideal silver-based layer system with colour neutrality in transmission and reflection from outdoors 

2 = optimised single-silver layer system  

3 = optimised double-silver layer system  

4 = optimised triple-silver layer system   
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multiple-silver-based coatings by a number of measures affecting the configuration. For 

example, the reflectance and absorptance spectra can be varied and the transmission and 

reflection bands can be shifted to either longer or shorter wavelengths. However, this is 

generally also associated with a change in the g value and thus with the selectivity S. 

Figure 5.1.2.2.12 allows typical transmittance and reflectance spectra in the solar spectral 

range for industrially produced single-, double- and triple-silver layer systems to be com-

pared. The corresponding typical S and Ra values are documented in Table 5.1.2.2.2. 

                 Table 5.1.2.2.2 

 

 

 

 

 

The narrowing of the transmission band in the visible range and the shift of the plasma 

resonance edge (see discussion in Chapter 5.1.1.1 and Figure 5.1.1.1.2) into the visible 

range is clearly evident during the transition from single-silver to triple-silver system. The 

latter effect is the main cause for the greater colour sensitivity of coating system as the 

number of silver layers increases.                              

In Table 5.12.2.2, it is evident how the increase in selectivity S on progressing from single-

silver to triple-silver coatings is accompanied by a decrease in the colour rendering per-

formance. However, it should be noted that the S and Ra values listed here represent 

layer configurations which have been optimised for colour neutrality. As already discussed 

above, the selectivity S and the colour rendering of the coatings – as represented here by 

the Ra value in transmission but the same is also true for outdoor reflection – can be influ-

enced by a number of measures when the coating configuration is being designed. How-

ever, the colour coordinates for transmission and reflection depend on each other; they 

cannot usually be varied independently of each other. Theoretical studies (see the publi-

cations by M. Frank) have shown that ideal silver-based coatings with complete colour 

neutrality in transmission and reflection can achieve a maximum selectivity of only S = 

Layer system Selectivity (S) 
General colour  

rendering index (Ra) 

Single-silver       ~ 1.4          ~ 98 

Double-silver       ~ 1.8          ~ 95 

Triple-silver        ~ 2.1          ~ 91 

Figure 5.1.2.2.12 Comparison of the transmittance (left) and reflectance (right) spectra of industrially  

                            produced single-, double- and triple-silver layer systems   

                            (Source: U. Schreiber, I Wegener, S. Stille, J. Trube, Leybold Optics, Alzenau) 
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1.75 and that under real conditions, a maximum value of only S = 1.4 can be achieved. 

This means that all multiple-silver layer systems with S > 1.4 must therefore be coloured 

in transmission and outdoor reflection to a lesser or greater extent. 

The optical data for architectural glazing and thus also its colour rendering indices in 

transmission and exterior reflection are specified according to EN 410 for normally inci-

dent light. When coated solar-control glazing units are observed from outdoors under an 

oblique angle of incidence, e.g. 30° with respect to the glazing surface, red shifts of vary-

ing intensity are noticeable. The reason is that the path difference between the reflected 

rays causing interference is shortened, shifting the reflection band of the layer to shorter 

wavelengths, i.e. toward the blue end of the spectrum (see note to page 27). As a result, 

the antireflective effect in the red spectral range is reduced and the red colour in outdoor 

reflection becomes apparent, which is aesthetically disturbing and thus undesirable. This 

effect can only be counteracted by a layer with broad transmission and reflection bands in 

the visible range, as is provided best by single-silver coatings (see Figure 5.1.2.2.7). 

However, as even here the contours of the bands do not run parallel to the wavelength 

axis over a sufficiently broad range, a red shift cannot be avoided completely even with 

such a single-silver coating. As the transmission and reflection bands become increas-

ingly narrow when the number of silver layers in the multi-layer coating increases, it is 

understandable that the red shift under oblique viewing angles becomes increasingly ob-

vious with more silver layers. In double-silver and triple-silver coatings, this red shift can 

weakened somewhat by increasing the green fraction around λ = 550 nm with a sophisti-

cated layer configuration. 

Today, the configurations of silver-based layer systems can be simulated with computer 

programs to approach the required specifications; the programs are also used to control 

production. This is possible because now the refractive index in the solar spectral range is 

known for a sufficiently large number of coating materials for the required metallic and 

dielectric layers, also as a function of layer thickness. The required or desired list of speci-

fications can be achieved only approximately because the specified parameters, τv, g and 

colour indices, are not completely independent, such that not all specifications can be 

achieved simultaneously. Priority is always given to complying with the energy-relevant 

governmental regulations of thermal transmission losses, i.e. ensuring a low thermal 

emissivity ε for a minimal U value, and protection against overheating in summer, i.e. the 

lowest possible g values. In practice, compromises must always be made with regard to 

the desired selectivity S = τv/g, the chromaticity of the glazing and colour stability under 

oblique viewing angles. 

In recent years, considerable effort has been invested into improving the chemical, me-

chanical and thermal resistance of silver-based layer systems. For all three goals, the 

configuration and the materials used for adherence-enhancing, cover and interface layers 

play a key role (see above).  

As far as thermal stability is concerned, the coatings must meet the following criteria at 

temperatures of up to 680 °C, as are applied during annealing processes to manufacture 

toughened or bent glass: 

- Thermal stability of the adherence-enhancing and cover layers with regard to the mate-

rials and the  configuration, i.e. the refractive index, to retain the intended colour 
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- Provision of a barrier to prevent Na+ ions from diffusing out of the float glass into the 

layer  

- Suitable sacrificial layers immediately above and below the silver layers to prevent them 

from oxidising, i.e. these intermediate layers must prevent free oxygen from reaching 

the silver layers 

- The same intermediate layers must also ensure that the silver layers retain their func-

tionality during the annealing process, i.e. they must not form islands (see Figure 

5.1.2.2.3), but must maintain their structure and refractive index. 

It should be possible to satisfy these criteria with a single-silver layer system with an inter-

face layer of partly oxidic zinc oxide (ZnO:Al) above the silver layer, an interface layer of 

completely oxidic zinc oxide (ZnO:Al) below the silver layer and a sodium diffusion barrier 

of aluminium oxide (Al2O3) between the float glass surface and the adherence-enhancing 

layer, an adherence-enhancing layer of TiO2, a cover layer of ZnO:Al and an outside  pro-

tective layer of Al2O3. The current state of the art is that almost all manufacturers of ther-

mally insulating glazing can produce single- and double-silver layer systems with suitably 

selected materials for the embedding layers, such that the layer s can withstand the tem-

peratures applied during the processes to produce toughened glass. 

Nowadays, both conventional single and multiple-silver layer systems are most commonly 

deposited industrially onto glass with thickness ≥ 3 mm and areas of up to jumbo panes 

(3.21 m x 10.00 m) using in-line magnetron sputtering facilities (see Chapter 4.2.1.7) at 

room temperature. The coating capacity of these facilities amounts today to 10 million 

m2/a for single-silver layer systems. Considerably more sophisticated equipment than for 

the “classic” single-silver layer systems is needed to manufacture multiple-silver layer sys-

tems. In general, the coating capacity for multiple-silver layer systems is also smaller in 

the currently operated facilities. As these facilities were generally not designed to produce 

multiple-silver layer systems, their production demands that further coating chambers be 

added to the existing equipment. This creates problems of floor space and investment 

costs for many companies. A compromise may be to deposit the desired number of silver 

layers by multiple passes of the panes through the coating chambers designed for single-

silver layer systems. However, this results in an appreciably lower coating capacity and is 

complicated to implement. 

It should be noted that as the number of silver layers in multiple-silver layer systems in-

creases, the demand to prevent colour fluctuations resulting from inhomogeneous inter-

ference imposes increasingly rigorous specifications for homogeneous thickness of the 

individual layers over the pane area. When the glass panes to be coated have areas of up 

to 3.21 m x 10 m, this presents a major challenge. 

As the glass panes are not heated appreciably during magnetron sputtering, there is no 

danger of the panes becoming distorted during the coating process. Using this technol-

ogy, silver-based coatings can be deposited onto flat glass with a thickness of down to 0.3 

mm. However, the transport, cleaning and coating procedures, i.e. the components and 

dimensions of the entire coating facility, must be designed especially for such thin glass 

panes. 
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Gold (Au) layers 

Thin gold layers were amongst the earliest industrially produced, transparent conductive 

coatings to be deposited on flat glass. From the 1960’s onward, they were primarily used 

as selective solar-control coatings for solar-control glazing (see Chapter 5.2) and to a 

lesser extent, also in conjunction with heat-shielding glass (see Chapter 5.1.3.2) and for 

conductive glass. Gold layers were also used from 1974 onward to manufacture the first 

thermally insulating glass units (see Chapter 5.1.3.1). However, since it became possi- ble 

to produce durable silver-based layer systems, which also had better technical proper- 

ties and were less expensive, gold layers for solar-control glazing became less important 

every year; they have now disappeared completely from the market. Nevertheless, it 

should be noted that gold-based layer systems served as a model for the later develop-

ment of the silver-based coatings for thermally insulating and solar-control glass units. 

The industrial production of transparent conductive gold coatings began with single gold 

layers. Later, layer s were developed and produced, whereby magnetron sputtering (see 

Chapter 4.2.1.7) and thermal evaporation (see Chapter 4.2.2.4) were used as deposition 

methods. In order to improve the adherence and the homogeneous growth of single gold 

layers, an adherence-enhancing layer of bismuth oxide or chromium with a thickness of 

several nanometres was deposited onto the flat glass surface first (see Figure 

5.1.2.2.13a). Because gold is very resistant to corrosion, even in the form of a thin film, 

single gold layers without an additional cover layer were sufficiently durable for most ap-

plications.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Typically, transparent, conductive, single gold layers on flat glass had the following tech-

nical specifications: 

a) Layer thickness d of the gold layer ~ 10 - 20 nm 

b) Light transmittance τv   ~ 70 - 25 % 

c) Sheet resistance R□   ~ 5 - 20 Ω 

Figure 5.1.2.2.13: Configuration of transparent, electrically 

                              conductive gold-based coatings  

a) single gold layer  b) gold-based layer  

system 
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Embedding the gold layer in additional antireflective layers, as illustrated in Figure 

5.1.2.2.13b, enhances the light transmittance τv and the solar direct transmittance τe, just 

as with single-silver layer system, and the outdoor colour of the layer  in reflection 

changes from golden to blue-violet. Such a coating was developed by the Heraeus com-

pany (Germany) in the 1960s and formed the basis for the first industrially produced solar-

control glazing. It was first applied by the company DETAG (now Pilkington) in Fürth, 

Germany in a solar-control glass unit called ‘Auresin 66/44’ with τv = 66 % and g = 44%. 

 

5.1.3 Flat glass products with transparent conductive coatings 

A large number of functions can be achieved with flat glass by means of transparent con-

ductive coatings. It is a common feature of all these functions that they are based on free 

electrons in the coatings. A major distinguishing feature of the functions is whether they 

are based on the interaction of electromagnetic radiation with the free electrons, or on 

electric conduction in the coatings caused by these electrons. Concerning the first effect, 

the functions are mainly determined by the value of the reflectance of the conductive coat-

ings in the wavelength range from infrared radiation to long radio waves (see Appendix A 

II). The electric conduction effect is based on OHM'S Law, i.e. on the electric current con-

ducted through the coatings. Furthermore, interference effects play an important role for 

reflective and antireflective functions. 

Based on the interaction with electromagnetic radiation and in conjunction with interfer-

ence effects, transparent conductive coatings mainly fulfil the following functions: 

- Reduction of thermal radiation into the environment by means of low-emissivity coat-

ings, e.g. to save heating energy by means of so-called thermally insulating glass units 

in buildings (see Chapter 5.1.3.1); also, in the future, it may play a role on the outdoor 

glass surface of window and car glazing in order to avoid dew and frost formation and 

possibly also to further reduce thermal radiation losses to improve thermal insulation 

(see Chapter 5.1.3.2) 

- Reflection of incident solar radiation in the near infrared range, used in selective solar-

control glazing for buildings and car glazing (see Chapters 5.1.3.6 and 5.2) 

- Shielding of rooms and electrical devices from electromagnetic radiation at radio fre-

quencies, used in so-called shielding glass (see Chapter 5.1.3.3) 

- Reduction of the high reflectance of glass for radar radiation, used in panes to attenu-

ate radar echo (see Chapter 5.1.3.4) 

Disregarding the primary role of transparency, metallic coatings, which are highly reflec-

tive in the visible range and are thus used for making mirrors, also belong to the group of 

coatings for which the interaction with electromagnetic waves is the most important func-

tional factor (see Chapter 5.4.1). 

On the basis of OHM'S Law, transparent conductive coatings in conjunction with interfer-

ence effects allow the following functions to be achieved: 

- Glass which cannot be electrically charged, so-called anti-static glass (see Chapter 

5.1.3.5) 
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- Heatable glass and, for car glazing, also an antenna function for radio and telephone 

transmission (see Chapter 5.1.3.6) 

- Transparent switches, so-called touch panels or touch screens (see Chapter 5.1.3.7) 

- Transparent electrodes (see Chapter 5.1.3.8) whereby the conductive coating is used 

to control opto-electronic effects in conjunction with other coatings or liquid crystal 

films, e.g. to produce displays (see Chapter 6.1), to control light and solar energy 

transmission in window panes (see Chapter 6.2) and as a component in photovoltaic 

modules, which convert solar energy into electricity (see Chapter 7) 

This selection of major fields of application shows that flat glass products with transparent 

conductive coatings are of enormous economic importance for the flat glass industry. 

 

5.1.3.1 Thermally insulating glass units 

Thermally insulating glazing is nowadays a standard architectural glazing product. Its 

identifying feature is good thermal insulation, mainly due to a low-emissivity coating on the 

internal surface of at least one pane. This glazing type was developed to reduce heat 

losses through windows and was first marketed shortly after the first oil crisis in the early 

1970s. It is mainly used in normal residential buildings in moderate and cold climatic 

zones. Today, it has the greatest economic importance of all flat glass products with thin 

film coatings and has become a standard for glazing of buildings in all industrialised coun-

tries. This glazing type currently allows heat losses to be reduced by a factor of 6 in com-

parison to conventional insulating double glass units, thus enabling considerable savings 

to be made in terms of heating. In Germany, energy used for heating buildings represents 

30 % of the total primary energy consumption. Because fuel oil, natural gas and coal are 

the major sources of heating energy, the consumption of energy for heating contributes 

significantly to CO2 emissions and thus to the rapidly intensifying greenhouse effect on the 

global climate. Installation of thermally insulating glazing is an important mitigating meas-

ure. The market for thermally insulating glass units already amounts to several 100 million 

m2 a year worldwide and is growing rapidly. This increasing demand comes as a result of 

current requirements to combat the greenhouse effect by reducing the use of fossil fuels 

which are predominantly used for heating purposes. Today, thermal insulating glass units 

are marketed in the form of double and triple glazing. 

 

 

 

 

 

 

 

 

 
Figure 5.1.3.1.1: Design and operating principle of an insulating double  

                           glass unit a) without and b) with a low-emissivity coating 
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Figure 5.1.3.1.1 shows the design and function of an insulating double glass unit without 

and with a low-emissivity coating inside. The heat loss through architectural glazing is 

determined according to EN 673 by its thermal transmittance or Ug value. For a conven-

tional insulating double glass unit, where the panes are 4 mm thick and the air-filled space 

between them is 12 mm wide, abbreviated as ‘4-12-4 DGU’ and illustrated in Figure 

5.1.3.1.1a, the Ug value is 3.0 W/(m²K). This value, which today is considered to be high, 

is due to the high effective emissivity εeff = 0.84 of the conventional glass surfaces, such 

that two thirds of the heat loss is caused by radiative exchange between the two glass 

surfaces facing the space, and only one third is due to thermal conduction and convection 

in the air-filled space. By contrast, the low-emissivity coating on surface 3 of a modern, 

thermally insulating double glass unit has an effective emissivity of εeff < 0.05, such that 

the energy loss due to thermal radiation is largely suppressed. (As shown in Figure 

5.1.3.1.1, the glazing industry numbers the surfaces of a multiple-pane insulating glass 

unit from outdoors to indoors.) The Ug value of a coated insulating glass units thus drops 

below 1.5 W/(m2K) due to this measure alone. In addition, by replacing the air in the space 

by a gas which has a lower thermal conductivity than air, e.g. argon (or, more seldom 

krypton) and optimising the space width, the εeff value can be further reduced to as low as 

0.9 W/(m2K). If two such configurations are combined to form a thermally insulating triple 

glass unit, Ug values as low as 0.5 W/(m2K) can be achieved economically. 

In Figure 5.1.3.1.2, Ug values calculated according to EN 673 for a thermally insulating 

double glass unit with a 12 mm argon-filled space are plotted as a function of the thermal 

emissivity ε of the coating on surface 3. 

 

 

 

 

 

However, it should be noted that for the construction industry the Ug value is not the deci-

sive parameter to characterise thermal insulation by a window. The window pane and 

frame together, including edge effects, are now treated as a single construction product, 

meaning that the window U value, the UW value, is the most significant quantity. The UW 

value is the average value of the individual U values of the pane and window frame, taking 

edge effects into account as specified in Table 3 in DIN 4801-4. The Ug value is estab-

lished by measuring the glazing, according to EN 674 or 675, or by calculation as laid 

down in EN 673. On the basis of these evaluations, the official Ug value for further thermal 

insulating calculations is legally defined by the German building and construction authori-

ties. It represents the maximum possible Ug value during the lifespan of the glazing. 

The European standard EN 673 defines the Ug value of an insulating double glass unit as 

follows: 

Figure 5.1.3.1.2: Ug values for a thermally  

insulating double glass unit as a function  

of the thermal emissivity ε of the coating 
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where ht is the total thermal conductance of the glazing unit, hi is the internal heat transfer 

coefficient and he the external heat transfer coefficient. The values of the latter two coeffi-

cients are determined by EN 673:2011 to be 7.7 W/(m2K) for hi and 25 W/(m2K), respec- 

tively, for he. Because the thermal resistivity of the glass panes themselves may be ne-

glected in the case of high thermal insulation, it follows for the total thermal conductance 

ht of an insulating double glass unit: 

                                                         ht = hr + hc 

where hr is the radiative component of the total thermal conductance and hc is the com-

bined component due to conduction and convection. 

According to STEFAN-BOLTZMANN’S Law, the following equation is true for the radiative 

component hr of thermal conductance, under the assumption that there are only relatively 

small temperature differences between the two space-facing surfaces of the insulating 

double glass unit which are involved in heat exchange due to radiation: 

 

 

 

where εe and εi are the effective thermal emissivity values of the surface positions 2 and 3 

in the insulating double glass unit which face the space, Tm is the mean absolute tempera-

ture in the gas space measured in K, and σ the STEFAN-BOLTZMANN radiation constant, a 

natural constant. From this equation, it follows that it is sufficient if only one of the two 

panes is coated, providing the thermal emissivity of the coating is low enough, e.g. ε < 

0.05. Furthermore, because the influence of the temperature on the thermal emissivity for 

modern low-emissivity coatings is small in the applicable temperature range (see Figure 

5.1.1.5), it makes no difference to the thermal insulation whether the coating is applied to 

Position 2 or to Position 3. However, as will be explained later, there is a specific reason 

for preferring Position 3 for the coating. 

For the gas thermal conductance hc, which characterises thermal conduction and convec-

tion in the gas-filled space, the following equation holds true: 

                                                     Nu
d

hc •=
λ

 

where Nu is the NUSSELT number, d the width of the gas space and λ the thermal conduc-

tivity of the gas with which the space is actually filled. If there is no convection of the filling 

gas (which is the design goal for thermally insulating glass units), the NUSSELT number is 

1, i.e. it follows: 

 

 

Table 5.1.3.1.1 shows the technical data of possible filling gases for the gas space to im-

prove the Ug value. According to this table, the lowest Ug values can be achieved with the 

inert gas xenon, because of its low thermal conductivity. The other inert gases, krypton 
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and argon, follow; air represents the least favourable Ug values. Due to their limited avail-

ability, xenon is not yet used and krypton is only used for extremely high-quality products; 

argon is currently used as the standard filling gas. 

 

 

 

 

 

 

 

 

                    

 

In Figure 5.1.3.1.3: Ug values for a thermally insu-

lating glass unit are plotted as a function of the 

space width for air, argon and krypton gas fills. 

 

The Ug minima that can be observed in this graph correspond in all cases to the transition 

from heat transport solely by thermal conduction to greater heat transfer by a combination 

of thermal conduction and convection. It is important to note that the position of the min-

ima is independent of the total Ug value, as radiative heat transfer is independent of ther-

mal conduction and convection; heat transfer by radiation and conduction/convection oc-

cur in parallel (see the equation for ht above). 

Comparison with Table 5.1.3.1.1 reveals that the higher the molecular weight of the filling 

gas, the smaller is the optimal space width resulting in the lowest Ug value. However, this 

applies only for the noble gases, where the gas is composed of single atoms (i.e. not 

molecules). 

Thermally insulating double glass units are not only required to have a low Ug value. Al-

though of lower priority than the Ug value, a simultaneously high total solar energy trans-

 Air Argon Krypton Xenon 

Molecular weight 

(kg/mol) 
29 40 84 131 

Thermal conductivity 

x10-4 W/(mK) 

at 0 oC u. 1,031 bar 

242 163 87 51 

Optimal space width 

without convection 

(mm) 

 

16 - 18 

 

16 

 

10 8 

 Table 5.1.3.1.1: Technical data of filling gases for thermally insulating glass units to 

                            improve the thermal insulation. 
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mittance (or g value according to EN 410) is also necessary. The reason for this second 

requirement is that windows should not only transparently seal openings in the façade of a 

building, protecting it from the adverse effects of the weather, but that they should also 

have the properties of a solar collector in order to support the heating of the building. The 

situation that a high g value is only second in priority to a low Ug value is valid in moderate 

climatic zones such as Central Europe. In these climatic zones, a building glazed with all 

form of current insulating glass units cannot be heated to conform with general tempera-

ture standards for residential or office rooms solely by solar energy in winter, even if the 

remaining building has maximum thermal insulation. Thus the necessity for thermal insula-

tion of the current insulating glass units in moderate climatic zones outweighs that for the 

use of solar energy. 

According to EN 410, the g value of an insulating glass unit is defined by the equation 

                                                            g = τe + qi 

where τe is the (solar) energy direct transmittance and qi the secondary internal heat 

transfer factor, i.e. corresponding to the additional heat which is emitted and convected to 

the interior of a building due to absorption of solar energy in the glazing unit. (The equa-

tions for calculating τe and qi are set out in EN 410.) The effect of solar absorption by the 

coating means that the qi value is higher if the coating is at Position 3 than if it is at Posi-

tion 2, so the low-emissivity coating is usually applied to the surface at Position 3 of ther-

mally insulating glass units to achieve the highest possible g value and thus an optimal 

solar collector effect.  

EN 410 also determines how the light transmittance value τv of a glazing unit is to be 

evaluated, i.e. the transmittance for visible light. The τv value of the low-emissivity coating 

should be as high as possible to guarantee good daylighting when the glazing is used in 

temperate and cold climatic zones. 

A further characteristic of thermally insulating glass units is the general colour rendering 

index Ra, which is also defined in EN 410. It describes the colour rendering quality for 

eight test colours, when light corresponding to the D65 illuminant is incident through the 

glazing on the test colours. Today, thermally insulating glass units have Ra values ≥ 96, 

which correspond to very good colour rendering. This indicates that the colour of objects 

which are illuminated through the glazing and thus through the coating is changed only 

insignificantly, as uncoated flat glass has an Ra value of 99. (The difference between col-

our and colour rendering of window glazing is explained in more detail in Appendix A III.)  

Another requirement for thermally insulating glass units is that its external appearance 

should not differ from that of uncoated one. This is already guaranteed by modern low-

emissivity coatings due to their very low spectral reflectance in the visible range. A further 

contribution to colour neutrality is the camouflaging effect of the outer, uncoated glass 

pane. With its visible reflectance of 8 %, it reduces the effect of slight colour fluctuations in 

the low-emissivity coating on Position 3, such that the thermally insulating glass unit still 

has a colour-neutral external appearance. 

Idealised specifications on low-emissivity coatings for thermally insulating glass units are 

summarised in Figure 5.1.3.1.4 by the transmittance and reflectance spectra over the 

wavelength range of solar and thermal radiation (λ = 0.3 - 80 µm). 
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For marketing purposes, low-emissivity coatings must meet the following additional speci-

fications: 

- Sufficient resistance to solar radiation so that long-term durability of the marketed 

product can be guaranteed 

- Sufficient chemical, mechanical and thermal stability for simple processing into insulat-

ing glass units. This involves transport, storage, cutting, cleaning in a washing machine 

and assembling, 

Because these requirements are of more or less fundamental importance for all types of 

flat glass coatings, they will be discussed in more detail in Chapter 5.6.  

In addition to the requirements above, flat glass with low-emissivity coatings must be suit-

able for further processing into laminated safety glass (LSG) and tempered safety glass 

(TSG); the latter process requires short-term thermal stability of the coating up to a tem-

perature of 680 °C (see also discussion of this topic in Chapter 5.1.2.2). 

Modern, commercially available, thermally insulating glazing  

Today, around the world single-silver layer stacks (see Chapter 5.1.2.2) produced by in-

line sputtering processes (see Chapter 4.2.1.7) are the standard coating for thermally in-

sulating glass units. Only on the British market, low-emissivity coatings based on trans-

parent conductive SnO2:F coatings (see Chapter 5.1.2.1) deposited online by CVD as part 

of the float glass manufacturing process (see Chapter 4.3.2.2) play a role in thermally in-

sulating glazing production. In the meantime, all manufacturers of both types of low-

emissivity coatings have approached the ideal spectral characteristics of Figure 5.1.3.1.4 

as closely as possible, given the constraints of physics, material science and production 

technology, and have designed the gas fill and space width in insulating glass units for 

optimal thermal effect. As a result, the technical specifications of modern, commercially 

available, thermally insulating glass units differ only marginally from one manufacturer to 

the next. The coating stack configuration and spectra of almost all industrially produced 

and marketed low-emissivity coatings are illustrated in Figure 5.1.2.1.7 for SnO2:F coat-

ings and in Figure 5.1.2.2.7 for single-silver coatings.  

 

Figure 5.1.3.1.4: Idealised specifications for low-emissivity coatings for ther- 

                           mally insulating glass units over the spectral ranges of solar  

                           energy and thermal radiation  

                           (UV = ultraviolet range, VIS = visible range, NIR = near infrared range) 
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Table 5.1.3.1.2 presents the technical data of modern, commercially available, thermally 
insulating double glass units, based on the two types of coating discussed above. 
 
           

 
 
 
 
 
 
 
 
 
 
 

 

 

It can be seen from this table that thermally insulating double glass units with single-silver 

coatings are far superior to those with SnO2:F coatings with regard to light, solar energy 

and thermal properties. It should be noted that the light and solar energy properties can 

vary slightly from one manufacturer to the next mainly due to the different absorptance 

spectra for the float glass used as coating substrate. 

The coating on the basis of SnO2:F is chemically, mechanically and thermally as resistant 

as uncoated flat glass. They can thus be exposed to the adverse effects of the weather, 

i.e. used at Position 1 on glazing for buildings (see Chapter 5.1.3.2). SnO2:F-coated panes 

may also be processed to make tempered safety glass, i.e. heated up to 680°C. By con-

trast, modern silver-based coatings usually have only limited durability for outdoor applica-

tions and thermal processing. However, as discussed in Chapter 5.1.2.2, by embedding 

the silver layer between suitably protective coatings and depositing a sodium barrier layer 

between the glass surface and the adherence layer, it is possible to achieve short-term 

stability at temperatures of up to 680 °C today, allowing further processing to heat-

strengthened glass or bent glass. Low-emissivity coatings which allow such high-

temperature processing are now offered as a specific product category by all manufactur-

ers of low-emissivity coatings. The chemical, mechanical and thermal stability of standard 

silver-based coatings (also known as ‘soft coatings’) is only sufficient for further process-

ing, if they are transported, stored and processed correctly, and are positioned either at 

Position 3 (or 2) in the gas space of insulating double glass units or are embedded within 

laminated safety glass. Before panes with soft coatings can be assembled to manufacture 

insulating glass units, the coating must be stripped off the edges of the panes, i.e. the 

areas which come into contact with the sealing agent, because: 

1. The adherence of the coating (deposited under vacuum) to the pane or the adherence 

among the individual layers can vary due to the production process, so that the seal 

can peel off the coating as a result of the aneroid barometer effect. This would lead to 

leaks in the edge seal of the insulating glass units, abbreviated as IGUs. 

2. The layer stacks are not sealed at the cut edges of a pane, which allows corrosion, for 

example due to condensed water in the rabbets of the window frame, to proceed into 

the coating. The silver layer and some adherence and cover layer materials are then 

Product 

Light and solar energy properties 

acc. to EN 410 

Thermal properties 

acc. to EN 673 

τv 

(%) 

τe 

(%) 

qi 

(%) 

g 

(%) 

Ra  ε Ug 

(W/(m2K)) 

iplus E, 

Fa. Interpane 
80 54 8 62 97 0,03 1,1 

K Glass, 

Fa. Pilking-

ton 

74 58 14 72 99 0,17 1,5 

Table 5.1.3.1.2: Technical specifications of typical modern, thermally insulating double  

                         glass units with the glazing configuration 4 – 16 – 4 and 90% argon  
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particularly prone to corrosion. Corrosion of the coating from the edge of a pane may 

also lead to leaks in the seal and thus to the IGU losing its functionality prematurely. 

The edge stripping of silver-based coatings is ideally done by mechanical grinding with a 

grinding wheel. This step can be carried out with special equipment, prior to assembling 

the IGUs, or in conjunction with the cutting of the panes. 

As far as SnO2:F coatings (also known as ‘hard coatings’) are concerned, these risks do 

not exist because, besides their chemical stability, these coatings are also characterised 

by excellent adherence to the flat glass surface. This is because chemical reactions take 

place during the production process between the hot glass surface and the coating mate-

rial (see Chapter 4.3.2).  

According to information provided by their manufacturers, modern sealing agents for IGUs 

are compatible to all types of low-emissivity coatings, especially they do not cause chemi-

cal damage to the coatings.  

Revisions of the German energy-saving regulation in recent years have resulted in more 

stringent demands on the thermal insulation of building envelopes, which have also af-

fected the specifications for window glazing. For this reason, thermally insulating triple 

glass units, with yet lower Ug values than thermally insulating double glass units, has 

commanded an increasingly large share of the market. A thermally insulating triple glass 

unit usually has the glazing configuration shown in Figure 5.1.3.1.5. 

 

 

 

 

 

 

 

Regarding its thermal insulation properties, a thermally insulating triple glass unit is similar 

to two thermally insulating double glass units arranged one behind the other, whereby the 

adjacent panes effectively form the middle pane of the insulating triple glass unit. The 

same noble gas fills are used and the low-emissivity coatings are the same type of opti-

mised single-silver coatings as in thermally insulating double glass units, now positioned 

at Positions 2 and 5. This configuration of the low-emissivity coatings leads to the lowest 

thermal loads on the central pane due to absorption of solar radiation. Positioning the low-

emissivity coating on either Position 2 or 3 does not have any effect on the Ug value. The 

width of the gas-filled spaces is limited for argon to 2 x 16 mm and for krypton to 2 x 12 

mm to restrict the amount of temperature-dependent inward or outward bowing of the 

glass panes. N.B.: As the temperature drop in insulating triple glass units is distributed 

across the two gas-filled spaces, the optimal space widths increase to 18 mm for argon 

and 12 mm for krypton (see Figure 5.1.3.1.2). Table 5.1.3.1.3 documents the technical 

Figure 5.1.3.1.5: Design of a thermally  

insulating triple glass unit 
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data of commercially available, thermally insulating triple glass units today. It should be 

noted that the Ug values which have been specified so far refer to vertically mounted glaz-

ing. In sloped glazing, e.g. as in skylights, the Ug values increase as convection in the 

space increases and results in higher hc values.  

    Table 5.1.3.1.3: Technical specifications of typical modern, thermally insulating triple glass  

                              units, determined according to EN 410 und 673  

                                                                        (Source: Data sheets from Interpane, Lauenförde) 

 

 

Outlook on future developments in architectural glazing 

It is anticipated that further savings in heating energy will be required for ecological rea-

sons, meaning that the specifications for thermal insulation of building façades will be-

come yet more stringent in future. The consequence will be that the Uw value of windows 

and particularly that of glazing Ug must be reduced further if the window industry does not 

wish to lose part of its market share to other façade components. In the author’s view, this 

can be achieved with the following alternative glazing or window concepts: thermally insu-

lating quadruple glass units, double window consisting of two thermally insulating double 

glass units or, alternatively, coupled window as shown in Figure 5.2.9 consisting of a sin-

gle pane as outdoor glazing and a thermally insulating triple glass unit as indoor glazing 

as well as vacuum insulating glazing, abbreviated as VIG). 

Table 5.1.3.1.4 documents the thermal, light and solar characteristics of the three glazing 

and window configurations, respectively, illustrated in Figure 5.1.3.1.6. Note: The values 

of the coupled window glazing according to Figure 5.2.9 are similar to the double window. 

 
  

τv 

(%) 

g 

(%) 

Ra Ug  

(W/(m2K)) 

iplus 3E 2 x 
16mm Argon 72 50 96 0,6 

iplus 3E 2 X 12 
mm Argon 72 50 96 0,7 

iplus 3E 2 x 12  
mm Krypton 72 50 96 0,5 

Fig. 5.1.3.1.6:  Alternative configurations of architectural glazing providing extremely high ther-  

                        mal insulation, so-called “energy-neutral” glass units to satisfy yet more strin- 

                        gent requirements on building thermal insulation 
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      Table 5.1.3.1.4: Thermal, light and solar characteristics of the three glazing configurations 

                                 shown in Figure 5.1.3.1.6 according to EN 410 and EN 673 

     *3 x 16 mm argon-filled space; U value of 0.5 W/(m
2
K) for 3 x 12 mm argon-filled space 

It is clear that Ug values of ≤ 0.5 W/(m2K) are possible with these glazing configurations. 

However, as energy balance simulations have shown, the more significant aspect is that 

the energy balance of all three configurations during the heating period can be classified 

as “energy-neutral”, even when the most demanding meteorological conditions of a cli-

matic zone, for instance as performed here, in Central Europe are assumed. “Energy neu-

trality” here means that the energy balance (Qbal), consisting of heating energy losses 

through the glazing in the night and solar energy gains during the days within a short time 

period, is effectively zero, even when the sky is overcast. This is only possible if the glaz-

ing has a sufficiently low Ug value and, at the same time, the window offers a dynamic 

solar control.  

Of the three configurations presented in Figure 5.1.3.1.6, only the version, for instance, 

with a slats device in the space between the two IGUs can offer dynamic solar control, i.e. 

it is switchable according to prevailing demand. This is also highly desirable because glaz-

ing featuring low Ug values and, at the same time, high solar energy transmittance (g 

value) increasingly result in “greenhouse” effect within buildings (see also discussion in 

Chapter 5.1.3.2). In addition, the closed dynamic solar control device, (e.g. venetian blind) 

during the night effectively converts the glazing to thermally insulating quintuple glazing, if 

the slats or their surfaces are made e.g. of aluminium, which has a thermal emissivity of 

εeff < 0.05. 

Table 5.1.3.1.5 shows the results from the energy balance simulations Qbal/HP for the 

heating period (HP) of the glazing and window, respectively, constructions depicted in 

Figure 5.1.3.1.6, where εe represents the thermal emissivity of the outdoor surface of the 

glazing. Positive values of Qbal/HP indicate heat gains and negative values heat losses. 

The Qbal/HP were simulated with the following assumptions: 

- Stationary thermal conditions due to the high heat capacity and air-conditioning of the 

building rooms  

- Application of the algorithms of EN 673 for the convective and radiative heat transfer-

between the panes 

- Calculation of the solar glazing properties analogously to EN 410 (the value of τe was 

adapted in the case of overcast sky) 

- Application of well-known algorithms for radiative heat exchange (e.g. STEFAN-

BOLTZMANN Law) as well as for the external and internal convective heat transfer, 

Product 

Ug-value  dur-

ing the day 

(W/(m2K)) 

Ug-value during 

the night 

(W/(m2K)) 

     τv       
       (%) 

g 
 

(%) 

Thermally in-
sulating qua- 
duple glass 
unit* 

0,4 0,4 66 48 

Double win-
dow 

~0,4 0,3 0 - 68 max. 50 

VIG 0,5 0,5 80 64 
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whereby the temperature of the air and the walls of the room was assumed to be 20 °C 

and natural convection inside the room in front of the window was assumed. 

     Table 5.1.3.1.5: Energy balances (Qbal/HP) of current and conceivable future glazing  

                                during the heating period under Central European climatic conditions 

 
Product 

   iplus E  

 

εe = 0.84* 

 iplus 3E 

 

εe = 0.84* 

   iplus 4E 

 

εe = 0.22** 

  Double 
  window 

εe = 0.22** 

     VIG 

  

εe = 0.22** 

Qbal/HP 

[kWh m-2] 
   -49.5    -13.6    -9.5***       0.2     -9.8 

      * Outdoor surface of glass    ** Outdoor surface with antireflectively coated ITO layer  
      *** For 3 x 14 mm argon-filled (90%) spaces 

It is evident that the double window comes closest to achieving energy neutrality (Qbal/HP 

= 0 kWh m-2) with its value of Qbal/HP = 0.2 kWh/m2 under the assumed meteorological 

conditions. However, the difference to the thermally insulating double and triple glass units 

that are currently marketed is appreciable.  

Note: The simulation of Qbal/HP of the coupled window construction, illustrated in Figure  

5.2.9, also equipped with a dynamic solar control device between the outdoor single pane 

and the thermally insulating triple glass unit results in a yet slightly better energy balance 

value Qbal/HP (compare Table 5.2.3).     

During the simulation exercise, it was noticeable that the heat losses during the night for 

both clear and overcast skies were low for all three configurations in Figure 5.1.3.1.6. This 

is due to the very small heat losses resulting from the very low Ug values. 

One problem that is common to all three glazing configurations shown in Figure 5.1.3.1.6 

– and is also found in the window illustrated in Figure 5.2.9 – is the risk of condensation 

on the outdoor surface of glazing (Pos. 1) and particularly frost formation during the night. 

The causes will be discussed in detail in Section 5.1.3.2. The low-emissivity coating on 

the outdoor surface of glazing (marked in blue in Figure 5.1.3.1.6) acts to reduce the 

probability of this condensation. In a comparison of glazing configurations without low-

emissivity coatings on the external surface of glazing conducted by the Passivhausinstitut 

in Darmstadt, Germany, it was observed that if condensation formed on a thermally insu-

lating triple glass unit, frost formed on the thermally quadruple IGU. Frost formation effec-

tively eliminates clear visibility, an essential function of window glazing; depending on the 

cardinal point of the window orientation, frost can remain until midday and thus weakens 

the argument for installation of insulating glass units with such low values of thermal 

transmittance (Ug value). Simulation calculations have demonstrated that for the double 

window illustrated in Figure 5.1.3.1.6, frost formation on the outdoor surface of glazing 

occurs above a relative outdoor air humidity value (r.h.e) of about 84 %, if there is no low-

emissivity coating on the external surface. In order to avoid frost formation completely, the 

thermal emissivity of the outdoor surface of glazing must be εo = 0.14.  A durable coating 

with the desired transparency has yet to be developed. Durable ITO coatings (see Chap-

ter 5.1.2.1) can currently be manufactured with εo ~ 0.2. With such ITO coating frost for-

mation can be avoided only for r.h.e > 95 %. However, experience with this type of coating 

(see Section 5.1.3.2) has shown that the risk of frost forming on glazing with this type of 

low-emissivity coating on the outdoor surface is only very seldom. 



                                   73 

 

 

Table 5.1.3.1.6 documents and compares the essential advantages and disadvantages of 

the three glazing configurations illustrated in Fig. 5.1.3.1.6. 

    Table 5.1.3.1.6:  Advantages and disadvantages of glazing configurations shown in  

                             Figure 5.1.3.1.6. 

 Thermally insula- 

ting quadruple  

glass unit 

Double window 

        

          VIG 

Mass (4 mm panes);  

installation problems 

120 – 160 kg/m2; 

appreciable 

160 kg/m2; 

Fitting can be  

divided  

80 kg/m2;  

none 

Pane bowing under 

solar irradiation 

Appreciable; ma- 

ximal permissible  

space width of gla- 

zing is thus 40 mm 

As for thermally  

insulating glass 

unit 

 

Non-existent, how- 

ever, bi-metal effect  

can occur 

Solar control Must be addi- 

tionally instal- 

led 

Present Must be additionally  

installed 

Production Possible with exis- 

ting equipment 

State of the art Still not possible de- 

spite 40-year develop-

ment**; sophisticated  

production equipment 

necessary 

Window frame New design; appre--

ciable extra effort 

needed compared  

to current windows 

State of the art New design; appre- 

ciable extra effort  

needed compared to  

current windows*** 

Condensation risk  

without outdoor              

low-emissivity coating 

Appreciable Appreciable Appreciable 

* bowing of both panes in the same direction due to different thermal expansion  

  of the  panes 

** for Ug values of app. 0.5 Wm
-2

K
-1

 

*** due to adaptation of the window frame depth to the window thickness 

It is obvious that the double window (and also a suitably designed coupled window) not 

only has the best energy balance with respect to energy neutrality but that it also poses 

the fewest problems with regard to design, production and fitting. It can be manufactured 

with the equipment which is already used today. Double windows consisting of two sepa-

rately mounted, single panes were already used in medieval times. Another obvious ad-

vantage of the double window (and also of a suitably designed couple window) is that it 

contains an enclosed interspace in the glazing, in which dynamic solar control devices can 

be installed to regulate solar energy transmission into buildings.  
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5.1.3.2  Glazing with  low-emissivity coatings on the outdoor and in- 

             door surfaces 

Now that Chapter 5.1.3.1 has presented the design and applications of transparent low-

emissivity coatings on the surfaces of panes which face the gas-filled space of a thermally 

insulating glass unit, the current chapter explores whether it would be advantageous and 

useful to apply such coatings to the outdoor and indoor surfaces of glazing units (see Fig-

ure 5.1.3.2.1).  

 

 

 

Legend: 

 te/1 = outdoor / indoor  air temperature  

 tes/is = oudoor / indoor glass surface  

             temperature 

 εe/i = thermal emissivity of the outdoor /  

         indoor glass surface 

  he/I = external / internal heat transfer  

          coefficient 

 

It has already been mentioned in Chapter 5.1.3.1 that it may be possible to prevent dew 

and frost formation on outdoor glass surfaces with low-emissivity coatings. EN 410, EN 

673, EN 674 and EN 675 mention to apply such a coating also on the indoor glass surface 

of insulating glass units (see e.g. Pos. 4 in Figure 5.1.3.2.1) for improving the Ug value. 

For this, a calculation method for the heat transfer coefficient hi at the indoor glass surface 

is also provided in these ENs, which has been used occasionally recently, at least in the 

data sheets of glazing manufacturers. 

Window panes with a low-emissivity coating on the indoor glass surface were discussed 

as early as the 1960’s. At that time, the first attempts were made to manufacture conven-

tional insulating double galss units on a large scale and to use them in the construction 

industry. Then, the idea arose of replacing the conventional insulating double glass unit 

design by a single pane, the indoor glass surface of which was covered with a low-

emissivity coating, which was calculated by the same algorithm as depicted in EN 673 to 

result in a similar low Ug value. The necessary types of coating had already been devel-

oped by light bulb manufacturers (mainly by the Philips company in Aachen) to be used 

with low-pressure sodium vapour discharge lamps. These lamps also require low-

emissivity coatings based on TCOs with ITO or SnO2:F layers (see Chapter 5.1.2.1) on 

the inside of the lamp’s envelope to increase the light yield in relation to the electrical 

power supplied. Why the idea of employing these coatings to make thermally insulating 

single glazing was not successful will be seen below. 

Figure 5.1.3.2.1: Low-emissivity coatings  

on the outdoor and indoor glass surfaces,  

e.g. as illustrated here for an insulating 

double glass unit on surfaces 1 and 4. 
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Low-emissivity coatings with the effective thermal emissivity εi (for the coating on the in-

door glass surface) or εe (for the coating on the outdoor glass surface – see Figure 

5.1.3.2.1) influence the thermal emission from the surface of the glazing unit into the room 

and into the outdoor space and thus the indoor and outdoor glass surface temperatures of 

the glazing unit, tis and tes, respectively. So-called heat transfer coefficients quantify this 

effect. EN 673:2011 defines the heat transfer coefficient into the room as hi = 7.7 W/(m2K) 

and that into the outdoor spac as he = 25 W/(m2K). Similarly to the thermal conductance ht 

of the insulating double glass units (see Chapter 5.1.3.1), the heat transfer coefficients are 

represented as the sum of convective and radiative components, hc and hr respectively. 

