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1. Introduction  

 

If we imagine a weekday, we will recognize that we look at displays the whole day through. It can 

start in the morning with the digital clock, the coffee machine, following with the electric 

toothbrush. On the way to our work we meet displays at the bus stop and displays in the tramway. If 

we go by car, we are informed of speed, fuel gauge, fuel consumption, mileage, temperature, and 

we use our GPS. At work we operate computers, maybe measuring instruments. Washing machine, 

tumble drier, electric cooker, dishwasher, microwave help us with our housework. A big deal in our 

life is entertainment electronics such as TV, DVD-recorder, hi-fi system, mp3 player, notebook, 

gaming console, digital camera, etc. 

Nearly everybody is lost without a mobile phone. The capabilities of smart phones are far beyond 

making just a phone call. 

So every day humans come in contact with consumer goods, which communicate with human by 

visual effects. In these cases visual effects work as interface between human and machine. An 

electrical signal can be transformed in a visual signal, which can be noticed by human and then 

recorded as visual information. Symbols, figures, icons, writing, and so on are used for man-

machine-interaction. Depending on the rate of complexity there is a need of black and white images 

or of colour images. With colour images very complex picture alterations are possible and so 

complex information can be visualized. The change of colour can also be used as an element of 

design. For simple information, e.g. function display on/off, black and white images or two colour 

images are satisfactory. 

Many consumer goods described above have indicators for the operating status, state of charge, 

ready to receive status, etc. Such control indicators can be realized by simple displays, which 

change colour and/or shape, instead of using multicoloured high resolution displays. Electrochromic 

devices are a good choice, since they can change between different coloured states and persist in the 

wanted state with nearly no further input of power (memory effect). 
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2. Fundamentals electrochromism 

 

Crystals with imperfections can show colour centres, induced for example by influence of radiation. 

Przibram reported the migration of the colour centres ï and the colour ï in a coloured potassium 

bromide crystal under the influence of an electric field toward the point of lowest potential. With 

this movement a well-defined edge of the colour was visible [1]. 

 

Based on this observation Dreyer filed a patent for an application: ñlight modulation device 

employing a scotophoric light valveò. 

ñThis invention relates to devices and methods for modulating light. In particular, this invention 

relates to light modulation devices and methods employing a scotophor as a light valve, and to such 

light valves. 

A scotophor, as the term is used herein, is a material which is tenebrescent. Tenebrescence is the 

property possessed by certain natural and synthetic materials of reversibly darkening and bleaching 

under suitable irradiation (cf. H. Leverence, ñLuminescence of Solids,ò John Wiley & Sons, New 

York, 1950).ò [2]. 

 

However the nomination ñelectrochromismò was first introduced by Platt: ñéthe absorption and 

emission spectra of certain dyes may be shifted by hundreds of angstroms upon application of a 

strong electric field. This effect could be called ñelectrochromismò, in analogy to 

ñthermochromismò and ñphotochromismò which describe changes of color produced by heat and by 

light.ò [3]. 

 

 

2.1. Electrochromic effect 

 

If the colour of a substance changes with electrochemical oxidation and reduction, it is a matter of 

electrochromism. This means there is an electrochromic substance with an intrinsic transmittance at 

a given wavelength. Over electrical control, for example upon application of a voltage, the 

transmittance gets changed. If this change in transmittance occurs in the visible region (400 nm to 

800 nm) human can observe it as a change in colour. 

 

 

 

Fig. 2.1. Illustration of the electrochromic effect: change in transmittance and/or reflectance in an electrochromic substance 

over electrical control 
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Fig. 2.2. Eye sensitivity function, V(ɚ), (left ordinate) and luminous efficacy, measured in lumens per Watt of optical power 

(right ordinate). V(ɚ) is greatest at 555 nm. Also given is a polynomial approximation for V(ɚ) (after 1978 CIE data). 

 

The change in transmittance and in colour of an electrochromic substance is usually due to a 

ñredoxò process within the electrochromic substance [4]. 

For this ñredoxò process, with accompanied change of the transmittance and/or reflectance, only a 

small electric current at low DC potentials of the order of a fraction of volts to a few volts is 

required. When the colour has changed, then this new redox state persists in the so called ñmemory 

effectò with theoretically no further input of power. In reality small refreshing charges are necessary 

[5,6]. 

 

 

2.1.1. Electrical properties 

 

Electrical properties can be divided into intrinsic properties and extrinsic or forced properties. 

 

 

2.1.1.1. Intrinsic properties  

 

Every electrochromic substance has a characteristic band structure in its neutral state. The energy 

gap Eg between its highest occupied molecular orbital (HOMO), known as valence band, and its 

lowest unoccupied molecular orbital (LUMO), known as conduction band, is responsible for the 

absorbance/transmittance. Therefore it determines the intrinsic optical properties and colour 

impression [7]. 

 

 

 



  2. Fundamentals electrochromism 

4 
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╔╗╞╜╞...energy level of the highest occupied molecular orbital (HOMO) 
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ⱨéfrequency 

╬...speed of light (ὧ ςȟωωχωςτυψɇρπ άȾί) 

ⱦ...wavelength 

 

 

 

Fig. 2.3. Illustration of a band gap transition between the valence band (VB) ï HOMO and the conduction band (CB) ï 

LUMO  

 

 

2.1.1.2. Extrinsic and forced properties (oxidation-reduction) 

 

As mentioned before an electrochromic substance can change its transmittance at a given 

wavelength over electrical control and this happens due to the ñredoxò process within the 

electrochromic substance. Depending on applied voltage the electrochromic substance gets reduced 

or oxidised. Reduction describes the gain of electrons or a decrease in oxidation number and 

oxidation describes the loss of electrons or an increase in oxidation number. Figure 2.4 shows the 

three redox states of viologens (bipyridiliums). 

 

 

Fig. 2.4. The three common redox states of viologens, showing the two successive electron transfer reactions (Mortimer, R. J.; 

Dyer, A. L.; Reynolds, J. R. Displays 27 (2006) 2) 

 

Oxidation or reduction of an electrochromic substance is usually accompanied by an inflow and 

outflow of counterions, which we will name ñdopantsò [4]. 
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Fig. 2.5. Electrochromism in polypyrrole thin films.  The yellow-green (undoped) form undergoes reversible oxidation to the 

blue-violet (conductive) form, with insertion of charge-compensating anions (XȤ) (Mortimer, R. J.; Dyer, A. L. ; Reynolds, J. 

R. Displays 27 (2006) 2) 

 

Upon electrochemical ñdopingò, ñp-dopingò for oxidation and ñn-dopingò for reduction, the band 

structure of the neutral electrochromic substance is modified, generating lower energy intraband 

transitions [6]. Figure 2.6 shows the band structures and possible energetic transitions for an 

ñundopedò state and the oxidised ï p-doped ï states of a conjugated polymer. 

 

 

 

Fig. 2.6. Band structures and energy transitions for an undoped state (a) and the oxidised ï p-doped ï states (b, c) of a 

conjugated polymer (VBévalence band; CBéconduction band) (Holt, A. L.; Leger, J. M.; Carter, S. A. J. Chem. Phys. 123 

(2005) 044704) 

 

Initial oxidation ï p-doping ï generates polarons along the polymer chain. The polaron creates two 

energy levels inside the band gap and thus new transitions are possible. Upon complete electro-

chemical oxidation bipolarons are created, with localized energy states further from the band edges 

than the polaron states [6,8]. 

 

A polaron is a quasiparticle: It describes the appearance of a crystal electron and the deformation, 

which is produced from the crystal electron, in the crystal-lattice. If electrons are moving through a 

lattice, they will generate a polarisation in their neighbourhood because of their electrical charge. 

The neighbouring electrons will be forced aside and the atomic cores will be attracted. This 

polarisation cloude will be carried along with the electron. Electron hole-polarons (ñhole-polaronsò) 

were also found [9]. 