Low-emissivity coatings, e.g. on the surfaces 1 and 4 of an insulating double glass unit, 

affect the heat transferred to the outdoor space and room, which is represented by the 

radiative components hir and her in the heat transfer coefficients hi and he. 

Now, the following question arises. Can low-emissivity coatings on the outdoor and indoor 

glass surfaces of insulating glass units (IGUs) influence the glass surface temperatures tes 

and tis to the extent that 

- the condensation of air humidity on the outdoor and indoor glass surfaces can be re-

duced or prevented, and, closely connected with this, 

- the thermal insulation can be improved further? 

Condensation and frost formation on the indoor glass surface of a window pane is a well-

known phenomenon which primarily occurs on single glazing in winter; condensation can 

be observed throughout the year on bathroom and kitchen windows. Condensation and 

frost formation on the outdoor glass surface can be seen on car windows and on modern 

thermally IGUs with a low Ug value often before dawn and occasionally at dusk. If the out-

door air temperature falls below 0 °C, this condensation leads to frost formation. This pre-

vents clear visibility through the glazing unit, i.e. the essential function of glazing is elimi-

nated; this condition can last until midday for glazing oriented toward the east or the west.  

For condensation or frost to form, the surface temperatures must be sufficiently low and 

the outdoor air humidity must be sufficiently high. The temperature conditions for surface 

condensation are 

                                                    tes/is ≤ tDP ≤ te/i         (1) 

and for frost formation are 

                                                      tes/is ≤ 0 °C                    (1a) 

where tDP is the dew point temperature (the temperature ≤ te or ti, respectively, at which 

the relative humidity is 100% and water vapour will condense), te and ti are the outdoor 

and indoor air temperatures, and tes and tis are in our case the outdoor and indoor glass 

surface temperatures. Frost occurs if, in addition, tes (or tis) is lower than 0°C. From this 

equation, it follows that dew or frost will form on the surface if its temperature tes or tis is 

equal to or falls below the dew point temperature tDP of the ambient air. In this case, the 

glass surface temperature is always lower than or equal to the ambient air temperature. 

The condition for frost formation is a special case of dewing which occurs as a result of 

the state of aggregation of the water (liquid or solid), depending on the temperature. 

For the ambient air temperature range from te (or ti) = -10°C to +15°C, the dew points for a 

given relative humidity (r.h.) can be approximated as a straight line. Figure 5.1.3.2.2 
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shows these lines for 100%, 90%, 80% and 70% r.h. These nearly straight lines will be 

referred to in the following as dew point (DP) lines, i.e. DP 100 for 100% r.h., DP 90 for 

90% r.h. and so on. 

 

 

 

 

 

 

 

 

Dew or frost always occurs if the outdoor or indoor glass surface temperature, tes or tis, is 

equal to or falls below the DP line for the prevailing relative humidity. At 100% r.h., the 

dew-point temperature tDP is equal to the ambient air temperature te or ti. From the red 

lines in Figure 5.1.3.2.2, it can be estimated that for an ambient air temperature of 0 °C, a 

change in the dew point temperature tDP of about 1.5 °C corresponds to a change of about 

10% in the relative humidity r.h..  Thus, if the outdoor or indoor glass surface temperature 

tes or tis falls by 1.5 K, for example, the probability of dew or frost formation is increased, 

because dew or frost can already occur at a relative humidity value that is approximately 

10% lower. 

Now, the following questions arise: What causes the outdoor or indoor glass surface tem-

perature (tes or tis) to be lower than the dew-point temperature tDP and how can low-

emissivity coatings on the outdoor or indoor glass surfaces influence this?  

 

Low-emissivity coatings on indoor pane surfaces 

As stated above, EN 673:2011 defines the internal heat transfer coefficient to be hi = 7.7 

W/(m2K). hi is the sum of convective (hic) and radiative (hir) components: 

                                                          hi =  hic + hir                               (2)     

where, according to EN 673:2011, the convective component for vertical glass surfaces  

with free convection is 

                                                     hic = 3.6 W/(m2K)                           (3) 

and the radiative component for uncoated glass surfaces is  

                                                   hir = 4.1 W/(m2K)                            (4) 

which have a corrected thermal emissivity εi of 0.837. However, today it is possible to coat 

the indoor glass surface with a chemically and mechanically stable and durable low-

emissivity coating based on industrially manufactured TCO layers of SnO2:F (see Chap-

Figure 5.1.3.2.2: Dew point lines  

versus the ambient air humidity r.h. 
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ters 4.3.2.3. and 5.1.2.1), with a thermal emissivity of e.g. εis = 0.17. In this case, hir is re-

duced according to the equation in EN 673:2011 

                                          hir = 4.1*εi / 0.837 

from 4.1 W/(m2K) to 0.8 W/(m2K), and thus hi can be reduced to 4.4 W/(m2K), which is 

about half the value of uncoated glass surfaces (hi = 7.7 W/(m2K)).  

Table 5.2.3.2.1 demonstrates the effects, calculated according to EN 673, with and with-

out such a low-emissivity coating on the indoor glass surface for different types of glazing 

at an outdoor air temperature te of -10°C and an indoor air temperature ti of +20°C.  

         Table 5.1.3.2.1: Ug values, indoor glass surface temperatures (tis) and r.h.i resulting in 

                                    condensation on the indoor glass surface for different glazing configura-  

                                    tions with εi = 0.17, assuming ti = 20 °C and te = -10 °C. 

 

 

 

 

 

 

 

 

 

 

 

 

The values given in this table allow the following conclusions to be drawn: 

- The high Ug values of a single pane and a conventional insulating double glass unit can 

be reduced by at least 36% and 23%, respectively, if a low-emissivity coating with εi ~ 

0.17 is applied to the indoor glass surface. However, this is at the cost of an increased 

condensation risk, i.e. condensation can already occur for an interior relative air humid-

ity r.h.i at least > 20% for single glazing and ≥ 35% for conventional insulating double 

glass units, as the temperature of the coated indoor glass surface is lower than that of 

the uncoated glass surface. Condensation in turn eliminates the Ug value improvement 

because the effective thermal emissivity of the water film is about 1 and thus even 

higher than that of uncoated glass surfaces. This is also the reason why the idea which 

emerged in the 1960s of using single-glazed windows with a low-emissivity coating on 

the indoor glass surface instead of conventional insulating double glass units never 

came to fruition (see also discussion in Chapter 5.1.3.1). 

- For glazing with a Ug value ≤ 1.1 W/(m2K), low-emissivity coatings on the indoor glass 

surface improve the Ug value by less than 10%. The probability of condensation also 

Glazing  
                  Ug value 

                  (Wm-2K-1) 

          tis  

        (°C) 

r.h.i (%) for con-

densation at  

ti = 20 °C 

εi = 

 0.84 

εi =  

0.17 

Improve- 

ment (%) 

 εi =  

0.84* 

 εi =  

 0.17 

εi =  

0.84* 

εi =  

0.17 

Single glazing    5.8     3.7     36 -1.8** -5.3**  ≥ 20 < 20 

Conventional  

insulating double 

glass unit 

   3.0     2.3     23 +8.7 +4.1  ≥ 48 ≥ 35 

Thermally insula- 

ting double glass 

unit 

   1.1    1.0      9 +15.9 +13.2  ≥ 77 ≥ 65 

Thermally insula- 

ting triple glass  

unit 

   0.7    0.66     5.7 + 17.4 +15.5  ≥ 85 ≥ 76 

*Thermal emissivity of the uncoated glass surface   ** Frost formation possible! 
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increases due to the lower value of tis, but the relative humidity at which condensation 

occurs is still above 50% r.h. at ti = 20 °C. Thus, condensation should not occur on 

glazing units with a Ug value ≤ 1.1 W/(m2K) and a low-emissivity coating on the indoor 

glass surface in rooms of ordinary residential buildings, where the relative humidity is 

about 50%. However, it is possible in kitchens and bathrooms, where high relative air 

humidity values occur frequently. 

In addition, the following general points should be noted: 

- As can be seen in Table 5.1.3.2.1, the indoor glass surface temperature tis indeed in-

creases with decreasing Ug values, such as are found with modern, multiple-pane, 

thermally IGUs today. Thus, the Ug reduction reduces the risk of condensation. Using 

the heat flux equation (Q = Ug * (ti - te)) and the continuity condition for the heat flux (Q= 

hi * (ti - tis)), it can, however, easily be concluded that, if te < ti, condensation on the in-

door glass surface cannot be avoided completely, irrespective of the Ug value of the 

window pane. As tis inevitably drops with decreasing εi, this statement also applies for 

thermally IGUs with a low-emissivity coating on the indoor glass surface. It should be 

noted that condensation on this glass surface is often observed at the edges of IGUs 

due to the thermal bridge caused by the lower thermal resistance of the edge seal. This 

effect can best be avoided by ensuring that the rabbet of the window frame is about 30 

mm deep. 

- The internal heat transfer coefficient hi = 7.7 W/(m2K), which is specified in EN 

673:2011, describes the heat transfer to conventional rooms sufficiently precisely in 

residential buildings. It is only for windows in rooms with very high ceilings that the 

convective component hic must be adapted. 

Whether glazing with a low-emissivity coating on the indoor glass surface will be generally 

commercially successful in future remains to be seen. However, such a glazing has long 

been used as heat-shielding glazing in buildings to protect against excessive thermal ra-

diation, e.g. in the case of cabin and control-room glazing in high-temperature factories or 

fire-protection glazing for emergency exit routes. The use of low-emissivity coatings is 

beneficial, because the temperature of the heat-emitting objects is much higher than the 

room temperature ti. If the above-mentioned TCO coatings based on SnO2:F, with a ther-

mal emissivity of ~0.17, are applied to the indoor glass surface, the absorptance of ther-

mal radiation of this glazing can be reduced by a factor of 5, i.e. by the ratio of the effec-

tive thermal emissivity of an uncoated flat glass surface (εi = 0.837) to that of a coated 

surface, as can be derived from the STEPHAN-BOLTZMANN Law. In the case of heat-

emitting objects at very high temperatures, this creates a significant heat-shielding effect. 

If possible, the low-emissivity coating should face the heat source. In combination of fire-

protection glazing, the coatings are also deposited on the side which faces away from the 

fire, i.e. towards the escape route. This type of glazing can also be produced with a TCO 

coating based e.g. on SnO2:F, as mentioned above. However, it must be said that the 

market for heat-shielding glazing is very small so that this type of glazing is a niche prod-

uct. 
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Low-emissivity coatings on outdoor pane surfaces 

When the effect of low-enissivity coatings on outdoor glass surfaces is investigated, it is 

useful to treat separately the cases without solar radiation (Qsol = 0), i.e. at night, and with 

solar radiation (Qsol > 0). 

Effect of low-emissivity coatings during the night, i.e. for Qsol = 0 

The thermal behaviour of architectural glazing during the night, and particularly the de-

pendence of the outdoor glass surface temperature tes on the weather conditions, cannot 

be explained by the EN 673:2011 standard, as it specifies the external heat transfer coef-

ficient he to be a typical fixed value of 25 W/(m2K). To understand the dependence of the 

outdoor glass surface temperature tes on the prevailing weather conditions, an investiga-

tion must be made of the individual heat fluxes to and from the external pane surface. 

As Figure 5.1.3.2.3 indicates, tes during the night is determined by the following heat 

fluxes: 

- The heat flux from the room to the outdoor glass surface Qi and 

- the heat fluxes outdoors 

a) due to heat exchange between the outdoor glazing surface and the sky Qsky and  

the ground Qgr (vegetation and buildings in the surroundings are ignored in the follow-

ing discussion) and 

b) due to the convective heat transfer between the outdoor glass surface and the out-

door air Qec. 

N.B. Sporadically occurring heat losses or gains due to the heat of condensation or evaporation 

caused by rain or outdoor condensation are also ignored in the following discussion. 

 

 

Legend: 

tes = temperature of the outdoor sur-

face of glazing  

tsky = sky temperature which interacts 

with the outdoor surface  

te = outdoor air temperature 

tgr = temperature of the outdoor ground 
 

 

The influence of the individual heat fluxes on the outdoor glass surface temperature tes, 

depending on the prevailing weather, can be determined by simulation calculations. To 

this purpose, the following generally accepted formalism was applied:  

- The radiative heat exchange with the sky Qsky was described according to the Stefan-

Boltzmann Law as: 

                         Qsky = (1- β/180)*εe*σ*((273 + tsky)
4 – (273 + tes)

4)           (5) 

Figure 5.1.3.2.3: Heat fluxes to and from     

the outdoor glass surface of a window 

indoors  

= room 
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       where β is the tilt angle of the glazing unit with respect to an horizontal plane (β = 0° 

for horizontal glazing, β = 90° for vertical glazing), εe is the thermal emissivity of the 

outdoor glass surface, σ is the STEFAN-BOLTZMANN constant and (273 + tsky) is the 

absolute equivalent sky temperature in degrees Kelvin (K).  As the cloud cover and 

the relative air humidity of outdoor air r.h.e have a significant effect on the sky 

temperature, but are difficult to estimate, the following simulations were carried out 

only for the two limiting cases of completely clear and completely overcast skies. For 

the absolute equivalent sky temperature of a clear sky, an equation was used that 

was presented by Kondratyev (see Feist, W., Thermische Gebäude Simulation, Ver-

lag C.F. Müller, page 291) and confirmed by measurements made by the author. For 

the absolute equivalent sky temperature of an overcast sky, the equation (273 + tsky) 

= 273 + 1.2 * (te – 6 °C) was used; it has also been confirmed by measurements 

made by the author.  Intermediate Qsky values are found for partially overcast skies. 

- As the thermal emissivity of the ground εgr is close to 1, the following approximation  

was used for the radiative exchange with the ground, Qgr: 

                       Qgr = (β/180)*εe*σ*((273 + tgr)
4 – (273+ tes)

4)                     (6) 

       where the temperature of the ground was assumed to be tgr = te – 2 °C for a clear sky 

and tgr = te for an overcast sky. 

- The following equation was used for the convective heat transfer from the outdoor air 

to the glazing unit: 

                     Qec = hec * (te – tes)             (7) 

       where the external convective heat transfer coefficient was assumed to be  

hec = 3.6 + 0.833*v, with v being the wind speed in km/h. Under calm conditions (v = 

0), this results in the value of 3.6 W/(m2K) that is usually assumed in the literature for 

hec. 

- For the heat flow from the room to the outdoor glass surface Qi, the heat flow compo-

nents through the glazing unit and that describing the heat transfer from the room to 

the indoor glass surface were modelled according to the formalism and data for radia-

tive heat exchange and convective heat transfer relating to the indoor space that are 

provided by EN 673:2011. Specifically, the indoor air temperature ti is set equal to the 

temperature of the room walls and natural convection is described by the value of 3.6 

W/(m2K) for the convective heat transfer hic from the room to the glass surface. 

Figure 5.1.3.2.4 shows typical measured curves for the temperature te and relative humid-

ity of the outdoor air r.h.e during the night under Central European meteorological condi-

tions. It is apparent from this graph that: 

- Changes during the night occur relatively slowly and 

- Condensation on the outdoor glass surface tends to occur toward the morning due to 

the decreasing value of te and the accompanying increase in r.h.e. 
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Due to this slow change during the night and the relatively large heat capacity H of rooms 

in buildings, and the comparatively small change in the heat capacity of the rooms due to 

heat flowing outward through the glazing during the night combined with the small heat 

capacity of the glazing unit, stationary conditions can be assumed when the outdoor glass 

surface temperature tes is simulated, i.e. in this case, the indoor space is in thermal equi-

librium with the weather conditions outdoors and the following equation applies (see Fig-

ure 5.1.3.2.3): 

 Qi = Qsky + Qec + Qgr                                 (8) 

where the individual heat flow components can be evaluated according to equations (5) to 

(7) above.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.1.3.2.4: Typical curves for  

(a) temperature and (b) relative humi- 

dity of the outside air during the night 

te [°C] 

 Figure 5.1.3.2.5: Possible outdoor glass surface temperatures tes for  

                            a thermally triple IGU during the night between the  

                            limits of completely clear and completely overcast  

                            skies when there is calm 



                                   82 

 

 

Figure 5.1.3.2.5 shows the range of possible values for the outdoor glass surface tem-

peratures tes for a thermally triple IGU as a function of the outdoor air temperature te, cal-

culated according to Eq. 8 and assuming the conditions stated in the headline of the fig-

ure. The graph allows the following observations: The outdoor glass surface temperatures 

tes for a clear sky are significantly lower than those for an overcast sky. The reason is the 

lower absolute equivalent sky temperature in the former case (see Eq. 5). This is also the 

reason that the outdoor glass surface temperature tes falls below the outdoor air 

temperature te for clear sky conditions, after which heat is transferred by external convec-

tion to the outdoor glass surface according to Eq. 7. The amount of heat transfer de-

creases with decreasing wind speed v, i.e. tes is lowest under clear sky and calm (v = 0) 

conditions, resulting in the lower limit for tes in Figure 5.1.3.2.5. 

When the sky is completely overcast, the outdoor glass surface temperature tes remains 

higher than te due to the higher equivalent sky temperature and the resulting lower amount 

of thermal radiation to the sky. However, according to Eq. 7, heat is then extracted from 

the outdoor glass surface by external convection, causing the outdoor glass surface tem-

perature tes to decrease, with the amount falling with decreasing wind speed v. As a result: 

The smallest decrease in tes due to external convection also occurs for an overcast sky 

when there is calm, i.e. v = 0, so that then the upper limit for tes is given in Figure 

5.1.3.2.5. The last statement applies only for glazing units with Ug > 0.5 W/(m2K). The 

simulation calculations for Ug < 0.5 W/(m2K) demonstrated that in this case, tes can be-

come lower than te due to thermal radiation to the sky even for an overcast sky.  As a re-

sult, additional heat is then also extracted from the outdoor glass surface due to external 

convection. 

The contribution from radiative heat exchange with the ground Qgr is usually very low, be-

cause tgr is close to tes. In general, then heat flows to the outdoor glass surface by radia-

tive heat transfer when tgr > tes and is extracted from it when tgr < tes. 

 

When does condensation occur on the outdoor surface of glazing? 

Experience has shown that as the German thermal insulation ordinance (EnEV) has be-

come more stringent in recent years, the risk of outdoor condensation on the installed 

architectural glazing has increased due to the lower Ug value.  According to Eq. 1, a risk of 

outdoor condensation exists when tes ≤ te. Whether it occurs, depends not only on the Ug 

value of the glazing but also decisively on the conditions outdoors and indoors.  As can be 

derived from the discussion of Figure 5.1.3.2.5, the lowest values of tes are found with 

modern glazing units under the following outdoor conditions: 

- During the night (i.e. Qsol = 0), 

- clear (and unobstructed) sky and 

-  calm. 

In addition to a high value of the outdoor relative air humidity r.h.e, these are the most 

critical outdoor conditions for the occurrence of condensation on outdoor glass surfaces. 
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Figures 5.1.3.2.6 to 5.1.3.2.9 show the results of investigating the outdoor glass surface 

temperature tes in dependence on the outdoor air temperature te for the most critical out-

door conditions, i.e. night, clear sky and calm, when the Ug value, the tilt angle of the glaz-

ing unit β, the indoor air temperature ti and the thermal emissivity εe of the outdoor glass 

surfac are varied.  

It can be concluded from Figures 5.1.3.2.6 to 5.1.3.2.8 that tes is lower and the condensa-

tion risk is higher, the smaller Ug, β and ti are. It should be noted, however, that the Ug 

value in Figure 5.1.3.2.7 rises when the tilt angle is changed from β = 90° to β = 45° due 

to the increased convection within the two gas-filled gaps (see also the discussion in 

Chapter 5.1.3.1 about thermally tripile IGUs with Ug = 0.76 W/(m2K)), which counteracts 

the decrease in tes. The only variable for which a smaller value increase tes is εe, as can be 

seen in Figure 5.1.3.2.9. This means that decreasing εe from the value of 0.84 for an un-

coated glass surface to εe = 0.2 for a low-e coated outdoor glass surface can reduce ap-

preciably the risk of condensation. 

In order to simulate the conditions for occurrence of condensation exactly, the graph of 

the function tes = f(te) (see graphs in Figures 5.1.3.2.6 to 5.1.3.2.9) for the relevant glazing 

unit, with its specific values of Ug, εe and β, the prevailing indoor temperature ti and the 

most critical outdoor conditions, must be superposed with the DP (dew point) line for r.h.e 

= 100%, i.e. the highest possible outdoor relative air humidity (see Figure 5.1.2.3.1).  

Figure 5.1.3.2.8: Effect of the variation of the  

                           indoor air temperature  ti 

Figure 5.1.3.2.6: Effect of the variation of the  
                           Ug value 

Figure 5.1.3.2.7: Effect of the variation of the 

                            tilt angle β   

Figure 5.1.3.2.9: Effect of  the variation of the 

                           thermal emissivity εe 
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Condensation on the outdoor glass surface occurs for all values of tes which lie on or be-

low these DP line (see Figure 5.1.3.2.10). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.1.3.2.10 demonstrates that condensation occurs at r.h.e = 100% for an outdoor 

air temperature of te ≥ -25°C in the case of a thermally insulating triple glazing unit without 

a low-emissivity coating on the outdoor glass surface (εe = 0.84) and installed in a skylight 

with β = 45°.  By contrast, if the outdoor glass surface has a low-emissivity coating with εe 

= 0.2, condensation only occurs for te ≥ 4 °C. The outdoor air temperature limit for which 

condensation occurs on the glazing unit in question at r.h.e = 100% is the lowest possible 

outdoor air temperature te for outdoor condensation and is denoted by te,min in the following 

discussion. For the glazing unit used as an example in Figure 5.1.3.2.10, this means that 

the te,min value of -25 °C for an uncoated outdoor glass surface (εe = 0.84) rises to 4 °C if a 

low-emissivity coating with εe = 0.2 is applied to the outdoor glass surface. 

 

 

 

 

 

 

  Figure 5.1.3.2.10:  tes = f(te), for a thermally triple IGU with Ug = 0.76 W(m
2
K) 

                                and either εa = 0.84 (uncoated glass)  or εe = 0.2 (low- 

                                emissivitye coated glass), superposed with the DP line 

                                for r.h.e = 100%  

Figure 5.1.3.2.11: tes = f(te),  

for a thermally insulating tri- 

ple glazing unit shown in  

Fig. 5.1.3.2.10 superposed  

with the DP lines for  

r.h.e = 100%, 80% and 70%.
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Figure 5.1.3.2.11 illustrates that for the same glazing unit as depicted in Figure 5.1.3.2.10 

with an uncoated outdoor glass surface, the value of te,min increases from -25 °C to -5 °C, if 

DP lines for r.h.e = 80% are used for the superposition, i.e. with r.h.e = 80%, condensation 

can occur only for te ≥ -5 °C. For r.h.e = 70%, te,min increases above 0 °C.  

Figure 5.1.3.2.12 shows a picture a roof glazing with triple-pane thermally IGUs installed 

at an angle of 40°, with Ug values in accordance with EN 673 of 1.0 W/(m2K) (upper row) 

and 0.7 W/(m2K) (lower row). The two thermally IGUs on the left-hand side have an out-

door surface thermal emissivity εes of 0.19, and the two IGUs on the right-hand side are 

untreated, i.e. they have an outdoor surface thermal emissivity εe of 0.84. Condensation 

and frost formation on the glazing units was monitored visually for a year in 2003/2004. 

Figure 5.1.3.2.12 illustrates the typical feature for outdoor condensation or frost formation, 

namely the frost-free area along the edges of the IGU, in contrast to condensation pat-

terns if condensation occurs on the indoor glass surface of glazing units. The reason for 

this is that the outdoor glass surface temperature tes is higher along the edges due to the 

poor thermal insulation of the window; the opposite effect occurs when condensation 

forms on the indoor surface (see above). 

 

 

. 

                      Table 5.1.3.2.2:  Frequency of condensation and frost formation ob- 

                                                 served on the outdoor surface of the glazing unit  

                                                 shown in Figure 5.1.3.2.12 during one year (2003/2004). 

      Frequency of condensation and frost formation  

                                 [days per year] 

          Ug = 0.7 W/(m2K)        Ug = 1.0 W/(m2K) 

    εe = 0.19    εe = 0.84    εe = 0.19  εe = 0.84 

            6        156           0     142 

Figure 5.1.3.2.12: Condensation behaviour of the outdoor glass surface of thermal- 

                             ly insulating triple glazing units, photographed at the Interpane 

                             company on 9.12.2003 at 7.38 a.m.; β = 40° 

                                                                (Source: Interpane Lauenförde, Germany 
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Table 5.1.3.2.2  shows the frequency of condensation and frost formation on the outdoor 

surface of the thermally insulating glazing unit shown in Figure 5.1.3.2.12 during one year. 

For the glazing illustrated in Figure 5.1.3.2.12, Figure 5.1.3.2.13 shows the simulation 

results for the conditions leading to condensation or frost formation and Table 5.1.3.2.3 

presents the frequency values obtained from the simulation in comparison to the observed 

values presented in Table 5.1.2.3.2. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.1.3.2.13: tes = f(te), for the glazing  

unit of Figure 5.1.3.2.12., superposed with  

the DP (dew point) lines to identify the  

r.h.e conditions leading to condensation  

or frost formation. 

 

                   Table 5.1.3.2.3: Evaluation of the simulated r.h.e conditions leading to con- 

                                             densation or frost formation and observed frequency of con- 

                                             densation / frost formation for the glazing illustrated in  

                                             Figure 5.1.3.2.12 

Glazing 

Ug  value /  

εe value 

[Wm-2K-1] / [-] 

 te,min 

 

 

 [°C] 

r.h.e for outdoor  

condensation /  

frost formation  

         [%] 

Frequency of conden- 

sation / frost formation 

acc. to Table 5.1.3.2.2  

    [days per year] 

  1.0 / 0.84  -19     100 to 73                142 

  1.0 / 0.19  8.5     100 to 93                  0 

  0.7 / 0.84  -25     100 to 69                156 

  0.7 / 0.19  4.0     100 to 90                  6 

It is evident from Table 5.1.3.2.3 that the simulation reproduces the observed trend of out-

door condensation or frost formation well; the lower the value of te,min and the larger the 

r.h.e range leading to condensation and frost formation, the greater is the observed fre-

quency for these phenomena and vice versa. In particular, the comparison allows the 

conclusion that condensation is very improbable according to the applied simulation algo-
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rithms when the DP line for r.h.e = 93% for a given glazing unit and specified indoor condi-

tions – essentially ti – represents the lower limit of the function tes = f(te) calculated assum-

ing the most critical outdoor conditions for condensation (night, clear sky, calm). However, 

if the DP line for r.h.e ~ 70% represents the lower limit of the graph, outdoor condensation 

must be expected – from a statistical viewpoint – once every 2.3 days, i.e. very frequently. 

It should be noted, that the outdoor surface temperature tes depends on the absolute 

equivalent sky temperature that is used for the simulation. For higher sky temperatures 

than those used here (see Eq. 5), the graph for tes = f(te) shifts to higher values, with the 

result that higher limit temperatures te,min are determined and a DP with a higher r.h.e value 

forms the lower limit for preventing condensation, and vice versa. 

It is important to note that the lowest outdoor air temperature te,min for outdoor condensa-

tion to occur is determined by the following parameters of the glazing: 

-   The Ug value, the installation angle β and the thermal emissivity εe of the outdoor glass 

surface, 

-   the indoor air temperature ti and 

-   the most critical condensation conditions outdoors (night, clear sky, calm) as well as the  

    relative humidity of the outdoor air r.h.e = 100%. 

In practice, the interesting question is: Which εe value is needed to avoid condensation or 

frost formation at which lowest outdoor air temperature te,min, for a given glazing unit and a 

specific indoor air temperature ti?  Figure 5.1.3.2.14 shows this dependence, taking as an 

example a thermally insulating triple glazing unit iplus 3E from the Interpane company, 

installed vertically (β = 90°), for an indoor air temperature of ti = 20 °C. 

 

 

 

 

 

 

 

Figure 5.1.3.2.14 allows the following conclusions to be drawn: 

-  Outdoor condensation on architectural glazing can be prevented by low-emissivity  

oatings only for outdoor air temperatures te < the indoor air temperature ti; i.e. outdoor 

condensation cannot be avoided when te ≥ ti (compare glazing of air-conditioned 

buildings in the tropics) 

-   For εe = 0 and te,min = ti = tes, the heat loss Qi (see Eq. 8) from indoors to the outdoor    

glass surface is zero 

Figure 5.1.3.2.14: Outdoor conden- 

sation behaviour for the thermally  

insulating triple glazing unit iplus 3E  

(Interpane) and its dependence  

on εe 
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-   Given a specific glazing unit (with Ug and β) and indoor temperature ti, for every value 

of te,min there is a maximum value of εe, called εe,max in the following, below which out-

door condensation is not possible.  Specifically for te,min = 0.1 °C and the glazing unit 

represented in Figure 5.1.3.2.14, condensation but not frost formation is possible for 

εe,max = 0.28. 

N.B.: For r.h.e < 100%, the curve εe = f(te) is shifted to higher values. 

As frost on the outdoor glass surface can hinder visibility, i.e. the essential function of 

glazing, until midday, as mentioned above, the following question is relevant: Is there a 

εe,max value for a glazing with pre-defined Ug value below or equal to which forst formation 

on the outdoor glass surface cannot occur? 

Figure 5.1.3.2.15 presents the εe,max values calculated with the applied simulation ap-

proach as a function of Ug (determined according to EN 673), for which frost formation can 

be avoided if εe is less than or equal to εe,max, i.e. the εe,max values as a function of Ug which 

raise te,min by at least 0.1 K. The values assumed for the relevant parameters were 90° 

and 30° (for skylights) for the installation angle β and 20 °C and 18 °C for the indoor room 

air temperature ti. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.1.3.2.15 illustrates that: 

- All currently commercially available, thermally insulating multiple glazing units with Ug 

values ≥ 0.5 Wm-2K-1 installed vertically or as skylights can be kept free of frost by ap-

Figure 5.1.3.2.15:  εe,max as a function  

of Ug (calculated according to EN  

673) to prevent frost formation a)  

for vertical glazing (β = 90°) and b)  

for skylights  (β = 30°) for ti = 20 °C  

or 18 °C 

     Skylights 
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plying low-emissivity and weather-resistant TCO coatings based on e.g. ITO with εe = 

0.2, such as can already be manufactured today. 

- However, it should be noted that although cooling of well-insulated rooms through the 

glazing and the outer walls is slow because of their large heat capacity H – justifying 

the choice of stationary conditions for the simulations – it cannot be ignored over the 

relatively long period of one night. For this reason, when the value of εe,max is being de-

termined to avoid frost formation for a given glazing unit, the lowest value for the in-

door air temperature (usually toward dawn) of e.g. ti = 18 “C should be assumed. 

A fundamental aspect should again be mentioned with respect to Figure 5.1.3.2.15: As for 

the simulation illustrated in Figure 5.1.3.2.13 to demonstrate prevention of outdoor con-

densation, it should be noted here also that the simulation results depend on the absolute 

equivalent sky temperature which is used. Higher sky temperatures result in higher εe,max 

values for frost prevention, given pre-defined Ug values, and vice versa.  

When the cooling behaviour of glass covers for flat-plate solar collectors and car glazing, 

the other major applications of flat glass, is simulated, it is usually not appropriate to as-

sume stationary conditions, i.e. thermal equilibrium. The reason is the significantly smaller 

heat capacity H of the flat-plate absorber (including its thermal insulation at the back) or 

the car body compared to that of building rooms, resulting in appreciably faster cooling 

during the night. For small values of the heat capacity H, dynamic simulation of the cool-

ing behaviour is needed, i.e. as a function of time, whereby it can again be assumed that 

the heat capacity of the glazing itself is negligible. The layered configuration of flat-plate 

collectors means that the heat capacity is simpler to calculate than that of building rooms 

or car bodies, so a collector is used as an example for the dynamic simulations of cooling 

behaviour that will be presented in the following. The observed trends in the results can 

also be transferred to car and architectural glazing. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.1.3.2.16: Configuration and  

important thermal properties of a flat- 

plate solar collector. 
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The construction principle of a flat-plate collector with a single-glazed cover is illustrated in 

Figure 5.1.3.2.16, together with the thermal properties which are important for the simula-

tion. It is evident that a flat-plate collector consists essentially of a very narrow gap be-

tween two parallel plates, whereby one plate is the glass cover and the other plate is the 

absorber with high solar absorptance (αabs = 0.95) and simultaneously low thermal emis-

sivity (εabs = 0.05) and thermal insulation adjacent to the back surface. The layered con-

figuration, analogous to that in insulating glazing units, means that data and algorithms 

from EN 673 (or EN 410 for Qsol > 0  – see below) can be applied when the cooling behav-

iour is simulated. 

Figure 5.1.3.2.17 shows the cooling behaviour of a flat-plate collector with a specific heat 

capacity c = 5 kJ/(kg*K) during the nigh, characterised by the thermal properties specified 

in Figure 5.1.3.2.16 and installed at an angle of β = 45 ° with respect to a horizontal plane. 

The cooling behaviour was calculated dynamically with the help of a difference procedure.  

As in the previous section, the most critical outdoor conditions for outdoor condensation 

have been assumed, and the outdoor surface of the glass cover has been considered with 

and without a low-emissivity coating. The initial value of the absorber temperature tabs was 

70 °C in both cases. 

 

 

 

 

 

 

Legend: 

h1 / 2 = cooling down time from 20 °C  

to 0 °C 

 

 

In figure 5.1.3.2.17, it can be seen that: 

- If cooling occurs for a sufficiently long period of time, both the cover temperature tglass 

and the absorber temperature tabs fall below the outdoor air temperature te; from this 

time onward, there is a risk of condensation due to tglass or tabs ≤ te. 

- A low-emissivity coating on the outdoor glass surface (εe = 0.2) of the cover almost 

doubles the time (compare h1 and h2) for the absorber to cool down from tabs = 70 °C 

to the given outdoor temperature te = 0 °C, compared to the case with an uncoated 

outdoor glass surface (εe = 0.84). 

Figure 5.1.3.2.17: Cooling behaviour of  

a flat-plate collector during the night  

(above) without (εe = 0.84) and (below) 

with a low-emissivity coating (εe = 0.2) on the 

outdoor glass surface 
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- The low-emissivity coating with εe = 0.2 also appreciably reduces the amount by which 

the cooling temperatures of the absorber and the cover fall below the outdoor air tem-

perature te, compared to the case of an uncoated outdoor glass surface. 

- In both cases, as the cooling time increases, tglass and tabs approach a limiting tempera-

ture tend below te, at which the heat transfer from the absorber to the outdoor air 

ceases, i.e. tend describes the lowest possible cooling temperature of the collector. The 

final cooling temperature tend is reached when Qi = 0 (see Figure 5.1.3.2.3 and Eq. 8), 

i.e. tend is determined solely by the compensating heat fluxes Qsky, Qec, and Qgr in the 

outdoor space and the following equation applies: 

                 tend = tabs = tglass 

For the same flat-plate collector as that investigated in Figure 5.1.3.2.17, and the most 

critical outdoor conditions for outdoor condensation, Figure 5.1.3.2.18 presents the calcu-

lated results of the lowest possible cooling temperature tend, and the corresponding lowest 

outdoor air relative humidity r.h.end according to the temperature-dependent water vapour 

saturation of the air for outdoor condensation, both as functions of the outdoor air tem-

perature te.  N.B.: The limiting case for tend can equally well be determined by stationary simula-

tion, as it is assumed that the outdoor conditions are also constant if the thermal conditions of the 

collector are constant due to Qi = 0. 

 

 

 

 

 

 

 

 

 

 

In Figure 5.1.3.2.18, it can be observed that: 

- For te ≤ 0°C, the temperature difference (te-tend) has a maximum value, which will be 

called (te - tend)max, and a minimum value of r.h.end for which outdoor condensation oc-

curs, which will be called r.h.end,min. 

- Both values depend on εe, and as Qi = 0 for tend, they also depend on the other pa-

rameters which determine the heat fluxes to and from the glazing in the outdoor 

space. These parameters are the installation angle β, the absolute equivalent sky 

temperature, the convective outdoor heat transfer coefficient hec (see Eq. 7) and the 

Figure 5.1.3.2.18: (te – tend) and  r.h.end  

as a function of te, illustrated for calcu- 

lations applying to the flat-plate collec- 

tor illustrated in Figure 5.1.3.2.17 
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temperature of the ground tgr. However, investigations demonstrated that, as pre-

sented in this figure, considering the critical outdoor conditions (night, clear sky, calm), 

the (te - tend)max value  is the larger and the r.h.e value is the lower the larger εe and the 

smaller β are. 

Drawing on the results in Figure 5.1.3.2.18, Figure 5.1.3.2.19 presents the difference be-

tween the te and the maximum possible cooling down temperature tend of the glazing and 

the space behind it ((te – tend)max), as well as the minimum possible value of r.h.end for con-

densation to occur on the outdoor glass surface, as a function of εe, for two values of the 

installation angles β.   

 

 

 

 

 

 

 

 

 

 

 

 

From Figure 5.1.3.2.19, the following can be conclude: 

- As εe falls, (te – tend) decreases toward a final value of 0 K for εe = 0, when r.h.end,min 

reaches 100%; the risk of outdoor condensation can be appreciably reduced by a low-

emissivity coating on the outdoor glass surface, but it cannot be eliminated completely, 

as already mentioned above. 

- If the outdoor glass surface is coated with a thin film of ITO with e.g. εe = 0.2, the 

graph illustrates that for an installation angle β = 45°, the maximum possible tempera-

ture difference between te and the temperature tend of the glazing and the space be-

hind the glazing decreases from 7.6 K for an uncoated surface with εe = 0.84 to 2.8 K, 

and outdoor condensation is possible only for r.h.end ≥ 80% instead of r.h.end ≥ 52%. 

- The values of (te – tend)max are lower and the values of r.h.end,min are higher for an instal-

lation angle β = 90° than for β = 45 °.  The reason is that the glazing unit installed at β 

= 90° “views” a smaller section of the sky than that at β = 45°. As a result, the heat 

flow to the sky and thus the cooling is less in the former case. 

The following comments apply to the calculations at the endpoint of cooling down, chatac-

terised by the suffix end: 

Figure 5.1.3.2.19: (te – tend)max and   

r.h.end,min as a function of εe for glazing  

installed at β = 90° and β = 45°. 
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- Because Qi = 0, the calculated values of (te – tend)max and r.h.end,min for all types of glaz-

ing and the space behind the glazing – and this also applies to architectural and car 

glazing – are identical if the outdoor conditions and β and εe are identical; the type of 

glazing and the heat capacity H of the space behind the glazing is irrelevant in this 

case. 

- Whether the values of (te – tend)max and r.h.end,min, respectively, are actually reached for 

te ≤ 0 °C depends on the length of time that the outdoor conditions remain constant, 

and also on the heat capacity H of the space behind the glazing.  For example, this 

can happen for building rooms only during protracted night and constant weather con-

ditions, as can occur in Arctic regions.  It can already occur during one night for flat-

plate collectors or cars due to the significantly smaller value of H.  For te > 0 °C, the 

resulting values of (te – tend) are smaller and of r.h.end are higher, when the cooling is 

maximum, as is illustrated by Figure 5.1.3.2.18. 

In the author’s opinion, the calculations made at the endpoint of cooling down allow a 

clear interpretation of the cooling behaviour of glazing and the space behind the glazing 

during the night and the conditions which result in outdoor condensation, particularly the 

influence of εe. 

How does a low-emissivity coating on the outdoor surface of a glazing unit affect 

heat loss through the glazing, i.e. its Ug value? 

The EN 673 standard excludes the calculation of the Ug value for glazing with a low-

emissivity coating on the outdoor glass surface; however, this type of glazing has been 

commercially available for some time to reduce the problem of outdoor condensation (see 

above). Figure 5.1.3.2.20 is a graph of calculated simulation results for vertically installed 

glazing (β = 90°) with εe = 0.2, abbreviated as Ug,cal, plotted versus the Ug values accord-

ing to EN 673, abbreviated as Ug, EN 673. 

  

 

 

 

 

 

The following assumptions were made for the simulations: 

a) For Ug, EN 673 in the range between 0 and 3 W/(m2K): 

    Application of the algorithms corresponding to those of EN 673, described above,  

    assuming the following conditions: 

-   Overcast and clear sky, respectively, 

Figure 5.1.3.2.20: Simulation  

or estmation, respectiuvely, 

of Ug,cal values for glazing with  

εe = 0.2 as a function of  

Ug, EN 673. 
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-   calm (hec = 3.6 W/(m2K) or gentle wind (hec = 20 W/(m2K)), i.e. wind speed v ~ 20 

     km/h 

-   ∆t between the outdoor and indoor glazing surface temperatures of 15 K and 

-   average glazing temperature of 10 °C. 

b) The simulation approach described above could not be applied for conventional sin-

gle glazing with Ug,EN673 = 5.8 W/(m2K) for εe = 0.2 because of the specification for ∆t = 

15 K. In this case, an estimation was made on the basis of dynamic calculations 

analogous to those presented in Figure 5.1.3.2.17 for a flat-plate collector with a sin-

gle glass cover, but for β = 90°. The ratios h1:h2 of the cooling down times (see Figure 

5.1.3.2.17) from tabs = 20 °C to 0 °C for εe = 0.2 compared to that for εe = 0.84 were 

evaluated with respect to the value of Ug,EN673. 

The following comments on Figure 5.1.3.2.20 should be noted: 

- The values of Ug,calc presented in the figure for the range of 0 to 3 W/(m2)K) for Ug, EN673 

are minimum values, which result for εe = 0.2 for an overcast sky and gentle wind, i.e. 

wind speed v ~ 20 km/h.  For all other outdoor conditions, the Ug,cal values with εe = 0.2 

lie in the Ug,EN673 range from 0 to 1 W/(m2K) between that for an overcast sky and the 

slightly higher value for a clear sky. For Ug,EN673 > 1 to 3 W/(m2K), the Ug,cal values with 

εe = 0.2 partly exceed appreciably those for the clear sky. However, up to 3 W/(m2K), 

none of the Ug,cal values exceeded the Ug,EN673 values over the entire range for Ug,EN673. 

-  For Ug,EN673 = 5.8 W/(m2K), the estimate described above with εe = 0.2 resulted in 

Ug,cal values between 2.8 and 4.7 W/(m2K), with an average of about 3.7 W/(m2K), for 

the specified variants of the outdoor conditions.  

Consequently, the following conclusions can be drawn from Figure 5.1.3.2.20: 

- For Ug,EN673 = 1 W/(m2K), the reduction in the Ug,EN673 value by a low-emissivity coating 

with εe = 0.2 on the outdoor glass surface amounts to about 10% and decreases with 

decreasing Ug,EN673 values to 0%. 

- A low-emissivity coating on the outdoor surface of single glazing, as is used for car 

glazing or collector covers, has a significantly larger effect on the heat losses during 

the night. In this case, the Ug,EN673 value can be reduced by up to 50% by a coating 

with εe = 0.2.  However, more extensive simulations have demonstrated that, unlike 

the case of glazing characterised by Ug,EN673 < 1 W/(m2K), the magnitude of the effect 

for single glazing depends not only on the cloud coverage of the sky but also on the 

wind speed to a significant extent. 

The result shown in Figure 5.1.3.2.20 for the influence of εe on the Ug value can be readily 

interpreted with the help of the following equivalent electric circuit: The external heat 

transfer coefficient, the heat transfer through the glazing and the internal heat transfer 

coefficient can be described as a series connection of thermal resistances.  For the case 

that the thermal resistance of the glazing is very much larger than that associated with the 

external and internal heat transfer, as applies for architectural glazing with Ug < 1 

W/(m2K), the effect of changes in the external heat transfer resistance on the total thermal 

resistance and thus the Ug value is only slight.  The opposite applies for an Ug value of 5.8 

W/(m2K), i.e. the value for single glazing, which offers little thermal resistance.  The Ug 
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values presented in Table 5.1.3.2.1 for changes in the thermal emittance εi on the indoor 

glazing surface can be explained in the same way. 