A bipolaron is a bound pair of two polarons. 
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2.1.1.2.1. Cyclovoltammetry 

 

An important measurement method for investigation of electrochromic substances is 

cyclovoltammetry. By cyclovoltammetry voltage cycling accompanied by current measurement is 

done. 

As already mentioned, oxidation or reduction of an electrochromic substance is usually 

accompanied by an inflow and outflow of counterions. So there is an ion transport within the 

electrochromic cell, and this ñslowò process is responsible for the characteristic appearance of 

cyclovoltammograms from electrochromic substances. The current contains an ionic component 

and an electronic component. 

Figure 2.7 shows an example for a measurement result of cyclvoltammetry. 

 

 

 

Fig. 2.7. Cyclic voltammogram of the carbon paste electrode modified with N,N-ethylenebis(salicylideneiminato)-

oxovanadium(IV) complex in 0.10 mol L-1 KCl solution, at a potential scan rate of 25 mV s-1 between -0.15 and 0.95 V vs. 

SCE. (Teixeira, M. F. S.; Cavalheiro, E. T. G.; J. Braz. Chem. Soc. 15 (2004) 803) 

 

By following the curve shape clockwise, starting at 0 V, a very small increase of the current can be 

recognised until ~0,45 V are reached, and then a steep increase follows. This steep increase 

indicates the start of the oxidation of the electrochromic substance and the start of the ion transport. 

At 0,66 V the maximal current is reached and with increasing voltage the current decreases. This is 

a sign that nearly the whole electrochromic substance is oxidised. Following the curve further it can 

be seen that on the way back at about 0,425 V a steep decrease of the current starts. This decrease 

indicates the start of the reduction of the electrochromic substance and again the start of the ion 

transport in opposite direction. When the whole electrochromic substance is reduced the current 

approaches 0 ɛA again. Going on the curve leads back to the starting point (0 V). 

The flow of the ions is responsible for the curve shape of the cyclovoltammogram. If the curve is 

closed the reversibility of the process is proofed. 
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2.1.2. Optical properties 

 

Every electrochromic substance has in its neutral and oxidised and reduced state characteristic 

transmission spectra and reflection spectra. The spectra of the neutral state result from electron 

transitions between the valence band (HOMO) and the conduction band (LUMO). As mentioned 

before upon electrochemical doping (oxidation or reduction), the band structure of the neutral 

electrochromic substance is modified, generating lower energy intraband transitions which result in 

new transmission and reflection spectra. 

Figure 2.8 shows absorbance spectra of PProDOT-Et2 at different applied potentials. 

 

 

Fig. 2.8. Spectroelectrochemistry of a PProDOT-Et2 film on ITO/glass at applied potentials between (a) -0.1 V and (o) +0.9 V 

vs Ag/Ag+ with 50 mV increments. The inset shows photographs of the polymer film in its doped and neutral states. Below the 

photographs are shown the CIE 1931 Yxy color swatches of the corresponding states measured by in situ colorimetry. 

(Argun, A. A.; Aubert, P. H.; Reynolds, J. R. Chem. Mat . 16 (2004) 4401) 

 

The diagram offers a peak in the visible region for the neutral state. Initial oxidation ï p-doping ï 

results in a new peak in the near infrared at the cost of the peak in the visible region. This 

absorption peak in the near infrared is attributed to polarons. Upon complete electrochemical 

oxidation bipolarons are created and this results in a peak in the near-IR beyond the range of the 

spectrophotometer. The absorption peak in the visible region disappears [6,10]. 

 

So the absorption peak shifts to lower energy parts of the spectrum during oxidation ï p-doping. If 

the electrochromic substance has in its neutral ï undoped ï state a band gap Eg greater than 3 eV 

(~400 nm), it is colourless and transparent in the undoped form, and it is coloured in the doped 

form, since the absorption peak shifts from the UV-sector to the visible region. An energy gap Eg 

equal to or less than 1,5 eV (~800 nm) leads to absorption in the visible region and therefore the 

electrochromic substance is coloured in its neutral form and gets bleached and colourless during 

oxidation ï p-doping, as the absorption peak is transferred to the near infrared. Electrochromic 

substances with intermediate energy band gaps (1,5 eV < Eg < 3 eV) possess a coloured undoped 

state and a distinct coloured p-doped state [7]. 
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For example PProDOT-Et2, the electrochromic substance represented in figure 2.8, is blue-coloured 

in its neutral state and transparent (ñbleachedò) in its totally oxidised (p-doped) state. Besides the 

electrochromic substances, which change between a coloured and a bleached state, there are also 

examples, which change between two coloured states and lack a transparent state. Polyelectro-

chromic or multicolour-electrochromic substances possess more than two redox states and therefore 

exhibit more than two colours [5,6]. 

 

 

2.2. Electrochromic systems 

 

There are different systems of electrochromic substances: First the organic systems, where it can be 

distinguished between conjugated molecules, conjugated oligomers and conjugated polymers. 

Second the inorganic systems, especially metal oxides. 

Furthermore there are the intermediate systems (hydrocarbon metal complexes ï e.g. phthalo-

cyanines), and the hybrid systems, which will not be explained closer here. 

 

 

2.2.1. Organic systems 

 

Organic chemistry is defined as the chemistry of hydrocarbons and their derivatives [11]. 

Examples for electrochromic conjugated molecules are bipyridiliums (viologens), carbazoles, 

quinones. Representatives of electrochromic conjugated oligomers are several oligothiophenes. 

Derivatives of poly(thiophene) (PTh), poly(pyrrole) (PPy) and poly(aniline) (PANI) are widely used 

as electrochromic conjugated polymers [6,12]. 

 

 

2.2.1.1. Electrochromic (conjugated) polymers 

 

All conjugated polymers can be electrochemical oxidised and/or reduced. This redox process is 

accompanied by a change of the transmission spectra and therefore all conjugated polymers are 

electrochromic. 

A huge number of conjugated polymers are available, and by changing the side chains the 

properties can be modified. So there are many options to create conjugated polymers with different 

electrochromic behaviour. 

Most conjugated polymers have specific colours in their neutral states. Figure 2.9 shows structural 

formulas of conjugated polymers and below the formulas the colours of the conjugated polymers in 

their neutral states and next to that the colours of the reduced (n-doped) states and/or the colours of 

the oxidised (p-doped) states. In some cases an intermediate colour lies between the neutral and 

oxidised (p-doped) state, and few polymers have p-doped and n-doped states. There is a wide range 

of colours available. 
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Fig. 2.9. Structural formulas and colours of conjugated polymers in their neutral (0), oxidized (p-doped) (+), reduced (n-

doped) (-, --) and intermediate (I) state (adapted from: Argun, A. A.; Aubert, P. H.; Reynolds, J. R. Chem. Mater. 16 (2004) 

4401. Thompson, B. C.; Schottland, P.; Zong, K.; Reynolds, J. R. Chem. Mater. 12 (2000) 1563.) 

 

 

2.2.1.2. Applications 

 

Organic electrochromic substances are used in electrochromic displays. 

Another application of organic electrochromic substances are electrochromic sunglasses. 

 

 

2.2.2. Inorganic systems 

 

The most well known example for an inorganic electrochromic substance is tungsten trioxide. The 

ñredoxò reaction is shown in figure 2.10. Tungsten trioxide is very pale yellow in its neutral state 

and the oxidation number is six. By the inflow of electrons and metal- or hydrogen cations the 

tungsten gets reduced. The oxidation number of several tungsten atoms is now five. The reduced 

state is blue [12]. 