The following statements summarise the effect of low-emissivity coatings depos-

ited on the outdoor glazing surface during the night (Qsol = 0): 

a) It is characteristic that the space behind glazing cools down during the night by 

thermal radiation toward the sky for all values of εe > 0. Thus, the space behind 

glazing acts like a “refrigerator” at night. 

b) The “refrigerator effect” is reduced by low-emissivity coatings on the outdoor 

glass surface. The smaller the value of εe, the greater is the reduction. 

c) In detail, the effect for spaces behind the glazing with differing heat capacity H is 

as follows: 

- In spaces with a relatively small heat capacity H, e.g. in flat-plate collectors and 

car bodies, cooling down occurs more slowly and the amount of cooling down is 

reduced appreciably as εe becomes smaller (e.g. εe = 0.2).  In addition, the out-

door surface temperature tes of the glazing is raised, so that the risk of outdoor 

glass surface condensation is reduced. 

- In spaces with a large heat capacity H, e.g. in buildings, the effects are the same 

as for a small heat capacity H. However, the cooling down rate of the space be-

hind the glazing is smaller due to the large heat capacity H.   

- Heat loss from buildings through single glazing (Ug = 5.8 W/(m2K)) can be re-

duced by low-emissivity coatings on the outdoor glass surface, e.g. by up to 50% 

with εe = 0.2.  This result also applies to single glazing of cars and flat-plate solar 

collectors.  By contrast, for Ug values < 1 W/(m2K), as are applied in modern ar-

chitectural glazing units, the heat loss is reduced by less than 10% for εe = 0.2 

and falls to 0% for Ug = 0. 

- For fundamental reasons, outdoor condensation cannot be prevented completely 

by low-emissivity coatings on the outdoor glass surface. However, frost forma-

tion, i.e. outdoor condensation in the outdoor air temperature range te ≤ 0 °C, can 

be eliminated completely and condensation can be reduced considerably if te < ti.  

Low-emissivity coatings to reduce outdoor condensation have no effect if te ≥ ti. 

 

Influence of low-emissivity coatings on outdoor glass surfaces during the day, i.e. 

for Qsol > 0 

During the day, the effect of glazing on the indoor heat flux balance Qbal,i as a function of 

the solar irradiance Qsol is of particular interest. Figure 5.1.3.2.21 shows, for Qsol > 0, the 

heat fluxes to and from the glazing surfaces outdoors and indoors, and also the heat 

fluxes within the double glass unit as an example. The resulting Qbal,i is also illustrated. 
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The results presented in the following sections were calculated applying the same ap-

proach as in the previous section, whereby the indoor air temperature behind the glazing 

is assumed to be constant, i.e. the room temperature is controlled. The meteorological 

conditions are also assumed to be constant, so that thermal equilibrium between the in-

door and outdoor spaces prevails at all times, allowing stationary calculation methods to 

be applied. 

 

 

 

 

 

 

Figure 5.1.3.22 is a typical graph of the function Qbal,i = f(Qsol) for a double glass unit cal-

culated under these conditions. N.B.: A similar straight line also results for Qbal,i = f(Qsol) for car 

glazing. From the figure, it can be concluded: 

- For small Qsol values the heat losses from the indoor space due to thermal radiation to 

the sky exceed the heat gains due to solar radiation, the so-called solar heat gains; in 

this case, the indoor heat flux balance Qbal,i is negative. 

- As Qsol increases, the solar heat gains exceed the losses due to thermal radiation to 

the sky, and the indoor heat flux balance is positive.  The gradient of the Qbal,i lines for 

architectural glazing is equal to the g value, the solar factor according to EN 410 (also 

called total solar energy transmittance TSET or solar heat gain coefficient SHGC). 

Legend: 

τe = direct (solar) energy 

 transmittance  

αe,1 and αe,2 = direct (solar)  

energy absorptance 

Qdir = directly transmitted  

solar energy  

Qe = outdoor heat fluxes  

Qint = heat fluxes between  

the panes  

Qi = indoor heat fluxes  

tglass 1 and tglass 2 = tempera- 

tureof glass panes 

Qsol = solar irradiance  

Q  = indoor heat balance 
Figure 5.1.3.2.21:  Heat fluxes during the day for a double glass unit. 

Figure 5.1.3.2.22: Graph of the function  

Qbal,i = f(Qsol) for a double glass unit 
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- The increase in solar heat gains as Qsol increases is the reason that a “greenhouse 

effect” or “solar-collector effect” occurs in rooms behind glazing when the solar irradi-

ance is high and the rooms are not temperature-controlled. This is a characteristic fea-

ture of rooms behind glazing. 

In Figure 5.1.3.2.23, the influence of εe on Qbal,i is illustrated for a series of architectural 

glazing types with successively lower Ug values, under meteorological conditions that are 

common during the Central European heating season: clear sky, calm and a typical out-

door air temperature te = 0 °C.  The following observations can be made:  

- For glazing with an uncoated outdoor surface (εe = 0.84), Qbal,i increases as the Ug 

value of the glazing decreases, with the effect that for Qbal,i = 0, i.e. for the transition 

from heat losses to heat gains, Qsol shifts to smaller values. As a result: 

a) Solar gains occur sooner after dawn and the heat losses of the night are compen-

sated earlier 

b) The greenhouse effect increases as the Ug value of the glazing decreases. 

-   On principle, the two effects described above become stronger as εe decreases. 

     However, the magnitude of the effects decreases as Ug decreases. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 5.1.3.2.4 documents the shift in Qsol values for the transition from heat losses to 

heat gains (Qbal,i = 0) and the increase in Qbal,i due to εe = 0.2 compared to εe= 0.84 for Qsol 

= 50 Wm-2 for the architectural glazing variants depicted in Figure 5.1.3.2.23. 

Figure 5.1.3.2.23: Qbal,i = f(Qsol) for decrea- 

sing Ug values and different εe values 
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                        Table 5.1.3.2.4 

Ug value of glazing 

variant  

 

 

 

       [Wm-2K-1] 

Qsol values at  

transition from  

heat losses to  

heat gains  

for εe = 0.2 / 0.84 

        [Wm-2] 

Increase in Qbal,i 

due to εe = 0.2  

compared to  

εe= 0.84 for  

Qsol = 50 Wm-2 

          [%] 

           5.8        70 /108         63.6 

           2.8        50 / 70         28.8 

           0.6        22 / 28           5.4 

This table illustrates that: 

- The influence of low-emissivity coatings on the outdoor glass surface is greatest for 

single glazing and decreases with the decreasing Ug value of multiple-pane glass 

units. 

- In modern thermally insulating triple glass units, the influence of εe on the indoor heat 

flux balance Qbal,i is only very slight. 

However, the results in Table 5.1.3.2.4 also demonstrate that for modern window glazing 

with Ug < 1 Wm-2K-1 – independent of the εe value – solar-control measures are strongly 

recommended to counteract the increasing net heat gains from solar irradiance and the 

resulting greenhouse effect. This recommendation is supported by further calculations 

which demonstrate that the values of Qbal,i increase as the outdoor air temperature te in-

creases, e.g. in summer. The solar-control device should be variable if possible, so that 

solar heat gains, e.g. in the morning can be used, particularly during the heating season. 

Calculations also demonstrated that the indoor heat flux balance Qbal,i changed only mar-

ginally for identical values of Qsol if an overcast sky were replaced by a clear sky, under 

otherwise identical conditions. The reason is that when the sky is overcast, the effective 

(solar) energy transmittance of the glazing is lower than for a clear sky, which almost 

compensates the lower losses due to thermal radiation toward the sky resulting from the 

lower absolute equivalent sky temperature. However, it should be noted that the solar 

irradiance Qsol is generally higher for a clear sky than an overcast sky.  

Whereas for architectural and vehicle glazing, a low value of εe increases the Qbal,i values 

and thus the greenhouse effect, resulting in an unwanted increase of indoor temperatures 

for higher values of solar irradiance Qsol, a low-emissivity coating on the glass cover of 

flat-plate collectors (see Figure 5.1.3.2.16) always has a desirable effect for all values of 

Qsol. The higher value of Qbal,i means that the collector efficiency value η is increased, i.e. 

the difference between the energy absorbed by the absorber Qsol * αabs and the internal 

heat flux to the glass cover Qint with respect to the solar irradiance Qsol, or expressed 

mathematically 

                                           η = (Qsol * αabs – Qint) / Qsol 

is increased. 
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For flat-plate collectors with different single-glazed covers, Figure 5.1.3.2.24 presents the 

dependence of η on Qsol for the following interesting case: ∅te = 0 °C, i.e the average 

outdoor air temperature during the Central European heating season for buildings, a clear 

sky, calm and a constant absorber temperature tabs = 35 °C, as is usually necessary to 

supply integrated floor heating systems. This means that the solar gains are extracted 

from the absorber in a way that ensures that tabs remains constant. In this case, it is justifi-

able to assume thermal equilibrium for the calculations, i.e. to assume stationary calcula-

tions. The calculation approach is the same as for a thermally insulating double glass unit 

(see Figure 5.1.3.2.21) due to the parallel layered configuration of the flat-plate collector, 

and thus corresponds to that used in EN 410, as already explained above. The only spe-

cial feature is that the interior pane is opaque and is characterised by the absorber 

parameters presented e.g. in Figure 5.1.3.2.16. The heat transfer from the “room” to the 

“indoor” glass surface is omitted. 

 

 

 

 

 

 

 

 

Figure 5.1.3.2.24 illustrates the following:  

A glass cover with εe = 0.2 increases the efficiency η of the flat-plate collector considera-

bly more than a cover with an antireflective coating (compare collector (a) with collector 

(b)), and it shifts the beginning of the heat gains, i.e. the Qsol value for η = 0, to signifi-

cantly lower Qsol values, so that e.g. substantially higher solar energy gains are available 

to support e.g. the floor heating during the heating season. 

Now that the influence of the absolute equivalent sky temperature and the outdoor air 

temperature for different values of εe on Qbal,i have been discussed, the effect of the exter-

nal convective heat transfer Qec (see Eq. 7) on Qbal,i still needs to be clarified. For architec-

tural glazing and collector covers, Qec is determined by the wind speed; for vehicle glaz-

ing, air cooling due to the vehicle’s motion at the speed v also influences Qec. Figure 

5.1.3.2.25 shows the dependence of Qbal,i on εe for the windscreen of a car for three val-

ues of Qsol and the following three car speeds v: v = 0 for a parked car, v = 50 km/h for a 

car driving within an urban area and v = 150 km/h for a car driving on the Autobahn. A 

constant temperature of ti = 20 °C inside the car is assumed, i.e. it is air-conditioned, and 

thermal equilibrium between inside and outside the car is assumed, again justifying a sta-

tionary calculation approach. 

Figure 5.1.3.2.24: η = f(Qsol) for a  

flat-plate collector equipped with dif- 

ferent single-glazed covers as cha- 

racterised in the headline. 

Legend:  

ipawhite = low-iron float glass 

iplus HT = pane with anti- 

reflective coating 

Products of Interpane company. 
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Figure 5.1.3.2.25 illustrates the following: 

- The three groups of curves for the three investigated Qsol values of 0, 100 and 200 

Wm-2 show almost identical behaviour. The shift to higher values of Qbal,i as Qsol in-

creases is mainly caused by the directly transmitted solar energy Qsol * τe. 

- For a parked car (v = 0 km/h), Qbal,i increases approximately constantly as εe de-

creases, for all values of Qsol.  

- The increase of Qbal,i for decreasing εe values is caused by the reduced heat loss due 

to thermal radiation to the sky Qsky. 

- However, as the car speed increases (airstream), the effect of εe on Qbal,i disappears 

for all values of Qsol. The Qbal,i = f(εe) curves finally become horizontal lines for v = 150 

km/h.  The reason is that with increasing airstream, the windscreen temperature ap-

proaches more and more the outdoor air temperature te, with the effect that the ther-

mal emission to the sky Qsky is finally compensated by the external convective heat 

transfer Qec. 

- The transition from heat gains to heat losses in the car body is essentially determined 

by the solar irradiance Qsol 

The influence during the day (Qsol > 0) of low-emissivity coatings applied to outdoor 

glass surfaces can be summarised as follows: 

- On principle, low-emissivity coatings on outdoor glass surfaces raise the indoor 

heat flux balance Qbal,i behind all types of glazing, i.e. they reinforce the green-

house effect. 

- However, the extent of the increase by the low-emissivity coatings depends on 

the magnitude of the heat losses through the glazing. It is large for single glaz-

ing such as is used for vehicle glazing and the current glass covers for flat-plate 

solar collectors; however, it is small for modern thermally insulating triple glaz-

ing units with Ug values < 1 W/(m-2K).  

- Low-emissivity coatings on outdoor glass surfaces of architectural and vehicle 

glazing are advantageous for low Qsol values, e.g. in the morning after the space 

behind the glazing has cooled overnight especially in the heating season. In this 

Figure 5.1.3.2.25: Qbal,i = f(εe) for  

the windscreen of a car for three  

values of Qsol and three car  

speeds. 
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case, maintenance of the desired room temperature in buildings by air condi-

tioning is supported, whereas in vehicles the overnight cooling is compensated 

more quickly and solar heat gains are achieved.   

- In architectural glazing, when high values of Qsol can occur, solar-control meas-

ures (preferably variable) should be implemented in conjunction with the usage 

of outdoor low-emissivity coatings.  

- In vehicle glazing, low-emissivity coatings on the outdoor glass surface in-

crease Qbal,i most strongly when the vehicle is parked; when the vehicle is mov-

ing, their effect is increasingly compensated by the external convective heat 

transfer as the vehicle’s speed increases.   

- Low-emissivity coatings on the outdoor glass surface offer the greatest advan-

tage in flat-plate collectors, as they not only increase the solar efficiency value η 

but also extend the solar gains in the heating season to lower values of Qsol.  

- When all other conditions are identical, the Qbal,i values for overcast and clear 

skies are similar for all values of εe; however, they increase as the air tempera-

ture in the space behind the glazing increases. 

N.B.: The fact that thermal radiation to the sky Qsky is increasingly compensated by the convective 

heat transfer Qec as the (relative) wind speed increases, and that the value of εe then becomes 

irrelevant is also true at night, i.e. for Qsol = 0.  

 

Effect of weathering and soiling on low-emissivity coatings 

In recent years, the application of low-emissivity coatings on outdoor glass surfaces, i.e. 

on surface 1 of glazing units, has been investigated very intensively.  Apart from the effect 

of the coatings to reduce thermal emission to the sky, as discussed in the previous sec-

tion, the investigations have concentrated on 

- the weather resistance of these coatings and 

- the effect of soiling on their radiative properties due to outdoor exposure. 

It was found that the necessary weather resistance was a strong restriction on the choice 

of coatings that could be used. Usage on the outdoor surface demands appreciable me-

chanical stability of the coatings, e.g. to resist hail impact, as well as chemical stability, 

e.g. with regard to any type of corrosion in the presence of rain, solar radiation and the 

surrounding outdoor air with all its corrosive constituents. These requirements present a 

major challenge. Until today, all attempts to accomplish the silver coating stacks used in 

multiple-pane glass units in a weather-resistant form have failed. An essential reason is 

that it has not been possible to produce the silver-embedding layers without pinholes, i.e. 

free of holes with diameters smaller than 1 µm. All attempts to manufacture silver layers 

that themselves are intrinsically corrosion-resistant have also failed, unless the thermal 

emissivity ε was increased to values that are no longer of interest.  Only some of the TCO 

coatings described in Chapter 5.1.2.1, namely sputtered ITO coatings and CVD-produced 

coatings based on SnO2:F, have demonstrated sufficient weather resistance without addi-

tional protective measures against corrosion. These so-called “ceramic coatings” are pro-



                                   102 

 

 

duced industrially by some companies and are intended for application on outdoor glass 

surfaces. 

For application on surface 1, the coatings should not only be weather-resistant but also 

possess the following properties: ε ≤ 0.2, low (solar) energy absorptance αe, low (solar) 

energy reflectance ρe, colour neutrality and homogeneity when viewed from outdoors and 

in transmission over the entire coated area, and a smooth coating surface. These require-

ments can by met today by the above mentioned, industrially produced ITO coatings. 

They are produced by magnetron sputtering (see Chapter 4.2.1.7) and should be sub-

jected to additional thermal treatment, e.g. the thermal toughening process, to optimise 

their mechanical stability and optical properties. The properties of the SnO2:F coatings 

which can be produced also industrially today have drawbacks compred to ITO coatings,. 

Although the thermal emissivity ε can be adjusted similar to the ITO coatings, their αe and 

ρe values are always higher and, as these coatings are coated on-line during the float 

glass manufacturing process by CVD (see Chapter 4.3.2.2), it is difficult to achieve the 

required colour homogeneity over the coated area. Furthermore, they have a very hard 

and rough surface. Despite these disadvantages, their commercialisation is being pur-

sued, as they are appreciably less expensive to produce than ITO coatings.  At present, 

however, low-emissivity coatings on surface 1 of glazing still represent a niche product. 

The effect of atmospheric soiling on the thermal emissivity ε of surfaces, the other focus of 

recent investigations, has proven to be marginal. For this investigation, samples of Pilking-

ton’s K-Glass with a SnO2:F coating were installed in a skylight and weathered for two 

years. They were analysed spectrometrically before and after exposure.  Figure 5.1.3.2.26 

shows one such sample after weathering, and Table 5.1.3.2.5 summarises the measure-

ment results for the thermal emissivity ε. 

 

 

 

 

                                  Table 5.1.3.2.5 

Surface       εn 

Original state before  

weathering 
      0.17 

After weathering       0.18 

Cleaned after weathering       0.17 

It is obvious that the thermal emissivity was only marginally altered by atmospheric soiling.  

The reason can be identified with the help of Figure 5.1.3.2.27.  This graph shows the size 

distribution of the soiling particles, so-called aerosols, which were deposited on the glass 

surfaces during outdoor exposure. 

Figure 5.1.3.2.26: K-Glass sample  

with its SnO2:F coating after outdoor  

exposure for two years. 
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From Figure 5.1.3.2.27, it can be seen that: 

- The aerosol particles have diameters of less than 500 nm. 

- The percentage of the fraction of particles with a given diameter decreases as the di-

ameter d increases. 

Radiation scattering theory predicts for particles with this size distribution that incident 

electromagnetic radiation mainly in the UV and visible range will be scattered and also 

absorbed in the soiling layer after multiple reflection (see Figure 5.1.3.2.28). Scattering 

and absorption weaken the transmission of radiation, with the combined effect being 

termed “attenuation”.  This means that the transmission of solar radiation is attenuated by 

the soiling layer particularly in the visible range.  However, in the range of thermal radia-

tion, i.e. in the IR range around λ = 10 µm, atmospheric dirt is almost transparent, if usual 

atmospheric pollution is assumed. This is the reason that window panes must be cleaned 

from time to time to remove visible soiling but the thermal emissivity ε remains almost un-

changed due to the transparency of the dirt in the IR range (see also the explanations in 

Chapter 5.5). 

 

 

 

 

 

 

Which glazing applications benefit from a low-emissivity coating on the outdoor 

glass surface? 

Figure 5.1.3.2.27: Size distribution  

of aerosol particles deposited on  

glass surfaces during outdoors  

exposure (d = particle diameter)  

(Source: Fraunhofer IST, Braunschweig) 

 

Figure 5.1.3.2.28: Attenuation  

of radiation in the solar range  

by atmospheric soiling 
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In the author’s opinion, the investigations presented in this chapter allow the following 

conclusions to be drawn: 

Architectural glazing 

With Ug values < 1 Wm-2K-1, as are typical for the thermally insulating triple glazing units 

that are commanding an increasing market share today, condensation appears toward the 

morning increasingly often. If it occurs as a frost layer, it annihilates a fundamental func-

tion of architectural glazing, provision of an unobstructed view. With low-emissivity coat-

ings featuring εe ~ 0.2 on the outdoor glass surface, as can be manufactured today, out-

door frost formation can be prevented, but not dew. Application of these coatings reduces 

the thermal transmission losses (Ug value) of such glazing only marginally and the green-

house effect is not increased significantly. If the German energy-saving regulation (EnEV) 

should be made yet more rigorous and lead to installation of glazing units with Ug values 

of less than 0.5 Wm-2K-1, frost formation on the outdoor glass surface will create an exis-

tential problem for architectural glazing. Observations made by the Passivhaus-Institut in 

Darmstadt have revealed that condensation on the outdoor glass surface of glazing with 

Ug > 0.5 W/(m2K) as dew, is deposited as frost on parallel installed glazing with Ug < 0.5 

W/(m2K). 

Vehicle glazing 

Here, the application is beneficial only for vehicles that must be parked outdoors at night, 

e.g. using street parking, and is most useful for vehicles with a small heat capacity, i.e. 

small and medium-sized cars. In this case, the car glazing can be kept free of frost by a 

low-emissivity coating on the outdoor glass surface. In addition, the low-emissivity coating 

reduces heat loss through the glazing during the night and the cooling of the car interior, 

so that the energy demand to heat the car the following morning is reduced, which can be 

particularly relevant for electricly driven vehicles. The solar gain during the day is in-

creased significantly by a low-emissivity coating on the outdoor glass surface only when 

the vehicle is parked. When it is moving, the additional heat gain due to the coating is 

compensated increasingly by the raised external convective heat transfer as the car 

speed increases. 

Glass covers for flat-plate collectors 

Low-emissivity coatings on the outdoor glass surface of the collector cover are optimal in 

this application. They reduce the extent of collector cooling during the night, reduce the 

time needed to start heating in the morning and increase the solar efficiency. This means 

that the application of low-emissivity coatings on the outdoor glass surface of the collector 

cover is efficient throughout the day and night. 
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5.1.3.3 Shielding glazing for electromagnetic radiation 

Electromagnetic (EM) radiation is emitted, for instance, by radio transmitters, radar-

operated or high frequency-operated appliances and high voltage transformers, welding 

machines and high voltage switches and many other appliances. This radiation may 

cause many kinds of perturbations. Shielding glass aims to reduce, or attenuate in order 

to use the technical term, the emission and incidence of EM waves. The frequencies of 

EM waves dealt with here range from several hundred kHz (e.g. radio transmission) to a 

few GHz (e.g. radar radiation). The respective wavelengths range from several hundred 

metres to a few centimetres (see Figure 5.1.1.7). 

For highly-sensitive appliances, such as medical diagnostic equipment, protection from 

the incidence of EM radiation in this wavelength range is essential, since information 

processing by such appliances is otherwise disrupted by the effects of interference. The 

penetration of disruptive radiation through windows can be avoided by glazing the win-

dows of the rooms in question with shielding glass. 

Another important field of application for shielding glass is formed by the protection of the 

environment from EM radiation emitted by devices or rooms. This is required for computer 

screens, for example, to prevent ‘spying’, or for windows in rooms which are under surveil-

lance using capacity-fed, high-frequency devices, and also for high-frequency-operated 

appliances, to protect other electrical devices and, not least, humans. This last is currently 

the subject of public debate and is referred to as protection from ‘electro-smog’. However, 

it is still under discussion whether or not EM radiation (and if so, which type) is harmful to 

human health. It must be assumed that regulations concerning EM compatibility, i.e. pro-

tection from EM radiation emitted by electrical appliances, will become increasingly strict 

Shielding glass will thus gain importance for glazing in transparent parts of electrical de-

vices, as well as for windows and façades. Currently, however, the market for shielding 

glass is still a niche market. 

Under certain circumstances, all these requirements can be fulfilled by transparent con-

ductive coatings on flat glass. The shielding efficiency then depends on the sheet resis-

tance of the layer, the source of radiation and its distance from the shielding glass. 

The shielding efficiency (SE) is also known as attenuation. It is defined as the ratio of inci-

dent and transmitted radiation intensity of the EM fields. It is measured in decibels (dB). 

For the defining equation of SE, it follows that 

)dB(
ensityintdtransmitte

ensityintincident
logSE 10=  

The requirements made on the attenuation of EM fields and the transparency of shielding 

glass, i.e. on the SE value and the light transmittance τv (and in the case of window glaz-

ing on the direct solar transmittance τe and the Ug value as well), depend on the actual 

application. Regarding protection from VDU, i.e.protection against ‘spying’, SE values 

from 20 to 40 dB are necessary in the frequency range from a few MHz to 1 GHz. 

Figure 5.1.3.3.1 shows the distribution of electromagnetic radiation in the frequency range 

between a few kHz and several GHz (radio waves to radar waves) as it hits a flat glass 

pane.  

(1) 
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It can be seen that the distribution pattern of the incident radiation is very similar to that 

shown in Figure 5.1.1.2.1. However, in the wavelength range in question here, multiple 

reflections have to be considered in the pane, which are denoted ρIRint in Figure 5.1.3.3.1. 

They are treated as an individual proportion of reflection. The reason for this is that flat 

glass and flat glass elements, such as insulating glass units, behave in the wavelength 

range between radar waves and radio waves like layers in the visible range. Interference 

effects occur due to reflection at the pane surfaces and internal multiple reflections. This is 

because flat glass has a real refractive index nG ~ 2.7 in the range of radar waves, i.e. at 

the approved frequency for civil radar transmissions of 1.096 GHz. Towards longer waves, 

which are used for conventional radio communication, it increases up to nG ~ 2.9. (As a 

comparison: in the visible range flat glass has a real refractive index of nG ~ 1.52.).In the 

same range glass has an extremely small extinction coefficient (k ~ 0). From this it follows 

that flat glass is transparent in this range of EM radiations and the optical thickness n*d 

amounts to several centimetres to some 100 metres. 

Note: values cited here according to measurements by Prof. NIMTZ, University of Cologne, 

on a 1.63 mm-thick flat glass sample with a diameter of 12.92 mm.  

Concerning the shielding efficiency, from the distribution of radiation shown in Figure 

5.1.3.3.1 and from Equation (1) it thus follows that  

                                                         SE = a + r + r’  

where a is the proportion of the shielding efficiency achieved by absorption and r and r' 

those achieved by reflection and by multiple reflections. 

From the MAXWELL theory of the propagation of EM waves in space, it follows that a dis-

tinction must be made between the near field condition and the far field condition. If the 

distance D between the radiation source and the shielding glass is smaller than the wave-

length λ of the incident wave, i.e. D < λ /2π, then it is known as a ‘near field’. In contrast, if 

D > λ /2π, it is known as a ‘far field’. The former case can be applied to the shielding of 

cathode ray tubes, so-called BRAUN tubes, or plasma display panels (PDPs), e.g. where 

shielding glass is positioned immediately in front of the radiation source. In this case D is 

smaller than the wavelength of the emitted fields. The case D > λ /2π applies to the 

(2) 

Legend: 
Io = incident intensity of radiation 

τIR = transmitted part of radiation 

ρIR = reflected part of  radiation 

αIR = absobed part of radiation 

ρIR int= internal multiple reflected 

           part of radiation 

 Figure 5.1.3.3.1: Distribiution of EM radiation as it hits a flat glass pane 
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shielding of EM fields which are emitted e.g. by transmitter stations and which strike build-

ings at a lager distance.  

When shielding in the near field range, additional attention must be paid to the type of 

radiation source. This is explained in Figure 5.1.3.3.2.  

 

 

 

 

 

 

 

 

 

 

 

 

In this diagram it can be seen that in the case of a rod-type radiation source (a) there is a 

strong electric field E and a weak magnetic field H in the near field range. Since the ratio 

of E to H is known as impedance, this arrangement is also referred to as a radiation 

source with a high impedance. In the case of a loop-type radiation source (b) the electric 

field in the near field range is weak, whereas the magnetic field is strong. Thus this an-

tenna is a radiation source with a low impedance. In the far field range, however, both 

radiation sources exhibit similar electric and magnetic field strengths, i.e. in this case the 

type of radiation source plays no role. 

Shielding in the far field range 

In the case of a far field it follows from Equation (2) in the Appendix A II for the transmit-

tance τIR of a thin layer, if its sheet resistance R□ is much lower than the wave resistance 

z0 in vacuum (z0 = 377 Ω): 

                                            τIR = 4(R□/zo)2 

Multiple reflections within the glass pane can be ignored in this case. This equation dem-

onstrates that the transmittance τIR is independent of the frequency of the EM field. It de-

pends solely on the sheet resistance R□ of the layer. Because the transmittance is the 

ratio of transmitted to incident radiation intensity (see Figure 5.1.1.2.1), the following is 

true for the shielding efficiency SE of a thin electrically conductive layer according to 

Equation (1): 

(3) 

Figure 5.1.3 .3.2: Shape of EM fields (E and 

H) at the distance D from radiation sources 
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and, applying Equation (3), it follows:  
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i.e. the shielding efficiency is higher the lower the sheet resistance of the pane.  

Figure 5.1.3.3.3 shows the practical verification of this equation. 

 

 

 

 

 

 

 

 

 

 

From Equation 3 in Appendix A II, it further follows that layers with a low sheet resistance 

R□ exhibit low absorptance in the wavelength range λ > 3 µm, i.e. the proportion of the 

shielding efficiency achieved by absorption is almost zero. Consequently, it can be con-

cluded that the shielding efficiency for EM fields in this wavelength range is almost exclu-

sively based on reflection, i.e. an electrically conductive layer with a low sheet resistance 

forms a mirror for the incident radiation. 

  

 

 

 

 

 

 

 

 

 

 

 

Figure 5.1.3.3.3:  Shielding efficiency  

SE of transparent conductive coatings  

in the far field range depending on the  

sheet resistance R□                               

                                                   (Source: WRUK) 

 (4) 

(5) 

 Figure 5.1.3.3.4: Shielding efficiency SE of a gold layer with a sheet re- 

                             sistance R□ = 2.5 Ω depending on the frequency, at a  

                             distance between radiation source and shielding glass 

                             D = 1 km.                                             (Source: WRUK) 
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 Shielding in the near field range 

The shielding in the near field range is somewhat more complicated. Figure 5.1.3.3.4 

shows the shielding efficiency SE of a gold layer with a sheet resistance R□ = 2.5 Ω de-

pending on the frequency, at a distance D between the radiation source and the shielding 

glass of 1 km. In this figure, it can be seen that in the far field range (f > 100 kHz) the 

shielding efficiency is independent of the frequency, as explained above. In the near field 

range (f < 100 kHz), however, it splits, depending on the frequency, into an E field branch 

(characterised by a strong E field compared to the H field and thus a high impedance) and 

an H field branch (characterised by a strong H field compared to the E field and thus a low 

impedance). As can be seen in Figure 5.1.3.3.4, a good shielding efficiency can only be 

achieved for radiation sources with a high impedance; radiation sources with a low im-

pedance are decreasingly shielded as the frequency decreases. For such radiation 

sources, attenuation by means of electrically conductive layers or materials is very limited. 

In theory it follows for the shielding efficiency SE of electrically conductive layers in the 

near field range of radiation sources with a high impedance that 

                                                     
[]RfD

k
log'rrSE

∗∗
=+= 20  

where k is a constant, D the distance between the radiation source and the shielding 

glass, f the frequency of the fields to be shielded and R□ the sheet resistance of the trans-

parent conductive coating. 

Table 5.1.3.3.1 shows the calculated shielding efficiency SE of transparent conductive 

coatings with various sheet resistance values for a radiation source with a high impedance 

and a distance D of 6 mm for various frequency ranges. 

 

Sheet 

 resistance 

(Ω) 

shielding efficiency  (dB) 

f =   3 – 

10 MHz 

f =10 – 

300 MHz 

f = 30 –  

100 MHz 

f = 100 –  

300 MHz 

f = 300 –  

1000MHz 

100        42.2      32.2     22.2 

20        56.2      46.2     36.2 

5      88.2     78.2      68.2      58.2     48.2 

 

 

 

Shielding glass designs 

The main fields of application for shielding glass are and were, respectively, window 

panes in computer rooms and rooms with medical diagnostics devices, and detachable 

screen for BRAUN tube monitors and electronic displays (e.g. PDPs), so that these rooms 

and devices cannot be spied on the one hand, and that they do not emit EM fields, i.e. to 

comply with the EMC regulations, on the other. 

           Table 5.1.3.3.1: Shielding efficiency SE of transparent conductive coatings with  

                                     various sheet resistance values for a radiation source with a high 

                                     impedance and a distance D of 6 mm  

                                    (Source: OPTICAL & CONDUCTIVE COATINGS, PACHECO, California (USA)) 

(6) 
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In some cases, where solar control coatings are involved, these were also combined with 

gold layer systems in the past (see Chapter 5.1.2.2). The layer systems based on TCO 

layers can comprise several individual coatings into which one or two TCO layers are in-

corporated, if these systems are antireflected. The five-layer system (glass/SiO2/ 

ITO/SiO2/ITO/SiO2) with a total layer thickness of approximately 215 nm is one possible 

design. Such layer systems based on TCO layers allow a sheet resistance of as low as 

approximately 10 Ω to be achieved, at a very high light transmittance. Layer systems 

based on noble metals are usually single or double silver layer systems of the designs 

shown in Figures 5.1.2.2.5 and 5.1.2.2.7. The silver layer systems are employed for 

shielding particularly if a sheet resistance of only a few OHMs is required. With double sil-

ver layer systems, sheet resistance values of as low as 1 Ω can be realised at light trans-

mittance values τv > 75 %. 

TCO and metal layer systems differ in regard to their mechanical and chemical stability 

(see also Chapters 5.1.2.1 and 5.1.2.2). For the unprotected application, e.g. as shown in 

Figure 5.1.3.3.5, only TCO layer systems based on ITO and SnO2:F layers are currently 

used. Gold and silver-based layer systems cannot yet be used where they will be exposed 

to the weather, because of a lack of chemical and mechanical resistance. However, these 

layer systems are appropriate in a protected position, e.g. when facing the gas space of 

IGUs or the laminated surface in laminated safety glasses. Then, they often fulfil addi-

tional functions, such as solar control or increased heat insulation. 

In order to accomplish a good shielding efficiency, it is important that as tight as possible a 

FARADAY cage is formed around the room or the device to be shielded. This means that all 

surrounding surfaces must exhibit excellent conductivity and, for avoiding secondary re-

flection of EM radiations, they must bump into each other and must be electrically inter-

connected. For the same reason the shielding, electrically conductive layer must also be 

connected electrically with the side walls through busbars.  

 

 

Figure 5.1.3.3.6:  Design of a 

detachable screen for monitors 

and electronic displays to shield 

EM radiation 
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tems. Moreover, flat glass has a real refractive index nG ~ 2.7 for radar waves with a fre-

quency of 1,096 GHz, the approved frequency for civil radar communication. According to 

the equation: 

                                                            2
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=  

(see also Chapter 5.1.1.2), even flat glass without low emissivity coating exhibits a high 

single-side reflectance in this wavelength range of ρrad ~ 21 %. (As a comparison: because 

of nG = 1.52 in the visible range, the single-side reflectance of flat glass in this range is 

only 4 %.) 

Unlike the general definition for the reflectance of radiation, for instance, in the solar 

range, it is common practice to state the reflectance in the radar wavelength range as the 

radar attenuation SErad, which is measured in decibels (dB). The definition for radar at-

tenuation SErad is   

                                                    SErad = 10logρrad    (dB) 

where ρrad is the reflectance for radar radiation. From this equation it follows that the radar 

attenuation is higher, the lower the SErad values. 

Figure 5.1.3.4.2 shows the radar attenuation SErad of a modern, coated insulating glass 

unit for perpendicular radiation incidence depending on the gas space width. From this 

diagram, it follows that the radar attenuation SErad is about -1 dB for the standard spacing 

of 16 mm. This corresponds to a radar reflectance ρrad of approximately 80 %, a value 

which causes considerable disturbance to radar-operated communication. Flat glass itself, 

in the form of a single pane, exhibits a higher single-side radar attenuation of -4.6 dB, cor-

responding to a reflectance ρrad of 35 %. In order to suppress the radar echo, building fa-

çades in the vicinity of airports are required to have a radar attenuation of SErad ≤ -10 dB, 

corresponding to a reflectance ρrad of maximum 10 %. 

 

 

 

 

 

 

 

 

 

 

 

                   

                                               

Figure 5.1.3.4.2:  Radar attenuation of a coated thermally insulating  

                            glass unit with  an effective  emissivity of the low- 

                            emissivity layer of  εeff ~ 0.1 (corresponding to a  

                            sheet resistance  of R□ ~ 9 Ω), depending on the 

                            gas space width                          (Source: WRUK) 
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From Figure 5.1.3.4.2, it further follows that the radar attenuation increases as the gas 

space widens. This effect can be explained as follows: Flat glass elements such as ther-

mally insulating glass units behave in the radar wavelength range like layer systems in the 

visible range. Flat glass constructions differ from layer systems only insofar as they have 

a considerably greater optical thickness n·d, because radar waves have a longer wave-

length of approximately 300 mm (corresponding to a radar radiation frequency of 1 GHz, 

see Figure 5.1.1.7) and because, above all, the real refractive index of the filling gas in the 

space between the panes is only 1. The greater optical thickness leads to the neccessity 

of a wider gas space. The gas space also acts like a thin layer in the visible range. Inci-

dent radar waves can thus, theoretically, exhibit destructive, but also constructive interfer-

ence with multiple-pane insulating glass units through reflection from the individual pane 

surfaces (see also Chapter 5.1.1.2). As follows from Figure 5.1.3.4.2, increasing the 

space of coated thermally insulating glass enhances the destructive interference of the 

incident radar waves and thus improves radar attenuation. This means that destructive 

interference by increasing of the gas space width is the means of choice for attenuation 

the reflection of radar waves. 

The gas space of thermally insulating glass units is limited to 24 mm because of the insu-

lating glass effect, i.e. the warping of the panes due to variations in temperature and pres-

sure of the gas space (Note: an insulating glass behaves like an aneroid barometer), as 

well as to the accelerated ageing of the edge seals and the associated increased risk of 

panes breaking. For this reason, an optimisation of the attenuation solely by widening the 

gas space is not feasible. As theoretical studies show (see Figure All.1 in Appendix AII), 

that SE values ≤ -10 dB are also generally not be possible where low-emissivity coatings 

with a sheet resistance R□ ≤ 10 Ω are involved.  

Therefore, one way to achieve the desired radar attenuation with thermally insulating 

glass units, which is also designed to meet the current legal regulations, is  

- to increase antireflection through destructive interference by using thicker outdoor  

panes in the destined insulating glass unit (because the real refractive index of flat 

glass for radar radiation nG = 2.7, this reduces the total thickness of the insulation glass 

unit, according to the formula for the optical thickness n·d) and,  

- in addition, by depositing an electrically conductive coating onto or into the external 

pane.  

However, for the design of an insulating glass unit, the following two points must be on-

sidered in addition: 

-  The gas space width d must not exceed 24 mm because of the insulating glass effect  

   described above and 

- the glass unit must be transportable and installable, i.e. the weight should not exceed 

50 kg/m2. 

In Figure 5.1.3.4.3, the possible construction of in insulating glass unit is shown on the 

basis of the above mentioned restrictions. In this figure, the interfaces which are of impor-

tance for the reflection of radar waves are identified by the reflected rays I1 to I5. it can be 

assumed that, through the PVB foil of the laminated sheet glass, no additional interfaces 

are generated which would reflect radar radiation. Furthermore, it can also be assumed 

that multiple reflections may occur. The task is then to match the two pane thicknesses d1 
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Figure 5.1.3.4.4 shows the radar attenuation SErad, which has been calculated according 

to the admittance method (see Appendix A II), depending on the gas space width for a 

thermally insulating glass unit as shown in Figure 5.1.3.4.3. It shows the case of polarised 

radar waves which are incident perpendicular to the glazing. From the diagram, it can be 

seen that such a design of a thermally insulating glass unit allows a radar attenuation    

SErad ≤ -10 dB to be achieved with a space ranging from 8 to 20 mm. If the radar waves hit 

the glazing at a different angle, due to the position of the aircraft or the position and height 

of the ATC tower compared to the position and height of the reflecting buildings, the at-

tenuation minimum shifts towards a narrower gas space (see also the explanations con-

cerning the light path in layers in Chapter 5.1.1.2). 

The study of the reflection of radar waves from a thermally insulating glass unit like the 

one shown in Figure 5.1.3.4.3 (see also Figure All.1) demonstrates that, when minimising 

the reflection, i.e. when maximising the radar attenuation, the sheet resistance of the low 

emissivity coating and that of the electrically conductive coating on the outdoor pane of 

the glazing are interrelated. The lower the sheet resistance of the low-emissivity coating, 

the lower that of the coating on the outdoor pane and vice versa. Low emissivity coatings 

with a sheet resistance R□ ≤ 10 Ω require a sheet resistance of the coating on the outdoor 

pane of the glazing from 380 to 390 Ω to achieve maximum radar attenuation. 

Besides the radar attenuation, buildings in the vicinity of airports have to comply with other 

requirements, such as solar control, sound proofing and fire protection. Moreover, the 

position and height of the building plays a major role, as explained above. For these rea-

sons, in order to achieve optimum attenuation of radar waves, thermally insulating glass 

units require precise specifications which are adapted to the actual building. Conse-

quently, standard products cannot be considered for this application. The thermally insu-

lating glass design shown in Figure 5.1.3.4.3 has the advantage that it fulfils most of the 

aforementioned functions. However, it only attenuates the radar echo for one selected 

frequency. But, usually the echo of several frequencies are to be attenuated. 

Transparent conductive coatings with a sheet resistance of approximately 400 Ω, as re-

quired for laminated sheet glass, can be realised with a number of solar control layers 

based on metals (see Chapter 5.2). In order to satisfy architectural requirements, an addi-

tional, non-conducting solar control layer can be deposited onto the opposite side of the 

lamination foil or on to Positions 1 or 2 of the thermally insulating glass unit shown in Fig-

ure 5.1.3.4.3. Radar echo-attenuating spandrels (see Chapter 5.2) can be realised with 

similar designs. In this way, the radar wave-reflecting internal pane of the sprandel can be 

replaced with a metal sheet or mesh. 
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where b is the length of the busbars and l the distance between the busbars (see Figure  

5.1.3.5.1). 

It is important to consider the total resistance R because the glass pane behaves like an 

electric capacitor and the total resistance determines the time required to remove the 

electric charges e.g. to earth potential. In order to keep the discharge period as short as 

possible and thus the total resistance low, the busbars should be attached along the 

longer edges of a pane. For rather small panes and a sheet resistance of R□ < 10 kΩ, one 

busbar may be sufficient for decharging the surface of a pane. 
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5.1.3.6 Heatable glazing 

Conductive glass is also used for heatable panes. In this case the transparent conductive 

coatings are used as a heating resistor. Using a heatable pane, it should be possible to 

increase the surface temperature or to maintain it at a constant level. This application of 

conductive glass requires a constant temperature across the entire pane surface. There-

fore, particular attention must be paid to maintaining a constant sheet resistance across 

the whole pane. At the same time, the contact resistance between the busbars through 

which power is supplied and the coating must be uniformly low (see Chapter 5.1.3.9). 

Typical applications for heatable panes in industrial products are: 

- Insulating glass used in refrigerator and freezer doors, where the internal pane is 

heated in order to quickly remove condensation and frost which is generated due to 

condensing humidity of the ambient air when the door is opened. TCO coatings based 

on SnO2:F layers are predominantly used for this application (see Figure 5.1.3.6.1). 

- Glazing for cold stores, also to prevent condensation or ice from forming on its external 

pane surface. The design of this type of glass is similar to Figure 5.1.3.6.1, except that 

the heated pane now faces the warm space. 

These heatable panes can also be classified as niche products. Heatable window glazing 

for buildings is prohibited under German law by the ‘Wärmeschutzverordnung’ (Thermal 

Insulation Regulations).  

 

 

 

 

 

 

 

 

 

 

In recent years, heatable laminated sheet glass has also been developed to be used as 

windscreens for vehicles. Most windscreens are made of bent laminated safety glass 

(LSG). Figure 5.1.3.6.2 shows the design of such a pane. 

A heatable windscreen helps to get rid of ice which forms on the outside surface at low 

outside temperatures and condensation which forms on the internal surface when there is 

high humidity inside the vehicle. Because a low sheet resistance is required, only trans-

parent conductive layer systems based on silver layer systems can be used as heatable 

Figure 5.1.3.6.1: Design of a heatable 

insulating glass unit for freezer 

doors 
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coatings in this case. They must be enclosed inside laminated sheet glass because of 

their limited chemical and mechanical resistance. An economical production of heatable 

windscreens is only possible if the coating is deposited before the bending process. 

 

 

 

 

 

 

 

 

 

 

Double silver layer systems have been developed (see also Chapter 5.1.2.2) which can 

resist the temperature of 620°C of the bending process, during which the spectral and 

electrical properties even improve slightly.  

There has not yet been a market breakthrough by the heatable, coated windscreens be-

cause of the limited battery voltage of modern vehicles (see also specifications example 

below) and because of difficulties in the production process. In the past it was difficult to 

process the chemically and mechanically sensitive silver-based layer systems in the 

rather ‘rough’ industrial bending process to which windscreens are subjected. 