Tungsten trioxide is a cathodically colouring substance since it forms colour when it is reduced at a 

cathode [12]. 
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Fig. 2.10. ñRedoxò reaction of tungsten trioxide WO3; xéfractional insertion coefficient, MéMetal (usually lithium) or 

hydrogen (ñElectrochromism ï Fundamentals and Applicationsò by P. M. S. Monk; R. J. Mortimer; D. R. Rosseinsky, VCH, 

Weinheim, 1995) 

 

An example for an inorganic anodically colouring substance, which forms colour when it is 

oxidised at an anode, is nickel oxide. Nickel oxide is colourless in its neutral state and gets 

brown/black after oxidation. The ñredoxò reaction is shown in figure 2.11 [12].  

 

 

Fig. 2.11. ñRedoxò reaction of nickel oxide; x,y,zéfractional insertion coefficient (ñElectrochromism ï Fundamentals and 

Applicationsò by P. M. S. Monk; R. J. Mortimer; D. R. Rosseinsky, VCH, Weinheim, 1995) 

 

There are many other metal oxides with electrochromic properties available: cobalt oxide, iridium 

oxide, molybdenum trioxide, etc [12]. 

Another example for an inorganic electrochromic substance apart from metal oxides is prussian 

blue (PB, ferric ferrocyanide or iron(III )hexacyanoferrate(II)) [5,12]. 

 

 

2.2.2.1. Applications 

 

High volume applications of inorganic systems are auto-dimming rearview mirrors. 

Inorganic electrochromic substances are used in smart windows. 
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3. Electrochromic Devices (ECD) 

 

There are two different types of electrochromic devices: Reflective ECDs and transmittive ECDs. 

Figure 3.1 shows the basic operating principle for a reflective electrochromic device (a) and for a 

transmittive electrochromic device (b). 

 

 

Fig. 3.1. Basic operating principle for a reflective ECD (a) and for a transmittive ECD (b) 

 

Both electrochromic device types consist of two electrodes, an ionically conductive electrolyte as 

well as an electrochromic layer. 

Figure 3.2 presents a scheme of the simplest form of an (electrochemical) electrochromic setup. 

 

 

 

Fig. 3.2. Scheme of an electrochromic setup 

 

There is a beaker with electrolyte and two electrodes, which are immersed in the electrolyte. The 

two electrodes are connected to a power supply. One electrode is coated with an electrochromic 

layer. Depending on the applied voltage the electrochromic substance gets reduced or oxidised. 

Therefore the transmission and reflection spectra change. 

Electrochromic devices, transmittive or reflective respectively, are usually fabricated in a sandwich 

form, where the electrolyte (gel or solid) is enclosed between the two electrodes. Often both 

electrodes are coated with electrochromic layers. Two electrochromic layers offer more options to 

intensify or to vary the colour effect of the electrochromic device or to improve the functionality. 

 

In the next subchapters schematic diagrams of a transmittive and a reflective ECD are shown and 

described. 
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3.1. Transmittive ECD 

 

In figure 3.3 a schematic diagram of a transmittive electrochromic device is shown. 

 

 

Fig. 3.3. Schematic diagram of a transmittive ECD (ñElectrochromism ï Fundamentals and Applicationsò by P. M. S. Monk; 

R. J. Mortimer; D. R. Rosseinsky, VCH, Weinheim, 1995) 

 

For transmittive electrochromic devices optically transparent electrodes (OTE), for example indium 

tin oxide (ITO), on transparent supports, for example glass slides, are used. The light beam enters 

the electrochromic device at one side and first passes a transparent support and an optically 

transparent electrode. Then it goes through an electrochromic layer, passes an ionically conductive 

electrolyte and arrives at the next electrochromic layer. Before the beam of light comes out of the 

electrochromic device it again crosses an optically transparent electrode (OTE) and a transparent 

support. 

As mentioned before two electrochromic layers improve the operational sequence. 

 

 

3.1.1. Examples and applications 

 

Applications of transmittive electrochromic devices are electrochromic windows. Figure 3.4 shows 

elctrochromic windows from SAGE: left in their clear state and right in their tinted state to block 

the glare and the heat. 

 

 

Fig. 3.4. Electrochromic windows from SAGE in their clear state (left) and in their tinted state (right) 
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Electrochromic sunglasses are another example for transmittive electrochromic devices. In figure 

3.5 electrochromic sunglasses from ASHWIN in different electrochromic states are shown. 

 

 

Fig. 3.5. Electrochromic sunglasses from ASHWIN in different electrochromic states 

 

 

3.2. Reflective ECD 

 

A schematic diagram of a reflective electrochromic device is shown in figure 3.6. 

 

 

Fig. 3.6. Schematic diagram of a reflective ECD (ñElectrochromism ï Fundamentals and Applicationsò by P. M. S. Monk; R. 

J. Mortimer; D. R. Rosseinsky, VCH, Weinheim, 1995) 

 

The beam of light first passes a transparent support, for example a glass window, and an optically 

transparent electrode (OTE), for example indium tin oxide (ITO). Then there is the primary 

electrochromic layer. Next, the light beam goes through the ionically conductive electrolyte and the 

secondary electrochromic layer. At the surface of the reflective counter electrode the light beam is 

reflected and crosses all layers in opposite direction. 

As mentioned before two electrochromic layers improve the operational sequence. 
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3.2.1. Examples and applications 

 

High volume applications of reflective electrochromic devices are auto-dimming rearview mirrors. 

For the construction of auto-dimming-rearview mirrors inorganic electrochromic systems are used. 

Figure 3.7 shows an auto-dimming rearview mirror from GENTEX. 

 

 

Fig. 3.7. Auto-dimming rearview mirror from GENTEX  

 

Another example for an application of reflective electrochromic devices are reflective electro-

chromic displays. Figure 3.8 shows a flexible reflective electrochromic display from Siemens. 

 

 

Fig. 3.8. Flexible reflective electrochromic display from SIEMENS 
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4. Laboratory samples of electrochromic devices 

 

Two laboratory samples of transmittive electrochromic devices and two laboratory samples of 

reflective elechtrochromic devices were provided by Ciba (now part of BASF). Furthermore the 

essential components of the electrochromic devices were received, again provided by Ciba. 

 

 

4.1. Transmittive ECD 

 

One transmittive ECD arrived at austriamicrosystems on the 29.7.2009. So it was termed: 

ñTransmittive Device (29.7.2009)ò (figure 4.1) 

 

 

Fig. 4.1. ñTransmittive Device (29.7.2009)ò with a gold mirror as background and with white paper as background 

 

The second transmittive ECD arrived at austriamicrosystems on the 5.8.2009. So it was termed: 

ñTransmittive Device (5.8.2009)ò (figure 4.2) 

 

 

Fig. 4.2. ñTransmittive Device (5.8.2009)ò with a gold mirror as background and with white paper as background 
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The structure of these transmittive devices is shown in figure 4.3. 

 

 

Fig. 4.3. Schematic longitudinal section of the transmittive ECDs from Ciba (now part of BASF): 1éGlass slide; 2 ITO  

(indium tin oxide) layer; 3éCathodically colouring polymer; 4éGel electrolyte; 5éPolyester spacer; 6éNon colouring 

polymer 

 

The gel electrolyte is composed of ñpropylene carbonateò and ñpoly methyl methacrylateò and 

ñionic liquid ï 1-butyl-3-methylimidazolium trifluoromethanesulfonateò. 

 

In the following subchapters the essential components of the transmittive electrochromic devices, 

gratefully provided by Ciba (now part of BASF), are presented. 