However, the aforementioned double silver layer systems have the additional advantage 

that they also provide excellent selective solar control (see also Chapter 5.2). Deposited 

onto vehicle glass, these coatings reduce the transmittance of solar radiation into the ve-

hicle and so the air-conditioning is much more economical. For this reason, silver-based 

double layer systems have aroused great interest in the automotive industry and their 

production is promoted in conjunction with the manufacture of vehicle window panes. The 

initial idea of a heatable glass is now often seen more as a side-effect. In addition to these 

two functions, it has also been suggested that transparent conductive coatings in wind-

screens might be used as the antennae for radio and telephone transmission. 

When using the electrically conductive coatings for heating purposes, the pane tempera-

ture must be raised only a few degrees, so that the dew point of the humidity is exceeded 

(see also Chapter 5.1.3.2). 

Assuming that for each application the heating power per surface unit and the pane size 

are given, then the following parameters must be determined: 

- The sheet resistance R□ of the transparent conductive coating, i.e. the right conductive 

glass must be selected 

Figure 5.1.3.6.2:  Design of a  

heatable windscreen 
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- The position of the busbars in relation to the pane edges 

- The required voltage, the so-called heating voltage U 

The process for setting the parameters of a heatable pane imay be explained with the 

following example: 

- Light transmittance τ: ≤ 76 % 

- Pane size: 600 mm x 1,200 mm 

- Specific heating power: 0.06 W/cm2 

From these requirements it follows for the total heating power of the pane: 

N = 0.06 W/cm2 x 60 cm x 120 cm = 432 W 

Step 1: Selection of an electrically conductive coating 

A light transmittance of 76 % can be achieved with a transparent conductive layer system 

based on silver which has a sheet resistance R□ of 4 Ω (see Chapter 5.1.3.1. 

Step 2: Positioning of the busbars and determination of the heating voltage 

Case a) The busbars are attached along the longer pane edges. According to the equa- 

             tion R = R□ · l/b, (see Chapter 5.1.3.5) it follows: 

                                                 2 Ω
120cm

60cm
4 ΩR =∗=  

From OHM’S Law it further follows for the heating voltage: 

                                        30VΩ 2 W432RNU ≈∗=∗=  

  

Case b) The bus bars are attached along the shorter pane edges. The respective values 

are then    

                                                       R = 8 Ω and U = 60 V. 

It must now be decided which of the two voltages is more practicable for the application. 

However, by controlling the heating temperature of the panes, no precise adaptation of 

the heating voltage is necessary. 

Note: this setting of parameters does not take into account the fact that the sheet resis-

tance changes with the temperature. However, in the case examined here, the tempera-

ture alteration through heating should be only a few degrees. 

This is also the way to proceed if instead of the sheet resistance the heating voltage is 

given, e.g. if the voltage of the vehicle batteries is given. Then the sheet resistance R□ of 

the coating and the optimum position of the busbars must be determined. 
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5.1.3.7 Transparent switches (touch panels, touch screens) 

Transparent switches, which are also known as ‘touch panels’ or ‘touch screens’, allow 

electric circuits to be controlled mechanically. The design and working principles of a 

transparent switch are shown in Figure 5.1.3.7.1. 

 

 

 

 

 

 

 

 

 

 

 

A touch panel basically consists of two parallel panes of conductive glass, with the trans-

parent, conductive coating on each pane adjacent to an air-filled space which is only ap-

proximately 100 µm wide. In order to maintain this narrow gap, the panes must meet strict 

requirements on their planarity. The back pane is known as the supporting pane and, de-

pending on the application, consists of flat glass of thickness up to 4 mm. The front pane 

is only 0.3 mm thick, which explains why it is often called a ‘glass membrane’. The electri-

cally conductive coatings on the glass panes of a touch panel are divided into strip-like 

segments which are electrically insulated from each other. Today, these segments are 

produced by engraving with a laser. The strip structures on the two panes are orientated 

at right angles to each another, as shown in Figure 5.1.3.7.2. This results in a grid struc-

ture similar to that of a chess board. 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.1.3.7.1: Design and working principles of a transparent switch 

                         (Source: Brochure of the GLAS PLATZ COMPANY, WIEHL, Germany) 

 

Figure 5.1.3.7.2:  Grid structure of the coatings for transparent switches  
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transmittance τv > 80 %, which are produced by magnetron sputtering (see Chapter 

4.2.1.7), primarily in China. The application in touch screens demands an extremely uni-

form sheet resistance across the entire pane surface for accurate localisation of the pres-

sure point. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The annual demand for ITO-coated glass panes for use particularly in touch screens is 

appreciable at present (see also discussion in Chapter 5.1.3.8) and it is anticipated that it 

will continue to increase rapidly in the coming years.  For demanding applications, an anti-

reflective coating can be deposited onto the outside surface of the glass membrane, and 

in addition, the glass membrane can be covered with a super-hydrophobic layer to mini-

mise fingerprints (see also discussion in Chapters 5.3.2. and 5.5.2). 

Figure 5.1.3.7.4: Functional prin- 
ciple of a touch screen 

Figure 5.1.3.7.5:  Transparent switch used as an electronic writing board   

               (Source: Brochure of the GLAS PLATZ  COMPANY, WIEHL, Germany) 
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Apart from touch screens that react to pressure, which are also called ‘resistive’ touch 

screens due to the use of ratios in electric resistance to localise the pressure point (see 

Figure 5.1.3.7.4), there are also some touch screens today in which the pressure point is 

localised on the basis of capacitance or inductance. These also consist of two parallel, 

conductively coated panes of glass separated by only a very small gap, but the proce-

dures to localise the pressure point electrically are different. Nevertheless, resistive touch 

screens command most of the market. The major advantages of all touch panels and 

touch screens are their flatness (small thickness) and the great variety of designs which 

can be implemented. 
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5.1.3.8 Transparent electrodes 

Transparent electrodes are transparent conductive coatings on flat glass, also called con-

ductive glasses, which are used to achieve physical effects without or in combination with 

other layers or films. Typical effects are electrically controllable optoelectronic effects, 

which are applied in the form of a layer or as a liquid film. Regarding their application as 

electrodes, the transparent conductive coatings form part of a functional unit. Typical ap-

plications are dealt with in various chapters of this book, among them are 

- Liquid crystal displays (LCDs) (see Chapter 6.1.1) 

- Plasma display panels (PDPs) (see Chapter 6.1.2) 

- Windows with controllable light transmittance based on the use of liquid crystals (see 

Chapter 6.2.1) 

- Windows with controllable solar energy transmittance based on electrochromic effects 

(see Chapter 6.2.2) 

- Photovoltaic modules based on thin film layers (see Chapter 7) 

- The requirements to transparent conductive electrodes depend on their application.The 

today’s minimum requirements can be summerised as follows: 

- -   Sheet resistance R□  (< 100 Ω) 

- light transmittance τv (> 75%) 

- chemical and electrochemical resistance and compatibility with the applied opteelev-

tronic coatings 

- sufficient mechanical resistance, especially for the flexible applications 

- if necessary, suitable work function for the transition of free charge carriers to the opto-

electronic layers or other layers, respectively, and 

- sufficient low production costs. 

As transparent conductive coatings, the following matarial of layers are industrially applied 

at present: 

- Tin oxide dopped with indium In2O3:Sn, the so-called ITO 

- electrically conductive zink oxide, especially dopped with aluminium ZnO:Al, abbrevi-

ated as AZO and 

- fluoric-dopped tin oxide SnO2:F. 

From this list, the ITO layers have the by far largest market share, essentially applied o 

manufacture LCDs as well for TV screens or displays of all kinds. Solely in 2013, about 25 

million m2 transparent electrodes on flate glass based on ITO (without consideratiuon of 

TV screens) were produced used only for touch screens and it is expected that the de-

mand increases rapidly in the next years. At present, the ITO layers are deposited by am-

gentron sputtering and takes place nearly exclusively imn Far East. Coatings based on 

ZnO:Al are appied to thin-film photovoltaik modules of amorphous silicon and (CuInSe2) 

layer systems (see Chapter 7). Conductive glasses with SnO2:F coating are mainly used 

for the production of thin-film photovoltaic modules on the basis of cadmium tellurite 

(CTS). 
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The silver layer systems, depicted in Chapter 5.1.2.2, which can be produced with a low 

sheet resistance (R□ < 5 Ω) and simultaneously with a hight light transmittance (τ ~90%) 

and which are, therefore, also applicable as transparent elecltrodes are proved and partly 

applied today in organic LEDs (OLEDs), organic photovoltaic modules and flexible dis-

plays. Their main benefit is that their mechanical resistance regarding bending, when it is 

deposited on plastic foils, are higher. For the use in LCDs, these coating systems should, 

however, not be suitable until today. The use of ITO coatings for the production of LCDs 

has partly also historical reasons. They were the first transparent, electically conductive 

layers which could be produced industrially with the required quality. Today, the produced 

quantity of these displays is so big that the risk of change to other coatings, also if they 

are producible with the same quality and more cost-efficient, would only be carried out in 

extreme emergency. There may be also other physical, chemical or technological reasons 

which argue against the application of silver layer systems in combination with LCDs. 

A big problem of ITO coatings is the high price of indium and the production of this metal 

nearly exclusively in China. In the literature, this gives more and more reasons to think of 

alternative solutions. Indium is found in nature only with a low procentage as concomin-

tant metal in tin and zink ores, i.e. its accumulation is very expensive. Due to the essential 

production of indium in China, the resources are also felt insecure. 

As alternatives for the ITO coating, the following materials in form of coatings are dis-

cussed in the literature for transparent electrodes (see Semenza, P., Information Display, 

July/August 2013):  

- Metal grids 

- nano-wires maufactured from silver 

- conductive polymers 

- nano-tubes manufactured from carbon 

- graphene. 

Exept the graphene coating, all other discussed coatings are more or less transparent 

thick-film coatings. The deposition of a large area graphene coating, which consists of a 

monolayer of graphite, is not yet solved. It remains to be seen whether silver layer sys-

tems as transparent electrode can be performed in the future in such a way that they are 

compatible with all above discussed applications.  

Conductive glasses for LCDs must also exhibit an exceptional planeness (see also expla-

nations in Chapters 1.2 and 6.1.1). Likewise (for LCDs for example), the short-wave varia-

tion from a reference edge must not exceed 0.7 µm/cm. This fact must be observed for 

both the supply and the coating of the flat glass intended for the applications discussed 

here.  
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5.1.3.9 Contacting of conductive glass 

There are many applications which involve conductive glass (see Chapters 5.1.3.3 and 

5.1.3.3.5 to 5.1.3.8), where electric currents have to be supplied to or removed from the 

conductive glasses via an electric circuit. For this, electric connections between the coat-

ings and electric leads are necessary. The process of creating these connections is called 

‘contacting’ or ‘bonding’. A distinction is made between point contacts and strip contacts, 

the latter also being called ‘busbars’. If the pane with the electrically conductive coating is 

very large, it is important to ensure that the currents or charges are homogeneously sup-

plied to or removed from the coating. In order to do this, busbars are used which are fixed 

to the electrically conductive coating, depending on the actual application. The leads are 

then soldered or clamped to the busbar. 

Careful contacting is very important for the conductive glass to fulfil its function. The con-

tact design, material and manufacture depend on the electrically conductive coating used 

and on the actual application, and must be carefully matched. 

Generally, it can be said that the contacts must meet the following requirements: 

- The contact resistance, i.e. the barrier resistance between the contact and the electri-

cally conductive coating, must be sufficiently low, so that there is almost no voltage 

drop between contact and coating, which would cause e.g. over-heating and might in-

terrupt the current flow. 

- When coatings with a large surface area are involved, the electric resistance of the 

busbars themselves must be low and uniform enough for the current to be uniformly 

supplied to or removed from the coating 

- The contact material and the affixation of the contact must be compatible with the coat-

ing so that is not damaged e.g. by corrosion 

- It must be ensured that the electric leads can easily be soldered or clamped to the con-

tact 

- The mechanical stability of the leads soldered or clamped to the contacts must be en-

sured, not only during regular operation but also during transportation of the product 

produced with the conductive glass, i.e. robust contacts are required 

- The contacts must exhibit chemical resistance to the neighbouring media during the 

application to ensure the desired durability of the product 

Figure 5.1.3.9.1 shows common and possible contact designs used for the contacting of 

electrically conductive coatings. 

Clamp contacts 

Clamp contacts are mainly used for conductive glass with a small surface area, such as 

small displays. Besides sufficient and stable clamp pressure, a very low contact resis-

tance, which must not increase during the life-span of the product, is most important for 

this application. This is ensured by the use of brackets, the contact surfaces of which are 

coated with noble metals, usually gold, or sometimes platinum. A benefit of these clamp 

contacts is that they can be removed easily, i.e. defective products with electrically con-

ductive coatings can easily be replaced. This is only possible with this contact technique. 
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production process, once the coated pane has been cut to its final size, the coating is re-

moved from the edges which are to be contacted. Then, for instance, a double layer of 

Cu-Ti alloy and tin is applied by flame-spraying and finally the seam is bridged with a suit-

able conductive paste or adhesive. The busbars thus manufactured have the advantage 

that they are mechanically very stable, which is most important for large area flat glass 

products with electrically conductive coatings. 
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5.2 Solar-control glazing 

Solar-control glazing protects buildings against excessive solar radiation. It was devel-

oped to counteract the “greenhouse effect” in buildings. Whereas the flat-glass products 

discussed in Chapter 5.1.3 are coated exclusively with thin, electrically conductive films, 

which are known according to their physically equivalent property as “low-emissivity” or 

“low-e” coatings, such coatings are not absolutely necessary to achieve solar control.  

However, as we will see, they are advantageous. 

Stimulus for developing solar-control glazing and state of the art until the 1980’s. 

The introduction of solar-control glazing was stimulated by the development of large 

glazed façades in prestigious buildings, the so-called “glass façade style” from the begin-

ning of the 20th century.  The Glass Pavilion by B. Taut at the “Werkbund” Exhibition of 

1914 in Cologne marks the beginning of this development, which expresses the prevailing 

desire for contact with nature; the idea was to be in communication with nature while in 

the building. During the following period between the two World Wars, pioneers of the 

glass façade style were to be found among the Bauhaus architects in Weimar and Des-

sau, particularly Mies van der Rohe.  However, it was soon evident that uncomfortably 

high room temperatures occurred at all times of the year behind generously glazed fa-

çades when the sun shone brightly, unless the buildings were air-conditioned, i.e. there 

was a greenhouse effect.  This was thus an existential problem for all-glass façades.  

When solar-control glazing is installed, the air-conditioning units cannot be eliminated 

completely but they can be dimensioned smaller, reducing both their investment and op-

erating costs.  Although energy was still relatively cheap at the beginning of this develop-

ment, its cost for air conditioning already played a role then, because the following rule of 

thumb applies: The generation of cooling power is four times as expensive as heating 

power.  This also explains why solar-control glazing entered the market many years ear-

lier than thermally insulating glazing (see Chapter 5.1.3.1). 

The European standard EN 410 specifies how the solar properties of glazing and the as-

sociated technical data are to be determined. This standard also specifies a metric for the 

total solar energy transmittance or solar factor g (or solar heat gain coefficient SHGC), of 

glazing.  According to EN 410, the following equation applies: 

                                                   g = τe + qi, 

where τe is the direct (solar) energy transmittance and qi is the secondary heat transfer 

factor toward the indoor space. (N.B. The adjective “direct” is used in EN 410 to distin-

guish this transmittance component from the secondary component that involves solar 

absorption and thermal emission; it does NOT refer to the direction of the transmitted ra-

diation in the sense of “non-diffuse”.) qi is the proportion of thermal energy which origi-

nates due to absorption of solar radiation in the glazing and is transferred to the indoor 

space by thermal radiation and convection. The g value is the decisive characteristic to 

quantify solar control by glass units. 

Solar control demands a low g value, i.e. τe and qi must be as low as possible. A low value 

of τe can be achieved by increased reflection of solar radiation outdoors and/or the great-

est possible absorption of this radiation in the glazing. From the equations in EN 410 for 

qi, it can be derived that qi is lowest when the solar-control measure, i.e. a coating or 
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tinted glass (see Chap. 1.4.1), is applied to the outdoor pane. Similarly, other solar-control 

measures such as venetian or roller blinds are most effective when they are located as 

close as possible to the outdoor space (see Figure 5.2.1). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Dynamic solar-control measures, as are illustrated in two of the schematic diagrams in 

Figure 5.2.1, represent the ideal case in principle, as they allow the solar gains into a 

building to be controlled. Mechanical devices such as roller blinds and awnings already 

represented the state of the art at the beginning of the 20th century. However, they had to 

be operated manually, which is time-consuming in large buildings and was not accepted.  

Technology to protect these optimal, outdoor solar-control devices against storms was not 

yet available. The first effective solar-control measures for the glazing of large buildings 

were thus achieved with the absorptive tinted glass that was already commercially avail-

able then in colours such as grey, green or bronze. However, this type of glass did not 

present an architecturally optimal solution due to the primary mechanism of solar absorp-

tion and the lack of aesthetic appeal in the outdoor appearance. In the following years, 

architects demanded that glazing for large buildings should not only provide solar-control 

but also fulfil a decorative function in the architectural design of the building façades, i.e. 

the glazing was expected to offer an outdoor appearance of a colour and sheen that was 

compatible with the façade design, as well as protecting against overheating. 

This expectation can be met with coated solar-control glass units, which conquered the 

glazing market for large, prestigious buildings after World War II. In West Germany, this 

was stimulated by positive experience with controlling the temperature in the panorama 

carriages of the “Rheingold” luxury train operated by the “Deutsche Bundesbahn” (see 

Figure 5.2.2). 

At the beginning of the 1960’s, the carriages of this train were successfully air-conditioned 

with the help of double insulating glass units in the windows. The gap-facing surface of the 

Figure 5.2.1: Solar-control mea- 

sures for windows 
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outer pane of the DGU, i.e. surface 2, was coated with a thin gold (Au) film (see also Fig-

ure 5.1.3.1.1). The Heraeus company in Hanau was the manufacturer of this Au coating; 

the double glass units were produced by the DETAG company, now the Pilkington-NSG 

company (see also the discussion in Chap. 5.1.2.2). The advantage of noble metal coat-

ings is that they are spectrally selective, which in this case means that they preferentially 

transmit visible light and reflect a large proportion of the invisible solar radiation in the 

near infrared range, i.e. they guarantee stationary, reflective solar control. Such coatings 

can be used to manufacture solar-control glazing with high visible transmittance τv and a 

simultaneously low g value, resulting in a high τv:g ratio, a quantity which the DETAG 

company then called “selectivity”, abbreviated as S. In the following period, the selectivity 

or S value was increased by applying antireflectively coated Au films with a stack design 

as illustrated in Figure 5.1.2.2.13b. Usage of solar-control glazing with a large selectivity 

value is particularly valuable in temperate climatic zones with fluctuating solar radiation 

levels. 

 

 

 

 

 

 

 

 

 

It should be noted that the Glaverbel company (now AGC) in Belgium successfully pur-

sued a parallel development of solar-control IGUs with a gold coating on surface 2, which 

was later marketed, also in an antireflective version, under the “Stopray” trademark.  In 

the USA, the other major market for solar-control glazing at the beginning of their devel-

opment, the use of noble metal coatings for solar control was spurned for a long time. 

There, non-selective solar-control coatings based essentially on chrome, with very low 

light transmittance values τv down to 10 %, were developed and marketed primarily in the 

Sun Belt states.  Figure 5.2.3 shows the fundamental difference in the transmittance and 

reflectance spectra for selective and non-selective solar-control coatings. 

Europeans were surprised to observe the low light transmittance values τv of the American 

solar-control glazing. However, when the solar radiation is sufficiently strong, i.e. when it 

is very bright outdoors, this glazing transmits enough light for adequate vision, even for 

very low light transmittance values τv. The reason is that the human eye can adapt to a 

very large range of ambient intensity by changing the size of the pupil. The non-selective 

Figure 5.2.2: Panorama glazing of the Rhein-

gold carriages operated by the Deutsche 

Bundesbahn. Gold-coated solar-control glaz-

ing was used. 
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solar-control coatings have a low τv value which is accompanied by a low g value that is 

achieved by a high absorptance (αe) for direct (solar) energy or a high external (solar) 

energy reflectance (ρe) or a mixture of both. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

By the end of the 1980’s, various glazing companies had developed and marketed a 

range of solar-control glass products. The product spectrum included non-selective solar-

control coatings in a large range of colours, which spanned all variants from primarily ab-

sorptive to primarily reflective (high values of αe and ρe, respectively), but without low-

emissivity properties. Also available were glass units with selective and simultaneously 

low-emissivity Au coatings or Au-based coating stacks on surface 2. The coatings were 

deposited by various technological means, such as stationary and dynamic thermal 

evaporation, sputtering, spray pyrolysis, CVD, sol-gel coating, even chemical reduction in 

one case. (For the state of the art concerning solar-control coatings in the 1980’s, see: 

Gläser, H.J., Solar control glass, Glastech. Ber., 63, 1990, pages 266 – 276.)  The reason 

for the great diversity of solar-control glass products was and still is that in the market for 

Figure 5.2.3: Transmittance and reflectance spectra for a) non-  

                      selective and b) selective solar-control  coatings 

                      in the solar spectral range, plotted together with 

                      the solar spectrum according to Moon for Air  

                      Mass 2 and the luminous efficiency spectral re- 

                      sponse of the human ey 
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large, prestigious buildings, almost every façade is designed individually with regard to the 

air-conditioning energy demand, taking the local climatic conditions and the aesthetic con-

cepts of the architect and building owner into account. This distinguishes solar-control 

glazing from thermally insulating glazing, which is mainly installed in conventional residen-

tial buildings and is thus standardised to a large extent. It was already known that the so-

lar-control double glass units with selective Au coatings, as described above, had a ther-

mal transmittance value which was about a factor 2 lower than uncoated DGUs, as char-

acterised then in Germany by the k value, now by the Ug value according to EN 673.  

However, building heat losses and thus the k value of the glazing only played a minor role 

then. The façade design was the most important aspect with regard to solar-control glaz-

ing. In fact, the author often gained the impression until well into the 1980’s that the fa-

çade design was more important to the architects than energy-relevant optimisation of the 

buildings; despite the first oil crisis, energy was still relatively cheap then in comparison to 

today. Whereas the ecologically necessary savings in heating energy were subject to 

state control via the German thermal insulation regulations from the end of the 1970’s 

onward, solar control was viewed by the architects only from the perspective of minimising 

building air-conditioning costs, if it were considered at all. It should be noted that in the Far 

East, solar-control glazing with high solar reflectance was forbidden by law, in some cases 

very early in the history of this product, due to the danger of glare to traffic or heating of 

asphalt on the roads. 

Current state of the art for solar-control glazing 

In many countries, particularly in developing countries in sunny regions, e.g. in South 

America, South-East Asia and Africa, diverse solar-control glass products based on tinted 

glass and non-selective coatings, as described above, are still installed. Here, the façade 

design often still determines the choice of colours. However, on a global scale, two trends 

can be observed since the 1990’s:  

1) Solar-control glazing based on gold coatings has gradually been displaced by solar-

control glazing based on silver.  

2) For ecological reasons, the energy-relevant design aspects of façades are being 

adapted increasingly to the climatic conditions of the building location.   

This adaptation began in highly industrialised countries with moderate climates, in which 

national regulations were introduced to reduce the consumption of heating energy, e.g. in 

the countries of the European Union and in North America. This resulted in several 

changes concerning the energy-relevant specifications on solar-control glazing for large, 

prestigious buildings. A simultaneous but independent change could also be observed in 

the colour concepts of architects and building owners for glazing as a component of fa-

çade design. Both aspects influenced the development of solar-control coatings for solar-

control glazing. 

With regard to energy-relevant specifications, the German thermal insulation regulation 

concerning building design with regard to (heating) energy, which was introduced in the 

aftermath of the first energy crisis in 1974, has now been extended in scope to become 

the energy-saving regulation (abbreviated in German to EnEV), in which all energy gains 

and losses of buildings are taken into account (see Figure 5.2.4) and minimum energy-

related requirements on buildings are specified. 
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Thus, each new version of the thermal insulation and energy-saving regulations since the 

1980’s has continued to reduce the limiting value for the permissible heating energy de-

mand, which then, via calculations of the thermal transmission losses from buildings ac-

cording to DIN V 4108-6, affected the specifications for the thermal insulation provided by 

the glazing, i.e. the Ug value according to EN 673 (see Chapter 5.1.3.1). This is now re-

ferred to as thermal insulation under winter conditions. Requirements on this property then 

had a decisive influence on the solar-control glazing that is installed today. Solar-control 

double glass units have Ug values of 1.0 – 1.1 W(m2K), depending on the filling gas used; 

more recently, increasing quantities of solar-control triple glazing with Ug values of 0.5 – 

0.7 Wm-2K-1 have been manufactured and marketed. These low Ug values represent the 

basic requirement also on solar-control glazing today. If argon is used as the filling gas, 

these values can only be achieved with low-emissivity coatings, which can be produced 

today with ε values down to 0.02. 

The current version of the energy-saving regulation also aims to discourage the architec-

turally induced greenhouse effect by limiting the energy demand to air-condition rooms 

when they are exposed to solar radiation, i.e. the German national regulations also ad-

dress overheating protection for buildings in summer. In the case of glazing, the design 

calculation methods and minimum specifications are documented in DIN 4102-2, whereby 

the g value for the glazing and other solar-control measures, if applicable, must be taken 

into account. 

Although these two fundamental requirements concerning the Ug value and the g value or 

S value are subordinate to the architect’s ideas and demands on the colour design of the 

façade as viewed from outside or in transmission, the energy-relevant requirements still 

play an important role when purchasing decisions affecting the façade design are made.  

Which colour for the outdoor appearance is desired or tolerated depends strongly on the 

global region where the building is located.  Whereas e.g. the European preference is for 

a bluish colour, in the USA a greenish tone is favoured; nevertheless, the perceived colour 

in transmission should be as neutral as possible everywhere. The wide colour spectrum 

for the outdoor appearance, including silver, gold, bronze, blue, violet, green and grey 

hues, as could be observed in new facades into the 1990’s, is no longer generally popular. 

The colour of a façade is subject to fashion trends. 

Figure 5.2.4: Influences on the energy  

balance of a building 

 

Legend: 

HT = thermal transmission losses 

Qs = solar heat gains 

Qw = energy demand for domestic  
hot water 

Qi = internal (thermal) gains (e.g.  
due to occupants, electric appliances, etc.) 

Qh = heating energy demand and  
energy demand for cooling (air-conditioning) 

Hv = ventilation heat losses 
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Furthermore, in recent years, solar-control coatings have been developed with the objec-

tive of achieving the greatest possible selectivity S, whereby there is almost Olympic 

competition among coating developers to exceed an S value of 2. The S value of solar-

control glazing is outside the scope of the energy-saving regulation. However, a high S 

value for solar-control glazing is propagated by coating manufacturers, particularly for 

application in temperate and cold climatic zones, and is also acknowledged by façade 

designers. In addition to providing a low g value, i.e. solar control, the high light 

transmittance of glazing with a high selectivity guarantees significant visual comfort and 

saves lighting energy when it is installed in temperate and cold climatic zones. 

Single-silver and double-silver coating stacks present the best technical and economic 

options today for meeting all of the specifications in the German energy-saving regulation 

and satisfying the colour concepts of façade designers; in addition, triple-silver coating 

stacks, as presented in Chapter 5.1.2.2, can provide S values > 2. However, as discussed 

there, it is not possible to meet all requirements simultaneously. It is not often possible to 

achieve the desired colour hue and intensity in both external reflection and transmission, 

and the g and τv values generally also depend on each other and the coloured appear-

ance of the coating. Because of these interdependences, a compromise must always be 

found when specifying the technical values of solar-control glazing. Because of the na-

tional specifications for limiting thermal transmission losses, a minimum U value must be 

achieved in all cases. 

Silver-based coatings are manufactured today exclusively in in-line magnetron sputtering 

facilities (see Chapter 4.2.1.7), whereby the required number of coating chambers in-

creases significantly with the number of silver layers in a coating stack. As a result, the 

coating lines to manufacture e.g. triple-silver coating stacks are more than 100 m long.  

The number of coating chambers required depends fundamentally on the desired produc-

tion capacity per annum and the coating stacks which the equipment should be capable of 

roducing. The larger the number of individual layers in a coating stack, the greater is the 

number of coating chambers needed to achieve a specified production capacity. Under 

certain circumstances, it may be possible to reduce the number of chambers needed to 

deposit the relatively thick dielectric coatings, but at the cost of the throughput rate for 

panes through the line, i.e. the production capacity. After the introduction of multiple-silver 

coating stacks, older equipment with a small number of coating chambers was and still is 

used with multiple runs to deposit the multiple-silver coating stacks, again of course at the 

cost of production capacity. 

Current solar-control glazing based on silver coating stacks 

The German national regulations relating to savings in heating energy and simultaneous 

protection against overheating in summer mean that glazing with both low Ug and g values 

are needed today. In some cases, this can be achieved with so-called combined solar-

control double glass units, in which a solar-control coating based on a metal oxide is de-

posited on surface 1 or 2 of the outdoor pane, and surface 3 of the indoor pane has a sin-

gle-silver, low-emissivity coating. However, a worldwide trend is that increasing numbers 

of solar-control double glazed units with single-silver and double-silver coating stacks are 

being installed – also in sunny regions – and more recently also triple-silver coating 

stacks, always on surface 2 of the double glazed units, to achieve still higher selectivity, 

as described in Chapter 5.1.2.2. But, the are a niche product until today. 
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Tables 5.2.1 and 5.2.2 present the most important technical data for solar-control double 

and triple glass units (Source: data sheets of the Interpane company). 

Table 5.2.1: Technical data of solar-control double glass units 

Glazing configuration: 6:- 16 - :6 with Ar gas fill; colon indicates coating position 

Ipasol Coating type
τv 

[%] 

ρv,e* 

[%] 

 τe 

[%] 

ρe,e  

[%] 

 g  

[%] 

 S Ra,t** Ra,r***       Ug 

 [W/(m
2
K)] 

 platin 25/17 single-silver  25  64  16  64  17  1.47   96   98    1.1 

 neutral 69/37 double-silver  69  12  30  34  37  1.86   95   86    1.0 

 ultraselect 62/29 triple-silver  62  10  27  40  29  2.14   92   91    1.0 

* External light reflectance; ** Colour rendering index in transmission; *** Colour rendering index in external 

reflection, : solar-control coating 

 

Figures 5.2.5: Examples of the spectra for modern solar-control double glass units with silver-based 

                       layer  stacks  in the solar spectral  range 

                                                                                                       (Source: Interpane company). 

a) Spectra of a single-silver coating 

. 

b) Spectra of a double-silver coating 

. 

c) Spectra of a triple-silver coating 

. 



                                   139 

 

Table 5.2.2: Technical data of solar-control triple glass units. 

Glazing configuration: 6: -14- 4 -14 - :4 with Ar gas fill; colon indicates coating position 

Ipasol Coating type 
 τv 

[%] 

ρv,e* 

[%] 

 τe 

[%] 

ρe,e  

[%] 

 g  

[%] 

 S Ra,t** Ra,r***     Ug 

 [W/(m
2
K)] 

platin 25/17 single-silver 22 64 13 64 15  1.47  95   98    0.6 

neutral 69/37 double-silver 62 14 29 34 33  1.88  94   87    0.6 

ultraselect 62/29 triple-silver 55 11 24 40 27  2.04  91   90    0.6 

* External light reflectance; ** Colour rendering index in transmission; *** Colour rendering index in external 

reflectionm, : solar-control coating 

The following points can be derived from the figures and tables: 

- The selectivity and the colour in transmission increase with the number of silver layers 

in the coating stacks. 

- Solar-control glazing with single-silver layer stacks and low g and S values are better 

suited for use in sunny regions; solar-control glazing with double-silver and triple-silver 

coating stacks with a high S and relatively low g values are more suitable for temperate 

or cold climatic zones. 

- Increasing the number of silver layers decreases the Ug value by only 0.1 W/(m2K).  

The reason is the very low value of the thermal emissivity for each individual silver 

layer in the öayer stack. According to the Stefan-Boltzmann law, then the lower thermal 

emissivity of a multiple-silver layer stack has only a very small effect on the radiative 

exchange within the gas-filled space (see also Figure 5.1.3.1.2) 

- For the same solar-control coating, the essential advantage of solar-control triple glaz-

ing compared to solar-control double glazing is the Ug value, which is reduced by 

nearly one half. 

- If the τv and g values for the glass units with double-silver and triple-silver layer stacks 

in Table 5.2.1 are compared and the g value is related to the same τv value, e.g. 62 %, 

the g value of the glazing unit with a triple-silver layer stack is reduced absolutely by 

app. 4 % with respect to the unit with a double-silver layer stack, as the S value re-

mains constant for this reformulation (see discussion in Chapter 5.1.2.2). This raises 

the question, whether the considerable extra effort needed to deposit a triple-silver 

coating stack is justified for this improvement in the g value. 

The market for solar-control glazing in Germany is currently estimated to be app. 2.5 mil-

lion m2 per annum. It is relatively small compared to the total market for window glazing 

with about 30 million m2 per annum. The global market would be several ten million m2 per 

annum. However, it is of great economic interest due to the globalisation of the construc-

tion market for large buildings. 

Design of all-glass façades with solar-control glazing 

Today, there are many all-glass façade designs, in which solar-control glazing is applied.  

They can be classified as: 

- Transom-mullion façades and 

- Façades with butt joints between panes 

Transom-mullion façades, which still represent the most commonly applied façade con-

struction, consist of a load-bearing skeleton structure made usually of metal, occasionally 
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also of wood, with the intermediate spaces being filled either with solar-control glazing or 

windows equipped with solar-control glazing or spandrel panels with an exterior glass 

pane. The intermediate spaces can either be completely glazed with the same type of 

glazing or each storey can be divided horizontally, with colour-matched, externally glazed 

spandrel panels being installed in the lower zone (see Figures 5.2.6 (a) and (b)). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A typical all-glass façade with butt joints between the panes is the structural glazing fa-

çade, in which the panes are attached to a mounting frame by a silicon adhesive around 

the entire perimeter. These elements are then hung next to each other onto a special fa-

çade substructure (see Figure 5.2.7). The joints are subsequently sealed with special 

gaskets or sealing compound. Other types of all-glass façades with butt joints include the 

point-attached façade, in which the panes are connected with the façade substructure via 

fixtures through holes at the pane corners, and the cable network façade, in which the 

corners of the panes are attached with the knots of a cable network in front of the internal 

façade skin. 

A distinction is made within all-glass transom-mullion facades with spandrel elements be-

tween back-ventilated and thermally insulated façades. Figure 5.2.8 illustrates the differ-

Figure 5.2.6: All-glass transom-mullion 

 façades (a) with the same type of gla- 

zing in all intermediate spaces and  

(b) with colour-adapted panes in the  

window and the spandrel zone.   

(Source: Internet page of the Interpane  

Company) 
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ence with the help of vertical cross-sections through the façade construction with a win-

dow and a spandrel panel. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The spandrel panels of the back-ventilated façade have a double-layer, opaque construc-

tion. The outer layer consists of a glass pane, which functions as both a façade design 

element and protection against weathering. The inner layer consists of a wall which fills 

the intermediate space in the substructure. It closes the indoor space and insulates it 

thermally from outdoor conditions. The gap from the outer pane to the wall is at least 3 cm 

Figure 5.2.7: Structural glazing façade of the airport in Nice.   

                                        (Source: Internet page of the Interpane company) 

 

Figure 5.2.8: Schematic diagram of a vertical cross-section through the con- 

                      struction of (a) a back-ventilated façade and (b) a thermally insu- 

                      lated façade. 



                                   142 

 

wide, in order to guarantee adequate ventilation of the back surface with outdoor air – 

leading to the designation as a back-ventilated façade. 

In the thermally insulated façade, the spandrel elements consist of identical opaque build-

ing components, so-called spandrel panels that are each constructed of an outer glass 

pane with a thermal insulation batt behind it; the vapour barrier is attached by an adhesive 

to the edges of the glass pane. The panels thus simultaneously function as façade design 

components, weathering protection, room boundary and thermal insulation to outdoor 

conditions. They are mounted in the intermediate spaces of the façade substructure. 

In the case of back-ventilated facades, the outer glass pane of a spandrel panel has a 

ceramic frit coating on surface 2, and often a further weather-resistant, non-selective 

metal oxide coating on surface 1 and/or 2 to ensure colour and gloss matching. If the 

metal oxide coating is on surface 2, the ceramic frit is applied on top of the metal oxide 

coating. In thermally insulating façades, double glass units for the spandrel panels has 

identical solar-control coatings on the same surfaces as the insulating glass units in the 

window zone to ensure colour and gloss matching; in addition, a ceramic frit coating is 

applied to surface 4 for reasons of colour. All panes which are mounted in the spandrel 

zone are required by German building regulations to be made of thermally toughened 

glass. To avoid spontaneous thermal breakage due to nickel sulphide precipitates in the 

glass matrix, the thermally toughened glass must have previously passed the heat soak 

test, i.e. thermal conditioning at 250 °C, so that its function to prevent falling is guaran-

teed. 

The ideal of a homogeneously coloured all-glass façade, which is often envisaged by ar-

chitects, generally cannot be guaranteed in an all-glass transom-mullion façade with 

spandrel panels.  For window glazing with a light transmittance τv> 30 %, as is usual for 

glazing in temperate and cold climatic zones, this is fundamentally impossible due to the 

different backgrounds behind the glazing, even if the same glass units are used in the 

spandrel and the window zones.  The space behind the panes affects the colour which is 

perceived by an outdoor observer for glazing with τv> 30 %.  Thus, it is possible only to 

achieve colour-adapted glazing with this type of façade construction. 

Outlook 

According to EN 410, the solar energy transmittance of solar-control glazing, which is 

manufactured today, is characterised by the constant g value (determined for vertical inci-

dence of solar radiation on the window glazing) and, therefore, the  input of solar energy 

into indoor spaces is structural-physically attenuated the by the constant factor g, regard-

less of the incident solar irradiance. However, it can be foreseen that in future, buildings 

will have to be energy-neutral, at least with respect to air-conditioning, for ecological rea-

sons (see also discussion in Chapter 5.1.3.1). Then, architectural glazing will also be re-

quired to meet the criterion of energy neutrality, which in this case means that the thermal 

transmission losses through the glazing during the heating period (HP) – in the German 

case of a Central European climate – can be compensated within a short period of time 

even if the sky is overcast, and that also the greenhouse effect during periods of high so-

lar irradiance can be avoided. This cannot be achieved with current solar-control glazing. 

However, as has already been discussed at the end of Chapter 5.1.3.1, this can be 

achieved e.g. with windows constructed as double or coupled windows, in which the solar 
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gains can be controlled as required to ensure indoor comfort. This means that energy-

neutral window glaz- 

ing must feature not only a very low Ug value but also a variable g value. 

Figure 5.2.9 shows a coupled window construction which at least comes close to fulfilling 

these requirements, and which is already marketed by façade and window companies, 

although not yet in an “energy-neutral” version. 

The coupled window illustrated in this figure can be understood as a 5-layer construction, 

whereby the outdoor pane forms the first, outer layer, the venetian or roller blind is the 

second layer and the panes of the triple glass unit form the third to fifth layers. This con-

struction has the advantage that the necessary and desired glazing functions are not all 

united in a single layer, as in solar-control insulating glass units today, and thus mutually 

interdependent, but can be allocated to different layers and can thus be adapted more 

flexibly. Accordingly, the outer pane together with the roller or venetian blind as the sec-

ond layer is responsible for the colour design function as well as the variable g value, 

whereas the triple glass unit constituting the third to fifth layers guarantees the necessary 

thermal insulation. Thermal insulation during the night will be improved further if the ve-

netian or roller blind is closed and both surfaces have a low thermal emissivity, e.g. are 

made of or coated with aluminium (ε = 0.05). 

Table 5.2.3 presents light, solar and thermal data determined according to the standards 

EN 673 and EN 410, as well as simulated energy balance values during the heating pe-

riod, Qbal/HP (see Chapter 5.1.3.1). The data characterise a solar-control triple glass unit, 

with a triple-silver coating stack on surface 2 and a single-silver, low-emissivity coating on 

surface 5, as is marketed commercially today, and a double and a coupled window, which 

have both been optimised with respect to solar control and thermal insulation. In simulat-

ing the energy balance values, the same algorithms and the same meteorological condi-

tions were used as for the simulated values of Qbal/HP that were presented for the glazing 

Figure 5.2.9: Coupled window construction (left, photo source: Schüco company) and a vertical  

                     cross-section (right) with additional, low-emissivity coatings on surfaces 1,3,  4,   

                     and 5 (indicated in blue) as required for energy-neutral optimisation 
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in Table 5.1.3.1.5, where positive energy values represent gains and negative values indi-

cate losses. 

Table 5.2.3  

      τv  

    [%] 

     g  

    [%] 

        Ug  

   [W/(m2K)] 

    Qbal/HP  

    [kWh/m2] 

Solar-control triple glass 

unit (62/29) with triple-silver  

coating stack 

     

    55.0 

     

     27 

        

        0.70 

    

      -45.0 

Energy-neutral glazing in a  

double window 
~ 0 – 67.5 ~0 – 50.0        ~0.4         0.2 

Energy-neutral glazing in a  

coupled window 
~0 – 67.7 ~0 – 47.7        ~0.4         1.2 

From the table, it is evident that: 

- All the presented glazing types satisfy the requirements of the current version of the 

German energy-saving regulation. 

- The Qbal/HP values for both window constructions exceed that for currently marketed, 

coated solar-control glazing appreciably. As Qbal/HP > 0, the glazing of both window 

constructions achieves energy neutrality during the heating period. The slightly higher 

value of Qbal/HP for the glazing of the coupled window compared to that of the double 

window is due to the more pronounced solar-collector effect of the coupled window 

when the solar-shading device (venetian or roller blind) is retracted.  The large negative 

value of Qbal/HP for the coated solar-control triple glass unit, despite its low Ug value, is 

caused by the small solar-collector effect of this glazing due to its constantly low g 

value.  Indeed, this glazing is designed to provide stationary overheating protection and 

not to achieve energy neutrality. 

- A value of Qbal/HP> 0 demands variable solar control, i.e. a variable g value. 

- With regard to the light transmittance τv, the values for all three glazing types are simi-

lar when the solar-shading device is retracted. However, the lack of visibility when the 

blinds are closed, i.e. when the solar-control effect is greatest, is a disadvantage. 

The product spectrum of the insulating glass industry will be affected by further develop-

ments determining whether coated solar-control insulating glass units will continue to 

maintain their market position or are displaced in future by the window constructions pre-

sented here, with thermally insulating glazing and additional low-emissivity surfaces. Re-

gardless of the direction which solar-control developments take, it is certain that thermally 

insulating low-emissivity coatings have a long future ahead of them. 

A variable g value is also provided by glazing which undergoes a gradual transition to a 

deeper colour when a voltage is applied, decreasing the g value by increasing the absorp-

tance αe for direct (solar) energy. This type of glazing is based on the physical-chemical 

effect of electrochromism. Electrochromic glazing and its applications are treated in Chap-

ter 6.2.2.. 
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5.3 Antireflecting coatings on flat glass surfaces and their applications 

Antireflection, abbreviated as a rule as AR, is an effect which plays an important role in 
the coated glass types dealt with so far, i.e. thermally insulating glazing (see Chapters 
5.1.3.1 and 5.1.3.2), shielding and anti-static glazing (see Chapters 5.1.3.3 and 5.1.3.5) 
and glazing which attenuates the radar echo (see Chapter 5.1.3.4). On the one hand, anti-
reflection is used here to increase the spectral transmittance τ(λ), according to the radia-
tion distribution equation τ + ρ + α = 1 (see Chapter 5.1.1.2), by reducing the spectral re-
flectance ρ(λ) in a given wavelength range. Products with low-emissivity coatings, for in-
stance, make use of this principle in the visible wavelength range. On the other hand, anti-
reflection is used to reduce disturbances due to the reflection of radiation from flat glass 
surfaces. The attenuation of the radar echo, i.e. the reduction of the reflection of radar 
waves ρrad, serves here as an example of the range of long wavelengths (λ ~ 30 cm). In 
both cases the focus is on the reduction of the reflectance at a particular wavelength or in 
a wavelength range. 

Subject of this chapter is antireflection of the flat glass surfaces itself in the range of visi-
ble light or the solar spectrum. It is or can be a component of the following products: 

- High-Quality picture-frame glazing  

- Cover panes for the conservation of valuable church windows 

- Glazing for rooms, cabinets and vitrines where glare effects are considered to be dis-
ruptive, i.e. in shop windows, display cabinets, studios, vehicles, sport arenas etc. 