 

 

4.1.1. ITO coated glass slides 

 

Figure 4.4 shows the packed ITO coated glass slides and a single one (length: 76 mm, width: 

26 mm). The thickness of the ITO coated glass slides was measured with a micrometer (digitrix II, 

0-25 mm, 0,001 mm): 1,096 mm. It is allowed to equal it with the thickness of the glass slides, 

since the order of magnitude of the ITO layer thickness is nanometre. The resistance of the ITO 

layer was measured for 1 cm measuring distance (ohmmeter: FLUKE 12 Multimeter): RITO = 28 ɋ 

 

 

Fig. 4.4. ITO coated glass slides (thickness: 1,096 mm; RITO  = 28 ɋ) packed (left) and a single one unpacked (right) 

 

 

4.1.2. Magenta polymer (cathodically colouring polymer) 

 

Figure 4.5 shows the magenta polymer in a small bottle with screw cap, as received from Ciba. The 

magenta polymer was weighed with an automatic weighing-machine: 0,2167 g 
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Fig. 4.5. Magenta Polymer (0,2167 g) 

 

 

4.1.3. Clear polymer (non colouring polymer) 

 

The clear polymer in a small bottle with screw cap is shown in figure 4.6. The clear polymer was 

weighed with an automatic weighing-machine: 0,1923 g 

 

 

Fig. 4.6. Clear Polymer (0,1923 g) 

 

 

4.1.4. Gel electrolyte 

 

Figure 4.7 shows Poly Methyl Methacrylate (PMMA) in a bottle with screw cap. PMMA was 

provided by Ciba for the production of the gel electrolyte. 

 

 

Fig. 4.7. Poly Methyl Methacrylate (PMMA)  
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4.1.5. Clear polyester panels (polyester spacer) 

 

Figure 4.8 shows the packed polyester panels for the production of the polyester spacer. 

The thickness of a polyester panel was measured at five different measuring points with a 

micrometer (digitrix II, 0-25 mm, 0,001 mm). The average thickness was (166 ± 2) ɛm. 

In addition the thickness of six further polyester panels was measured, each at one measuring point 

close to a corner, with the same micrometer (digitrix II, 0-25 mm, 0,001 mm). Average thickness of 

all measured panels: (166 ± 5) ɛm 

 

 

Fig. 4.8. Packed polyester panels (thickness: (166 ± 5) ɛm) 

 

 

4.1.6. Cu tape 

 

A coil of Cu tape, which is used for the contacting of the transmittive devices, is shown in figure 

4.9. 

 

 

Fig. 4.9. Coil of Cu tape 

 

 

4.2. Reflective ECD 

 

Both laboratory samples of reflective electrochromic devices arrived at austriamicrosystems on the 

13.7.2009. They were termed: ñReflective Device (13.7.2009 ï Nr.1)ò (figure 4.10 / left) and 

ñReflective Device (13.7.2009 ï Nr.2)ò (figure 4.10 / right). 
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Fig. 4.10. ñReflective Device (13.7.2009 ï Nr.1)ò (left) and ñReflective Device (13.7.2009 ï Nr.2)ò (right) 

 

The structure of these reflective devices is shown in figure 4.11.  

 

 

 

Fig. 4.11. Schematic structure of the reflective ECDs from Ciba (now part of BASF) (Graphic by Ece Unur) 

 

The gel electrolyte is composed of ñpropylene carbonateò, ñethylene carbonateò, ñpoly methyl 

methacrylateò, ñtetrabutylammonium tetrafluoroborateò. 

 

In the following subchapters the essential components of the reflective electrochromic devices, 

gratefully provided by Ciba (now part of BASF), are presented. 

 

 

4.2.1. Polyester transparent support 

 

Figure 4.8 shows the packed polyester panels, which are used for the transparent support of the 

reflective electrochromic devices. 

 

 

2. Counter Electrode

Au (300 nm) on Kapton

WE
CE

3. Counter Electrode Electroactive Polymer

4. Gel electrolyte/separator

5. Working Electrode (porous)

Au (~50 nm) on Polycarbonate membrane
R~7 ohms

6. Electrochromic Polymer
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4.2.2. Au (300 nm) on kapton (counter electrode) 

 

As counter electrode a piece of Au coated kapton is used. On top of the Au layer there is the 

polymer layer. 

Ciba sent two pieces of Au coated kapton with magenta polymer layer on top of the Au layer. A 

piece of Cu tape is attached for the connecting. (Figure 4.12) 

 

 

Fig. 4.12. Two pieces of Au coated kapton with magenta polymer layer: 1.piece (a, b): magenta polymer layer on top (a), 

kapton layer on top (b); 2.piece (c, d): magenta polymer layer on top (c), kapton layer on top (d) 

 

 

4.2.3. Counter electrode electroactive polymer (magenta polymer) 

 

Figure 4.5 shows the magenta polymer in a small bottle with screw cap, as received from Ciba. The 

magenta polymer was weighed with an automatic weighing-machine: 0,2167 g 

 

 

4.2.4. Gel electrolyte / separator 

 

Figure 4.7 shows Poly Methyl Methacrylate (poly MMA) in a bottle with screw cap. Poly MMA 

was provided by Ciba, for the production of the gel electrolyte. 

As separator two pieces of coffee filters are used. 

 

 

4.2.5. Au (~50 nm) on polycarbonate membrane (working electrode) 

 

As working electrode a piece of Au coated polycarbonate membrane is used. On top of the Au layer 

there is the polymer layer. 
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Ciba sent two pieces of Au coated polycarbonate membrane with magenta polymer on top of the Au 

layer. A piece of Cu tape is attached for the connecting. (Figure 4.13) 

 

 

Fig. 4.13. Two pieces of Au coated polycarbonate membrane with magenta polymer layer: 1.piece (a, b): magenta polymer 

layer on top (a), polycarbonate membrane layer on top (b); 2.piece (c, d): magenta polymer layer on top (c), polycarbonate 

membrane layer on top (d) 

 

From the Au coated polycarbonate membrane two small triangles were cut off and then attached to 

a SEM-holder with conductive silver. Figure 4.14 shows the SEM-holder with the two fixed 

triangles. The triangle on the left side is fixed with the Au layer on top, and the triangle on the right 

side is fixed with the polycarbonate membrane on top. 

 

 

Fig. 4.14. Two triangles of Au coated polycarbonate membrane fixed on a SEM-holder with conductive silver: Triangle on the 

left side ï Au layer on top; triangle on the right side ï polycarbonate layer on top 

These triangles have been investigated first with an optical microscope (Olympus BX51) (figure 

4.15) and second with a scanning electron microscope SEM (FEI Quanta 200) (figure 4.16). 
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Fig. 4.15. Au coated polycarbonate membrane investigated with an optical microscope (Olympus BX51): Au layer on top 

(a, b); polycarbonate membrane layer on top (c, d) 

 

 

Fig. 4.16. Au coated polycarbonate membrane investigated with a SEM (FEI Quanta 200): Au layer on top (a, b); 

polycarbonate membrane layer on top (c, d) 
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4.2.6. Electrochromic polymer (magenta polymer) 

 

Figure 4.5 shows the magenta polymer in a small bottle with screw cap, as received from Ciba. The 

magenta polymer was weighed with an automatic weighing-machine: 0,2167 g 

 

 

4.2.7. Cu tape 

 

Cu tape is used for the contacting of the counter electrode and the working electrode of reflective 

electrochromic devices. Figure 4.9 shows a coil of Cu tape, gratefully provided by Ciba. 
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5. Experimental part 

 

There are different ways for investigation of ECDs. In the following subchapters different 

measurement methods are described and measurement results are presented. 

 

The two reflective electrochromic devices (ñReflective Device (13.7.2009 ï Nr.1)ò and ñReflective 

Device (13.7.2009 ï Nr.2)ò ï see chapter 4.2) and the two transmittive electrochromic devices 

(ñTransmittive Device (29.7.2009)ò and ñTransmittive Device (5.8.2009)ò ï see chapter 4.1) from 

Ciba (now part of BASF) have been investigated. 

Magenta polymer is a cathodically colouring substance since it forms colour when it is reduced at a 

cathode (see chapter 2.2.2). 