- Front panes of monitors, displays and transparent switches 

- Cover panes for solar collectors and photovoltaic modules 

In the case of cover panes for solar collectors and photovoltaic modules, antireflection can 
improve the efficiency of these products, due to increased transmission. With the other 
products, antireflection reduces glare from the glass surface and thus enhances the con-
trast when looking at objects behind glass panes or at displays. 

The reason of glare is that glass panes have a single-sided reflectance of about 4 % in the 
visible range, due to their real refractive index nG = 1.52 according to the FRESNEL equa-
tion 

 

 

 

and thus a total reflectance of approximately 8 %. Objects seen through ordinary panes 
show, therefore, low contrast especially when the panes are irradiated by high light or 
solar radiation. This effect can be considerably reduced by antireflecting the pane sur-
faces in the visible range. Figure 5.3.1 demonstrates this by contrasting a picture-frame 
glazing with ordinary and antireflected panes. 

It has to be noticed that the market of the three products mentioned above at first which 
predominantly reduce glare is very limited. It can be said that they are and will also remain 
niche products for high-quality applications in the future. The market for the other glass 
types mentioned above (especially front panes for transparent switches and cover panes 
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In case (a) of Figure 5.3.1.2, the interfering light waves 1 and 2 have identical phases, 
which cause an enhanced resulting wave 3. When additionally both waves have identical 
amplitudes, the amplitude of the resulting wave 3 is exactly doubled. In case (b) one of the 
interfering waves has again identical amplitudes, however, its phase is shifted by 180°, i.e. 
half a wavelength. The resulting wave 3 is thus extinguished. 

Note: An electromagnetic wave undergoes a phase shift of λ/2 when it is reflected from the inter-

face of a medium with a lower real refractive index to one with a higher refractive index. 

Case (a) in Figure 4.3.1.2 is known as ‘constructive interference’, case (b) as ‘destructive 
interference’. Both ideal cases can be created with a suitable coating deposited onto the 
flat glass surface. Constructive interference is used for mirror coatings on flat glass (see 
Chapter 5.4.2). Destructive interference is of interest for the antireflecting coatings dealt 
with in this chapter. 

The high-quality antireflection of flat glass surfaces in the visible range is predominantly 
achieved by destructive interference generated by means of single layers or up to sextu-
ple layer systems where the individual layers consist of low-absorptive dielectric material 
which is characterised by a real refractive index n > 1 and an extinction coefficient k ~ 0 in 
the wavelength range in question.  

 

Antireflection of flat glass panes by destructive Interference 

a) Single layers 

Provided the light is incident perpendicular to the surface, the amplitude condition for anti-
reflection with a single layer is  

                              n2 = nG 

where n is the real refractive index of the antireflection layer and nG that of the glass 
pane in the visible wavelength range. The corresponding phase condition is  

                             n ∙ d = λ/4 

where λ is the selected wavelength in the visible range. n·d is referred to as the ‘optical 
thickness’. Layers which meet these conditions for a selected wavelength suppress reflec-
tion entirely, i.e. the reflectance ρ(λ) = 0. However, the reflectance increases as the wave-
length rises or falls. 

From the amplitude condition for single layers, it follows that optimum antireflection i.e. 
minimum spectral reflectance, can be achieved with a layer which has a real refractive 
index n = 1.23 and simultaneously a layer thickness d = 112 nm, according to the corre-
sponding phase condition for the selected wavelength λ = 0.55 µm, i.e. in the centre of the 
visible range. However, for layers with the same real refractive index and layer thickness, 
the reflectance increases for higher or  lower wavelengths as λ = 0.55 µm.  

Figure 5.3.1.3 shows how the reflectance for single layers with real refractive indices n > 
1.23 behave in dependence on the optical thickness n·d. It follows from this figure: 
- For single layers with a real refractive index in the range from 1,23 to 1.52, i.e. lower 

than that of glass panes, antireflection can be achieved. The maximum of antireflection, 
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however, drops with increasing n and, according to the phase condition n·d = λ/4, the 
wavelength for the maximum of antireflection depends on the layer thickness d. 

- Single layers with n > 1,52 increase the reflectance ρ(λ) in dependence on the layer 
thickness and wavelength. 

 

 

 

 

 

 

 

 

 

 

 

 

 
As depicted above, for optimum antireflection of glass panes in the visible range, single 
layers should have a real refractive index n =1.23. However, low-absorptive dielectric 
layer materials with a real refractive index n = 1.23 in the visible range are as yet un-
known. Magnesium fluoride (MgF2), with a real refractive index of n = 1.38, comes closest 
to fulfilling the requirements. Consequently, this material is widely used for industrial ap-
plications and, especially, for antireflection of spectacle lenses for a long time. Layers of 
this material also exhibits the necessary hardness and resistance to abrasion, as well as 
good chemical stability.  

 

 

 

 

 

 

 

 

 

 

 

 Figure 5.3.1.3: Reflectance curves of dielectric single layers on flat  

                         glass with different real refractive indices n in depen- 

                         dence on the optical thickness n·d 

Figure 5.3.1.4:  Spectral reflectance curve of a flat glass surface anti- 

                         reflected with a single MgF2 layer compared with the  

                         spectral reflectance of an uncoated flat glass surface  

                         in the visible range 
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Figure 5.3.1.4 shows the spectral reflectance curve in the visible range of a flat glass sur-
face antireflected with a single MgF2 layer compared with the spectral reflectance of an 
uncoated glass surface. Indeed, the spectral reflectance ρ(λ) is not reduced to zero; how-
ever, the antireflection efficiency is considerable. According to the optical thickness n·d = 
λ/4, the layer thickness d of the MgF2 coating in this figure was selected to 100 nm in such 
a way that the maximum of antireflection lies in the centre of visible range, i.e. at a wave-
length of 0.55 mm. Naturally, both surfaces of the spectacle lenses must be coated with 
MgF2 to achieve optimum antireflection. From the beginning, spectacle lenses were 
coated by thermal evaporation (see Chapter 4.2.2.4) 

 
b) Triple layer systems 

The amplitude condition for a triple layer antireflection system based on low-absorptive 
dielectric layers with the real refraction indices n1, n2 and n3 and the corresponding layer 
thicknesses d1, d2 and d3 (see Figure 5.3.1.1) is 

n1
2 ∙nG = n3, 

assumed vertical light incident. There are several possibilities for the corresponding phase 
condition. For the layer systems most frequently used for antireflection of flat glass panes, 
it is 

                                   n1 ∙d1  and  n3 ∙ d3 = λ/4  or  n2 ∙ d2 = λ/2. 

The design of a triple layer system which has been used for a long time, e.g. from the 
Schott company, has the layer stack  

glass/SiO2-TiO2/TiO2/SiO2  

where the silicon dioxide layer has a real refractive index n1 = 1.46 and an optical thick-
ness n1·d = λ/4, the titanium dioxide layer has a real refractive index n2 = 2.30 (anatase 
structure) and an optical thickness n2·d = λ /2, and the mixed TiO2-SiO2 layer has a real 
refractive index n3 = 2.00 and an optical thickness n3·d = λ /4. From the amplitude condi-
tion for triple layer antireflection systems, it follows that the antireflection for a selected 
wavelength λ is independent of the real refractive index n2 of the intermediate layer. This is 
only true for the selected wavelength. However, to ensure sufficient antireflection at the 
boundaries of the visible range as well, i.e. for larger or smaller wavelengths than the se-
lected ones, the real refractive index of the intermediate layer is of major significance. 

Figure 5.3.1.5 shows the spectral reflectance curve in the visible range for the low-
absorptive dielectric layer system glass/SiO2-TiO2/TiO2/SiO2 on both surfaces of a glass 
pane, compared with the spectral reflectance of an uncoated pane. From the figure, it fol-
lows that in comparison to the antireflecting single layer (see Figure 5.3.1.4) the antireflec-
tion with the triple layer occurs nearly as far as to the boundaries of the visible light, i.e. it 
is more broadband antireflected; therefore, this antireflection is superior to that of the sin-
gle layer. 

The coating of this antireflecting triple layer system is executed by the SCHOTT company 
with the sol-gel dipping process (see Chapter 4.3.3) for a long time. This coating process 
has the advantage that both glass surfaces are deposited simultaneously. The SCHOTT 
company markets predominantly these antireflected glass panes for high-quality glazing of 
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picture frames, show cases, shop windows, sport arenas and cover panes for the conser-
vation of church windows. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

c) Quadruple and sextuple layer systems 

By means of a more sophisticated antireflection with low-absorptive dielectric layer sys-
tems involving up to six layers, the spectral reflectance ρ(λ) in the visible range can be 
reduced generally, and in particular at its boundaries. This means that the antireflection in 
the entire visible range can be improved, i.e. the antireflection is still more broadband. 
These high-quality layer systems consist of alternate layers with a low and high real re-
fractive index, nH and nL respectively, in the visible range. A high real refractive index 
means here nH > 2. This condition is fulfilled, for example, by the materials titanium diox-
ide (TiO2) with n = 2.2 - 2.6, tantalum pentoxide (Ta2O5) with n = 2.17 and zirconium diox-
ide (ZrO2) with n = 2.1. As materials with a low real refractive index (nL < 2) magnesium 
fluoride (MgF2) with n = 1.38 and silicon dioxide (SiO2) with n = 1.46 are used. It is impor-
tant for antireflection that the uppermost layer always has a low real refractive index.  

Figure 5.3.1.6 shows the spectral reflectance curve in the visible range of a flat glass pane 
which is antireflected with the quadruple layer system glass/TiO2/SiO2/TiO2/SiO2 and in 
Figure 5.3.1.7, in comparison, that of an antireflecting sextuple layer system based on the 
layer sequence silicon nitride/silicon oxide. The comparison of the Figures 5.3.1.6 and 
5.3.1.7 shows that the bandwidth and, therefore, the colour neutrality of the antireflecting 
coating observed in reflection increases with growing of number of layers. The last one is 
true because the reflection curves run always more horizontally with the number of layers 
in the visible range, i.e. the reflection is nearly equally reduced by antireflection for all 
wavelengths in the visible range. Due to the higher real refractive index of the titanium 
dioxide in the quadruple layer system in comparison to that of the silicon nitride in the sex-

   Figure 5.3.1.5:  Spectral reflectance curve for the layer system SiO2-       

                           TiO2/TiO2/SiO2  on both surfaces of the flat glass pane,    

                           compared with the spectral reflectance of an uncoated flat 

                           glass surface in the visible range   

                                                               (Source: SCHOTT GLASWERKE MAINZ) 

(µm) (µm) 
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tuple layer system, disregarding the boundaries, a higher antireflection can be achieved 
with the quadruple layer system in the centre of visible range in comparison to the sextu-
ple one with a lower number of layers. 

Today as a rule, the coating of the antireflecting quadruple and sextuple layer systems is 
executed by magnetron sputtering processes (s. Chapter 4.2.1.7) and, newly, by plasma-
activated chemical vapour deposition, abbreviated as PACVD (see Chapter 4.4). The 
deposition costs of both layer systems deposited with both processes are still very expen-
sive. But, it is expected that the coating costs especially for the PACVD process can be 
considerably reduced due to the higher deposition rate and the lower process-technical 
expenditure.  Especially, the hope is that it may be possible to deposit economically by 
PACVD the front panes of modern mobile communication devices (e.g. iPads, iPhones, 
Smartphones, Tablets etc.) with such a high-quality antireflected layer system. Addition-
ally, there is proposed to deposited a seventh diamond-like (DCL) or Teflon-like layer 
which protects the antireflecting coating beneath against scratching. This additional layer 
makes the layer system more mechanical resistant as well as easier to clean for finger-
prints (see Chapter 5.5.2). 

Where antireflection layer systems with more than three layers are used, the variety of 
possible combinations of layers is almost unlimited. With such multi-layer systems spec-
tral reflectance values ρ(λ) of less than 0.25 % in the visible range can be accomplished. 
However, attention should be paid that the requirements to the layer thickness and the 
layer evenness of the single layers in the layer systems increase with the number of single 
layers in order to guarantee the desired antireflection and colour neutrality. In order to 
guarantee this, the optical thickness n·d of each single layer of the layer system should 
not deviate more than 1%. In many cases ITO or other TCO layers are integrated into 

Figure 5.3.1.6: Spectral reflectance curve of a flat 
                        glass pane antireflected in the  
                        visible range with the quadruple  
                        layer system    
                        glass/TiO2/SiO2/TiO2/SiO2 

            (Source: BEISSWENGER, BRÄUER, DICKEN and   
                SZCZYRBOWSKI) 

 Figure 5.3.1.7: Spectral reflectance curve of a 
                         flat glass pane antireflected in  
                         the visible range with a sextuple  
                         layer system with the layer se- 
                         quence Si nitride/Si oxide 

                                   (Source: Madocks, J., Ngo, Ph.) 
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these layer systems in order to achieve electrical conductivity at the same time. Coatings 
involving conductive layers are used to produce high-quality anti-static glass (see Chapter 
5.1.3.5), shielding glazing (see Chapter 5.1.3.3), transparent switches (see Chapter 
5.1.3.7), opto-electronic displays (see Chapters 6.1.1 and 6.1.2) or also photovoltaic cells 
(see Chapter 7). 

The optical properties of the antireflecting coatings on flat glass can be described and 
simulated very well with the admittance method explained in Appendix A I. Antireflection 
with a single layer, for instance, is shown in Figure A I.3 with the admittance circle for n = 
1.2. It can be seen that the admittance circle for n = 1.2 starts at the glass point Re(Y) = 
1.5 and ends for the optical thickness n·d = λ/4 (= semi-circle) almost at the vacuum point 
Re(Y) = 0. The antireflection of a flat glass surface with a triple layer system is shown in 
Figure A I.7. It can be seen why the real refractive index n2 of the middle layer of triple 
layer antireflection systems does not play a role in the selected wavelength λ. The corre-
sponding admittance circles always start and, with the optical thickness n·d = λ /2 of the 
layer, also end at the same point, independent of the real refractive index n2. However, for 
the antireflection of the layer system at the boundaries of the selected wavelength, the 
middle layer is very important. It can also be seen that for multiple layer antireflection sys-
tems, the uppermost layer must always have a low real refractive index. The antireflection 
effect of absorbing layers can be explained with the help of curves, as indicated in Figure 
A I.5. 

c) Gradient coating 

It is worth noting that a ‘gradient coating’ has been developed to antireflect flat glass and 
can be now deposited onto large flat glass panes on an industrial scale. A gradient coat-
ing is a single layer with a real refractive index n which decreases linearly from a defined 
value, e.g. 1.46 to 1, i.e. from the real refractive index of Si dioxide to that of air. Theoreti-
cally, such a coating allows the spectral reflectance of the glass surface for a selected 
wavelength λ to be reduced to 0. In contrast with an antireflecting single MgF2 layer, a 
minimum spectral reflection of only a little above 1 % can be achieved theoretically (see 
Figure 5.3.1.4). The technical application of these gradient coatings is not new. However 
till recently, it was not possible to deposit them onto large area flat glass. Nevertheless, 
these coatings must also fulfil the amplitude and phase conditions for a single layer (see 
above). Instead of the constant real refractive index an effective refractive index neff, i.e. a 
mean value over the entire layer thickness, must be set at calculations. This effective re-
fractive index can be calculated according to the equation 

neff
2 = nG. 

A gradient coating with optimal antireflection must thus have an effective refractive index 
neff of 1.23 in the visible range. From the corresponding phase condition 

neff ∙ d = λ/4, 

it follows for the selected wavelength λ = 0.55 µm that the layer must have a thickness of 
110 nm. These are the same values which have to be fulfilled by an optimal single layer 
antireflecting coating with a constant refractive index of 1.23. However, it was said before 
that there is as yet no suitable low-absorptive, dielectric material with a real refractive in-
dex n = 1.23 in the visible range. 
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Low-absorptive, dielectric gradient coatings with an effective refraction index below 1.52 in 
the visible range can be generated by finely incorporated air (micro-blisters) in the silicon 
dioxide layer, where the concentration of these air blisters increases continuously towards 
the layer surface. Because air has the real refractive index of 1 and that of SiO2 is 1.46, it 
is ensured by a continuous increase of the micro-blisters that the real refractive index of 
the layer approaches the value 1 towards the layer surface. The system air-SiO2 behaves 
optically like a homogeneous material and if the size of the blisters is smaller than the 
wavelength of light, the light rays are not scattered and thus no haze can be observed.  

Gradient coatings can be manufactured, for instance, with an organically modified SiO2 sol 
based on alcohol, where the porous layer morphology is generated by hydrolysis cata-
lysed with a lye, and the condensation of silicon alcoholates. A possible coating method is 
the sol-gel process using the dipping technique and a subsequent conversion of the hy-
drolysed gel film into an inorganic SiO2 layer by firing at temperatures of up to 500°C (see 
also Chapter 4.3.3). Today, more economic manufacturing processes of such coatings are 
applied, however, based on the deposition of porous Si dioxide layers with PACVD 
whereas materials are incorporated in this layer which evaporate during a subsequently 
thermal treatment, e.g. during a subsequent ESG process (see Chapter 1.4.2) leaving 
back air-filled holes in the layer. Thus, a desired refractive gradient can be generated by a 
porous layer morphology. Additionally, the mechanical resistance and adherence of the 
so-manufactured Si oxide layers is increased by a thermal treatment.   

 

 

 

 

 

 

Figure 5.3.1.8 shows the spectral reflectance curve of a gradient Si dioxide layer on a flat 
glass surface in the visible range deposited by such a PACVD process in comparison to 
an uncoated glass surface. Such coatings were developed especially for highly transpar-

Figure 5.3.1.8 Spectral reflectance 
curve of the gradient layer of the 
product iplus HT (product iplus HT of 
the Interpane company) on the sur-
face of a flat glass spane in compari-
son to an uncoated glass surface in 
the visible range 

(Source: Interpane company; Germany)

Figure 5.3.1.9 Spectral transmittance 
curve of a low iron pane coated by an 
antireflecting gradient layer  in com-
parison to an uncoated pane in the 
solar range 

(Source: Interpane company; Germany) 
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ent cover panes for equipments in combination with the conversion of solar energy. For 
this application, low iron glass panes are used as a rule. In Figure 5.3.1.9, the increasing 
of the transmittance of such a pane is depicted which is coated by such a one-sided de-
posited gradient coating. Although the increasing of transmittance is only 2% in the centre 
of the solar radiation spectrum, the market acceptance of these panes with such an antire-
flecting coating shows that their cost-benefit ratio is positive. 

The antireflection effect of such a gradient coating can again be very satisfactorily ex-
plained through the admittance method (see Annex AI). The corresponding admittance 
curve can be represented by a line on the real admittance axis starting at the glass point 
Re(Y) = 1.5 and ending at the vacuum point Re(Y) = 1 with the spectral reflection 0 (see 
Figure AI.3). 

The basic disadvantage of all antireflecting coatings which are based on interference ef-
fects is that  

- local impurities or dirty spots such as fingerprints are highly visible, 

- the antireflection effect depends on the angle of light incidence. 

Impurities and dirt spots may act like additional layers and thus cause reflectance to be 
altered, which is why they are so visible. In the last years, the development of large area 
coating with antireflecting coatings veers towards to deposit  the uppermost layer of an 
antireflection layer system with a ‘easy-to-clean’ material (see Chapter 5.5.2)., as such 
layer systems have already been in use for antireflected spectacle lenses for some time. 
This makes especially sense if the antireflecting coating is permanently touched by fingers 
as at all modern communication devices. The dependence of the antireflection effect on 
the angle of light incidence results from the fact that the angle of incidence causes the 
optical thickness   n·d to vary. Hereby, the degree of the surface antireflection is changed. 
This serves as an identifying feature for antireflecting coatings based on interference ef-
fects and is not a fault. 

The requirements for antireflecting coatings for optical applications in conjunction with 
antireflected flat glass are set out in DIN 58197-1. It specifies the requirements concerning 
optical properties, mechanical, chemical and climatic resistance, as well as the permissi-
ble layer faults. The requirements for the optical properties of antireflecting coatings de-
pend on the shape of the spectral reflectance curve in the visible range. A distinction is 
made between the U shape, the V shape and the W shape. A U shape spectral reflec-
tance shows a single antireflecting layer as depicted in Figure 5.3.1.4. A V shape spectral 
reflectance is typical for multiple layer systems as seen in Figures 5.3.1.6 and 5.3.1.7. 
Figure 5.3.1.5 shows a W shape spectral reflectance. Depending on the shape and also 
on the real refractive index of the layer material, the spectral reflectance must not exceed 
a maximum value at the selected wavelength λ and at an angle of incidence of 15° (see 
Table 2 in DIN 58197-1). For the coatings which have a W-shaped curve, the wavelength 
limits λ1 and λ2 of the spectral range in which the reflectance is reduced must be specified. 
Because the antireflectiing coatings are always applied to the external surface of the flat 
glass pane and are thus directly exposed to the environment, the requirements made in 
terms of their mechanical and chemical stability are particularly strict. These may vary 
depending on the actual application. Because they are so fundamental to thin film layers, 
Chapter 5.6 is devoted entirely to these problems. 
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disadvantage of panes which are antireflected in this way is that they can only be used 
where the object viewed is situated directly behind the pane, e.g. as front glazing for dis-
plays, picture frame glass and transparent switches (see Chapter 5.1.3.7), because such 
panes are restricted to near transparency. However, the light scattering slightly impairs 
the clarity at the same time. Assuming a 100 % clarity with non-treated glass, the clarity 
value of panes antireflected by such an etching is diminished to approximately 70 %. This 
value is tolerated for mass products such as picture-frame glass. The greatest problem for 
the manufacturing of antireflected glass by etching is the ecological impact caused by the 
etching agent HF, which is the strongest known acid.  

Table 5.3.2.1 compares the properties important for the evaluation of the antireflection 
quality of glass which is antireflected through the etching technique with those of non-
treated glass.  

 

 

 

 

 

 

 

 

 

 

In the years ahead, it was tried to antireflect flat glass surfaces by their structuring with an 
ecologic less problematic process on the basis of the sol-gel technique (see Chapter 
4..3.3). The coating process is characterised by the precipitation of tin dioxide (SnO2) par-
ticles with a diameter in the range of nanometer in  a silicon dioxide layer during the depo-
sition process. This is referred to as ‘nano-particular precipitation’. Although the attainable 
properties are nearly comparable to those achieved by the above mentioned etching 
process, the coating process is not applied industrially so far. 

Recently, it was reported in the literature about a hierarchically structured glass surface 
manufactured by etching methods which combines micro- and nanoscale surface features 
to simultaneously generate antiglare, antireflection and also super-hydrophobic properties 
(see also Chapter 5.5). Because soiling on hydrophobic surfaces is less adherent due to 
the weak binding of soiling on hydrophobic surfaces, especially super-hydrophobic sur-
faces are referred to as ‘easy-to-clean’ in the scientific language use. In Figure 5.3.2.2, 
the diagram of an Atomic-Force-Microscopy scan (AFM-scan, see Chapter 3.2.3) of a 
glass surface is depicted which is manufactured by such etching methods and, inserted in 
the figure, as well the electron-microscopical picture of a vertical section through such a 
manufactured surface area as a water drop on such a surface with super-hydrophobic 
property having a contact angle of 165° for water.  

properties non-treated 

glass 

etched 

glass 

transmittance        (%) 93 ± 0.05 92 ± 0.05 

haze                      (%) 0.13 ± 0.02 1.5 ± 0.12 

clarity                    (%)         100 - 0.01 69 ± 0.51 

light reflectance    (%) 8 - 9 6 - 7 

root means square 
heigh                   (µm) 0.03 ± 0.009 1.06 ± 0.1 

      Table 5.3.2.1:  Antireflective properties of etched glass com-  

                              pared with non-treated glass.  

                              (Pane thickness 4 mm)  
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About the manufacturing of such a hierarchically structured surface, the following is re-
ported: By means of a polymer mask, a first etching is executed on the micro-scale (lateral 
length scale 1 - 100 µm, vertical length scale 10 - 500 nm) with hydrofluoric acid. After-
wards, a mask of copper is sputtered with a thickness of 8 nm on the first etching which is 
subsequently thermally treated. Thereafter, a second etching is carried out with a vacuum 
plasma process which results in a columnar structure on the nano-scale (lateral length 
scale 10 – 300 nm, vertical length scale 10 - 300 nm). For increasing the mechanical sta-
bility, e.g. against wipe cleaning, the as-treated flat glass surface is chemically hardened 
finely.  

The optically relevant properties of a glass surface treated by such etching processes 
depend considerably on the preparation of the masks and the execution of the plasma 
etching. However, it can be summed up that in comparison to the above mentioned con-
ventional etching only the clarity is improved which is, however, considerably higher due 
to the columnar structure of the surface achieved by the plasma etching. Such a struc-
tured surface is also known as ‘moth-eye-surface’. This and the easy-to-clean effect due 
to the super-hydrophobic surface are the essential advantages of this development.   

The developer emphasise that the above described manufacturing method of a hierarchi-
cally structured and as well antireflecting as simultaneously super-hydrophobic surface 
can be transferred without lithographical process steps onto large area glass surfaces; 
therefore, it  is asserted to be economic. As-prepared flat glass panes are especially pro-
posed for front panes of all mobile communication devices which can be polluted by fin-
gerprints, e.g. touch screens etc., for which exist a remarkable market. Due to the high 
manufacturing cost at the moment, it remains to be seen if the development gains accep-
tance in the future. 

 Figure 5.3.2.2: AFM picture of a hierarchic etched glass surface, 

                       inserted: (left) cantact (CA) angle on this surface,  

                         (right) vertical section through the etched flat glass sample 

 (Source. Tulli, D.; Hart; Sh. D.; Mazumber, P.; Carrillero, A.; Tian,  L.; Koch, K.W. ; 

   Youngsunthon, R.; Piech, G. A.; Pruneri, V.) 
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Just as for conventionally antireflecting glass surfaces so also for antireflected glass 
panes based on such a structured surface, the influence of soiling on its visibility on the 
surface remains. Therefore, an additional super-hydrophobic surface property, i.e. easy-
to-clean property, can promote the application for all anti-reflected glass surfaces.    
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5.4 Mirror coatings and their applications 

Mirrors in the form of polished bronze sheets or natural glass-like materials, e.g. obsidian, 

were already known during the period of Classical antiquity. Glass mirrors with a reflecting 

metal layer were first manufactured in Murano (Venice) in the 13th century. The type of 

mirror which is most widespread today is the silver (Ag) mirror. Its manufacturing is re-

ferred to as silvering process (see Chapter 4.3.1.2). This process was developed by the 

chemist JUSTUS VON LIEBIG in the middle of the 19th century. For the standard product, Ag 

layers are deposited onto clear glass. Coloured mirrors are made in the same way, except 

that tinted flat glass panes are coated. 

Besides Ag, the metals aluminium (Al), chrome (Cr), and previously also gold (Au), are 

used to manufacture mirror coatings. Mirror coatings are not only made from metallic ma-

terials, there are also mirrors with dielectric, i.e. electrically non-conductive layer systems 

where the reflection effect is based on constructive interference (see also Chapter 5.3.1). 

In terms of quantity, mirror coatings are the second most important after low emissivity 

coatings. Currently, about 110 million m2 flat glass panes are silvered per year world-wide 

and sold as mirrors. Roughly a third of this quantity is sold in the USA, another third in 

Western Europe and the remaining third throughout the rest of the world. The main appli-

cations for Ag mirrors, including coloured mirrors, are 

- Furniture decoration 

- Mirrors for bathrooms 

- Ornamental and framed mirrors for interior decoration 

- Rear-view mirrors in vehicles 

- Pocket mirrors and fashion accessories 

- Display cabinets, shop-windows etc. 

- Technical applications, e.g. power stations which convert solar energy into thermal 

energy  

Before the political changes, in the countries of Central and Eastern Europe Al mirrors 

rather than Ag ones were the standard for economic reasons. At that time, for these coun-

tries the metal Ag was one of the products which was sold in order to acquire foreign cur-

rency. Afterwards, it was again substitured by Ag mirrors. Today, it is observed that espe-

cially in China Al mirrors are produced for common use. Apart from that, Al mirrors are 

now mainly used in high-quality technical products such as photocopiers, cameras, over-

head projectors, lasers etc. Chrome mirrors were used for non-dazzling rear view mirrors 

in vehicles. Mirrors coated with dielectric layer systems have so far only been used as 

vehicle mirrors and for special technical devices and equipments.  

5.4.1 Mirror coatings based on metallic layers 

The classic design of Ag mirrors set out in the old DIN 1238 is shown in Figure 5.4.1.1. It 

consists of a multi-layer system. The functional Ag layer is deposited directly onto the flat 

glass surface. In order to prevent corrosion, it is protected in its classic form with a copper 

(Cu) layer, a primer and a cover lacquer coating. Light is thus reflected from the glass-

silver interface as well as from the uncoated glass surface. This type of mirror is known as 
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a ‘back-side mirror’. If the reflective coating is applied to the front surface of the glass 

pane, it is known as a ‘front-side mirror’. 

 

 

 

 

 

 

 

 

 

 

 

In DIN 1238, the design and materials of a Ag mirror were precisely regulated. Thus, for 

instance, a gravimetrical Ag deposit of >0.7 g/m2 is prescribed corrospendimg to a layer 

thickness of ~67 nm relating to an Ag layer with the density of bullk material. Such an Ag 

layer is, therefore, twice as thick as in comparison to an Ag layer with maximum dense 

material, i.e. bulk-material, for achieving a light reflectance of 83% demanded in DIN 

1238. As depicted in Chapter 4.3.1.2, the Ag mirrors are produced by a chemical reduc-

tion process directly on the glass surface, as a consequence that the layer thickness fluc-

tuates across the pane surface. Furthermore, the density of the Ag layer is lower than that 

of the bulck material. Therefore, in this case the Ag layer is translucent despite consider-

able thickness. In order to guarantee the demanded light reflectance, it is necessary to 

deposite a higher layer thickness as would be necessary for uniformly and bulk-like dense 

layers. 

Note: The spectral reflectance of an Ag layer applied on an Ag mirror is more or less identical to 

that of bulk Ag. According to the definition of thin film layers, the Ag layer in the Ag mirror would be 

categorised as a thick film coating. Nevertheless, it is discussed in this book because its optical 

function can be described with the same physical effects as are used to describe that of thin film Ag 

layers mentioned above. Regarding their function, Ag mirrors can be seen as a borderline case of 

thin film layers. The primer and lacquer coatings on top of the metal layers are also thick film coat-

ings. 

The Cu layer of the Ag mirror according to DIN 1238 has a deposit of >0.2 g/m2. It has the 

function to protect the Ag layer against corrosion influenced, for instance, by oxygen, hu-

midity and sulphur compounds in the surrounding atmosphere which can penetrate 

through the lacquer coatings. The Cu layer quasi acts as a sacrifice layer; it delays the 

corrosion of the Ag layer. The reason for this is that the chemical affinity between copper, 

oxygen and sulfur, respectively, is considerably stronger than that of Ag with those reac-

tants. This is in principle the same protective effect as between zink and iron for galva-

nised iron. A further advantage of the Cu layer is that the adherence between the lacquer 

coating and the Cu layer is stronger than to the Ag layer. Furthermore, the Cu layer has a 

Figure 5.4.1.1: Desing of a conventional Ag mirror according to DIN 1238 
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gliding effect for the lacquer coating when it shrinks during curing so that both metal layers 

do not peel from the glass pane surface. 

The lacquer coatings have the function to protect the Ag-Cu layer system against damage 

and corrosion. The undermost lacquer coating contains as a rule an oxidising lead content 

and, therefore, acts quasi as a sacrifice coating by binding penetrating oxygen and humid-

ity. Because unprotected Ag layers are not ageing resistant in surrounding atmosphere - 

and this could also not be solved so far by transparent protecting layers -, Ag mirrors can 

be applied only as back-side mirrors till today.  

It should be noted that when Ag mirrors are cut to size, the Ag layer is exposed at the cut 

edges and is thus liable to corrosion. Thus, as far as ageing resistance is concerned, the 

cut edge is the weakest point of Ag mirrors and this is still enhanced by the Cu layer. This 

is particularly problematic if the mirrors are used or stored in moist environments or where 

inappropriate cleaning materials are used. However, it has to be noticed that the corrosion 

resistance of modern Ag mirror designs has considerably increased.  

Since DIN 1238 has been replaced by DIN EN 1036-1, considerably economic progresses 

were achieved with Ag mirrors. DIN EN 1036-1 only prescribes the minimum light reflec-

tance ρ of 83% for an Ag mirror and the requirements of the mechanical and chemical 

resistance. It no longer contains regulations concerning the design of the mirror coating 

and the thicknesses and materials of the individual layers and films. For the validation of 

the requirements, the necessary tests are also set out in DIN EN 1036-1. The coating 

process for Ag mirrors according to Figure 5.4.1.1 is critised because it is ecologically 

problematic and causes high expenditure for the recycling and disposal of wast material 

accruing during the coating process, as well as for the disposal of Ag mirrors themselves.  

Therefore, it was tried in the recent years to design more ecologically friendly coating 

processes for Ag mirrors. Thus, it is currently industrially possible to replace the function 

of the Cu layer, the deposition of which is especially ecologically problematic due to the 

release of ammonia, by a passivation of the Ag layer, also referred to as ‘deactivation’. 

This can be realised, for instance, by spraying on the Ag layer a thin layer of a bivalent 

(Sn(II)) compound on which is deposited afterwards an appropriate adherence/protection 

layer of a silane polymer. For reasons of ecological recycling, lead-free lacquer coatings 

are also deposited today for protection of the Ag layer. The newest trend of the develop-

ment of Ag mirrors is to cover the Ag layer exclusively with a polymer/lacquer coating for 

protection of the Ag layer against corrosion and mechanical attack. It is reported that Ag 

mirrors are currently still economic to produce with the chemical reduction process on the 

basis of the spraying technique (see Chapter 4.3.1.2). 

The reflection properties of Ag layers have already been mentioned in Chapter 5.1.1.1. 

With an increasing layer thickness, the plasma resonance edge shifts from the infrared to 

the ultraviolet range, due to the increasing electrical conductivity of the layer. This causes 

the spectral reflectance to increase in the visible range with increasing layer thickness 

also due to the low light absorptance of Ag layers. In Figure 5.4.1.2, this is depicted by the 

curve of spectral reflectance of a typical Ag mirror layer compared with that of a single, 12 

nm-thick Ag layer in the range of solar radiation, measured from the uncoated glass side. 

From this figure, it can be estimated that the light reflectance of the single, 12 nm-thick Ag 

layer is on average only half as thick as that of the considerably thicker mirror layer. The 



                                   163 

 

decrease in reflectance in the near infrared range (λ ~ 1.15 µm) can be traced back to the 

absorption in the glass pane due to its iron content. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The largest proportion of light reflectance of an Ag mirror is caused by reflection at the 

glass-Ag interface, i.e. at the back-side of the pane (ρback). The front-side of the pane 

(ρfront) contributes 4 % to the light reflectance in the visible range (see Figure 5.4.1.1). 

Provided that multiple reflections from the glass surfaces can be ignored, it follows more 

precisely for the resulting light reflectance ρres of a back-side mirror:  

                                ρres = ρfront + (1− ρfront)⋅(1 − αglass)2⋅ρback 

where αglass is the light absorptance of the glass pane. With this equation it can be as-

sumed that, because of the absorption in the glass pane (which is low but cannot be dis-

regarded entirely), the light reflectance ρres of a back-side Ag mirror must always be lower 

than that of a front-side Ag mirror. In approximation, it follows for an Ag mirror:  

                              ρres = ρback⋅(1 − 2αglass). 

In addition, the reflections from two interfaces cause the contours of a mirror image to be 

shifted slightly at oblique light incidence. This effect is not a problem for common mirrors. 

However, where mirrors are used in highly-precise optical instruments, such as photo-

copiers and cameras etc., the blurred image is not accepted. This is why front-side mirrors 

are used for these applications. 

Al layers and dielectric layers (the latter are discussed in Chapter 5.4.2) are an alternative 

to the traditional Ag layers used in mirror manufacturing. As stated above, Al mirrors were 

used to be common products in the countries of Central and Eastern Europe before the 

political changes in the late 1980s. The Al layers were deposited by thermal vapour depo-

sition. Experiments with the production and marketing of common Al mirrors were also 

made in the Western world. Inline magnetron sputtering (see Chapter 4.2.1.7.2) is cur-

rently a suitable coating process for their production. However, Al mirrors have not yet 

Figure 5.4.1.2:  Spectral reflectance curve of a typical Ag mirror in the range  

                          of solar radiation, compared with a single, 12 nm-thick Ag  

                          layer on flat glass, measured on the uncoated glass side    

                                                                                       (Source: P. GROSSE) 
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been successful on the market as common mirrors. The reasons for this are that, as men-

tioned above, Ag mirrors manufactured using the chemical reduction process are still 

more economic, and consumers also prefer the slightly warmer colour of Ag mirror in 

comparisons to the cooler colour of Al layers. The latter problem, however, may be over-

come by adapting the colour by the deposition of additional layers. Al mirrors for the 

common use are currently produced by inline-magnetron sputtering plants and marketed 

in China. Regarding the corrosion resistance, it has to be noted that aluminium mirrors are 

just as prone to corrosion at the edges as Ag mirrors. Therefore, they do not present any 

advantage in this area. 

Due to the higher environmental resistance of Al in comparison to Ag, Al mirrors can be 

applied also as front-side mirrors. In the past, such Al mirrors used in high-quality optical 

instruments were deposited by thermal vapour deposition processes (see Chapter 

4.2.2.3). Their advantages are the absence of a blurred mirror image and the high light 

reflectance. Figure 5.4.1.3 shows the spectral reflectance of a front-side Al mirror in the 

visible and near infrared range. 

 

 

 

 

 

 

 

 

 

 

 

It can be seen that front-side aluminium mirrors exhibit a spectral reflectance of almost 

90 % in the visible range. For high-quality mirrors it is common practice to cover the alu-

minium layer with an additional protective layer, e.g. of magnesium fluoride (MgF2). More-

over, the spectral reflectance in the visible range can be further enhanced to over 90 % by 

depositing additional low-absorptive, dielectric layers, i.e. by generating constructive inter-

ference. It is also possible to antireflect front-side aluminium mirrors selectively, i.e. in a 

limited spectral range, for example, in the red portion of the visible light range, by generat-

ing destructive interference. In this case, the mirror more readily reflects blue light. This 

effect is used to avoid dazzling by incident red light, for example in vehicle mirrors. The Al 

mirror layer and additional layers are deposited as a rule in same vacuum plant. If a back-

side mirror is necessary (e.g. for applications in highly corrosive atmospheres), the alu-

minium layer can also be covered with an opaque lacquer coating. 

  Figure 5.4.1.3:  Spectral reflectance curve of a front- side Al  mirror in the 

                            Visible and near  infrared range 
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Layers of chrome (Cr) and Cr alloys are used for both front-side and back-side mirrors in 

non-dazzling vehicle rear-view mirrors. Figure 5.4.1.4 shows the spectral reflectance of 

these two mirror types in the visible range. It can be seen that the spectral reflectance in 

the visible range is only 65 % and 55 %, respectively. The reason for these low reflec-

tance values (compared to Ag and Al mirrors) is the higher light absorptance of the Cr 

layer. In the case of back-side mirrors the Cr layer can also be covered with a lacquer 

coating. Cr mirrors were deposited at first by thermal vapour deposition processes, later 

on by sputtering processes. 

 

 

  

 

 

 

 

 

 

 

 

Testing methods and conditions for a durability evaluation of Ag mirrors are set out in DIN 

EN 1036. The regulations in this DIN may serve as a model for other coatings on flat glass 

with similar application conditions. Chapter 5.6 is devoted to these testing procedures, 

because the durability of coatings on flat glass is of such general importance. 

5.4.2 Mirror coatings based on dielectric layers 

In Chapter 5.1.1.2 it has already been shown that a single low-absorptive, dielectric layer 

with a real refractive index greater than that of glass can increase the reflectance. It was 

seen that if light is incident perpendicular to the surface, the phase condition of interfer-

ence for maximum spectral reflectance runs as follows: 

                                n · d = (2z + 1) · λ/4 

where n is the real refractive index of the layer, d the layer thickness, n·d the optical thick-

ness, λ the selected wavelength of light, e.g. 0.55 µm, and z an integer vouching for the 

order of the interference. 

The maximum spectral reflectance ρ(λ)max can be calculated with the formula: 

 

 

 

Figure 5.4.1.4:  Spectral reflectance of front-side and back-side Cr mirrors   

                          in the visible range 
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where nG is the real refractive index of flat glass (nG = 1.52). From this equation, it can be 

concluded that the higher the real refractive index n is, the higher is the spectral reflec-

tance of a layer on flat glass at optimum optical thickness n·d. Assuming a real refractive 

index n of 2.6 in the visible range (currently the maximum achievable value for a low-

absorptive layer, i.e. TiO2 in the rutile structure) and assuming an optical thickness n·d of 

λ/4, such a layer on flat glass exhibits a maximum spectral reflectance ρ(λ)max of about 

40 %. If the glass pane were covered with a TiO2 layer on each side, the result would be a 

maximum spectral reflectance ρ(λ)res of approximately 64%. In the latter case, however, 

two shifted mirror images are visible at oblique light incidence, which is unacceptable, 

particularly for vehicle mirrors or mirrors used for optical instruments. 

Higher spectral reflectance values for mirrors coated on either side can be achieved by 

applying low-absorptive, dielectric layer systems which consist of alternate high-refractive 

(nH) and low-refractive (nL) layers. Besides their real refractive indices nH and nL, these 

layers are characterised by their optical thickness n·d = λ/4. The top and bottom layer 

must always be high-refractive. Low-refractive means here nL < 2, high-refractive means 

nH > 2. A dielectric mirror layer system produced on an industrial scale today is the three-

layer system glass/TiO2/SiO2/TiO2, where the optical thickness n·d of all three layers is 

λ/4, the real refractive indices n1 and n3 are in this case 2.3 (TiO2 in anatase structure) and 

n2 is 1.46. 

Figure 5.4.2.1 shows the spectral reflectance curve in the visible range of a front-side mir-

ror with this three-layer system.  

 

 

 

 

 

 

 

 

 

 

 

 

 

The position of the maximum spectral reflectance in the visible range can be adapted by 

altering the optical thickness of the layers. In the case of the mirror layer system depicted 

in Figure 5.4.2.1, the optical thickness is chosen to ensure reflection preferentially in the 

blue range of the visible light. This means that the visible light is reflected selectively. 

Such layer systems can be used, for instance, in vehicle mirrors. The mirror ensures that 

the driver is not dazzled by the red vehicle light from behind, but can see well the traffic in 

Figure 5.4.2.1:  Spectral reflectance curve in the visible range of a front- 

                         side mirror with the three-layer system glass/TiO2-SiO2/TiO2  

                                   (Source: DEUTSCHE SPIEGELGLAS AG, Grünenplan) 
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front.. This mirror coating is produced on an industrial scale using the dipping process 

(see Chapter 4.3.3). This means, there are mirror layer systems on both surfaces of the 

glass pane. In order to avoid double images, the reflection of the back- side coating is 

disabled by burning in an opaque ceramic lacquer coating. 

A disadvantage of this front-side mirror is that the mechanical stability of the coating is 

lower than that of the glass surface. This means that the mirror coating is less resistant to 

abrasion, which can be disadvantageous in the case of vehicle mirrors. For this reason, 

blue-reflecting mirrors can alternatively be made as back-side mirrors with a sputtered 

chrome layer on the back-side. The reflectance in the blue spectral range of this mirror 

coating is enhanced by an intermediate interference layer system on the basis of TiO2-

SiO2/TiO2 which is applied by a dipping process prior to sputtering the chrome layer. Fig-

ure 5.4.2.2 shows the spectral reflectance curve of a back-side mirror in the visible range 

with this layer design. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

It has to be noted that in the last years non-dazzling, i.e. preferentially in the blue range 

reflecting vehicle mirrors, are more and more substituted by automatically dimmable mir-

rors on the basis of electrochromy which are treated in Chapter 6.2.2. 

In theory, it follows that with layer systems which have identically dielectric, low-refractive 

and high-refractive double layers with low absorption, the maximum spectral reflectance 

rises as the number of these double layers is increased. Moreover, the wavelength range 

of the maximum spectral reflectance increases as the ratio of real refractive indices nH/nL 

of the layers rises. Assuming nH is much greater than nL, it follows for the maximum of the 

spectral reflectance ρ(λ)max approximately that: 

 

 

 

Figure 5.4.2.2:  Spectral reflectance curve in the visible range of a back-  

                          side vehicle mirror with the layer design 

                          glass/TiO2-SiO2/SiO2/TiO2/Cr/lacquer, with maximum  

                          reflectance in the blue range 

                               (Source: DEUTSCHE SPIEGELGLAS AG, Grünenplan) 
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where p is the number of layers and p = 2z + 1 with z = 1, 2, 3, …, i.e. p is always an odd 

number. 

Mirror layers with more than three low-absorptive dielectric layers are not yet applied on 

large area flat glass on an industrial scale. However, they are deposited onto small panes, 

preferentially using the thermal vapour deposition process, to make selective mirrors such 

as cold light mirrors. These mirrors mainly reflect visible light and transmit unwanted heat 

radiation in the near infrared range. Cold light mirrors are used in optical appliances and in 

lighting devices. 

There is another development which is worth mentioning. The firm PILKINGTON has tried to 

compete with the Ag mirror on the market with a highly-reflecting, dielectric layer system 

with the brand name ‘Reflex’, which was deposited using the online CVD process in con-

junction with the float glass production process (see Chapter 4.3.2.3). These coatings 

make use of the high complex refractive index n of silicon and the low refractive index of 

SiO2. Pure silicon has at λ = 0.5 µm, i.e. in the centre of the visible light, a complex refrac-

tive index n = n + i·κ of 5.6 + i·3.2 (n is the real refractive index and κ the complex one, 

see discussion in Chapter 5.1.1.2). According to the FRESNEL formula for the reflectance 

of plate-shaped materials with complex refractive index     

        

  

       

it follows that bulk-like, pure silicon has a reflectance of approximately 58% at a wave-

length of λ = 0.5 µm. The high value for the real and complex part of the refractive index is 

the reason for the glance of crystalline silicon visible at the texture of poly-crystalline solar 

cell surfaces. The reflectance of silicon layers can be increased by additionally interfer-

ence layers. 

Note: Because n and κ depends considerably on the wavelength, the reflectance also alters 

strongly with the wavelength.   

The front-side mirror coating of the Pilkington company had the layer design  

glass/Si/SiO2/Si 

whereas the silicon layer which adjoins to the glass surface and the both other the reflec-

tion emhancing layers SiO2 and Si have an optical thickness n·d of λ/4. The real refractive 

index n of the SiO2 layer is in the case of the Pilkington development approximately 1.48 in 

the visible range and those of the silcon 4.6 till 4.8 (i.e. apparently, the Si layers could 

deposited not quite oxygen-free with the applied CVD coating process).    

Note: The same layer system can also applied for realising back-side mirrors, however, then the 

reflection enhancing layers must adjoin directly to the glass surface. However, the reflectance of 

such a mirror is lower than that of the front-side mirror.  

Figure 5.4.2.3 shows the spectral reflectance curve in the range of solar radiation of the 

front-side mirror ‘Reflex’, in comparison to a conventional back-side Ag mirror. It can be 

seen that the layer system glass/Si/SiO2/Si reflects solar radiation selectively. The reflec-

tance in the visible range is close to that of the conventional Ag mirror, whereas the near 

infrared radiation is reflected much less. The maximum of the spectral reflectance can be 

shifted by altering the layer thicknesses. The main advantage of such a dielectric mirror is 

22

22

1

1

κ

κ
λρ

++

+−
=

)n(

)n(
)(



                                   169 

 

that its corrosion resistance is much better than that of an Ag mirror; this is also true for 

the edges of this mirror. However, until today the Pilkington development could not re-

place the Ag mirror on the market. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The spectral reflectance of mirror coatings, either based on metallic or on dielectric layers 

systems, can also be calculated and simulated very well using the admittance method 

(see Appendix A I). Mirror coatings which consist of single metallic or dielectric layers can 

be described using the admittance curves shown in Figure A I.3 and A I.4. The reflection 

properties of multiple dielectric layers can be explained by combining several admittance 

curves similar as shown in Figure A I.7. 

The profile of requirements for mirrors which are used particularly in optical instruments is 

set out in DIN 58197-2. The maximum light reflectance which must be guaranteed in a 

certain spectral range depends on the actual design of the mirror coating and is set out in 

Table 2 of this standard. A distinction is made between four types of mirrors: non-

protected and protected front-side aluminium mirrors, front-side aluminium mirrors cov-

ered with reflection-enhancing dielectric layers and back-side Ag mirrors. The proportion 

of scattered light and the number of faults in the layers on an area of 50 mm diameter also 

serve as quality criteria. Because the mirror layers of front-side mirrors are directly subject 

to environmental attacks, special durability requirements must be fulfilled in this particular 

case. DIN 58197-2 also sets out testing methods and quality criteria for these mirrors, 

which are also discussed in Chapter 5.6 in more detail. 

 

Figure 5.4.2.3:  Spectral reflectance curve in the range of solar radiation  

                          of the front-side mirror ‘Reflex’ of the Pilkington company 

with the layer system glass/Si/SiO2/Si compared with that  

                          of a Ag mirror according to DIN EN 1036. 

                                                                     (Source: PILKINGTON, UK) 
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the fluctuating charge distribution of neighbouring molecules, known as LONDON’S forces 
of dispersion. Thus it follows:  

                                            γ = γ
p
 + γ

d                                                        (5)
 

It is important to know that in the case of a contact between a liquid and a solid, as de-
scribed above, only identical surface energy parts interact, so that it follows for the adhe-
sion energy: 

              Wa = 2 2γ γ γ γs

p

l

p

s
d

l
d

* *+  =  γl*(1 - cosϕ). 

From the Equation (3) it can be concluded that the adhesion energy of a solid surface γs 

can be determined with one liquid, the surface tension γl of which is known, by measuring 
the contact angel φ. Using Equation (6), the surface energy parts γp and γd of a solid sur-
face can be determined with two known liquids. 

With the help of Equation (6) it can be demonstrated very clearly why a liquid wets a solid 
surface well or poorly. Water, for instance, has a comparatively high surface energy of 73 
mJ/m2, consisting of the proportions γ l

p  = 51 mJ/m2 and γ l
d= 22 mJ/m2. For an undam-

aged and clean Teflon (PTFE) surface the respective proportions are p
sγ  ~ 0 mJ/m2 and 

d
sγ = 18 mJ/m2. Thus Teflon has a low surface energy of only 18 mJ/m2. The surface en-

ergy which results when these two materials come into contact consists only of a small 
disperse part, the polar part is almost zero. This explains why water, in spite of its own 
high surface energy, does not wet perfect Teflon surfaces. However, if the Teflon surface 
is altered only slightly, e.g. because it is damaged mechanically or because it has accu-
mulated dirt, so that its polar part increases, then the wettability for water increases. 

This example also reveals the problems associated with the wetting of surfaces of glass or 
coatings. The wetting behaviour depends not only on the original surface and its structure, 
but to a large extent on outdoor effects as well, such as mechanical damages, e.g. 
scratches or chemical reactions, e.g. by dirt accumulation. This is a significant reason for 
the often observed difficulties with the ageing behaviour of coatings which influence the 
surface energy. The long-term durability of the desired function, identified by the contact 
angel φ, for example, can be very problematic indeed. 

This is made very clearly visible in Figure 5.5.1.4, which shows the example of two hydro-
phobic coatings on vehicle windscreens damaged by wiper cycles.  In this figure, it can be 
seen that for both coatings the contact angle becomes smaller as the number of wiper 
cycles increases. This is because the surfaces of the coatings are increasingly damaged, 
resulting in an increasing surface energy. Nevertheless, clear differences can be per-
ceived between the two coatings (1) and (2) in regard to their mechanical resistance; the 
mechanical resistance of the coating (1) is higher than that of coating (2). Coating (1), 
deposited on an outdoor surface of a glazing in buildings, would certainly exhibit a suffi-
cient useful service life, if it were not damaged by other influences, e.g. by UV radiation. 
The windscreen wiper test is certainly one of the most severe ageing tests for such coat-
ings. 

In practice, another characteristic value has proved to be sensible in describing the wet-
tability of surfaces: The angle at which a defined droplet starts to run off an oblique plane. 
The run-off angle (see above) also depends on the surface energy of the solid surface 

(6) 
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and of the liquid in contact with it, but also on its uniformity across the run-off area. In 
practice, it is thus sensible to determine this characteristic value of the surfaces. 

 

 

 

 

 

 

 

 

 

 

 

Solid surfaces are referred to as ‘hydrophilic’ if their contact angle for water is small, i.e. if 
water spreads well on them (see the droplet shape in Figure 5.5.1.1a). The surface of 
freshly produced flat glass can exhibit a contact angle φ for water as low as 12°; then they 
are classified as ‘super-hydrophilic’. Note: In some cases, contact angles as low as 10° have 

been measured. Surfaces are called ‘super-hydrophiölic if their contact angle for water is < 
20°. Because both glass and water have a high surface energy, the glass surface is typi-
cally covered by a water film coming from adsorbed humidity. The surface energy of the 
glass surface is thus usually determined by this adsorbed water film as well as adsorbed 
components from the environmental atmosphere, resulting in the contact angle φ of 
freshly-made flat glass being increased gradually (see Chapter 3.1). The adsorbed water 
films exhibit a thickness of only a few nanometres and are tightly bonded to the glass sur-
face, so that a high level of energy is necessary to remove them from the surface. This 
type of bonding is also known as chemisorption. 

Solid surfaces are referred to as ‘hydrophobic’ if their contact angle for water is large, i.e. 
if water forms droplets on the surface; or if it runs off an oblique surface in paths or rivulets 
(see Figures 5.5.1.1b and 5.5.1.2b). In this case the surface energy of the solid is low. 
Surfaces are referred to as ‘super-hydrophobic for contact angles > 120°. However, in 
practice there is no specific contact angle on the basis of which a surface is considered to 
be hydrophilic or hydrophobic. 

Surfaces are described as being ‘oleophilic’ or ‘oleophobic’ if their contact angel for liquid 
hydrocarbons, i.e. oleaginous liquids, is small or large, respectively, as explained for the 
wetting with water. Teflon, for instance, with a contact angel φ ≤ 115° for water, is strongly 
hydrophobic and at the same time it is oleophobic. 

 

 

Figure 5.5.1.4:  Windscreen wiper test for hydrophobic coatings on ve- 

                         hicle windscreens 

                                       (Source: KAI, SEINO, MAKITA, YUASA and AKAMATSU) 
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Pollution on glass pane surfaces by weathering 

The reduction of pollution on building glazing surfaces by weathering, e.g. on outdoor sur-
faces of glass façades, has formed a major developmental goal for the flat glass industry 
in recent years. The term ‘self-cleaning’ plays an outstanding role in the literature from 
firms which sell products claiming this effect. The pollution of glass surfaces depends 
also, as the flat glass surface itself, on its surface energy. For solving this problem, it 
makes sense to fathom how flat glass surfaces pollute during weathering and what are the 
reasons.  

Because flat glass surfaces are hydrophilic, a more or less uniformly thick water film re-
mains always at wetting by rain or condensation of humidity on their surfaces which dries 
after wetting. The drying water leaves behind drying residues on the flat glass surface 
which orginate in the rain water, but also in the flat glass surface itself (see also the dis-
cussion in Chapter 3.2). Flat glass surfaces which are dried are, therefore, always more or 
less non-uniformly polluted. This is referred to as ‘wet-pollution’. Due to the dissolution of 
components from the surface during wetting, it is not possible to generate, for instance, 
residue-free flat glass surfaces after cleaning with demineralised water and drying with 
clean air. This must be considered for all coatings on flat glass which are deposited after 
wash-cleaning; in this case, the coating process must be adjusted to this pollution (see 
also the discussion in Chapter 3.4).  

Solid pollutions from the ambient air without wetting are deposited as a rule uniformly on 
outdoor surfaces of glazing. This is referred to as ‘dry-pollution’. Their adherence to the 
flat glass surface depends also on the surface energy of pollutions. For materials with a 
high surface energy, i.e. hydrophilic surfaces, it is high. For pollutions with low surface 
energy, i.e. hydrophobic surfaces, it is reversed. In combination with condensation by hu-
midity or rain a part of the deposited pollution dissolves or is undercutted and washed 
away by running-off water. The washing away of the pollution can be reinforced by the 
impact of rain droplets. The remaining rest of the pollution dries and remains together with 
the irresolvable part as non-uniformly thick residue with more or less adherence on the fat 
glass surface. As a rule, the wet-pollution is stronger visible than the dry-pollution. 

As depicted above, the ‘self-cleaning effect’, often-quoted in the literature and in general 
implying ‘cleaning of pollution by weathering’, is only very restricted possible. In fact, it is 
observed that a flat glass surface is polluted gradually always more and more by weather-
ing. This is true for all hydrophilic surfaces. Additionally, rain is not clean water, but in de-
pendence on its history, it is more or less impured with dirt. Therefore, pollution is only 
very restricted to wash away. By rain, at best old dirt is exchanged by new one and/or new 
one is deposited on old one.  

The pollution of a surface depends also on its roughness. It is clear that rough surfaces 
are easier to pollute than plane ones, because pollution is locked on them. In order to 
keep surfaces clean and easy to clean, they must be above all plane. 

For a flat glass surface with a hydrophobic coating, the binding forces to deposited pollu-
tion are reduced due to the low surface energy, however, due to the reduced wettability of 
the surface, also pollution is washed away to a lesser extend. In this case, water quasi 
flows around the dirt particles, resulting in a very restricted self-cleaning effect. Instead of 
that, it is observed that, the pollution increases on a hydrophobic surface in comparison to 
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an untreated surface. However, pollution is easier to remove on hydrophobic surfaces. 
Hydrophobic coatings are, therefore, characterised as ‘easy-to-clean’.  

Of importance is in praxice that, beyond the normal corrosion at weathering, flat glass 
surfaces can be attacked so strongly (see also Chapter 3.2) by chemical aggressive sub-
stances, e.g. by exhaust gas pollution from traffic, industrial emissions, weathering prod-
ucts on façades or also by corrosive climatic influences, e.g. close to the sea, that perma-
nent attacks occur until blindness. This can, for instance, be avoided by a coating which 
exists either by a chemically inert material or by a material with poor wettability, which, 
therefore, deactivates the chemically activity of surfaces by its low surface energy. But it 
has to be noticed that a reduction of surface energy always carries the risk that the adher-
ence mechanism on the surface is altered and, therefore, e.g. a permanent sealing, as 
currently applied at the edges of insulating glass units, is no longer possible.  

Now a test process and the classification are determined in DIN EN 1096-5:2016 for the 
self-cleaning behaviour of flat glass surfaces at weathering. Basis of this standard is a 
process for the determination of the degree of pollution of weathered flat glass surfaces. 
Here it is taken advantage of the fact that pollution deposits from the environment have 
always a particle structure and, therefore, scatter light. Hereby it occurs increased light 
absorption in depence on the thickness of the pollution due to multiple scattering, referred 
to as ‘attenuation’, abbreviated as αpoll., and ‘forward scattering of the incident light’, re-
ferred to as ‘haze’, abbreviated as H (see also discussion in Chapter 5.3.2). 

In Figure 5.5.1.5, the spectral curve of the attenuation αpoll. of the pollution deposit on a flat 
glas sample is shown in the wavelength range from 0.3 to 1.6 µm which results from the 
spectral measurements according to formula α = 1 – τ – ρ for the wearthered and finally 
cleaned sample by rinsing with water. The weathered sample was positioned on a skylight 
at an angle of 30° for 6 month. 

  

 

 

 

 

 

 

 

 

From Figure, it can be seen that the essential absorptance occurs to the blue range of the 
visible light. To the infrared range, it continuously decreases. The reason for this behav-
iour is the diameter of the deposited particles of the pollution. The deposited pollution 
consists predominantly of aerosol particles with a diameter < 300 nm (see also the dis-
cussion in Chapter5.1.3.2). The theory of scattering then explains the spectral curve of 
attenuation depicted in Figure 5.5.1.5. The higher the value αpoll. of a deposited pollution 
is, the higher is the thickness of the deposit. With the formalism set out in the standard EN 

Figure 5.5.1.5: Spectral curve of the attenuation of a pollution deposit on a  

                        flat glass surface in the wavelenght range from 300 tol 1600 nm 
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410, the degree of light absorptance of weathering pollution deposits on flat glass can be 
determined by such αpoll. curves. αpoll. can be raised to be a measure for the degree of a 
pollution on a flat glass surface.  

In EN 1096-5:2016, the pollution of a flat glass surface is easier to handle with the meas-
ure haze (H) determined with transmissing light. This means the percentage of incident 
light with a defined spectral distribution which deviates from the parallel incident light ray 
more than 2.5°, when passing through the sample. The measurement can be executed 
with an Ulbrich sphere or other haze measuring instruments marketed today. 

Hydrophobic flat glass surfaces are characterised beside ‘easy-to-clean’ also with ‘antifin-
gerprint or ‘water-repellent’. Flat glass products with this characterisation were developed 
for years. Their physicochemical properties are the basis for the reduction of the ex-
change between the hydrophobic coating and deposits of pollution and water films, re-
spectively, on it. Therefore, they facilitate not only the cleaning of surfaces, but they also 
reduce their chemical activity, i.e. they can also avoid undesirable chemical reactions. 
Super-hydrophobic coatings with contact angles > 120° are currently recommended for 
avoidance of fingerprints on surfaces which can be really engraved in untreated flat glass 
surfaces, i.e. they have antifingerprint properties. 

5.5.2 Coatings which influence surface energy and their application 

As described above, a series of developments were executed for the alteration of the sur-
face energy of flat glass, essentially for the application as self-cleaning, easy-to-clean and 
water-repellent coatings. However, as depicted above, all these developments did not find 
large market acceptance so far. According to the opinion of the author, essentially the 
following developments and marketed products are remarkable:   

Coatings developed on the basis of modified hydrocarbons 

The main representative of this group is certainly the classic Teflon, with the chemical 
description polytetrafluoroethylene (PTFE), which is used for a wide range of products 
today as a hydrophobic coating to repel water and avoid pollution. However, there are no 
reports of flat glass being coated with Teflon. Teflon as coating is applied using the spray-
ing technique. It is rather difficult to deposit Teflon in thin, transparent layers onto flat 
glass panes, while guaranteeing sufficient and uniform adhesion. In addition, Teflon is 
known for its poor mechanical durability and for its flow behaviour which leads to plastic 
deformation when exposed to mechanical stress. The hydrophobic property of Teflon is 
mainly based on carbon-fluorine (CF) radicals in the Teflon polymer. Chemists refer to 
these radicals as CF2 repeating units. This finding has been used for further research into 
suitable coatings. The relevant literature often shows that, where hydrophobic coatings 
are developed, the contact angel φ for water on Teflon (105°-115°) is always taken as a 
benchmark. 

In recent years, amorphous carbon coatings, also known as ‘diamond-like carbon’ (DLC) 
coatings have earned attention. In the relevant literature, they are also referred to as a-
C:H coatings, which shows that they are based on hydrocarbons. Such coatings have 
gained importance for metal surface treatment, because they exhibit a high degree of 
hardness, low wear and low friction. This is also the case for DCL coatings on flat glass 
surfaces. Additionally, such coatings are applied, due to their high chemical resistance, 
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where flat glass surfaces have to be protected against corrosion, e.g. for glazing applied 
in shower cubicle (see the product ‘Diamond Guard’ from the GUARDIAN company). For 
the first time, the coating of this product was deposited with a vacuum process in combi-
nation with an ion source (see Chapter 4.4). DCL coatings deposited by a PACVD proc-
ess (see Chapter 4.4) are also recommended today as cover coating on antireflecting 
coatings, e.g. for front panes of ‘Touch Screens’ in diplays of modern portable communi-
cation devices (see discussion in Chapter 5.3.1). The DCL coatings can exibit beside their 
hardness, low friction and corrosion resistance as well a contact angle > 90°, i.e.they are 
hydrophobic and, therefore, they act hydrophobically. Especially, such a coating is depos-
ited to conteract fingerprints which really engrave, as mentioned above, in flat glass sur-
faces and can not be removed any more. Their application is recommended for all flat 
glass surfaces which are exposed to touch by fingers or to corrosive materials, e.g. in 
shower cucibles. 

Of scientific interest is also that the surface energy can be altered sustainably by doping 
of different elements into the polymer structure of such coatings whereas a separate influ-
ence as well on the polar as disperse part of surface energy is possible. By doping the 
carbon coating with fluorine or silicon, for example (symbolised as a-C:H:F or a-C:H:Si 
respectively), the surface energy can be lowered and the contact angle φ for water can be 
raised up to 101°, which is close to that of Teflon (~110°), but the mechanical properties 
are much better than those of Teflon. By doping the polymer structure with boron and ni-
trogen, for example (symbolised as a-C:H:B or a-C:H:N, respectively), the surface energy 
of such coatings can be raised and the contact angel φ for water can be reduced to 41°. 
The silicon-doped layers in particular are said to exhibit a high degree of hardness and 
excellent wear resistance. Figure 5.5.2.1 shows the surface energies and the contact an-
gles for water on such doped carbon layers.  

 

 

 

 

 

 

 

 

 

 

 

 

The coatings shown in Figure 5.5.2.1 can also be deposited using plasma-assisted CVD 
with a high-frequency gas discharge (see Chapter 4.4, PACVD). By adding additives in 
the plasma process, the required doping of the carbon layer with silicon, fluorine or other 
elements can be achieved. The advantage of the corbon coatings shown in Figure 5.5.2.1 

Figure 5.5.2.1:  Surface energy and contact angle φ of water on sev-

eral amorphous carbon layers 
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is that the surface energy is altered in a large range from hydrophilic to hydrophobic prop-
erties and thus different applications are possible.   

Coatings made on the basis of modified silicon oxide 

A product with a modified SiOx coating which has been available on the market for several 
years is ‘Microfloat Special’, produced by PILKINGTON. It is coated online in conbination 
with the float glass manufacturing process on the bath side of thin float glass. After the 
glass ribbon has been cooled (see Figure 1.2.1), the SiOx coating is deposited with a 
flame pyrolysis process using silane (SiH4) as coating material. This type of coating allows 
contact angles φ for water to be achieved of as low as a few degrees, i.e. the coating is 
highly hydrophilic when freshly deposited. Such a coating is deposited on the bath surface 
of modern thin float glass, because the wetting behaviour of the untreated bath surface 
changes gradually with time, so that the contact angle increases (see also Chapter 3.1), 
which makes this glass difficult for use as microscope slides, e.g. for blood analysis. ‘Mi-
crofloat Special’ is, however, a niche product. Experiences have shown, however, that 
hydrophilic properties of surfaces decrease considerably with time. Therefore, such a 
coating is not appropriate for the application e.g. on the outdoor surface of glazing in 
buildings. 

The other coatings developed in this group are mainly based on SiOx which is modified 
with CFn units with varying F parts, i.e. CF, CF2, CF3 sequences. These coatings are ap-
plied using the sol-gel process (see Chapter 4.3.3) or PACVD (see Chapter 4.4). Where 
the sol-gel process is used, the modifying sequences are built in by adding different or-
gano-silanes such as fluoroalkyl silanes (FAS) during the coating process. Hereby CFn 

sequences with different F parts ( n = 1, 2, 3,…) are buiilt in. Thus coatings are produced 
which have a contact angle for water of approximately 110° comparable with Teflon. 

Where the coatings are produced using the PACVD process, gaseous silane compounds, 
e.g. hexamethyl disilane (HMDS) or trimethyl metoxysilane (TMMOS), are used as base 
materials to which the above mentioned fluoroalkyl silanes (FAS) are also added as modi-
fying substances. The gaseous mixture is decomposed in the gas discharge process and 
again CFn-modified or additional methylsilane (SiCH3)-modified SiOx layers in conjunction 
with TMMOS are deposited on the glass surface. These coatings increase the contact 
angle. It is thus also possible today to achieve contact angles φ for water on these coat-
ings of up to 110°. HMDS as a coating material is used in particular today to produce 
easy-to-clean and water-repellent modified SiOx coatings for spectacle lenses. Because 
the real refractive index of these layers n = 1.46 is lower than that of flat glass (nG = 1.52), 
the glass or coating surface is antireflected simultaneously, provided it has an appropriate 
optical layer thickness n·d = λ/4 (see Chapter 5.3). 

In Japan, attempts have been made to apply these coatings to vehicle windows, in order 
to guarantee an undisrupted view through them during heavy rain. Such panes are known 
as water-repellent panes (see Figure 5.5.1.4). Because of the hydrophobic surface the 
incident rainwater runs off in quasi parallel rivulets, an undisrupted view is maintained 
between the rivulets. At the same time, the coatings protect the glass surfaces from me-
chanical and chemical attacks and make them easy to clean. 
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TIO2 coatings with photocatalytic super-hydrophilic properties 

Several years ago, a TiO2 coating on flat glass with anatase structure, i.e. with a real re-
fractive index of 2.3, has been developed which provides a highly ‘self-cleaning’ effect on 
the basis of photo-catalytic and, at the same time, super-hydrophilic properties. It was 
developed essentially for the application on the outdoor surface of building glazing in or-
der to keep them cleanly without any cleaning treatment; i.e. pollutions on its surface are 
washed away only by rain. A characteristic feature of such a TiO2 coating is that, in con-
trast to conventional hydrophilic surfaces, e.g. on the basis of SiO2, its contact angle for 
water remains constantly with time (see Figure 5..5.2.2).   

 
     

 

 

 

 

 

 
 
 
 
 
The photocatalytic, super-hydrophilic effect of the TiO2 coating works as follows: Incident 
solar UV radiation with a wavelength λ < 400 nm, i.e. radiation with an energy > 3 eV, 
generates electron-hole (e- ; h+) pairs (see Chapter 5.1.1) in the crystalline TiO2 layer. 
These electron-hole pairs diffuse towards the layer surface. There, the holes generate 
oxygen vacancies by oxidising TiO4+ into TiO3+ which dissosiate contaminating water by 
creating OH* radicals while the electrons generate O2

- ions from contaminating oxygen. 
Both ions are highly reactive so that hydrocarbons deposited on the TiO2 coating from the 
ambient air are cracked by redox reactions. In this way, TiO2 acts as a catalyst for the 
decomposition of the hydrocarbons adsorbed on the coating. The catalytic effect gener-
ated by UV is also referred to as ‘photosensibilisation’. For reaching the surface of the 
TiO2 coating, the TiO2 coatings must be crystalline and free from faults and impurities so 
that they are not trapped or extinguished on their way to the coating surface. To ensure 
this, the diffusion of Na+ ions from the glass body into the TiO2 coating must be prevented 
by a diffusion-blocking interface layer between the flat glass surface and the TiO2 coating. 
As depicted in Figure 5.5.2.2, the self-cleaning TiO2 coating has a durable low contact 
angle for water (typically, φ is 5°) when exposed to outdoor glazing surfaces. In practise 
this means that at outdoor exposure of such a TiO2 is and remains super-hydrophylic also 
at diffuse incident daylight.  

The advantage of such a TiO2 coating is that organic deposits on the coating surface are 
decomposed which is referred to as ‘photocatalysis’ in scientific language. In this case, 

Figure 5.5.2.2: Chronological behaviour of the coantact angle ϕ for 
                         water of a sample with TiO2 coating in comparision to 
                       a  sample with SiO2 coating at outdoor weathering 
                                                         (Source: Innovent company, Jena) 
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the TiO2 coating acts as ‘photocatalyst’. The relaxation time of the TiO2 coating, i.e. the 
decay time of the photosensibilisation, can last a couple of days. During rain, the decom-
position products are untercutted by water and washed away due to the super-hydrophylic 
properties. The products ‘Activ’ of the PILKINGTON company and ‘Bioclean’ of the SAINT 

GOBAIN company are currently manufactrured on the basis of such a self-cleaning TiO2 
coating by a CVD process online with the float glass manufacturing process (see Capter 
4.3.2.3). In Figure 5.5.2.3 the physicochemical principle of the self-cleaning effect of such 
a TiO2 coating is depicted once again. 
 

 

 

 

 

  

 

 

 
 
Figure 5.5.2.4 shows the picture of two parallel on the outdoor surface of a skylight for 5 
months at an inclination of 30° exposed flat glass samples with an untreated surface (left) 
and a photocatalytic, super-hydrophilic TiO2 coating (right, ‘Activ’). It is obvious that the 
pollution on the sample with the untreated surface is stronger than on the ‘Active’ coating. 
 

 

 

 

 

 

 
 
In Figure 5.5.2.5, the spectral αpoll. curves of an untreated flat glass surface and an ‘Active’ 
coating are shown which are weathered, as shown in Figure 5.5.2.4, on same conditions. 
The evaluation of these curves has yielded that, after rinsing the samples with clean wa-
ter, the degree of pollution αpoll. on the ‘Active’ coating was 1.4% and that of the untreated 
flat glass surface 4.0%; i.e. on same test conditions, the pollution of the untreated sample 
was a factor 2.9 higher than that of the ‘Active’ sample. 

Figure 5.5.2.3:  The functional principle of photo-catalytic hydrophilicity with  

                          crystalline TiO2 layers    

                                                                   (Source: WRUK, PILKINGTON) 

Figure 5.5.2.4: Picture of an untreated (left) and a photo-catalytic, super- 
                         hydrophilic (right, Active‘) flat glass surface weathered for  
                         6 months on the outdoor surface of a skylight                        
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In EN 1095-5:2016, the procedure for measuring the self-cleaning effect on photocatalytic, 
super-hydrophilic TiO2 coatings is determinded as follows:  

- Deposition of a model pollution on the flat glass surface to be tested using a spraying 
nozzle  

- Simulation of natural weathering conditions by UV irradiation (simulation of solar radia-
tion) following by spraying with water (simulation of rain) 

- This cycle is repeated twice in order to ensure a better quality of the test.  

The criterion of the measure of the self-cleaning effect is the difference of haze ∆H  
measured after the 2nd  and 1st cycle and expressed as percentage, i.e. for ∆H,  it follows: 

                                             ∆H = H2.cycle – H1.cycle. 

The experiences have shown: A complete self-cleaning, i.e. ∆H = 0, could not be achieved 
so far with the photocatalytic, super-hydrophilic TiO2 coating. The reason is amongst oth-
ers that not all organic materials can be decomposed by photocatalysis discussed here. 
Thus, for instance, volatile plasticisers based on silicones, which currently pollute the am-
bient air in great quantities, are resistant with respect to photocatalysis. This means that 
photocatalytic, super-hydrophilic TiO2 coatings are not a panacea for the self-cleaning of 
outdoor surfaces of glazing in buildings. 

But it has to be said, that the self-cleaning effect of TiO2 coatings only functions as long as 
the so-coated glass is positioned in façades in such a way that rain can wash away the 
released pollution from the coating; i.e. this fact has to be taken into consideration when 
designing façades of buildings. 

As mentione above, the photocatalytic, super-hydrophilic TiO2 coatings are currently de-
posited on flat glass on an industrial scale using the CVD process online with the float 
glass production process (see Chapter 4.3.2.3). ‘Activ’ was the first flat glass with this 
coating which was produced and marketed by PILKINGTON, UK. Its mechanical and 
chemical resistance is so high that it can be applied onto outdoor glazing surfaces, i.e. on 
Position 1. It is also temperature-resistant so that it can be processed in bending and 
toughening (TSG) processes without losing its function. Attempts are now being made to 
deposit this coating by magnetron sputtering (see Chapter 4.2.1.5.2).  

Figure 5.5.2.5: Comparison of the spectral αpoll. curves measured on  
                         an untreated and an ‚Active‘ flat glass surface surface  
                         which  were parallel weathered on same conditions  
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A disadvantage of deposition of TiO2 by the CVD process applied online with the float 
glass manufacturing process is that straying vapours of the coating material are deposited 
at the back side of the float band. Through this, the refractive index of the glass surface is 
altered irregularly. This prevents the coating or increases the coating cost of subsequently 
deposited solar control coatings with sensible refractive index on this surface, which are 
destined on Position 2 of modern solar control glazing. The application of self-cleaning 
TiO2 coatings make just sense for large area solar control glass façades. Because of 
these difficulties, it is attempted today to deposite simultaneously self-cleaning and solar 
control coatings on both sides by magnetron sputtering in one coating passage.  

Generally, for the development of coatings influencing the surface energy, it is essential 
not only to ensure the function of the coatings, but also their sevice life, depending on the 
environment to which they are exposed, i.e. the coatings must exhibit an appropriate age-
ing resistance. Criteria and test processes for the ageing behaviour of coatings are dealt 
with separately in Chapter 5.6.  

Flat glass surfaces modified by etching 

Recently, it was attempted, as described in Chapter 5.3.2, by hierarchical etching, i.e. by 
consecutive etching with tow different procedures, to texture flat glass surfaces in such a 
way that they achieve contact angles from 140° to 150°; i.e. they show super-hydrophobic 
properties. This development was made to improve the external surface of front panes of 
modern portable communication devices the market of which has gained considerable 
importance in the last years and is of highly economic intertest for the glass industry. A 
surface treated in the above depicted way has anti-fingerprint properties, is easy to clean 
and has simultaneously antiglare properties; especially, they can prevent the engraving of 
fingerprints into flat glass surfaces. For stabilisation against abrasion, the etched surface 
is additionally hardened by a chemical toughening process.  

In Figure 5.5.2.6, the design and function of such an etched flat glass surface are depicted 
(see also the remarks to Figure 5.3.2.2). 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 5.5.2.6: Design and function of a hierachically echted flat  
                         glass surface with super-hydrophobic and simul- 
                         taneously antiglare properties (CA = contact angle) 

                                                    (Source: see Figure 5.3..2.2) 
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Flat glass surfaces textered in such a way show beside contact angles until to 165° also 
run off angles of approximately 10°. Such high contact angles were measured so far only 
on micro-structered organic surfaces, known as ‘Lotos’ effect.    

Economically relevant demand and outlook 

An application-technical problem of the flat glass surfaces is its high surface energy. This 
is the reason for the considerably chemical reactivity and pollution on its surface. Coatings 
on or textures of its surface which counteract these disadvantages are, therefore, benefi-
cial for the flat glass as raw material. 

According to the author’s opinion, two developments regarding the flat glass surface are 
application-technically relevant in future:  

1. The self-cleaning effect of building façades, especially of all-glass façades considering 
environmental pollution and  

2. Easy-to clean properties on all flat surfaces which are touched by fingers, e.g. on front 
panes of displays as usual in all modern portable communication devices as well as 
e.g. for glazing of vitines, doors and show rooms. As possible pollution has to be men-
tioned here: Coca Cola, Ketchup, grease etc. which should be easy to clean. 

For counteracting these problems, photocatalytic, super-hydrophobic TiO2 coatings are 
currently offered on the market, as mentioned above, with which an absolutely clean flat 
glass surface cannot be achieved indeed; however, with which the cleaning cycles of 
glass façades can be extended and, simultaneously, the corrosion of their outdsoor sur-
faces can be counteracted. This is of economic advantage especially for all-glass facades. 
Due to the fact that façades has to be optimised due to ecological reasons regarding en-
ergy loss and, therefore, problems of condensation on the outdoor surface of glazing more 
and more come to the fore (see hereto the discussion in Chapter 5.1.3.2), the outdoor 
surface of glazing of buildings may be designed by the following double coating in the 
future: 

glass/low-emissivity coating/self-cleaning coating, 

e.g. with an ITO or SnO2 coating as low-emissivity coating and the self-cleaning TiO2 coat-
ing being transparent in the far infrad as otdoor coating. Such a double coating counter-
acts as well condensation as pollution on the oudoor surface of glazing in buildings. 
Hereto attemps of marketing are tried in USA on the basis of coatings deposited by mag-
netron sputtering processes (private communication K. Hartig, CARDINAL company). Their 
production costs will be high and, therefore, the question.can be put whether the market 
will accept the surcharge caused by such a double coatings.  

The solution of the 2nd problem mentioned above, the easy to clean surface especially for 
the front pane of the displays in portable communication devices, is still in the nascent 
state. Here super-hydrophobic flat glass surfaces are tested in combination with an antire-
flecting coating beneath or a textered surface which is manufactured by hierarchical etch-
ing having super-hydrophobic and simultaneously antireflecting properties (see above). 
Here, too the question can be put whether the market will accept the surcharge due to the 
considerable flat surface treatment. 

In both cases, two desired and useful functions are combined. In the author opinion, they 
are not optimal solved so far. But improvements are also progress. 
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5.6 Criteria and test procedures to characterise the durability of 

      coatings on flat glass 

Every product is expected to guarantee a certain service life. For products used in building 

construction, for instance, this is up to thirty years, for machines it is up to ten years in 

Germany. This means that the functions of the product, and also its guaranteed qualities, 

remain within a tolerance range for the duration of this period. A distinction must be made 

between the service life and the guarantee period of a product, which usually refers to a 

period of time starting when the product is first used. Within the guarantee period, the 

manufacturer is obliged to repair or to replace the product free of charge, if it does not fulfil 

its functions or any of the guaranteed properties. 

In order to ensure the functionality of the products during the guarantee period and, where 

applicable, also during the entire service life, newly manufactured product samples are 

subjected to durability tests at the factory at regular intervals. These tests form part of the 

quality assurance procedure. They comprise the examination of all the properties relevant 

for correct function under the conditions of accelerated aging, which approximately 

simulate the real application conditions of the product. It should be noted that accelerated 

aging tests only allow an approximate assessment of the in-situ behaviour of a product to 

be made. Considerable experience is necessary to define durability tests in the laboratory 

which are appropriate to the product and its actual application. To be on the safe side, the 

conditions of many tests in the past exceeded those of the worst applications, so these 

tests are also known as “worst case” tests. As a result, products which werewell suited to 

the application were often tested ‘to death’. However, the following fundamental truth must 

be recognised: All tests, including those specified in standards, attempt to simulate a 

given load relevant to applications in a shortened period of time.  As many diverse loads 

generally prevail in real applications, conclusive information about the real durability of a 

product can be achieved only by using the product for the entire duration of its prospective 

service life.This applies particularly to coatings on flat glass that are directly exposed to 

weathering. 

The test criteria for durability tests of coated flat glass usually address the following 

aspects: 

- Mechanical durability of the coating, which includes e.g. adhesion of the coating to the 

glass surface and its abrasion resistance, also known as scratch resistance. 

- Chemical durability of the coating, which comprises its resistance to chemical reactions 

and weathering and 

- Resistance to solarradiation 

Coated flat glass products for architectural applications 

European standards for durability tests and specifications,which take the three durability 

aspects listed above into account, have been formulated for all important coated flat glass 

products that are installed in residential and commercial buildings.The“envelope”standard 

EN 1096-1 specifies the characteristics, properties and classification of coated glass for 

use in the above-mentioned building types. Test methods, procedures and criteria to 

determine durability are provided in EN 1096-2 and EN 1096-3 for the product classes 

that are defined in EN 1096-1. Information on factory production control and evaluation of 
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conformity for factory quality control of coated glass are contained in EN 1096-4. EN 

1096-5 presents test methods to determine the self-cleaning performance of coated glass 

that is based on photocatalytic and hydrophilic TiO2 layers (see discussion in Chapter 

5.5). However, other glass products such as mirrors made from silvered float glass (EN 

1036-1) and safety glass consisting of adhesive backed polymer films on glass (EN 

15755-1) are covered by other standards. Enamelled glass is also outside the scope of 

EN 1096. 

In EN 1096-1, the coated flat glass products for architectural applications are classified 

into the following five classes: 

- Class A: Products, in which the coated surface is adjacent to the outdoor space (Pos. 

1) or the indoor space of a building. Depending on the number of panes in a glass unit, 

the latter position can refer to Pos. 2, 4, 6 or 8.  Typical coatings for application on Pos. 

1 include metal-oxide solar-control coatings, self-cleaning coatings, low-emissivity 

coatings to prevent condensation; a thermally insulating coating to reduce the Ug value 

is a typical coating on the indoor surface, 

- Class B: Coated single panes, in which the coating is located on Pos. 2, i.e. on the 

indoor surface. This class includes solar-control coatings on single glazing, e.g. for 

back-ventilated glass façade constructions. 

- Class C: Products, in which coatings are located on a glass surface adjacent to a 

hermetically sealed, gas-filled space of a glass unit. This includes all thermally 

insulating and solar-control glass units with coatings that can be stored and transported 

away from the original factory, as is the case for all coatings deposited today by 

magnetron sputtering or CVD. 

- Class D: Products analogous to Class C, but where the coated pane is further 

processed immediately after the coating has been deposited. This particularly 

addresses glass units from the first commercially marketed, coated solar-control glass 

units, with coatings that were produced by thermal evaporation and which could not be 

stored or transported outside the factory; these coatings are produced only in very 

small quantities today. 

- Class S: Products with coatings on the outdoor or indoor surface of glazing for special 

applications in architecture, e.g. anti-reflectively coated flat glass for shop windows. 

Flat glass products with coatings on outdoor or indoor surfaces 

EN 1096-2 specifies the test methods, procedures and criteria to determine the durability 

of coated glass products in which the coating is located on the outdoor or indoor surface 

of a glass unit, i.e. exposed to outdoor or indoor environmental conditions. The scope 

encompasses all coated glass products which are allocated to the Classes A, B and S.  

The tested properties for the coated products in these classes are: 

- Resistance to artificial weathering and 

- Mechanical durability, i.e. particularly resistance to abrasion. 

These tests are characterised by the most stringent test criteria which coated architectural 

glazing is required to meet. 

The test methods for artificial weathering are: 

- The test to determine resistance to condensation, which is specified in Annex B of EN 

1096-2. In this test, the test samples in an atmosphere saturated with water vapour 
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within a suitable test chamber are subjected to a prescribed number of 24-hour cycles 

consisting of the following phases: heating, maintaining a temperature of approximately 

40 °C for 6.5 hours and cooling to room temperature. This cycle causes a condensation 

layer to form across the entire surface, which can cause damage by corrosion. 

- The test to determine resistance to acid, which is specified in Annex C of EN 1096-2.  

In this test, the test samples are subjected within a suitable test chamber to a 

prescribed number of 24-hour cycles as above, but exposed this time to a water vapour 

atmosphere that is saturated with sulphur dioxide (SO2). Again, this cycle causes a 

condensation layer to form across the entire surface, this time enriched with SO2, 

which can cause damage by corrosion. 

- The test to determine resistance to neutral salt spray, which is specified in Annex D of 

EN 1096-2. In this test, the test samples are sprayed within a suitable test chamber 

with a saltwater (NaCl) spray at a temperature of approximately 40 °C and a pressure 

of 70 to 170 kPa for a specified length of time. The saltwater spray can cause damage 

by corrosion. 

The test method for resistance to abrasion is specified in Annex E of EN 1096-2. In this 

test, the coated glass surface is rubbed under dry conditions with a specified number of 

strokes by an abrasive felt pad transmitting a perpendicularly applied load of 4 N. The 

type of pad, the loading on it and the number of strokes may cause surface degradation 

by abrasion of the coating surface. 

Details about the individual testing procedures listed above, such as preparation, 

dimensions, number and configuration of the test samples, design of the testing 

equipment, its preparation and settings, etc. can be found in the appropriate Annexes to 

EN 1096-2. 

The severity of the test, i.e. the required test duration for the artificial weathering 

conditions and the number of strokes for the abrasion resistance test depend on the 

specific application of the coated flat glass products, i.e. on the class to which they are 

allocated according to EN 1096-1 (see Table 5.6.1). 

               Table 5.6.1 Testing severity for coated glass products allocated to Classes  

                                   A, B and S 

Test                        Test duration for Class 

          A         B         S 

Condensation 

resistance 
21 days 4 days 14 days 

Acid resistance 5 cycles 1 cycle 5 cycles 

Neutral salt 

spray resistance 
21 days 10 days * 

Abrasion 

resistance 
500 strokes 50 strokes 500 strokes 

* The neutral salt spray test can be omitted for Class S coatings, because 

the glazing is frequently cleaned in the applications foreseen by EN 1096-1. 

The criteria which the Class A, B and S coated products must satisfy are of two types, 

allowable deviations which can be identified by visual inspection and spectrophotometric 
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deviations from the initial state of the samples. The procedure for visual inspection is 

illustrated schematically in Figure 5.6.1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

For the spectrophotometric tests, it is sufficient to measure the transmittance with 

commercially available double-beam spectrophotometers at the wavelengths λ = 550 nm 

and 900 nm and, additionally for low-emissivity coatings, to measure the reflectance at λ = 

8 µm (see also Figure 3.2.3.1). The criteria for which products of the classes A, B and S 

are required to meet after completing the individual tests are listed in Table 1 of EN 1096-

2; they form the basis for assessing the durability of coated products belonging to these 

classes in real-life application. 

 

Flat glass products with coatings located in protected positions within a glass unit 

EN 1096-3 specifies the test methods, procedures and criteria to determine the durability 

of coated flat glass products in which the coatings are located on protected glass surfaces 

within a sealed glass unit. It applies to all coated glass products which are allocated to 

Classes C and D according to EN 1096-1. Here, only one property, the resistance to solar 

radiation, has to be tested. This test is the basis for determining whether exposure to solar 

radiation over a longer period of time can cause spectrophotometrically detectable 

changes in the investigated coated glazing with respect to the initial state, e.g. with regard 

to the light or (solar) energy transmittance or the thermal emissivity. 