In most of the following experiments the magenta polymer coated electrode of the transmittive 

devices and the working electrode of reflective devices respectively were connected to the minus 

output of the voltage source. So the ECDs got coloured, whenever the voltage source displayed a 

positive voltage, and bleached, whenever the voltage source displayed a negative voltage. If they 

were connected to the plus output of the voltage source, the ECDs got bleached, whenever the 

voltage source displayed a positive voltage, and coloured, whenever the voltage source displayed a 

negative voltage. 

 

 

5.1. Cyclovoltammograms (Cyclovoltammetry) 

 

Cyclovoltammetry is an important measurement method for investigation of electrochromic 

substances. The process of voltage cycling accompanied by current measurement is described in 

detail in chapter 2.1.1.2.1. 

During cyclovoltammetry investigations of the optical properties of the electrochromic devices 

were done. On the one hand photos were made, on the other hand reflection spectra were measured, 

both at different voltage values. 

 

 

5.1.1. Setup for measurements 

 

The setup is composed of an electrical assembly and a setup for optical measurements. 

 

 

5.1.1.1. Circuit diagram  

 

Figure 5.1 shows a schematic circuit diagram for cyclovoltammetry. The electrochromic device is 

connected to the source measure unit (Keithley 236 source measure unit). The source measure unit 

does voltage cycling and current measurement. A photo of the source measure unit is shown in 

figure 5.1. 
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Fig. 5.1. Schematic circuit diagram for cyclovoltammetry (a); KEITHLEY 236 source measure unit (b) 

 

The source measure unit is connected to a computer in order to control the run of the 

cyclovoltammetry by an installed program (ñUI_measure_vers4ò, created with LabVIEW). 

In our case the cyclovoltammograms started at 0 V. At first the voltage was increased (or 

decreased) until a selectable ñhigh levelò was reached. Then the voltage was decreased (or 

increased) until a chosen ñlow levelò. On its way back the voltage went through 0 V. From the ñlow 

levelò the voltage was increased (or decreased) again until the starting point (0 V) was reached to 

finish one cycle. 

In addition to the ñhigh levelò and ñlow levelò also the ñstep sizeò and the ñdelay timeò had to be 

set. The voltage didnËt change continuously but stepwise. The ñstep sizeò set the voltage size of the 

steps. The ñdelay timeò is the period of time of each voltage step. Last but not least the number of 

the cycles (ñloopsò) had to be set. 

 

 

5.1.1.2. Setup for optical measurements 

 

During cyclovoltammetry optical investigations with a CCD spectrometer and visual investigations 

with a camera were made. The two setups are described in the following subchapters. 

 

 

5.1.1.2.1. Investigation with a CCD spectrometer 

 

Figure 5.2 shows a photo of the setup for optical measurements. The construction in the centre, 

which was termed ñReflectometerò, is composed of a base plate, a z-shifter and a 20 degree-

reflection-base plate. 

Organic electrochromic devices were placed on the base plate. A gold mirror served as background 

for the transmittive devices. With the z-shifter it is possible to change the distance between the base 

plate and the 20 degree-reflection-base plate to adjust the device in reflection position (figure 5.2). 

The 20 degree-reflection-base plate has two drilled holes, where a mini lamp with lens and a 

focusing lens are attached. As light source-supply a constant current source (Voltcraft 4005; set to 

0,400 A) is used. The light beam from the mini lamp is reflected at the electrochromic device and 

goes through the focusing lens and the optical fiber to a S1000 CCD spectrometer, where the 

reflected intensity at each wavelength is measured. 
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Fig. 5.2. Setup for investigation with a CCD spectrometer during cyclovoltammetry 

 

 

5.1.1.2.2. Investigation with a camera 

 

A photo of the setup for visual investigation with a camera is shown in figure 5.3. The reflective 

electrochromic device lies in such a way on the base plate of the ñReflectometerò, that no shadow of 

the 20 degree-reflection-base plate is visible on the photos. To archive, that the reflective device is 

lying in a planar position, a small piece of metal is put under the device next to the base plate. At 

the front of the photo is the camera tripod. 

 

 

 

Fig. 5.3. Setup for visual investigation with a camera during cyclovoltammetry 
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5.1.2. Photos 

 

During cyclovoltammetry at different voltage values photos of the electrochromic devices were 

made. 

In the first cyclovoltammetry experiments with the two reflective electrochromic devices it was 

noticed, that after storage of the devices for about 16 hours the devices didn´t bleach completely 

during the first cyclovoltammogram. So it was assumed that the devices need a ñpreconditioningò 

after storage to reach the complete bleaching of the device. 

It was decided to run as many cyclovoltammograms until the maximum colouration and bleaching 

was reached. Immediately after that, another cyclovoltammogram was started in order to take 

photos at different voltage values. 

 

 

Investigation of the ñReflective Device (13.7.2009 ï Nr.1)ò from figure 5.4 to figure 5.6: 

 

On the 28.8.2009 cyclovoltammograms with the ñReflective Device (13.7.2009 ï Nr.1)ò were made 

(see figure 5.4). 

The working electrode of the reflective electrochromic device was connected to the minus output of 

the source measure unit and therefore the ECD got coloured, if the source measure unit displayed a 

positive voltage, and bleached, if the source measure unit displayed a negative voltage. 

For all cyclovoltammograms in figure 5.4 the same settings were used. As ñhigh levelò +1,5 V and 

as ñlow levelò -1,5 V were chosen. The step size was 0,01 V and the delay time was set to 1000 ms. 

With each cyclovoltammogram one cycle was run and took about 10 minutes. 

 

 

Fig. 5.4. Cyclovoltammograms of the ñReflective Device (13.7.2009 ï Nr.1)ò measured on the 28.8.2009 
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The interval between the end of a cycovoltammogram and the start of the following: 

 

¶ 1
st
 (3RD1M) to 2

nd
 (3RD2M): 2 min 1 sec 

¶ 2
nd

 (3RD2M) to 3
rd
 (3RD3M): 55 sec 

¶ 3
rd

 (3RD3M) to 4
th
 (3RD4M): 35 sec 

¶ 4
th
 (3RD4M) to 5

th
 (3RD5M): 4 min 1 sec 

¶ 5
th
 (3RD5M) to 6

th
 (3RD6M): 35 min 35 sec 

¶ 6
th
 (3RD6M) to 7

th
 (3RD7M): 50 sec 

¶ 7
th
 (3RD7M) to 8

th
 (3RD8M): 5 min 20 sec 

 

 

At the fourth (3RD4M), the fifth (3RD5M) and the seventh (3RD7M) cyclovoltammogram photos 

were made. A photo series taken during the seventh cyclovoltammogram is presented in figure 5.6. 

Figure 5.5 shows the positions in the cyclovoltommogram, where the photos were taken. 

 

 

Fig. 5.5. Cyclovoltammogram ñ3RD7Mò of the ñReflective Device (13.7.2009 ï Nr.1)ò measured on the 28.8.2009; voltage 

positions are marked, where the photos shown in figure 5.6 have been taken 
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Fig. 5.6. Photo series of the ñReflective Device (13.7.2009 ï Nr.1)ò taken at different voltage values during the cyclo-

voltammogram ñ3RD7Mò on the 28.8.2009 
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Investigation of the ñReflective Device (13.7.2009 ï Nr.2)ò from figure 5.7 to figure 5.9: 

 

Figure 5.7 shows cyclovoltammograms of the ñReflective Device (13.7.2009 ï Nr.2)ò. ñHigh levelò 

was set to +1,5 V and ñlow levelò to -1,5 V. A ñstep sizeò of 0,01 V and a ñdelay timeò of 1000 ms 

were chosen. With each cyclovoltammogram one cycle was run and took about 10 minutes. 

The reflective electrochromic device coloured, if the source measure unit displayed a positive 

voltage, and bleached, if the source measure unit displayed a negative voltage. 

 

 

Fig. 5.7. Cyclovoltammograms of the ñReflective Device (13.7.2009 ï Nr.2)ò measured on the 31.8.2009 

 

The interval between the end of a cycovoltammogram and the start of the following: 

 

¶ 1
st
 (4RD_310809_1M) to 2

nd
 (4RD_310809_2M): 35 sec 

¶ 2
nd

 (4RD_310809_2M) to 3
rd

 (4RD_310809_3M): 1 min 10 sec 

¶ 3
rd

 (4RD_310809_3M) to 4
th
 (4RD_310809_4M): 2 min 10 sec 

¶ 4
th
 (4RD_310809_4M) to 5

th
 (4RD_310809_5M): 3 min 35 sec 

¶ 5
th
 (4RD_310809_5M) to 6

th
 (4RD_310809_6M): 4 min 40 sec 

¶ 6
th
 (4RD_310809_6M) to 7

th
 (4RD_310809_7M): 1 min 
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During the third cyclovoltammogram of the 31.8.2009 (4RD_310809_3M) photos were taken (see 

figure 5.9). The corresponding voltage positions in the cyclovoltammogram are marked in figure 

5.8. 

 

 

Fig. 5.8. Cyclovoltammogram ñ4RD_310809_3Mò of the ñReflective Device (13.7.2009 ï Nr.2)ò measured on the 31.8.2009; 

voltage positions are marked, where the photos shown in figure 5.9 have been taken 
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Fig. 5.9. Photo series of the ñReflective Device (13.7.2009 ï Nr.2)ò taken at different voltage values during the cyclo-

voltammogram ñ4RD_310809_3Mò on the 31.8.2009 



  5. Experimental part 

33 
 

Investigation of the ñTransmittive Device (5.8.2009)ò from figure 5.10 to figure 5.12: 

 

On the 1.9.2009 cyclovoltommograms of the ñTransmittive Device (5.8.2009)ò were run (see figure 

5.10). The settings for these cyclovoltammograms were: ñhigh levelò +1,5 V, ñlow levelò -1,5 V, 

ñstep sizeò 0,01 V, ñdelay timeò 1000 ms. One cycle was run with each cyclovoltammogram and 

took about 10 minutes. 

The magenta polymer coated electrode of the transmittive device was connected to the minus output 

of the source measure unit and therefore the ECD got coloured, if the source measure unit displayed 

a positive voltage, and bleached, if the source measure unit displayed a negative voltage. 

 

 

Fig. 5.10. Cyclovoltammograms of the ñTransmittive Device (5.8.2009)ò measured on the 1.9.2009 

 

The interval between the end of a cycovoltammogram and the start of the following: 

 

¶ 1
st
 (3WD_010909_1M) to 2

nd
 (3WD_010909_2M): 1 min 10 sec 

¶ 2
nd

 (3WD_010909_2M) to 3
rd

 (3WD_010909_3M): 1 min 20 sec 

¶ 3
rd

 (3WD_010909_3M) to 4
th
 (3WD_010909_4M): 3 min 28 sec 

 

 

Photos were taken during the third cyclovoltammogram (3WD_010909_3M). 
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Fig. 5.11. Cyclovoltammogram ñ3WD_010909_3Mò of the ñTransmittive Device (5.8.2009)ò measured on the 1.9.2009; 

voltage positions are marked, where the photos shown in figure 5.12 have been taken 

 

 

Fig. 5. 12. Photo series of the ñTransmittive Device (5.8.2009)ò taken at different voltage values during the cyclo-

voltammogram ñ3WD_010909_3Mò on the 1.9.2009 
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Investigation of the ñTransmittive Device (29.7.2009)ò from figure 5.13 to figure 5.15: 

 

Figure 5.13 shows cyclovoltammograms of the ñTransmittive Device (29.7.2009)ò. The settings for 

these five cyclovoltammograms were: ñhigh levelò +1,5 V, ñlow levelò -1,5 V, ñstep sizeò 0,01 V, 

ñdelay timeò 1000 ms. With each cyclovoltammogram one cycle was run and took about 10 

minutes. 

The transmittive electrochromic device coloured, if the source measure unit displayed a positive 

voltage, and bleached, if the source measure unit displayed a negative voltage. 

 

 

Fig. 5.13. Cyclovoltammograms of the ñTransmittive Device (29.7.2009)ò measured on the 1.9.2009 

 

The interval between the end of a cycovoltammogram and the start of the following: 

 

¶ 1
st
 (4WD_010909_1M) to 2

nd
 (4WD_010909_2M): 45 sec 

¶ 2
nd

 (4WD_010909_2M) to 3
rd

 (4WD_010909_3M): 26 sec 

¶ 3
rd

 (4WD_010909_3M) to 4
th
 (4WD_010909_4M): 45 sec 

¶ 4
th
 (4WD_010909_4M) to 5

th
 (4WD_010909_5M): 3 min 31 sec 

 

 

Photos were taken during the fourth cyclovoltammogram (4WD_010909_4M). 
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Fig. 5.14. Cyclovoltammogram ñ4WD_010909_4Mò of the ñTransmittive Device (29.7.2009)ò measured on the 1.9.2009; 

voltage positions are marked, where the photos shown in figure 5.15 have been taken 

 

 

Fig. 5.15. Photo series of the ñTransmittive Device (29.7.2009)ò taken at different voltage values during the cyclo-

voltammogram ñ4WD_010909_4Mò on the 1.9.2009 
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5.1.3. Reflection spectra (CCD spectrometer) 

 

During cyclovoltammetry at different voltage values reflection spectra of the electrochromic 

devices were measured with the CCD spectrometer. 

 

 

 

Fig. 5.16. Investigation of the electrochromic devices with the CCD spectrometer during cyclovoltammetry 

 

 

Measurement results of the ñReflective Device (13.7.2009 ï Nr.1)ò from figure 5.17 to figure 5.24: 

 

On the 11.8.2009 cyclovoltammograms with the ñReflective Device (13.7.2009 ï Nr.1)ò were made 

(see figure 5.17, 5.18) after storage for a few days. 

For the two cyclovoltammograms in figure 5.17 the same settings were used. As ñhigh levelò 

+1,5 V and as ñlow levelò -1,5 V were chosen. The step size was 0,01 V and the delay time was set 

to 1000 ms. With each cyclovoltammogram one cycle was run and took about 10 minutes. 

With the cyclovoltammogram shown in figure 5.18 two cycles were run for about 10 minutes, and 

the settings were: ñhigh levelò +1,5 V, ñlow levelò -1,5 V, ñstep sizeò 0,02 V, ñdelay timeò 

1000 ms. 

The working electrode of the reflective electrochromic device was connected to the minus output of 

the source measure unit and therefore the ECD got coloured, if the source measure unit displayed a 

positive voltage, and bleached, if the source measure unit displayed a negative voltage. 
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Fig. 5.17. Cyclovoltammograms of the ñReflective Device (13.7.2009 ï Nr.1)ò measured on the 11.8.2009 

 

 

Fig. 5.18. Cyclovoltammogram of the ñReflective Device (13.7.2009 ï Nr.1)ò measured on the 11.8.2009 

 

The interval between the end of a cycovoltammogram and the start of the following: 

 

¶ 1
st
 (3RD1M) to 2

nd
 (3RD2M): 35 sec 

¶ 2
nd

 (3RD2M) to 3
rd
 (3RD3M): 40 sec 
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During the first (3RD1M) and the second (3RD2M) cyclovoltammogram reflection spectra were 

measured (see figure 5.20, 5.22). The corresponding voltage positions in the cyclovoltammograms 

are marked in figure 5.19, 5.21. 