Figure 5.6.2 schematically illustrates one of three possible test configurations to irradiate 

the test samples according to EN 1096-3. In this configuration, the distance between the 

radiation sources and the test samples must be approximately 1100 mm and the total 

irradiance incident on the surface of the test samples must be (900 ±100) Wm-2, whereby 

the spectral distribution of the lamps must correspond to that specified in EN 410 for the 

 Figure 5.6.1: Schematic diagram of visual inspection procedure 
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global solar radiation spectrum. In particular, sufficient intensity in the ultraviolet spectral 

range must be ensured. Details on this test method can be found in EN 1096-3.  

 

 

 

 

 

 

 

 

 

 

 

 

 

The coatings are tested within the air-filled insulating glass units and orientated with 

respect to the lamps in the same way as they would be installed with respect to the sun, 

i.e. with the coating on surface 3 for thermally insulating double glass units and the 

coating on surface 2 for solar-control double glass units. The irradiation duration depends 

on the test equipment; a duration of (1000± 24) h is specified for the configuration 

illustrated in Figure 5.6.2. A reference sample, which is coated with black ceramic frit and 

is irradiated in parallel with the test sample, must reach a temperature of approximately 56 

°C during the exposure period. 

After exposure, the test samples are again subjected to visual inspection and then the 

glass units are separated to allow coated single-pane samples to be measured 

spectrophotometrically in an analogous procedure to that specified in EN 1096-2. The 

criterion for visual inspection is that no additional faults compared to the initial state can 

be observed. The criteria for the spectrophotometric test is that the transmittance at λ = 

550 nm and 900 nm may not deviate by more than ± 0.03 from the initial state and that the 

reflectance at λ = 8 µm may not be reduced by more than 0.02 for low-emissivity coatings. 

Coated, laminated safety glass 

The EN 15755-1 standard addresses the durability testing of coated, laminated safety 

glass, which is also used as architectural glazing and in which a coating within the 

laminate is located adjacent to the polymer interlayer. The mechanical stability of the 

laminate can be tested in the same way as for glass laminates without coatings. The 

resistance to solar radiation can be tested by applying the same exposure test as for 

coated insulating glass units according to EN 1096-3. As the coating within the laminate 

usually cannot be separated from the interlayer, the spectrophotometric measurements 

are carried out on samples of the coated glass laminates before and after exposure. The 

 Figure 5.6.2: Schematic diagram of the configuration for irradiating samples mounted  

                     in a single plane, according to EN 1096-3. 

Legend:  

1 Lamps, 2 Aluminium foil, 3 Sample plane, 4 Protective aluminium foil, 5 4 mm  

thick, clear  float glass, 6 12 mm air-filled space, 7 Coated glass with the coating  

facing the air-filled space, 8 Black ceramic   frit coating, a Reference sample  

b Test sample 
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same criteria for spectrophotometric stability are to be applied for coated glass laminates 

as for coated panes in insulating glass units. 

Coated, semi-finished products 

Stability criteria for coated, semi-finished products, i.e. coated single panes which are sold 

to insulating glass manufacturers and thus are packed and transported outside the original 

factory, are not defined within EN 1096-1. The coating manufacturers should be ensure 

that the necessary measures during storage and transport are taken. To this purpose, e.g. 

coated samples of the semi-finished products are taken during the manufacturing process 

in the coating factory and subjected to abrasion and climatic chamber tests, either the 

same or analogous to those for the final products (see above). As a rule, the coating 

manufacturers prepare processing guidelines for further processing of their coated, semi-

finished products which are obligatory for the next stage of the manufacturing chain, i.e. 

for the producer of insulating glass units. 

Silver-based mirrors 

The durability requirements and corresponding tests for silver-based mirrors are specified 

in EN 1036-1. The tested properties here are: 

- Adhesion of the lacquer film to the metal coating 

    This is tested with a so-called cut grating test according to DIN EN ISO 24098. The 

lacquer film is cut with a cutting device with six blades spaced 1 mm apart.  The 

criterion is that the lacquer may not become separated from the underlying metal 

coating. 

- Climatic chamber tests of the mirror under constant ambient conditions as well as with 

a neutral salt spray and a copper chloride / acetic acid spray for a defined duration.  

The requirement here is that subsequent visual inspection does not identify any 

damage to the reflective layer or bubbles in the lacquer film. 

Flat glass for optics with anti-reflective or reflective coatings 

Large-area flat glass panes with anti-reflective coatings fall within the scope of Class S as 

soon as the coatings are located on the outdoor or indoor surfaces of glazing, i.e. stability 

criteria and requirements are specified in EN 1096-2 (see above). The requirements for 

small-area flat glass panes with anti-reflective or reflective coatings, primarily for use in 

optics, including display covers, are specified in DIN 58197-1 and DIN 58197-2. The 

durability criteria are essentially the same as those described above for architectural 

glazing. Thus, the durability tests are also essentially the same, but may vary in the 

duration as appropriate to the application. Further details can be found in the two DIN 

standards and in the discussion of the products in Chapters 5.3 and 5.4. 
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6  Products with electrically controllable functions based  
    on coated flat glass 

Chapters 5.1 to 5.5 deal solely with products made from flat glass using thin film layers or 
coatings, i.e. stacks of thin film layers. Such products have static functions. This chapter 
deals with products the electrically controllable (i.e. dynamic) functions of which are based on 
coated flat glass. The controllable materials may be solid layers or liquid films. Transparent 
electrodes serve as an essential functional element in all these products (see Chapter 
5.1.3.8). 

Basically, these products are flat optoelectronic construction elements the spectral 
transmittance or reflectance of which can be electrically controlled by means of liquid crystals 
or electrochromic materials. They are applied as displays, controllable window glazing and 
mirrors. This chapter demonstrates the functions of and markets for these products as well 
as the significance of coated flat glass in the manufacturing of these products. 

 

6.1 Optoelectronic displays using coated flat glass 

The function of a display is to show information on a surface by means of differences in 
contrast. In this sense, a newspaper is also a display. An essential quality characteristic of a 
display is the resolution of the information, that is to say (to stay with the image of the 
newspaper) the legibility of the letters on the page. 

Today, flat optoelectronic displays, also referred to as ‘flat panel displays’ or FPDs, are of 
paramount importance for presenting all kinds of information. During the last decades FDPs 
were rapidly developed. Techniques based on different effects have competed with each 
other, for instance, on the basis of liquid crystals, electro-luminescence or gas discharge. 
Meanwhile, the definite winner is liquid crystal display, abbreviated as LCD. At present, 
displays on the basis of this technique are manufactured in all sizes, for instance, for wrist 
watches, smart phones etc., pocket calculators as far as for large TV screens. In the 
meantime, they have also completely displaced the previously used cathode-ray tube 
invented by FERDINAND BRAUN about 100 years ago. 

All flat displays are based on transparent conductive flat glass panes. Considering the great 
importance of optoelectronic displays, it is astonishing to see that this market sector has 
been so neglected by the flat glass industry until now. Basically, their activities were confined 
to the supply of flat glass as a substrate material.  

The following section shows the functional principle of the today’s most widespread liquid 
crystal displays. 

6.1.1 Liquid crystal displays 

Market importance and definitions 

LCDs were first used about forty years ago as displays for wrist watches and afterwards for 
portable devices, such as pocket calculators. As mentioned above, these displays are 
nowadays a fundamental element of an increasing number of devices and equipments as 
well as all sizes of TV screens. Today, millions of square metres of transparent conductive 
glass, i.e. flat glass with transparent electrodes, are needed for the production output of 
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LCDs. It is said that the market share of coated glass for LCD manufacturing equals to that 
for buildings today. 

Liquid crystals are liquids which maintain the physical properties of their solid state, i.e. they 
behave physically like solid materials, where atoms, ions or molecules are arranged in ‘long-

range order’. Thus, they are the counterpart of glass which maintains the solid state structure 
of its melt, i.e. with ions or molecules arranged in the ‘short-range order’ of its liquid state, 
and is thus characterised as a ‘super-cooled liquid’ (see Chapter 1). 

Materials with liquid crystalline properties were discovered by the Austrian botanist, F. 
REINITZER, in 1888 and research was then carried out into them, particularly in Germany 
(largely in Halle and Freiburg). However, their applications in products only began in the 
1960s, when LCDs were developed in the USA. It should be pointed out that the first LCDs 
with sufficient ageing resistance were manufactured in Germany, Austria and Switzerland, 
substantially funded by government subsidies. At the end of the 1970s, the manufacture and 
development of these displays shifted entirely to Asia, from where the market is still 
dominated at present. The reason for this exodus was that the European watch 
manufacturers could not cotton up to this type of display technique offered on the market for 
their products at first. They argue that the clients would not have the right sense of time when 
showing on such displays. The Asians do not see this problem and they developed and 
marketed displays with the LCD technique henceforth.  

In the following, only the economically most important developments will be considered in 
detail, namely the TN (twisted nematic), STN (super-twisted nematic) and TFT (thin film 
transistor) displays.  

Liquid crystalline properties are exhibited by some liquid organic materials, the chemical 
structure of which will not be dealt with here. With regard to their state in the micro-area, 
distinctions are made between ‘smectic’, ‘nematic’ and ‘columnar’ liquid crystals. For LCDs, 
materials with a thermotropic-nematic structure are used nowadays. Importantly, in the case 
of liquid crystalline nematic materials, a periodic orientation of molecules in micro-areas 
takes place, owing to an electrical dipole moment in the rod-shaped molecule. This is the 
reason for their particular optical, dielectric and elastic properties. In short, these properties 
parallel to the molecule orientation, represented by the || symbol,  differ from those 
perpendicular to the molecule orientation, represented by the ┴ symbol. Such a property is 
also called ‘anisotropy’ (see Figure 6.1.1.1). 
 
 
 
 
 
 
 
 

 

                      

Figure 6.1.1.1:  Anisotropy of the real refractive index for materials 

                         with nematic liquid crystalline properties (n|| ≠ n┴) 
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Concerning the optical properties, the phase velocity c of the light parallel to the molecule 
orientation (||) differs from that perpendicular to the molecule orientation (┴). From the 
relation n = co/c, where n is the real refractive index and co the light velocity in vacuum (see 
also Chapter 5.1.1.2), it follows that the real refractive indices n|| and n┴ are different, as 
depicted in Figure 6.1.1.1. Such a material is said to be birefringent. The same applies to the 
dielectric and elastic properties. 

Liquid crystal effects can only be observed within a determined temperature range, namely 
from the ‘melting point’ to the ‘clearing point’. The latter describes the temperature at which 
the liquid crystalline molecules in the micro-areas are disordered by the thermal movement of 
the molecules. Above this temperature range, the liquid crystalline materials, e.g. in a test 
tube, are transparent. However, in the range from the melting point to the clearing point, they 
are muddy,n for which reason they are also referred to as ‘thermotropic’. This is due to the 
fact that the aligned micro-areas are differently aligned macroscopically, resulting in density 
variations, thus scattering incident light. This is the temperature range of the liquid crystalline 
effect, also described as ‘mesophase’. Below the melting point, the liquid crystalline material 
solidifies. An essential prerequisite for using liquid crystalline materials is the congruence of 
the mesophase range with the temperature range in the particular application in question. If 
the temperature falls below or exceeds the required range, an LCD, for example, will no 
longer work. Today, however, liquid crystal substances for LCDs are available with a 
mesophase which covers the range of all usual applications. 

LCDs exist, as a rule, of a more or less number of separate areas or, in the case of screens, 
of  a large number of picture elements, also referred to as ‘pixels’, which are row-shaped 
arranged in series and separately controlled. The areas and pixels are also called ‘liquid 

crystal cells’ or abbreviated as ‘LC cells’. 

TN display 

The TN display, also referred to as a TN cell, is by far the most widespread LCD regarding 
application. It was developed in Switzerland and the USA almost simultaneously. 
Fundamentally, all LCDs are passive displays, i.e. the information of the display is only 
visible during exposure to light; thus, they must be illuminated in darkness. Contrarily, active 
displays emit light and as such are luminescent, for example, ‘light emitting displays’ (LEDs). 

The physical basis of the TN cell function is shown in Figure 6.1.1.2. By means of a twisted 
liquid crystal film, the plane of polarised light (see also Chapter 5.1.1) is affected differently, 
depending on whether or not the liquid crystal film is exposed to an electrical field. In the off-

state, incident polarised light, generated in an entrance polariser, is conducted through the 
liquid crystal film, which is twisted by 90°, towards the exit polariser, positioned perpendicular 
to the entrance polariser, so that it can pass the latter. This is the ‘bright state’. In the on-

state the molecules of the liquid crystal film align (due to their electrical dipole moment) in 
the direction of the applied electrical field and are thus unable to influence polarised light 
passing through. The exit polariser extinguishes the light passing through. This is the ‘dark 

state’. The contrast between the dark and bright states is used for the display of information, 
whereby the mode of different electrical control of separate LCD areas is used. The electrical 
control of displays is also referred to as ‘addressing’.  

The design of a TN display is shown in Figure 6.1.1.3. The liquid crystal substance is located 
between two conductive glass panes which are arranged parallel to one another at a 
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distance of 5 - 10 μm, one of which serves as a front pane to make the information visible, 
while the other functions as a back pane. Both panes are sealed hermetically at the edges. 
Thus, the assembled conductive panes form an optical cuvette filled with liquid crystal 
material. The conductive coatings are covered with a SiO2 insulating layer and on top with an 
additional orientation layer. The exact distance between the conductive panes is maintained 
by spacers (plastic globules or glass fibre cuttings). Polarisation films are spread across the 
outside of each of the conductive panes.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
The electrically insulating SiO2 layers which are on top of the conductive layers serve to 
prevent any flow of electric current through the liquid crystal film. The TN displays work, 
therefore, in a capacitive manner, i.e. the power consumption required for its addressing is 
very low. The orientation layer is the real secret of the display. As a rule, it consists of a 
polyamide. After coating, micro-grooves are rubbed into the surface in one direction and the 

Figure 6.1.1.2: Function of a 

TN cell  

Figure 6.1.1.3 :   Design of a TN display 

Figure 6.1.1.3: Schematic  demonstration of the design of a TN cell 
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rod-shaped liquid crystal molecules align themselves to this. In order to twist the liquid crystal 
film, the two facing orientation layers in the LCD are perpendicularly staggered by 90° with 
respect to the grooves. 

For colour displays, as used, for example, in laptop or iPone screens, additional colour filters 
for the creation of red, green and blue colour areas or points are arranged between the 
conductive coating and the orientation layer. 

LCDs are operated in transmission and reflection. For operation in the reflection mode a 
reflector film is affixed to the back of the display; apart from that, the construction of the 
display is similar to that of the transmission display. By turning the exit polariser by 90°, i.e. 
towards the direction of polarisation of the entrance polariser, it is also possible to operate 
the display so that brightness prevails in the on-state and darkness in the off-state. 

The main advantages of the TN display are: 

- Low construction depth (for this reason these displays are also described as flat displays), 

- Fast switching speed 

- Low power consumption (not including possible illumination) 

- High contrast 

- Addressing with multiplex systems, e.g. for controlling of pixels arranged row-shaped in 
series. 

- Simple and thus cost-saving design, at least for small displays 

The disadvantage of this type of display is the dependence on the contrast of the side 
viewing angle, i.e. the optimal contrast is only given from a perpendicular point of view. 

STN display 

The STN display is an important advance on the TN display. Without going into detail, the 
following can be said with regard to its design and function. The design is similar to that of 
the TN display. However, the twisting of the liquid crystal film has been increased to180° till 
270° and the position of the polariser films is shifted to the groove alignment of the 
orientation layer. In this way, the sensitivity of addressing of the cell is increased and the 
contrast dependence on the angle of view is considerably reduced. This is important for the 
application of the pixel structure of TV flat screens.  

 

   

 

Legend: 

1 = emergent light 

2 = polarisor 

3 = colour filter 

4 = conductive glass 

5 = liquid crystal 

6 = illumnitation 

                          
Figure 6.1.1.4:  Schematical  demonstration of the   
design of a  FSTN cell   
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Certainly, disturbances of colour (dichroism) occur at this cell design as result of 
birefringence of the nematic liquid crystals. These disturbances can be compensated by two 
special films before and behind the cell. Cells with such a design are also called ‘FSTN’ cells. 
In Figure 6.1.1.4 such a cell design is depicted schematically. High-quality FSTN cells 
operate on this principle today.  

 

 

 

 

 

 

 

 

 

 

Electrode configuration and addressing of LCDs 

Figure 6.1.1.5 demonstrates electrode configurations which are commonly used for simple 
LCDs on the basis of a TN cell. In Figure 6.1.1.4a, the current most common electrode 
configuration of an 8-segment display is shown. It is used for displaying digits and 
characters. The transparent conductive coating of the back pane is unstructured and covered 
with a SiO2 insulating layer and an orientation layer. The transparent conductive coating of 
the front pane is configured into segments by etching, normally using photolithographic 
etching processes, and is then covered with the SiO2 insulating layer and the orientation 
layer. For addressing, each segment has a conducting path of the same conductive coating, 
which is drawn to the edge of the conductive glass and contacted there (see Chapter 
5.1.3.9). Each segment forms a LC cell. At a working voltage of a few volts, the addressing of 
the individual segments is effected directly in correspondence with the digits or characters to 
be displayed. Displays with this type of aligned electrode layout are used for digital displays, 
for example, for watches, pocket calculators etc. 

Figure 6.1.1.4b shows strip electrodes which are situated on the back and the front 
conductive pane and positioned perpendicular against one another forming a matrix 
configuration. The strips are photo-lithographically etched or laser engraved and they are 
also covered with an SiO2 insulating layer and an orientation layer. Each element of the 
matrix configuration forms a picture element, also referred to as ‘pixel’. Such displays are 
used to display complicated patterns, for example letters, graphics or images. Addressing 
takes place by means of a multiplex system, similar to the conventional TV screen. The 
process uses the inertia of the human eye so that the pixels in the series and columns of the 
crossed strip electrodes can be addressed in turn. 

Figure 6.1.1.5:   LCD electrode configurations 

a) 8- segment display  b) matrix display (see also Figure 5.1.3.7.2) 
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thickness are used. The planeness of these panes is extremely important. This is due to the 
narrow distance of about 10 μm between the cell wall of the LCD, forming a cuvette. For 
some application, the maximum short-wave deviations from the planeness of the used flat 
glass should not exceed e.g. 0.7 μm/cm (see also Chapter 1.2).  

Since soda lime glass is used in preference as substrate glass (for reasons of cost) for small-
sized displays, the transparent electrodes necessarily have to be protected against Na+ ions 
diffusing out of the glass. This is achieved by means of a blocking layer which is deposited 
between the glass surface and the transparent conductive coating. Silicon dioxide layers are 
well-suited to this purpose. In the past, these were deposited up to thicknesses of 200 nm by 
means of chemical processes, using dip coating (see Chapter 4.3.3) or the liquid spray 
technique (see Chapter 4.3.2.2), but nowadays, they are deposited by means of sputtering 
processes (see Chapter 4.2.1.7). For the manufacturing of large-area TFT screens alkali-free 
glasses, i.e. borosilicate glasses instead of soda lime glasses must be applied. They have 
beside a very low Na+ ions content the advantage of high thermal resistance (e.g. the 
coefficient of thermal expansion is much lower than that for soda lime glass). 

Requirements regarding the light transmittance τv of the conductive glass are ≥ 75 %, and 
those of the electrical sheet resistance lie in the range between R□ = 1 and 100 Ω, depending 
on the application concerned. As a rule, sheet resistances of about 100 Ω are sufficient for 
the commonly used digital LCD displays. Sophisticated TFT matrix displays, however, 
require a sheet resistance R□ = 1 - 15 Ω, due to the thin conducting paths. To increase the 
contrast in high-grade displays, the outer surface of the LCD front glass can be anti-reflected 
(see Chapter 5.3). 

As transparent conductive coating, fully oxidic tin-doped indium (ITO) layers and, nowadays, 
partly coatings on the basis of silver layers are applied today (see Chapters 5.1.2.1 and 
5.1.2.2) which are mainly deposited using sputtering processes. Sputtering processes have 
the advantage that they do not damage the planeness of the glass. For the photolithographic 
manufacture of electrode configurations, the layers must be sufficiently resistant to chemical 
and mechanical influence. In the past, transparent conductive coatings based on silver 
exhibited certain disadvantages compared with ITO layers. For this reason, conductive flat 
glass with silver layer systems was not used for LCDs. However, it should be said that 
photolithographic technologies for electrode configuration have been partially replaced by 
laser engraving processes, where the chemical and mechanical resistance is no longer the 
essential requirement for transparent conductive coatings. Thus, for applications which 
particularly require very low electrical sheet resistances, e.g. for high-grade TFT displays, 
conductive glass panes with silver layer systems have recently been used increasingly, 
because low sheet resistance and, at the same time, highest light transmittance can only be 
achieved by means of these layer systems (see also Chapter 5.1.2.2). Because indium 
targets are very expensive (see Chapter 5.1.2.1) and keeping in mind the anticipated 
expansion of the LCD market, it is very urgent that other transparent conductive oxide 
coatings (TCOs) with comparable properties has to be developed to replace the today’s 
mostly applied ITO layers for reasons of cost.  
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6.2  Glass panes with electrically controllable spectral transmittance or  

       reflectance 

Glass panes with controllable spectral transmittance or reflectance are of greatest interest in 
window glazing for the purpose of control or the adjustment of incident natural daylight or 
solar radiation at windows or light reflection e.g. at rear mirrors of cars. Transparency control 
is needed most often for transparent partitions, view screens for buildings or anti-theft 
glazing, with which, for example, the transparency of the glazing at bank counters can be 
switched off in the case of an attack. The control of incident natural daylight is basically 
required for the elimination of glare from intense solar radiation and for light distribution in 
order to improve room illumination, as for example in open-plan offices. Owing to the 
increasing number of legal regulations regarding energy saving, the application of window 
panes with solar radiation control would be very useful. This would be especially true in large 
buildings, such as government or commercial buildings, hospitals, schools etc. Glazing with 
dynamic solar control could replace, if applicable, the today’s conventional solar control 
glasses.  

Window shades and blinds have been used to control the light and solar transmittance of 
windows for a long time. Products which are based on coated flat glass would certainly be a 
more adequate solution for flat glass. Basically, the same physical effects which work for flat 
optoelectronic displays can be used here. In both cases the control of optical properties is 
involved. There are, however, the following basic differences with regard to the requirements: 

- While the contrast is the essential distinguishing feature for optoelectronic displays, it is 
the light and total solar energy transmittance (τv or g value) for window panes. 

- While the time required for altering the optical property, the so-called setting time, is a 
matter of milliseconds for displays, it may amount to several minutes for glazing. 

- While, as a rule, displays are not exposed to sunlight, this is always the case for window 
panes. Thus, higher requirements are made on the resistance to solar radiation. 

- While most displays are small, window glazing involves larger areas. 

From the wide variety of possible techniques which were tried for the application with 
displays, in principle, only a few are applicable for window panes. Anyone involved in the 
development of electrically controllable layers for window panes would be well-advised to 
examine the long history of development in the field of flat optoelectronic displays. In this 
field, many possibilities have been tested and filed away again. The following chapters deal 
with developments and currently marketed products for the electrical control of light 
transmittance or reflectance, as well as for the electrical control of solar energy 
transmittance.  

 

6.2.1 Panes with electrically controllable light transmittance based on liquid    

crystals 

Since several years, glazing are offered on the market with the design of ‘laminated safety 

glass’, abbreviated as ‘LSG’, in which small liquid crystal are incorporated in a polymer foil 
being possible to control the light transmittance τv. As in the case of LCDs (see Chapter 
6.1.1), the liquid crystals works here also like a radiation valve; however, the electrical control 
of the incident light is not used for generating a contrast in order to make information visible, 
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but for light transmittance control. In contrast to LCDs, in such a way performed panes are 
also, as a rule, much larger in size. Moreover, a different liquid crystal effect is employed 
here from that used for LCDs. 

Examples of possible applications for such performed glass panes are:  

- Window glazing with view screens, which, for example, obstruct the view into a building 
from the outside at night or prevent passers-by from glancing into rooms 

- Glazing for dividing rooms temporarily, so-called temporary partitions 

- Anti-theft panes, e.g. for glazing at bank counters, which in case of emergency 
automatically become opaque and thus provide protection for the bank personnel 

However, the disadvantage of today’s LSG performed in such a way is the limited resistance 
to solar radiation. When heated up by solar radiation, the mesophase, in which the liquid 
crystal effect takes place, is exceeded and works no longer. It can thus only be applied for 
building glazing with certain limits, e.g. not in skylights.  

Design of the glazing 

The design and function of a LSG with a controllable light transmittance and electrically 
controllable foil on the basis of liquid crystals is shown in Figure 6.2.1.1.  

 
 

 

 

 

 

 

 

 

 

 

 
The LSG depicted in Figure 6.2.1.1 shows an arrangement of two glass panes which are 
laminated to one another by means of 3 polymer foils. In the medium foil-shaped special 
polymer matrix, droplet-shaped liquid crystal material is incorporated being embedded in 
PVB foils for assembly into a laminated glass. This type of liquid crystal arrangement is also 
referred to as ‘polymer dispersed liquid crystal’, abbreviated as ‘PDLC’. The special polymer 
matrix with incorporated liquid crystal droplets is 15 - 25 μm thick and, as such, is a thick film 
layer (see Chapter 2 in Part I). Electrical control of the light transmittance is effectuated by 
means of two transparent electrodes on both sides of the polymer foil. Figure 6.2.1.2 shows 

 

Figure 6.2.1.1:   Design and function of  a LSG on the basis of a laminated foil 

                           with controllable light transmittance by PDLC 
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the thermal movement. The pane then becomes translucent again. The setting time for the 
translucent and clear conditions, when the voltage is turned on and off, is about 10 
milliseconds. 

Approximate values of the optical data of a LSG with PDLC with the design, shown in Figure 
6.2.1.1, are given in Table 6.2.1.1. It can be seen from this table that the solar control effect 
of such a pane is only low, since the difference of global transmission (direct + diffuse 
transmission) is insufficient in the on- and off state.   

spectral 
 properties 

off-state on-state 

 direct light   
 transmittance    (%) 1 80 - 85 

 diffuse light 
 transmittance    (%) 64 0 

 direct light 
 reflectance       (%) 9 8 

 diffuse light 
 reflectance       (%) 9 0 

 absorbance      (%) 17 remainder 
to 100% 

                                        Table 6.2.1.1: Approximate spectral properties  
                                                           of a LSG with PDLC and the   
                                                           design shown in Figure 6.2.1.1 

Manufacture of the panes 

The first polymer matrix with incorporated liquid crystal droplets used for the control of light 
transmittance was developed and introduced into the market by FERGASON in the USA in 
1981. This layer has become known as ‘nematic curvilinear aligned phase’ (NCAP) film. It 
was made by depositing an emulsion consisting of nematic liquid crystal material and a 
hydrous colloidal blend of polymers onto a conductive glass or a foil with a transparent 
electrode. As the water is vaporised out of the emulsion, the liquid crystal droplets separate 
and a polymer foil with incorporated liquid crystal droplets was formed. It was assembled with 
a second conductive glass or a foil with transparent electrodes to make a laminated glass 
sheets or a multilayer films. Today, there are other methods for manufacturing polymer foils 
with incorporated liquid crystal droplets. In the glass industry, as a rule, a LSG with PDLC is 
assembled with a prefabricated polymer foil today, as shown in Figure 6.2.1.1.  

Liquid crystal materials used 

For glazing with controllable light transmittance liquid crystal materials with a nematic order 
are used as with the LCDs, i.e. materials with a rod-shaped molecular structure (see Figure 
6.1.1.1). 

The degree of light scattering and thus the translucency depend on the following parameters: 

1. The light scattering takes place at the interface between the liquid crystal droplets and the 
polymer. The greater the birefringence, i.e. the difference between the real refractive 
indices of liquid crystal materials Δn = n|| - n┴, the greater the light scattering, i.e. the lower 
the translucency in the off-state condition. Typical values for the real refractive indices of 
the liquid crystal material are n|| = 1.521 and n┴ = 1.741, so Δn equals to 0.22. Typical 
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values for the real refractive index of the polymer matrix used are, for example, nP = 1.48 
to 1.53. In this way, the reflection at the interface between the glass and the polymer is 
avoided simultaneously due to np ≈ nG. 

2. Since the translucency of the glazing is based on light scattering, the degree of light 
scattering also depends on the size of the droplets. Droplets which are 1 - 2 μm in 
diameter are best for the scattering of visible light. The diameter of the droplets can be 
influenced by the manufacturing process. 

3. The translucency is lower the greater the density of the droplets in the polymer matrix. A 
proportion of 50 - 60 % by volume of the polymer matrix is adequate. 

4. The liquid crystal material must as far as possible all be separated into droplets during the 
manufacturing process, so that the targeted real refractive index (nP ≈ n||) of the polymer 
matrix and the lowest possible absorptance can be achieved. 

The maximum working voltage required for controlling the pane depends on the following: 

- Thickness of the polymer foil and the quantity of droplets within the polymer foil 

- Shape and size of the droplets; small droplets require increased working voltages 
compared with larger ones 

- Electrical and mechanical properties of the liquid crystal material 

A liquid crystal material for this kind of application was e.g. the ‘Licrilite’ product made by 
MERCK (Germany), exhibited the following basic technical data: 

- n||  = 1.5183 - 1.5300 

- Δn = 0.2273 - 0.2860 

- The temperature range in the liquid crystal phase (the ‘mesophase’, see Chapter 6.1.1) is 
between -20°C and 113°C. 

However, these materials are not yet sufficiently UV resistant so that they are not appropriate 
for unlimited use in outdoor glazing. In the past, liquid crystal materials were developed 
having a better UV stability. However they have had lower birefringence and, therefore, a 
lower translucence by a lower scattering effect. 

Another disadvantage of the LSG with PDLC is the ‘haze’ which is visible in the clear 
condition when looking at the pane at an oblique angle and from any viewpoint at reduced 
transparency when the applied voltage is lower than the maximum. In the first case, this is 
due to the fact that the system of liquid crystal droplets and polymer matrix is mismatched for 
the oblique angular viewpoint. This means that, in this case, the real refractive index of the 
liquid crystal droplet deviates from the real refractive index of the polymer matrix, whereby 
obliquely incident light is scattered. In the second case, the alignment of the liquid crystals in 
the droplets is not complete as at maximum applied voltage; thus, for instance, perpendicular 
incident light is also scattered in a diffuse manner. The technology available today is not 
capable of removing either of these disadvantageous effects. 

Transparent electrodes used 

The requirements for the transparent electrodes are comparable to those for conventional 
digital LCDs. Due to the very low flow of electrical current when controlling the LSG with 
PDLC (the consumption is approximately only a few mA/m2), it is sufficient for the transparent 
electrode to have a sheet resistance R□ < 100 Ω, while the light transmittance τv  should be 
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as high as possible. Thus, conductive coatings with semi-conductive metal oxide layers 
(TCOs) based on indium oxide or tin oxide (see Chapter 5.1.2.1) as well as transparent silver 
layer systems (see Chapter 5.1.2.2) are suitable for this application. 

Market of this type of glazing 

As already mentioned at the beginning of this chapter, the market for this type of glazing was 
and is still small; it remains a niche product. Reasons for this are 

• Limited outdoor applicability 

• Quasi no solar control efficiency 

Both disadvantageous properties avoid the access of this glazing into the big building 
market. As long as this is not changed, LSG with  PDLC will remain a niche product.  

 

6.2.2  Panes with controllable transmittance based on electrochromy  

Definitions 

Some materials change colour when a DC voltage is applied to them. Such materials are 
also referred to as ‘electrochromic’. Some electrochromic materials are transparent when 
deposited as a coating on flat glass. An alteration of their transmittance in the range of solar 
radiation is possible by applying a defined voltage. This effect is reversible, i.e. if the polarity 
of the DC voltage is reversed, the panes bleach again, that is they return to their original 
colour. This is a characteristic feature for electrochromic materials. 

Apart from the electrochromic effect, research and testing has been carried out for a long 
time into materials which exhibit ‘photochromic’ and ‘thermochromic’ effects, with regard to 
their application for flat glass. Photochromic materials are coloured by light radiation. When 
the radiation is interrupted they bleach again; i.e. this effect is also reversible. Photochromic 
sunglasses may be the only product which makes use of this effect. Thermochromic 
materials can change colour when their characteristic temperature is exceeded, for instance, 
by absorption of incident solar radiation. When the temperature falls below that characteristic 
temperature, they also bleach again. 

Efforts have been made for a long time to use panes with thermotropic effect to control solar 
radiation in buildings, in order to prevent the ‘greenhouse effect’ in rooms. The thermotropic 
effect is mainly based on scattering and absorbing incident solar radiation if a critical 
temperature is exceeded. However, the application of panes with the thermotropic effect to 
prevent the greenhouse effect is limited. 

The greenhouse effect means excessive inside temperatures generated by excessive 
incidence of solar radiation. With a ‘control loop’, as it is expressed by control engineers, the 
greenhouse effect can be prevented. The value to be controlled, which is also referred to as 
the ‘controlled variable’, is the inside temperature. The measure of a construction element, 
which is to control, is referred to as the ‘regulated variable’. In our case here, this is the 
transmittance of the pane which should be controlled. It may be characterised as a ‘solar 
energy valve’. However, when a thermotropic pane is applied, it is not the room temperature 
which is the measure to be controlled, rather it is the pane temperature which is adjusted by 
absorbing solar radiation. Thus, the inside temperature, i.e. the value which is decisive in the 
prevention of the greenhouse effect, can only be controlled to a limited extent using a 
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thermotropic pane because, for instance, the secondary internal heat transfer qi (see also 
Chapters 5.1.3.1 and 5.2) is not included when controlling the solar radiation in this way. As 
we shall see in the following pages, there is a basic difference when electrochromic panes 
are used as a solar energy valve in the above-mentioned control loop. 

The basis of the materials used today with one of the three effects electrochromy, 
photochromy and thermochromy (partially also thermotropy), is the generation and 
elimination of colour centres. Colour centres are atoms or molecules in solid materials or 
liquids which absorb sun radiation, thereby changing their spectral transmittance. The 
generation of these colour centres takes place when electrochromic materials are exposed to 
an electrical field, when photochromic materials are exposed to incident light or when 
thermochromic or thermotropic materials are exposed to a heat source, for example, to solar 
radiation. It is important to know that in all three cases absorption of solar radiation is the 
reason for the change in colour, and, thus, for the change of spectral transmission. In the 
following pages, only electrochromic panes, are treated since in the opinion of the author 
only they provide an adequate solution to the problem of dynamic solar control. 

The change in colour of electrochromic panes, measured by the ‘optical density’ (OD), is 
defined by the equation:  
                                                        OD = log τo(λ)/τ(λ) 

where τo(λ) is the spectral transmittance of the material in its initial bleached state and τ(λ) 
that in the coloured state. The change in colour depends on the type of electrochromic 
material used, the pane size F (the so-called active area) and the electric charge Q which 
flows into the material, due to the applied electrical voltage. With the last terms the following 
equation is true: 
                                                        OD = ceff(λ)  * Q/F 

where ceff(λ) is the characteristic coloration efficiency factor of the electrochromic material. It 
determines the charge Q at which the optical density OD of an electrochromic pane of 1 cm2 
area alters by the value 1, i.e. an alteration of transmittance by a factor of 10. It should be 
noted that the coloration efficiency factor depends on the wavelength. Since the transported 
electric charge Q equals to the product of the intensity of electric current I (A) and the time t 
(s) of the current flow, the following deduction can be made from the equation above: 

                                                        OD = ceff(λ)* I*t/F 

Current I and time t are values which are measured more easily than electric charge. 

The development of electrochromic materials is aimed at gaining a high coloration efficiency 
factor ceff, i.e. to find materials which can achieve the highest possible colour intensity with 
the lowest possible electrical charge, i.e. the lowest electric current. Tungsten trioxide (WO3) 
which is also known as tungsten bronze has the highest coloration efficiency factor ceff of all 
electrochromic materials known today. Its value is about 130 cm2/C at a wavelength of λ = 
800 nm. 

Development and application of panes with the electrochromic effect 

Attempts were made in the 1960s and 1970s to make use of the electrochromic effect for flat 
displays. As already described for the displays in Chapters 6.1.1 and 6.1.2, they consisted 
also of two coated flat glass panes which were assembled together to form a laminated 
glass, with the electrochromic material and the auxiliary layers in between. The advantages 
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of electrochromic displays are a high contrast, no dependence on the side viewing angle and 
the possibility of storing the displayed information, known as the ‘memory effect’. The 
disadvantages for applying as display, however, are its high electric power consumption, low 
switching speed and the difficulty of multiplex addressing. The latter turned out to be very 
disadvantageous, limiting the pixel density and, thus, the resolution of information. 
Electrochromic displays would be particularly suited to application in large displays with 
comparatively low switching speed. However, they were not successful. They were beaten 
by other developments of display technologies, especially the liquid crystal displays (LCDs, 
see Chapter 6.1.1). 

Soon after, attempts were made to transfer the electrochromic effect to car and window 
glazing. Integrated in a control loop as a solar control valve it would be a tool against the 
greenhouse effect. Windows with this type of pane are known in the United States as ‘smart 

windows’. It makes sense to use electrochromic panes as a solar energy valve, since the 
greenhouse effect is then counteracted by means of variably shading the pane, which is the 
regulated variable, forming a control loop with the inside temperature as the variable to be 
controlled. Here, the secondary internal heat transfer factor qi of the window pane is recorded 
and thus an exact control of the inside temperature is possible. Today, the electrochromic 
effect is used for rear-view mirrors in vehicles. Here a pane with this effect is arranged in 
front of silver mirrors. Such mirrors can be darkened or brightened continuously, so as to 
prevent the glare from traffic behind. In the last years, also the long lasting development of 
the above mentioned smart windows on the basis of electrochromism resulted in market-
ready products, manufactured and marketed by some flat glass companies. However, they 
remained still niche products until today  

Basic structure and function of electrochromic pane 

 

 

 

 

 

 

 

 

 

 

 

A distinction is made between electrochromic solids and liquids. Figure 6.2.2.1 shows the 
basic designs for panes with both materials. The figure demonstrates that the electrochromic 
material is arranged between transparent electrodes. The electrochromic effect is achieved 
by applying a DC voltage to these electrodes. In the case of electrochromic solid materials 
(see Figure 6.2.2.1a), the electrical field generated by the applied DC voltage causes ions to 
drift from the ion storage and into the electrochromic solid material where they form colour 

Figure 6.2.2.1:  Design of an electrochromic pane  

                         a) on the basis of an electrochromic solid layer 

                         b) on the basis of  an electrochromic liquid 
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centres and, thus, change the colour and also the spectral transmittance of the 
electrochromic material by absorptance. If the voltage is disconnected, the colour remains 
(‘memory effect’). If the voltage polarity is reversed, the ions return from the electrochromic 
solid material to the ion storage. Thereby, the colour centres are eliminated and the 
electrochromic material is bleached again. The ion storage shown here is an electrolyte, i.e. 
a liquid. However, a solid material working as ion storage can also be used.  

In the case of panes with electrochromic liquids (see Figure 6.2.2.1b), the electrochromic 
effect works slightly differently. Owing to the electrical voltage which is applied to both 
electrodes, electrons drift from the negative pole (- pole) towards the molecules of the 
electrochromic liquid. Thereby, their electric charge is altered and, as a result, the 
electrochromic liquid changes colour by a redox reaction and thus also reduces the spectral 
transmittance of the electrochromic liquids by absorptance. Unlike the electrochromic solid 
materials, the colour is not maintained after the voltage is disconnected, instead the liquid 
bleaches in a short time, because the electrochromic molecules are discharged by diffusion 
to the opposite electrode (+ pole). By changing the polarity, the bleaching can even be 
accelerated. 

The fundamental difference between electrochromic solid materials and liquids is as follows: 
In the first case, the electrochromic effect is caused by ion transportation, that means 
transportation of mass, while in the second case it is caused by electron transportation, i.e. 
virtually mass-free, thereby altering the charge state of molecules. The transportation of 
mass is related to corrosion. This is why corrosive effects (drifting matter, changes in 
material volumes, electrochemical compatibility of the materials used etc.; see also Chapter 
5.1.1) are a serious problem in the development of panes with electrochromic solid materials. 
The panes with electrochromic liquids are less problematic here. However, other 
disadvantages and limitations are currently experienced with them (see below). Another 
fundamental distinction between electrochromic solid materials and liquids is in their 
switching speed which is considerably lower for solid than for liquid materials. This is due to 
the fact that the velocity of drifting ions is much lower in solid materials than that of electrons 
in liquids. 

Spectral behaviour of electrochromic panes 

 

Legend: 

Ti = spectral transmittance in the  
       bleached state              
Tf = spectral transmittance in the  
       coloured state 
1,2,3 = applied voltage stages   

 

 Figure 6.2.2.2  Schematic scope 

 of the spectral transmittance of 

electrochromic panes working as 

controllable wide-band absorption  

filter   

                                 (Source: Lampert) 



 

All today’s developed and app
controllable wide-band absorpt
changing the spectral transmitt
applying an electrical field (vo
panes during colouring and blea

Function of panes with electr

Figure 6.2.2.3 shows the desig
of solid components, a so-called

Electrodes, for example, transp
sides of such a system to wh
coated with an electrochromic l
while the other one is coated w
electrodes are assembled with
insulator which insulates electr
electrical field, however, ions 
conductor include SiO2, Ta2O5

If the negative pole of the DC
tungsten trioxide (see Figure 6
storage through the ion cond
electrons from the negative e
W5+ appears blue in colour. By
the release of electrons and, s
becomes transparent again. In
equation of charge transportatio

where U means the applied volt

a) 

b) 

208 

applied elctrochromic materials belong to the 
sorption filter the colouring and bleaching of whic

nsmittance by absorptance in the entire solar radi
ld (voltage). The theoretical scope of spectral b
d bleaching is shown in Figure 6.2.2.2.   

electrochromic solid materials 

 design and function of an electrochromic system
called all-solid-state electrochromic device.  

 
 
 
 
 
 
 
 
 
 

 
transparent conductive oxide layers (TCOs), are 
to which a drive voltage is applied. One of the 
omic layer, abbreviated as EC, in this case tungste
ated with an ion storage layer, abbreviated as IS

with an ion conducting layer, abbreviated as I
electrically the electrodes from each other. If it 

 ions are able to drift through it. The materials 

5 and ZrO2 or organic compounds. 

he DC voltage is applied to the electrode whic
gure 6.2.2.3a), hydrogen (H+) ions (in this case
 conductor into the tungsten trioxide layer. In
ve electrode, thus W6+ is reduced to W5+. While W
ur. By reversing the polarity of the electrodes (see

, simultaneously, H+ ions cause W5+ to re-oxid
in. In this case, the tungsten ions function as co
ortation of this electrochromic reaction is: 

d voltage. 

Figure 6.2.2.3

 function of an 

trochromic sys

 

o the material class of 
f which are caused by 
r radiation range when 
tral behaviour of such 

ystem consisting solely 

are arranged on both 
f the two electrodes is 
ungsten trioxide (WO3), 

IS. The two coated 
C being an electric 

. If it is exposed to an 
erials used for the ion 

 which is coated with 
case) drift from the ion 
er. In connection with 
hile W6+ is transparent, 

(see Figure 6.2.23b), 
oxidise to W6+ which 

as colour centres. The 

3:   Design and 

 of an all-solid elec- 

ic system 



209 

 

The preferred colouring ions are hydrogen (H+) ions which, for example, result in the ion 
storage from water dissociation. Instead of H+ ions also lithium (Li+) ions are suitable for this 
electrochromic reaction. The ion diameter of both these ions is small. Therefore, when 
exposed to an electrical field they are able to drift through solids at sufficient speed. In the 
case of electrochromic panes with electrolytes (see Figure 6.2.2.1b), the electrolyte 
simultaneously serves as ion storage and ion conductor. 

Table 6.2.2.1 shows the electrochromic solid materials which have so far been discovered 
and researched. For electrochromic materials, a distinction must be made between cathode 
and anode colouring materials. An electrochromic material is referred to as ‘cathode 

colouring’; if colouring occurs when it is on the cathode side (- pole); the electrochromic 
material is referred to as ‘anode colouring’, if colouring takes place on the anode side (+ 
pole). It can be seen from Table 6.2.2.1 that electrochromic solids are inorganic materials, 
mainly metallic oxides. Apart from tungsten bronze (WO3), molybdenum trioxide, titanium 
dioxide and nickel oxide are considered to be the most electrochomic important materials 
today. 
 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.2.2.4 shows the electrochromic reactions of cathode and anode colouring solid 
materials. This figure shows that cathode and anode colouring materials complement each 
other. This means that cathode and anode colouring materials can be arranged on the 
opposite electrodes within the same electrochromic system.  

In the design of Figure 6.2.2.3, the use of an anode colouring material in place of the ion 
storage (IS) can be demonstrated. Here, the IS material can act both as ion storage and as 
colouring electrode, depending on the polarity. The advantage is that the colouring of both 
materials happens simultaneously. As a result, the colour intensity is increased, 

solid material 
colour of transmittance     

at polarity 

anodic cathodic 

cathodic colouring 

Tungsten trioxide 

Molybdenium trioxide 

Titanium dioxide 

Niobium pent oxcide 

Vanadium pent oxide 

Manganese dioxide 

 

WO3 

MoO3 

TiO2 

Nb2O5 

V2O5, VO2 

MnO2 

 

 transparent 

 yellow 

 transparent 

 transparent 

 yellow 

 transparent 

 

 blue 

 grey-violet 

 blue 

 bronze 

 blue, green, violet 

 grey 

anodic colouring 

Nickel oxide 

Iridium dioxide 

Chromium oxide 

Vanadium pent oxide 

Prussian blue 

 

NiOx 

IrO2 

Cr2O3 

V2O3 

  Fe4(Fe(CN)6)3 

 

 bronze 

 black 

 grey 

 yellow 

 blue 

 

 transparent 

 transparent 

 transparent 

 neutral 

 transparent 

Table 6.2.2.1: Electrochromic solid materials 
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simultaneously reducing the corrosion on the electrodes caused by the release of highly-
reactive H+ gas, for example. The ageing resistance of the electrochromic panes is thus 

considerably improved. 

 

 

 

 

 

 

 

 

 

 

 

Function of panes with electrochromic liquid materials 

 

 

 
 

 

 

 

 

 

 

The design and function of a pane with a liquid electrochromic material are shown in Figure 
6.2.2.5. The colouring of electrochromic liquids is based on redox reactions. These are 
observed in materials which exhibit oxidising and simultaneously reducing reactivity. By 
changing the electric potential, the oxidising or reducing effect of these materials may be 
increased, resulting in a change in colour. Redox reactions are also used in chemistry for the 
detection of oxidising and reducing agents. 

Figure 6.2.2.4: Colouring reactions of 

electrochromic solid materials (Men, 

Men-1 = metallic ion, Oy = oxygen ion, 

X+ = H+ or Li+ ion, e- = electron) 

Figure 6.2.2.5: Design and function of 

a pane with a electrochromic liquid 
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effect of the mirror is controlled by means of a photovoltaic cell which is integrated into the 
mirror. The simplicity and efficiency of this mirror design are amazing. Mirrors with 
controllable refection on the same basis are also manufactured with UV protection for 
external rear-view mirrors today. 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

        Figure 6.2.2.7 shows a cross-section of such an internal rear-view mirror for vehicles. 
                   (Source: GENTEX COMPANY, USA) 

   

 

Figure 6.2.2.6:  Design of an automatic-dimming rear-view mirror  

                         based on the principle of electrochromism  

                                            (Source: GENTEX COMPANY, USA) 
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The superior selectivity of this pane is very noticeable, i.e. the high light transmittance τv 
compared with the total energy transmittance (g value), see also Chapter 5.2. The reason for 
this is the tungsten trioxide which, in the reduced state, absorbs the solar radiation mainly in 
the red and near infrared range. However, these panes are not yet in use for cars. The 
development was successful, but the automotive industry rejects this product because the 
heating up of the pane assembly during incident sun radiation near the head of the car driver 
was not accepted.   

c) Thermally insulating glazing with controllable solar transmittance (‘smart windows’) 

At once with the development of the above depicted controllable sun roofs for cars, the 
development began for the electrochromic glazing for buildings, the so-called smart windows, 
for controlling the solar transmittance against the greenhouse effect in buildings. The 
development of such a glazing has taken a considerable longer time than that of the car 
roofs. The reason was the increased sizes of glazing for buildings (see below).  

Figure 6.2.2.13 shows the design of such a electrochromic ‘insulating glass unit’ (IGU) in the 
form of a double thermally IGU which is on the market at present.  

 

 

 

 

 

 

 

 

 

The design of the external glass configuration of such an IGU is identical to that for the 
above depicted electrochromic roof glazing for cars, shown in Figure 6.2.2.10, i.e. this  glass 
configuration was an example for the development of electrochromic IGU. A commercially 
available low-emissivity coating is arranged on Pos. 3 (see Chapter 5.1.3.1) of the internal 
pane forming a thermally IGU (see Chapter 5.1.3.1). The space is filled with a heat insulating 
gas, e.g. argon or seldom krypton. It has to be noted that there are nowadays also marketed 
electrochromic triple thermally IGUs having a low-emissivity coating on the medium and 
interior glass pane, i.e. on Pos. 3 and 5. The low-emissivity coatings have not only the 
function to prevent heat loss from interior to exterior at winter days, but also, the whole year 
round, to protect the heat flow from the electrochromic exterior glazing into the building when 
incident solar radiation heats up the electrochromic glazing. The control of the electrochromic 
glazing occurs with DC voltages < 5 V.  

Figure 6.2.2.13:  Design of elec- 

trochromic thermally insulating  

glass  

               (Source: PILKINGTON) 
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Figure 6..2.2.13 shows the scope of the transmittance in the range of solar radiation at 
different stages of applied voltage for today’s marketed electrochromic glazing at present. 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

The hue in transmission in the colouring state is blue for these products, due to the 
application of WO3 as electrochromic material. Table 6.2.2.3 shows typical technical data of 
currently marketed electrochromic IGUs. 
 

  *in combination with iplus neutral E (see Chapter 5.1.3.1), ** with argon filling, *** with krypton filling  

The dynamic ‘selectivity coefficient’, abbreviated as Sdyn, i.e. the ratio of maximum light 
transmittance in the bright state τv,max and the minimum g value in the completely coloured 
state gmin equals to 5 and 5.6, respectively, for these products. Taking into consideration, that 
today the greatest possible selectivity coefficient S of conventional solar control panes based 
on triple-silver layer systems is about 2.1 (see also details in Chapter 5.2), it is obvious that a 
considerable higher solar protection effect can be achieved with the modern electrochromic 
IGUs. 

  Figure 6.2.2.13:  Scope of transmittance at different stages of applied voltage for  

                             today‘s marketed electrochromic IGUs 
                                                           (Source: EControl Company, Plauen, Germany) 

 

   Table 6.2.2.3 Technical data according to EN 410 and EN673 of currently marketed electrochromic 
                          IGUs                           (Source EControl) 

              (Source: EControl ) 
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The setting time for the colouring depends on the glazing size and the drive voltage. For a 
glazing with 100 x 100 cm in size, this setting time is abot12 min. at an applied DC voltage of 
5 V. Because of the relatively slow alteration of weather conditions, this is sufficient. Figure 
6.2.2.14 shows the picture of glazed electrochromic IGUs in operation, manufactured by the 
EControl company in Germany.  

Electrochromic IGUs up to a size of 135 x 330 cm can be manufactured at present. It 
becomes apparent that when expanding the size of electrochromic glazing with the basic 
design, shown in Figure 6.2.2.10, there are problems regarding to the material used. The 
reasons are as follows: 
- The more the size of electrochromic glazing is increased the higher the electrical current 

needed to achieve uniform colouring and bleaching processes.  
- However, there are limits to the low resistivity transparent conductive coatings available, 

since the required high currents cannot be distributed across the pane in a uniform 
manner. This means that colouring occurs unevenly which is aesthetically problematic.  

- At the same time, a defined ratio of the resistance of the conductive and the 
electrochromic layers is required, and there are obviously limits too.  

- Finally, an unlimited increase in the DC voltage, which is needed for the colouring and 
bleaching, is not possible, since there are electrochemical limits for the materials used 
(material compatibility).  

All this shows that when the glazing size is increased, considerable problems must be solved 
with regard to the material. Greater electrical currents at low DC voltages, which are needed 
for the operation of electrochromic glazing, are a major challenge where the development of 
materials is concerned. 

Another problem arising for today’s electrochromic glazing should also be pointed out. As 
has already been mentioned at the beginning of this chapter, the electrochromic effect of the 
today’s marketed glazing is based on the principle of absorption of solar radiation. The need 
to reduce the solar radiation of a window, e.g. from 800 W/m2 (maximum incidence of solar 

Figure 6.2.2.14:  Picture of an electrochromic glazing in operation 

                         left: bright state,  right: completely coloured state  
                                            (Source: EControl) 
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radiation in temperate climatic zones) to 100 W/m2, in order to maintain a comfortable room 
temperature, indicates that 700 W/m2 of the solar radiation must be eliminated, in this case, 
primarily by heat flow outwards. High temperatures are thereby generated in the 
electrochromic glazing which imposes extreme demands, not only on the ageing resistance 
of the electrochromic system, but also on the sealed IGUs and the window frames. 

The currently marketed electrochromic glazing competes with mechanical shading facilities, 
such as blinds and shutters, which have been used for windows for a long time. In contrast, 
they procure reflective shading, i.e. without noticeably heating the glazing. Due to the 
problems and the disadvantages of the currently available electrochromic IGUs, it is hard to 
say whether they can in the present performance replace windows with mechanical 
shadings. A couple of glass manufactures produce and market electrochromic IGUs today; 
but, they are still a niche product.   
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7 Photovoltaic modules based on thin-film solar cells on  

   flat glass 

7.1 Definition and market importance of solar cells 

Solar cells are a light-sensitive devices for the conversion of solar energy into electrical 

power. This conversion is also referred to as photovoltaic conversion. The electrical 

connection of several solar cells in series forms a photovoltaic module. Interconnected 

photovoltaic modules form a photovoltaic plant or system. 

The characteristic feature of solar cells is the ‘peak watt’ (WP). This is the power which a 

solar cell outputs under standard test conditions (STC). 

Note: STC means solar radiation 1,000 W/m2 at a distribution of global (direct + diffuse) 

solar radiation of AM 1.5 and at 25°C cell temperature.  

Another characteristic feature of photovoltaic is the ‘solar efficiency’, abbreviated with the 

symbol η, which determines the percentage (%) of electrical power achieved per area unit 

as well by solar cells as photovoltaic modules as plants (systems), also related to the 

above-mentioned standard test conditions. Since electrical power is dissipated in the 

electric connections such as bus bars and wiring, the efficiency of a module is lower than 

that of the used cells. The same applies to the efficiency of a photovoltaic plant compared 

to their module. However, the user is interested in the efficiency of the installed 

photovoltaic plant and, even more, in how many kWh will be produced by it.  

Photovoltaic is claimed to be the most significant option for supplying the world with 

electrical power in the long term. In total, the solar energy radiation across the whole 

globe is 10,000 times that of the earth’s current total power consumption. Unlike the 

primary fossil energy sources (oil, natural gas, hard coal and lignite), solar energy will still 

be available in unlimited quantities for millions of years. Experts predict that hydrogen 

produced by photovoltaic systems and, as may be, convert into methane with CO2, which 

is abundantly available on earth, will replace dwindling fossil energy sources in the future. 

When it comes to power generation by solar radiation, the varying intensities of solar 

radiation in different parts of the world must be taken into account. Certain climatic zones, 

such as deserts near the equator, are ideal for the application of photovoltaic systems. 

The solar radiation in temperate climatic zones, such as Northern Europe, is only average. 

Currently, the conversion of solar energy into thermal energy called solarthermics is, or 

soon will be here economically applicable. Today, this technology is already applied, for 

example, to window glazing to support heating systems (see Chapters 5.1.3.1 and 5.2) 

and to solar collectors for providing hot water (see Chapter 5.1.3.2). In the temperate 

climatic zones, the application of photovoltaic struggles at present. In the mean time, 

however, the gain of electrical power per year generated by photovoltaic modules is 

increased to 40 GW/a worldwide. The reason for this is that the production costs of 

photovoltaic modules are continuously decreased to 80% in the last years because of the 

transition to mass production. Today, in the sunny countries, the production costs of 

electrical power generated by photovoltaic is comparable to that generated by fossil 

energy sources; i.e. grid parity is achieved. At present, however, in the temperate climate 
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path of the incident solar radiation through the solar cell. The characteristic feature for this 

is the absorption constant K of the material for solar radiation (see LAMBERT/BEER’S law in 

Chapter 5.1.1.2). To obtain optimal absorption of incident solar radiation, it is therefore 

essential that the light-sensitive zone of the materials is sufficiently thick. 

In addition, care must be taken to avoid the premature disappearance of the generated 

charge carriers by recombining electrons and holes and resulting also in heat generation. 

Therefore, an important aim in the development of solar cells is (besides achieving the 

highest possible yield of incident solar radiation) to ensure that the recombination of 

charge carriers on their way to the power taps remains as low as possible. 

 

7.3 Today’s marketed thin-film solar cells 

A number of semiconductor materials have been tested for application in solar cells. As 

already indicated above, the solar cell wafers which are manufactured on an industrial 

scale today are almost without exception made from crystalline silicon. The following thin 

film solar cells were developed up to industrial production and are partly still manufactured 

at present: 

- Amorphous silicon (Si) solar cells 

- Cadmium telluride solar cells (CTS) 

- Copper indium gallium diselenide solar cells (CIGS) 

Until today, the highest solar efficiency was achieved with CIGS cells followed by CTS 

cells and far behind those on the basis of amorphous silicon. The reason is that the ∆E 

value of both former cells is better adapted to the solar spectrum and also their K value is 

more favourable. Because in general the solar efficiency is attached much importance, 

bright future is given to CIGS and CTS cells. It should be possible to achieve a 

photovoltaic module efficiency η of 17% with CIGS cells which is comparable to that of 

polycrystalline silicon cells with currently manufactured modules.  

Amorphous silicon (Si) solar cell 

The design and function of an amorphous Si solar cell is shown in Figure 7.3.1. 

 

 

 

 

 

 

 

 

 

 
Figure 7.3.1: Design and function of 

an amorphous Si solar cell 
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This cell consists of a flat glass pane with transparent electrode (see Chapter 5.1.3.8) on- 

to which a p-type layer, an ‘intrinsic layer’ and an n-type layer are deposited in turn (see 

Figure 7.3.1). A metallic layer deposited on the back serves as the counter electrode. The 

solar radiation enters the cell through the glass pane. The p-Si material is made by doping 

SI with boron (B) during the manufacturing process (see Chapter 5.1.1, B is trivalent, Si is 

quadrivalent). The n-Si material is made by doping Si with phosphor (P) (P is 

pentavalent). The intrinsic interlayer, the so-called ‘i-layer’, is generated by ultra-pure, i.e. 

high resistivity Si. In this solar cell, the i-layer serve as the light-sensitive layer. It is about 

300 - 400 nm thick. 

All Si layers are predominantly amorphous. This means that the Si atoms are arranged in 

an irregular network within the layer. Amorphous Si is also abbreviated as a-Si:H. Here, 

the addition of ‘:H’  to the amorphous Si formula ‘a-Si’ means that 10-15 % hydrogen (H) 

is added to the material to saturate the free chemical bonds of the amorphous Si which 

would otherwise increase the recombination of charge carriers generated by solar 

radiation and thus decrease the efficiency of the solar cells. 

As has been shown above, the yield of incident solar radiation in solar cells, and thus their 

efficiency, depends among other things on the activation energy ∆E, the absorption 

constant K and the width d of the light-sensitive zone of the photovoltaic material. The 

yield of solar cells based on amorphous Si is limited, due to its ∆E value of 1.75 eV and 

for this reason it is not optimally matched to the solar spectrum. Moreover, the absorption 

constant K of amorphous Si is not optimum either. To achieve the highest possible 

absorption of incident solar radiation, it is also wise to optimise the p-i-n transition of 

amorphous Si solar cells with regard to their width d (K·d is the decisive term in 

LAMBERT/BEER’S Law). The i-layer which is situated between the n- and p-type layers 

fulfils this role. The electrostatic field, which is generated by diffusing charge carriers from 

the n- to the p-material and vice versa, spreads across the i-layer. In this way, the charge 

carriers, which are generated in the i-layer by means of absorbing solar radiation, are 

immediately separated by the electrical field and thus generate solar power, which is 

tapped. The i-layer should be thick enough to absorb as much as possible solar radiation. 

On the other hand, the i-layer should not be so thick that the charge carriers recombine 

before they reach the power taps. The compromise for amorphous Si solar cells is an i-

layer thickness of about 0.4 μm. 

The efficiency of incident solar radiation can be further increased by roughening the 

surface of the electrodes in a particular manner. This concerns primarily the transparent 

electrode facing the p-type layer, but in some cases the back electrode as well. This 

technique is also referred to as texturing. On the one hand this leads to an extension of 

the path of incident solar radiation, due to scattering, and thus to increased absorption of 

incident solar radiation in the light-sensitive zone, and on the other hand it also results in 

the anti-reflection of the solar cells (see Chapter 5.3.2). Both effects increase the yield of 

solar radiation and, therefore, the solar efficiency and, therefore, the solar efficiency. 

The advantages of the amorphous Si solar cell over the crystalline cell are as follows: 

1. The absorptance of amorphous Si for visible solar radiation is 10 to 100 times that of 

crystalline Si. As a result, the absorptance of a 1-μm-thick intrinsic layer is identical to 

that of a 50-μm-thick crystalline layer, indicating a considerable reduction in material 

and costs, as the manufacture of pure Si from sand is very expensive. 
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2. Owing to the low layer thickness required, amorphous Si solar cells can be 

manufactured with thin film coating processes. Plasma-assisted CVD (PACVD) (see 

Chapter 4.4 in Part I), is used in preference. Thus all the layers of the amorphous Si 

solar cell can be deposited one after the other in a single process and this can be 

carried out on large area surfaces, i.e. on flat glass surfaces of about one square metre 

in area today. 

3. The Si layers of amorphous Si solar cells are only about 0.5 μm thick in total. In 

contrast, crystalline Si solar cells are manufactured in costly melting and consecutive 

diffusion processes, using 300-μm-thick crystalline Si wafers with a diameter of 10 to 

15 cm. 

4. In contrast to the crystalline solar cells, the amorphous cells retain an essential part of 

solar efficiency at diffuse solar radiation incidence. Therefore, they are predestined for 

the application on vertical façades and on the north side of roofs.  

The disadvantage of amorphous Si solar cells is their comparatively low solar efficiency  

and an ageing effect (degradation), experienced in the decrease of its solar efficiency 

when initiating operation. However, after a short period of operation the solar efficiency 

becomes stable. The degradation is caused by the breaking up of atomic bonds in the 

amorphous Si layers, due to the incident solar radiation which increases the 

recombination of the generated charge carriers. 

The efficiency, which is obtained by amorphous Si solar cell today, is below 10% in the 

aged condition. In contrast, the maximum current solar efficiency achieved in labs for a 

monocrystalline Si cell is 25% and that for a polycrystalline cell 20%. 

Note: Because of conduction losses, the solar efficiency is lower in photovoltaic modules 

as explained above. 

The essential reason of the low solar efficiency of the amorphous solar cells is that, due to 

unsaturated Si bonds, the recombination ratio of the free charge carriers generated by 

solar radiation incidence is higher than in crystalline Si. This means that the majority of 

charge carriers which are generated by incident solar radiation do not reach the power 

taps. 

In principal, a higher solar efficiency can be achieved for all solar cell configurations by 

arrangement of p-n junctions in series, that means one behind the other in one cell, 

whereas the light-sensitive materials regarding their activation energy ∆E are adapted in 

such a way that interfacing ranges of the solar spectrum are used for the conversion of 

solar energy. Such a cell structure is referred to as ‘tandem cell’. With such a cell a large 

part of the excessive solar energy, otherwise converted in heat (see above), can be 

converted into electrical power and tapped resulting in an increased solar efficiency. Such 

tandem cells on the basis of amorphous Si material with an activation energy ∆E of 1.75 

eV and interfacing microcrystalline Si material (abbreviated as µc-Si:H) with ∆E of 1.1 eV 

were developed on the lab scale with a solar efficiency of 12%. However, because of high 

production costs, they are not manufactured industrially until today.  

The following has to be observed: Si is the basic material for Si solar cells. It is obtained 

from sand and is consequently available in unlimited supply. It is the most exhaustively 

researched material and is not harmful to the environment. 
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CTS solar cell 

Figure 7.3.2 shows the design and function of a CTS solar cell.  

 

 

 

 

 

 

 

 

 

Figure 7.3.2 demonstrates that the structures of a CTS solar cell and an amorphous Si 

solar cell are basically the same (see Figure 7.3.1). However, no i-layer is necessary. In 

this case, cadmium sulfide (CdS) corresponds to the n-type Si, and cadmium telluride 

(CdTe) to the p-type Si. Comparing the two materials forming the p-n junction, CdTe is the 

main absorber of solar radiation. Its ∆E value is about 1.45 eV, which corresponds to a 

wavelength λ of about 0.8 μm. Considering that a ∆E value of 1.35eV is optimum matched 

to the spectrum of solar radiation, the CTS solar cell is better adapted than the amorphous 

Si solar cell with ∆E = 1.75 eV. The absorption constant K of CdTe also exceeds that of 

silicon. Consequently, the yield of incident solar radiation and, therefore, the efficiency is 

higher for CTS solar cells than for amorphous Si solar cells. Moreover, a texturing of the 

electrodes is not necessary, due to the high absorption constant K of CdTe. Another 

advantage of CTS cells over amorphous cells is that they exhibit no degradation. 

The manufacturing technology of CTS cells is also very simple. This type of cell is 

currently manufactured applying the ‘closed spaced sublimation’ (CSS) deposition 

technique. In this way, flat glass panes of 60 cm x 120 cm are coated. In this coating 

process, use is made of the properties of CdTe and CdS that both materials evaporate 

stoichiometrically without melting at temperatures above 700°C. This is referred to as 

‘sublimation’. To deposit CdTe and CdS layers by means of the CSS technique, glass 

panes with a transparent electrode on one side are moved across CdTe and CdS 

evaporation sources which are closely arranged one after the other in an inert gas 

atmosphere at a pressure of about 1 mbar. In this way, the metallic vapours condense on 

the glass surface in a highly crystalline manner. The metallic back electrode is coated 

afterwards. These manufacturing processes are all comparatively simple and efficient. 

CdTe and CdS layers grow stoichiometrically if the glass temperature exceeds 400°C 

during deposition. However, it has also been proved that stoichiometry can also be 

achieved by subsequently tempering the coated panes at a temperature of 400°C. CdTe 

layers are p-type and CdS layers are n-type by birth, i.e. a special doping of the layers is 

not necessary in either case. 

Figure 7.3.2 :  Design and func- 

tion of a CTS cell 

CdS (p-type, d = 0.3 mm 
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Today, the CSS technique is used for the manufacture of CTS cell modules with an 

efficiency of about 14.4 %. Further improvements of industrially manufactured cells are 

expected to increase efficiency to about 16%.  

A few companies manufacture and market modules on basis of CTS cells at present, 

because they have great advantages in terms of efficiency, manufacture and ageing 

behaviour. However, the disadvantage of CTS cells is also obvious, since cadmium (Cd) 

as the basic material for manufacturing is environmentally problematic. This does not 

automatically mean that cadmium should be totally avoided in large-scale manufacture. 

The knowledge required to use safely environ- mentally problematic materials is available 

now, although this is, of course, reflected in the costs. However, the follow-up costs of 

cadmium products, e.g. for the disposal of discarded photovoltaic modules, should be 

considered. 

CIGS solar cell 

The design and function of a CIGS solar cell is shown in Figure 7.3.3.  

 

 

 

 

 

 

 

 

Compared with the two thin film solar cells shown above, the structure of the CIGS solar 

cell is the reverse. Solar radiation is not incident through the glass pane into the cell, but 

through the n-type transparent electrode which is made of a conductive ZnO layer. This 

electrode and the CdS layer below form the n-type part of the p-n junction of the CGIS 

cell. The p-type copper indium diselenide layer (CuInSe2) is devised as the absorbing 

layer for solar radiation. In this layer, about 30 % of the indium is substituted by gallium, in 

order to adapt the activation energy ∆E to about 1.3 eV; it is thus optimum matched to the 

solar spectrum. The chemical formula for this compound layer is Cu(In70%,Ga30%)Se2. 

The n-type CdS layer avoids an increased recombination of electrons released by solar 

radiation at the interface with the conductive ZnO layer. For this reason it is also referred 

to as an ‘adapting layer’. A molybdenum (Mo) layer serves as the counter electrode which 

is applied directly onto the glass pane. The glass pane in the CIGS cells is used solely for 

reasons of costs as supporting material. Sodium ions diffusing from the glass pane into 

the Cu(In,Ga)Se2 layer during the manufacture of CIGS solar cells are even said to have a 

positive influence on the cell properties. 

There are various options for the manufacture of CIGS cells. In-line deposition based on 

vacuum technology is one possibility. In this case, the layers are deposited one after 

Figure 7.3.3  Desig and function 
of a CIGS cell 
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system is then divided by a second engraving which is in a slightly shifted position parallel 

to the first one, so that strips of the p-i-n (or p-n) layer system are arranged on top of the 

electrode strips. The metallic back electrode is deposited afterwards, also filling the 

grooves of the second engraving. With a third engraving the individual parallel solar cell 

strips are electrically connected in series. Finally, the rear of the large area solar cells thus 

configured is covered with paint and contacted with wires to form a thin film photovoltaic 

module. A high working voltage at a low electric current is achieved with this configuration, 

thus reducing the loss of electrical power during operation. The configuration of a CIGS 

module begins with the engraving of the molybdenum layer. 

 

7.5 Application of photovoltaic modules 

Today, photovoltaic modules are applied as ‘island or standalone’ plants and ‘grid-

connected’ plants. Island (or standalone) plants are installed if the connection of a device 

or plant to the public grid is not profitable. Examples are here plants and devices for traffic 

control or monitoring, parkometers or weather stations. For supplying of electrical power 

around-the-clock, such plants or devices are simultaneously combined with an electrical 

battery for the storage of excessively generated photovoltaic power. Such plants or 

devices are referred to as ‘energy-autarkic’. At present, the lion’s share of the industrially 

manufactured photovoltaic modules, however, are installed as grid-connected photovoltaic 

plants mainly as ‘solar parks or farms’ or as ‘rooftop’ plants (see Figures7.5.1 and 7.5.2). 

Grid-connected plants mean that the electrical power generated by photovoltaic plants is 

fed into the public grid. According to the German governmental laws for feeding of 

renewable generated power into the public grid (Erneuerbare-Energien-Gesetz, 

abbreviated in German as EEG) this power must be preferentially conducted to 

consumers. The owners of photovoltaic plants receive a fixed fee per kWh of fed electrical 

power in the public grid from the local power plant operator. Newly, this electrical power 

can also preferentially used by the owners of photovoltaic plants themselves 

supplementing, if necessary, the outage from the public grid. Such an application of 

photovoltaic plants makes sense when economical battery capacity is available for storing 

excessively generated photovoltaic power during sunny hours. Thus, in temperate climate 

zones, it should be possible that 50% of the electrical power consumption needed in 

residential buildings can be supplied by photovoltaic plants. 

Figure 7.5.1 Example of a solar park  

                                              (Source: Wikipedia) 

Figure 7.5.2 Example of a rooftop plant 

                                            (Source: Wikipedia) 
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In the last years, the application of photovoltaic modules integrated in façades was 

discussed, also referred to as ‘building-integrated-PV’ and abbreviated as BIPV. With this 

technique it is possible to perform all opaque and transparent parts of façades with 

photovoltaic modules, i.e. also window areas. In the meantime, a series of buildings were 

executed with BIPV façades. Figure 7.5.3 shows an example of such a façade. 

 

 

 

 

 

 

 

 

 

  

 

The challenge of the architects and photovoltaic module producers is now to bring 

economically in line aesthetic (form and colour) as well as technical (as high as possible 

solar efficiency and installation) requirements of buildings with such photovoltaic modules. 

Photovoltaic modules for BIPV application are tailor-made. Therefore, as a rule, their solar 

efficiency is lower as usual. To optimise this problem is a considerable challenge for the 

development of photovoltaic modules for BIPV. Until today, however, BIPV glazing is still 

a niche product.  

 

7.6 Flat glass panes for application with photovoltaic modules 

Independent of the used solar cell type, flat glass panes applied as exterior glass pane in 

photovoltaic modules should have as low as possible absorptance and reflectance for 

solar radiation (αe and ρe). Subsequently their transmittance τe should be as maximal as 

possible (see discussion in Chapter 5.1.1.2). This is an important premise for realising a 

high solar efficiency with photovoltaic modules. In an industrial scale, it is possible today 

to manufacture flat glass panes with a transmittance τe ≥ 94%. This can be achieves with 

2 mm thick and, due to its low iron content, low absorbing flat glass panes, also referred to 

as ‘white glass panes’ (see Chapter 1.4.1), and, at least, deposited on one surface with a 

low-cost anti-reflecting coating (see discussion in Chapters 5.3.1 and Figure 5.3.1.9). For 

guarantee weathering resistance, glass panes for photovoltaic purposes must be subject 

of a thermally toughening process. Glass panes processed in this way are referred to as 

‘tempered safety glass’, abbreviated as TSG (see Chapter 1.4.2). Because photovoltaic 

strongly competes with other renewable power techniques all production costs and, 

therefore, also those of suitable exterior glass panes are a challenge. 

Figure 7.5.3 Example of a BIPV- 
façade 

                         (Source: Wikipedia) 
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For the manufacturing of thin film solar modules on the basis of CTS cells the exterior 

glass pane should be simultaneously executed as conductive glass with an electrical 

surface resistance R□ of about 15 Ω. For this purpose, in general, TCO coatings (see 

Chapter 5.1.3.8) come into consideration. For reasons of economic, however, SnO2:F 

coatings are applied today which are deposited online with the float glass manufacturing 

process (see Chapter 4.3.2.4), but, which are not optimum concerning their optical 

properties. In the case of modules on the basis of amorphous Si cells ZnO:Al, coatings 

are preferentially applied (see discussion in Chapter 5.1.2.1) with a roughness of the 

coating surface of 150 nm manufactured by an etching process of the coating or by a 

roughening process of the glass surface to be coated.  

Thin film solar modules have as well pros as cons. At this time it cannot predict whether 

they prevail beside the crystalline Si modules if their solar efficiency and production costs 

are not comparable. 

The low iron flat glass is an essential construction material for manufacturing photovoltaic 

modules. Today, it can be produced cost-efficiently in large-scale also with the necessary 

conductive coating. Therefore, the glass industry is and will be an important business 

partner of the photovoltaic industry. 
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Appendix 

AI. Calculating the spectral behaviour of layer systems in the 

      range of solar radiation by means of the admittance method 

The propagation of electromagnetic waves in matter is described by the MAXWELL 

equations and relevant associated equations, the solutions of which can be used to derive 

the measurable values of transmittance, reflectance and absorptance. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In the following the propagation of light waves is considered, i.e. the propagation of 

comparatively short electromagnetic waves (see also Figure 5.1.1.7) in layers on 

substrates (see Figure AI.1), taking into account the case of flat glass panes with large 

area surface and the fact that the incident waves on the pane are even and perpendicular 

and the media are homogeneous and isotropic (layer, glass, foreground = air). Then from 

the MAXWELL equations it follows for the electromagnetic field strengths E and H on the 

front (f) and the back side (b) of the layer, due to the continuity conditions of both 

electromagnetic fields: 

 

 

 

where zo is the impedance of the vacuum (= 377 Ω),  nl the complex refractive index of the 

layer (= n +iκ) and δl the phase factor (= 2π·nl·dl/λ). λ is the wavelength of the incident 

electromagnetic radiation and dl is the layer thickness. The phase factor δl contains the 

layer properties. 

Figure AI.1:  Optical properties of a thin film on a substrate of unlimited surface  

                    area when electromagnetic radiation is perpendicularly incident but 

                     without reflection from the rear of the substrate. Such a substrate  

                     is also referred to as ‘half-space’. 
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The Equations (1) show a linear system of equations, where the coefficients 

 

 

 

form a matrix M which describes the optical properties of the layer. 

Thus, the Equation system (1) can also be expressed by the following equations: 

 

 

 

 

or 

 

 

 

where Yf is the relative admittance                              at the front side 

 

and  Yb is the relative admittance                  at the back side of the layer.  

 

Yf and Yb contain the optical properties of the layer at the front and the back side (see  

Figure AI.1). 

Note: admittance = inverse value of impedance. 

The Equations (3) and (4) are identical in form to the four-pole transforming matrix of 

electrical networks, which describes the correlation between the current flows and 

voltages on the input and output sides (e.g. of a transformer). 

If Equation (4) is resolved to Yf the following applies: 

 

 

 

This is a complex function which can be represented as a graph in the complex 

admittance plane (see Figure AI.2) with the real and imaginary admittance axes Re(Y) 

and Im(Y). It describes the impact of the layer and the substrate on the reflected 

electromagnetic fields. 

For a layer adjacent to air with the refractive index no =1 the function r(λ) of the wave 

which is reflected from the layer or the layer system is expressed by: 
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The measurable spectral reflectance ρ(λ) of a layer, which describes the reflected spectral 

intensity of radiation, is the square of the amplitude of the reflected wave. 

Note: Mathematically, ρ(λ) is achieved when r(λ) is multiplied by its complex conjugate 

function r’(λ); i.e. ρ(λ) = r(λ)·r’(λ). 

The spectral transmittance τ(λ) can be calculated similarly using this method. The 

formulae are, however, slightly more complex, because the wave enters the substrate 

behind the layer with the refractive index  nb, and does not, as in the case of reflection, 

remain in the same medium, i.e. in air in this case. 

As has been seen in Equation (1), the optical behaviour depends significantly on the 

phase factor δl = 2π·nl·dl/λ, i.e. on the wavelength λ of the incident electromagnetic 

radiation, the refractive index  nl of the layer as well as on its thickness dl. To calculate the 

admittance Yf of a layer with a given refractive index nl it is useful always to maintain one 

of the two remaining parameters dl and λ constant and to vary the other one. However, it 

should be taken into consideration that nl depends on the wavelength. 

Since the anti-reflection and the enhanced reflection of layers and layer systems are of 

interest, a study of their reflective behaviour will be made in the following. Equation (6) 

shows that points with the same spectral reflectance ρ(λ), i.e. the isoreflectance curves, 

are situated in circles around point Re(Y) = 1 (see Figure AI.2) in the admittance plane. 

Point Re(Y) = 1 corresponds to the admittance of air; here ρ(λ) = 0. 

Using Equation (6), the radius u of the isoreflectance circles follows from the formula: 

 

 

 

 

For the midpoint m of the isoreflectance circles, it follows: 

 

 

 

 

 

 

 

 

Figure AI.2:  Isoreflectance circles in the 

complex admittance plane with air in the 

foreground 
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For substrates with a real refractive index, the point of admittance is situated on the real 

admittance axis. For example, in the case of flat glass which has a real refractive index nG 

= 1.5 (nG is the equivalent of nb in Figure AI.1) Re(Y) = 1.5. Since in the wave range of 

visible light, which is to be examined here, flat glass has a one-sided spectral reflectance 

of 4 %, the isoreflectance circle for ρ = 4 % must cross the point Re (Y) = 1.5 (see Figure 

AI.2). 

According to Equation (5) and as shown in Figure AI.3, for a selected wavelength λ the 

admittance curves Yf of absorption-free dielectric layers (n ≠ 0 and κ = 0) form circles 

which begin at point Re(Y) = 1.5 and run in an anticlockwise direction through the 

admittance plane with increasing layer thickness dl. The circle radius u’ results from the 

formula 

 

 

 

where n is the real refractive index of the absorption-free dielectric layer. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The following can be concluded from Figure AI.3: 

• For n > 1.5, the admittance circles run to the right from the admittance point of glass 

which is Re(Y) = 1.5; for n < 1.5 they run to the left from it. 

• For n > 1.5, the radius of the admittance circles increases with the refractive index. 

However, for n < 1.5 it increases as the refractive index decreases. 

• Because of the phase factor δl = 2π·nl·dl/c the admittance circles close for the optical 

layer thickness of  

 

  (9) 

 Figure AI.3:  Admittance curves Yf of absorption-free dielectric layers with  

                     n = 1.2; 1.8; 2.0; 2.4 and 2.6 on flat glass with nG= 1.5 for a  
                     selected wavelength λ with increasing layer thickness dl 
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                                                           n ∙ d = λ/2 

     and multiples thereof. 

According to Equation (5), and assuming high frequencies in comparison with the collision 

frequency of the free electrons ωτ (ω >> ωτ), as is the case for light waves (see Chapter 

5.1.1.2 for further details), the admittance curve for a selected wavelength λ of ideal 

metallic layers, characterised by n = 0 and κ ≠ 0, forms circle segments with increasing 

layer thickness. As shown in Figure AI.4 for a metallic layer with an extinction coefficient 

of κ = 3.0 on flat glass (nG = 1.5) the admittance curve begins at point Re(Y) = 1.5 and 

runs with increasing layer thickness in a circle segment to the intersection with the 

imaginary axis of admittance, in this case at point Im(Y) = 3.0. 

 

 

 

 

 

 

 

 

 

 

 

 

The example shown in Figure AI.5 is an admittance curve of a self-supporting layer with a 

real refractive index of n = 2.5 and an extinction coefficient of κ = 0.4 for a selected 

wavelength λ and an increasing layer thickness dl. 

 

 

 

 

 

 

 

 

 

 

                               

Figure AI.4:  Admittance curve Yf of an  

ideal metallic layer with  n = 0 and  

κ = 3.0 on flat glass for a selected wave-  

length λ with increasing layer thickness 

 dl 

Figure AI.5:  Admittance curve Yf of a  

self-supporting layer with n = 2.5 and    
κ = 0.4 for a selected wavelength λ  
with increasing layer thickness dl 
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for low-emissivity coatings applied on to thermally insulating glazing. These layer systems 

are also referred to as having symmetric layer stacks. In the second case, the materials of 

the cover and adherence layer are different, i.e. n1 ≠ n3 which is also referred to as an 

asymmetric layer stack. With these given values, the task to be solved now is to find the 

minimum admittance norm f of both layer stacks depending on the layer thickness d1 and 

d3 of the adherence and cover layers. Figure AI.10a shows the 3D graph of the admittance 

norm f for a layer system consisting of glass/BiOx (n1 = 2.3)/Ag (dAg = 12 nm)/BiOx (n3 = 

2.3), i.e. of a layer system with a symmetric layer stack, depending on the thickness d1 

and d3 of the adherence and cover layer. Figure AI.10b shows the same diagram of the 

admittance norm f for a theoretically ideal layer system of glass/adherence layer (n1 = 

3.2)/Ag (dAg = 12 nm)/cover layer (n3 = 1.8) with an asymmetric layer stack. 

It is obvious that, at 4.9·10-2, the minimum of the admittance norm is higher for the layer 

system with a symmetric layer stack than with an asymmetric layer stack with a value of 

0.6·10-2. This shows clearly that the asymmetric layer stack provides for higher anti-

reflection than the symmetric one. Figure AI.10 also shows that for the layer system with 

symmetric layer stacks, the minimum of the admittance norm f varies only slightly with the 

layer thickness of the adherence layer, but considerably with the thickness of the cover 

layer. However, for the layer system with the asymmetric layer stack, the minimum of the 

admittance norm is hardly affected by variations in the layer thickness of either the 

adherence and cover layer. Thus, the theoretically ideal silver layer system with an 

asymmetric layer stack is superior to that with a symmetric stack, with regard to both the 

anti-reflection and production-dependent variations in the layer thickness, which can result 

in variations of the reflected colour of the layer system. For industrial applications the 

latter has great advantages because the colour and colour homogeneity of a coated pane 

from the external view plays a very important role in the construction industry.  

The above figures demonstrate the great advantages of the admittance method. When 

determining layers and layer systems with regard to their anti-reflection or a mirror effect, 

this method allows the reflection behaviour at a varying layer thickness of the individual 

layers to be followed very clearly and optimised. Furthermore, using this method, layers 

and layer systems can be simulated very well. 
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AII. Calculating the spectral properties of conductive layers in the 
range of large wavelengths 

It was shown in Appendix AI that the propagation of electromagnetic waves in matter is 

described by the MAXWELL equations and the relevant associated equations. In addition it 

was shown that the measurable values of transmittance, reflectance and absorptance can 

be derived from the solutions to these equations. The interaction of the visible light with 

the layers was discussed, i.e. in the case of incident electromagnetic radiation of 

comparatively short wavelengths, where the frequency ω is much greater than the 

collision frequency ωτ (ω >> ωτ). 

When the behaviour of electrically conductive layers with incident radiation of large 

wavelengths is examined, i.e. for the spectral range from infrared to radio waves, 

henceforth abbreviated to IR (see also Figure 5.1.1.7 for λ > 3 μm), a self-supporting 

metal layer adjacent to air on both sides is used as the basis, for the sake of simplicity. In 

the case of metal layers, at these wavelengths the frequency ω of the incident 

electromagnetic radiation is much lower than the collision frequency ωτ of the free 

electrons, i.e. ω << ωτ. This is the reason why in this case the real refractive index equals 

the extinction coefficient, i.e. n ≈ κ. 

Assuming the above, the following solutions from the MAXWELL equations apply for the 

reflectance 

 

 

 

transmittance 

 

and absorptance 

 

 

where Q stands for R□/zo, i.e. Q ≡ R□ /zo, R□ is the sheet resistance of the layer and zo = 

377 Ω is the wave resistance in vacuum. The approximate values of equations (1) to (3) 

are valid for Q << 1, which is true for a sheet resistance R□ which is much lower than the 

wave resistance in vacuum zo, i.e. R□ << zo. 

Assuming that electromagnetic waves are perpendicularly incident on the layer and R□ << 

zo the following can be derived from Equation (3) with due consideration of KIRCHHOFF’S 

Law (emissivity ε = absorptance α, see Chapter 5.1.1.1): 

εn = αn,IR = 4∙R□/zo 

or 

                                                           εn = 0.01061∙R□ 

This means, the emissivity perpendicular to a metal layer is proportional to the sheet 

resistance. This equation is also true for semiconductor layers with a sufficiently low sheet 

resistance R□.   
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In the case of thermally insulating glazing as in Figure 5.1.3.4.3 the admittance curve 

proceeds from point 0 to point 1 on a circle segment through the first pane (the internal 

pane of the thermally insulating glass unit) with a refractive index nl = 2.7 + i·0.1 in the 

range of radar radiation. From there it runs through the low-emissivity layer on top along a 

line which is parallel to the admittance axis, to point 2. From point 2, the admittance curve 

reaches point 3 on a circle segment, corresponding to the gas space width of the 

insulating glass unit which behaves like an absorption-free dielectric layer with the 

refractive index of n = 1. Through the internal pane of the laminated safety glass (LSG), 

point 4 is also reached on a circle segment, corresponding to the thickness of the pane. 

The admittance curve of a conventional thermally insulating glazing with equal sheet 

resistance R□ of the low-emissivity layer ends at this point. (For instance, for a thermally 

insulating glazing with a sheet resistance R□ of about 9 Ω of the low-emissivity layer, this 

point corresponds to a reflectance of radar radiation ρrad of about 80 %, and thus a radar 

radiation attenuation SErad of about -1 dB, see also Figure 5.1.3.4.2). The electrically 

conductive layer with the sheet resistance R□ of 260 Ω on or within the external LSG 

allows the admittance curve Yf to come close to the admittance point Re(Y) = 1 via points 

5 and 6, i.e. the optimum anti-reflection of the conventional thermally insulating glazing 

design for radar radiation is possible. 

The path of the admittance curves of the low-emissivity layer and the metal layer on or 

within the external LSG pane parallel to the real admittance axis is established by their 

real refractive index n. As has already been explained above, the real refractive index n of 

metal layers in the range of radar waves is approximately equivalent to the extinction 

coefficient (n ≈ κ). Consequently, the admittance curve Yf is merely a function of the sheet 

resistance R□ of metal layers, this means it is a line. The following applies approximately 

for the length L of this admittance line: 

                                                   L ≈ zo / R□ . 

Figure AII.1 very clearly demonstrates the rule for achieving the optimum anti-reflection for 

thermally insulating glazing with low-emissivity layers, the sheet resistance R□ of which is 

≤10 Ω. In order to shift point 6 as close as possible to point 0, the width of the gas space 

and/ or the thickness of the external glass pane must be extended on the one hand, while 

on the other hand the sheet resistance R□ of the metal layer on or within the external LSG 

pane must also be matched to that of the low-emissivity layer. In the case of the insulating 

glass design in Figure AII.1, this means the sheet resistance R□ of this layer must be 

about 370 Ω. 
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