 

 

Fig. 5.19. Cyclovoltammogram ñ3RD1Mò of the ñReflective Device (13.7.2009 ï Nr.1)ò measured on the 11.8.2009; voltage 

positions are marked, where the reflection spectra shown in figure 5.20 have been measured 

 

 

Fig. 5.20. Reflection spectra of the ñReflective Device (13.7.2009 ï Nr.1)ò measured at different voltage values during the 

cyclovoltammogram ñ3RD1Mò on the 11.8.2009 

Vertical lines: chosen wavelengths for the calculation of colour modulation (table 5.1) 
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Reflection spectra measured with the CCD spectrometer: 

x ï axis: unit nm; calibrated and controlled using mercury line spectrum (PEN RAY LAMP, B-

73818; LOT ORIEL GROUP) 

y ï axis: raw spectra in arbitrary units; to get absolute reflection spectra the raw reflection 

spectra had to be corrected. As alterations were relevant, raw spectra were sufficient. 

 

To express colour modulation the colouring range between a spectrum with maximum counts value 

and a spectrum with minimum counts value at wavelengths with a high difference of counts values 

is given in percent. 

 

To calculate the colour modulation either the spectrum with maximum counts value or minimum 

counts value at a chosen wavelength was set to 100 %. Two suitable wavelengths were chosen. 

For example in figure 5.20 the chosen wavelengths are 605 nm and 665 nm. The maximum counts 

values and the minimum counts values were read out: 

605 nm Ÿ maximum: 646 counts (ñttues9ò), minimum: 414 counts (ñttues4ò) 

665 nm Ÿ maximum: 895 counts (ñttues4ò), minimum: 651 counts (ñttues9ò) 

The reflection spectrum ñttues9ò was set to 100 % (see table 5.1). 

 

Table 5.1. Colour modulation at 605 nm and 665 nm calculated from the reflection spectra ñttues9ò and ñttues4ò of the 

ñReflective Device (13.7.2009 ï Nr.1)ò (see figure 5.20) 

 ttues9 ttues4 
Colour 

modulation 

 counts % counts % % 

605 nm 646 ± 5 100 414 ± 5 64 ± 1 36 ± 1 

665 nm 651 ± 5 100 895 ± 5 137 ± 1 37 ± 1 

 

 

Fig. 5.21. Cyclovoltammogram ñ3RD2Mò of the ñReflective Device (13.7.2009 ï Nr.1)ò measured on the 11.8.2009; voltage 

positions are marked, where the reflection spectra shown in figure 5.22 have been measured 
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Fig. 5.22. Reflection spectra of the ñReflective Device (13.7.2009 ï Nr.1)ò measured at different voltage values during the 

cyclovoltammogram ñ3RD2Mò on the 11.8.2009 

Vertical lines: chosen wavelengths for the calculation of colour modulation (table 5.2) 

 

Table 5.2. Colour modulation at 605 nm and 665 nm calculated from the reflection spectra ñttues18ò and ñttues13ò of the 

ñReflective Device (13.7.2009 ï Nr.1)ò (see figure 5.22) 

 ttues18 ttues13 
Colour 

modulation 

 counts % counts % % 

605 nm 667 ± 5 100 401 ± 5 60 ± 1 40 ± 1 

665 nm 655 ± 5 100 860 ± 5 131 ± 1 31 ± 1 

 

 

On the 28.8.2009 reflection spectra of the ñReflective Device (13.7.2009 ï Nr.1)ò were measured 

during the eighth (3RD8M) cyclovoltammogram (see figure 5.4). 
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Fig. 5.23. Cyclovoltammogram ñ3RD8Mò of the ñReflective Device (13.7.2009 ï Nr.1)ò measured on the 28.8.2009; voltage 

positions are marked, where the reflection spectra shown in figure 5.24 have been measured 

 

 

Fig. 5.24. Reflection spectra of the ñReflective Device (13.7.2009 ï Nr.1)ò measured at different voltage values during the 

cyclovoltammogram ñ3RD8Mò on the 28.8.2009 

Vertical lines: chosen wavelengths for the calculation of colour modulation (table 5.3) 
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Table 5.3. Colour modulation at 605 nm and 665 nm calculated from the reflection spectra ñfrida19ò and ñfrida8ò of the 

ñReflective Device (13.7.2009 ï Nr.1)ò (see figure 5.24) 

 frida19 frida8 
Colour 

modulation 

 counts % counts % % 

605 nm 617 ± 5 100 400 ± 5 65 ± 1 35 ± 1 

665 nm 614 ± 5 100 809 ± 5 132 ± 1 32 ± 1 

 

 

 

Measurement results of the ñReflective Device (13.7.2009 ï Nr.2)ò from figure 5.25 to figure 5.32: 

 

Cyclovoltammograms with the ñReflective Device (13.7.2009 ï Nr.2)ò were made (see figure 5.25, 

5.26) after storage for a few days on the 11.8.2009. 

The settings for the two cyclovoltammograms in figure 5.25 were: ñhigh levelò +1,5 V, ñlow levelò 

-1,5 V, ñstep sizeò 0,01 V, ñdelay timeò 1000 ms. With each cyclovoltammogram one cycle was run 

and took about 10 minutes. 

With the cyclovoltammogram shown in figure 5.26 two cycles were run and the settings were: 

ñhigh levelò +1,5 V, ñlow levelò -1,5 V, ñstep sizeò 0,02 V, ñdelay timeò 1000 ms. Again it took 

about 10 minutes. 

The reflective electrochromic device coloured, if the source measure unit displayed a positive 

voltage, and bleached, if the source measure unit displayed a negative voltage. 

 

 

Fig. 5.25. Cyclovoltammograms of the ñReflective Device (13.7.2009 ï Nr.2)ò measured on the 11.8.2009 
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Fig. 5.26. Cyclovoltammogram of the ñReflective Device (13.7.2009 ï Nr.2)ò measured on the 11.8.2009 

 

The interval between the end of a cycovoltammogram and the start of the following: 

 

¶ 1
st
 (4RD1M) to 2

nd
 (4RD2M): 40 sec 

¶ 2
nd

 (4RD2M) to 3
rd
 (4RD3M): 50 sec 

 

 

Reflection spectra measured during the first (4RD1M) and the second (4RD2M) 

cyclovoltammogram are presented in figure 5.28, 5.30. Figure 5.27 and 5.29 show the positions in 

the cyclovoltommograms, where the reflection spectra were measured. 

 

 

Fig. 5.27. Cyclovoltammogram ñ4RD1Mò of the ñReflective Device (13.7.2009 ï Nr.2)ò measured on the 11.8.2009; voltage 

positions are marked, where the reflection spectra shown in figure 5.28 have been measured 
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Fig. 5.28. Reflection spectra of the ñReflective Device (13.7.2009 ï Nr.2)ò measured at different voltage values during the 

cyclovoltammogram ñ4RD1Mò on the 11.8.2009 

Vertical lines: chosen wavelengths for the calculation of colour modulation (table 5.4) 

 

Table 5.4. Colour modulation at 605 nm and 665 nm calculated from the reflection spectra ñttues44ò and ñttues39ò of the 

ñReflective Device (13.7.2009 ï Nr.2)ò (see figure 5.28) 

 ttues44 ttues39 
Colour 

modulation 

 counts % counts % % 

605 nm 587 ± 5 100 434 ± 5 74 ± 1 26 ± 1 

665 nm 606 ± 5 100 883 ± 5 146 ± 1 46 ± 1 
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Fig. 5.29. Cyclovoltammogram ñ4RD2Mò of the ñReflective Device (13.7.2009 ï Nr.2)ò measured on the 11.8.2009; voltage 

positions are marked, where the reflection spectra shown in figure 5.30 have been measured 

 

 

Fig. 5.30. Reflection spectra of the ñReflective Device (13.7.2009 ï Nr.2)ò measured at different voltage values during the 

cyclovoltammogram ñ4RD2Mò on the 11.8.2009 

Vertical lines: chosen wavelengths for the calculation of colour modulation (table 5.5) 
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Table 5.5. Colour modulation at 605 nm and 665 nm calculated from the reflection spectra ñttues53ò and ñttues48òof the 

ñReflective Device (13.7.2009 ï Nr.2)ò (see figure 5.30) 

 ttues53 ttues48 
Colour 

modulation 

 counts % counts % % 

605 nm 605 ± 5 100 436 ± 5 72 ± 1 28 ± 1 

665 nm 600 ± 5 100 878 ± 5 146 ± 1 46 ± 1 

 

 

Another reflection spectrum series of the ñReflective Device (13.7.2009 ï Nr.2)ò was measured on 

the 31.8.2009 during the seventh (4RD_310809_7M) cyclovoltammogram (see figure 5.7). 

 

 

Fig. 5.31. Cyclovoltammogram ñ4RD_310809_7Mò of the ñReflective Device (13.7.2009 ï Nr.2)ò measured on the 31.8.2009; 

voltage positions are marked, where the reflection spectra shown in figure 5.32 have been measured 
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Fig. 5. 32. Reflection spectra of the ñReflective Device (13.7.2009 ï Nr.2)ò measured at different voltage values during the 

cyclovoltammogram ñ4RD_310809_7Mò on the 31.8.2009 

Vertical lines: chosen wavelengths for the calculation of colour modulation (table 5.6) 

 

Table 5.6. Colour modulation at 605 nm and 665 nm calculated from the reflection spectra ñmonda38ò and ñmonda27ò of the 

ñReflective Device (13.7.2009 ï Nr.2)ò (see figure 5.32) 

 monda38 monda27 
Colour 

modulation 

 counts % counts % % 

605 nm 607 ± 5 100 425 ± 5 70 ± 1 30 ± 1 

665 nm 581 ± 5 100 729 ± 5 125 ± 1 25 ± 1 

 

 

 

Measurement results of the ñTransmittive Device (5.8.2009)ò from figure 5.33 to figure 5.40: 

 

On the 11.8.2009 cyclovoltommograms of the ñTransmittive Device (5.8.2009)ò were run (see 

figure 5.33, 5.34) after storage for a few days. 

For the two cyclovoltammograms in figure 5.33 the same settings were used. As ñhigh levelò 

+1,5 V and as ñlow levelò -1,5 V were chosen. The step size was 0,01 V and the delay time was set 

to 1000 ms. With each cyclovoltammogram one cycle was run and took about 10 minutes. 

With the cyclovoltammogram shown in figure 5.34 two cycles were run for about 10 minutes, and 

the settings were: ñhigh levelò +1,5 V, ñlow levelò -1,5 V, ñstep sizeò 0,02 V, ñdelay timeò 

1000 ms. 
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The magenta polymer coated electrode of the transmittive device was connected to the plus output 

of the source measure unit and therefore the ECD got bleached, if the source measure unit displayed 

a positive voltage, and coloured, if the source measure unit displayed a negative voltage. 

 

 

Fig. 5.33. Cyclovoltammograms of the ñTransmittive Device (5.8.2009)ò measured on the 11.8.2009 

 

 

Fig. 5.34. Cyclovoltammogram of the ñTransmittive Device (5.8.2009)ò measured on the 11.8.2009 
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The interval between the end of a cycovoltammogram and the start of the following: 

 

¶ 1
st
 (3WD1M) to 2

nd
 (3WD2M): 43 sec 

¶ 2
nd

 (3WD2M) to 3
rd

 (3WD3M): 1 min 5 sec 

 

 

Reflection spectra were measured during the first (3WD1M) and the second (3WD2M) cyclo-

voltammogram. 

 

 

Fig. 5.35. Cyclovoltammogram ñ3WD1Mò of the ñTransmittive Device (5.8.2009)ò measured on the 11.8.2009; voltage 

positions are marked, where the reflection spectra shown in figure 5.36 have been measured 
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Fig. 5.36. Reflection spectra of the ñTransmittive Device (5.8.2009)ò measured at different voltage values during the 

cyclovoltammogram ñ3WD1Mò on the 11.8.2009 

Vertical lines: chosen wavelengths for the calculation of colour modulation (table 5.7) 

 

Table 5.7. Colour modulation at 610 nm and 740 nm calculated from the reflection spectra ñtuesd5ò and ñtuesd7ò of the 

ñTransmittive Device (5.8.2009)ò (see figure 5.36) 

 tuesd5 tuesd7 
Colour 

modulation 

 counts % counts % % 

610 nm 1515 ± 12 100 508 ± 12 34 ± 1 66 ± 1 

740 nm 1214 ± 12 100 1529 ± 12 126 ± 1 26 ± 1 
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Fig. 5.37. Cyclovoltammogram ñ3WD2Mò of the ñTransmittive Device (5.8.2009)ò measured on the 11.8.2009; voltage 

positions are marked, where the reflection spectra shown in figure 5.38 have been measured 

 

 

Fig. 5.38. Reflection spectra of the ñTransmittive Device (5.8.2009)ò measured at different voltage values during the 

cyclovoltammogram ñ3WD2Mò on the 11.8.2009 

Vertical lines: chosen wavelengths for the calculation of colour modulation (table 5.8) 
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Table 5.8. Colour modulation at 610 nm and 740 nm calculated from the reflection spectra ñtuesd14ò and ñtuesd16ò of the 

ñTransmittive Device (5.8.2009)ò (see figure 5.38) 

 tuesd14 tuesd16 
Colour 

modulation 

 counts % counts % % 

610 nm 1588 ± 12 100 496 ± 12 31 ± 1 69 ± 1 

740 nm 1094 ± 12 100 1458 ± 12 133 ± 1 33 ± 1 

 

 

More reflection spectra of the ñTransmittive Device (5.8.2009)ò were measured on the 1.9.2009 

during the fourth (3WD_010909_4M) cyclovoltammogram (see figure 5.10). 

 

 

Fig. 5.39. Cyclovoltammogram ñ3WD_010909_4Mò of the ñTransmittive Device (5.8.2009)ò measured on the 1.9.2009; 

voltage positions are marked, where the reflection spectra shown in figure 5.40 have been measured 
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Fig. 5.40. Reflection spectra of the ñTransmittive Device (5.8.2009)ò measured at different voltage values during the 

cyclovoltammogram ñ3WD_010909_4Mò on the 1.9.2009 

Vertical lines: chosen wavelengths for the calculation of colour modulation (table 5.9) 

 

Table 5.9. Colour modulation at 610 nm and 740 nm calculated from the reflection spectra ñtuesda19ò and ñtuesda6ò of the 

ñTransmittive Device (5.8.2009)ò (see figure 5.40) 

 tuesda19 tuesda6 
Colour 

modulation 

 counts % counts % % 

610 nm 1775 ± 12 100 692 ± 12 39 ± 1 61 ± 1 

740 nm 1098 ± 12 100 1455 ± 12 133 ± 1 33 ± 1 

 

 

 

Measurement results of the ñTransmittive Device (29.7.2009)ò from figure 5.41 to figure 5.48: 

 

Cyclovoltammograms with the ñTransmittive Device (29.7.2009)ò were made (see figure 5.41, 

5.42) after storage for a few days on the 11.8.2009, too. 

The settings for the two cyclovoltammograms in figure 5.41 were: ñhigh levelò +1,5 V, ñlow levelò 

-1,5 V, ñstep sizeò 0,01 V, ñdelay timeò 1000 ms. With each cyclovoltammogram one cycle was run 

and took about 10 minutes. 

With the cyclovoltammogram shown in figure 5.42 two cycles were run and the settings were: 

ñhigh levelò +1,5 V, ñlow levelò -1,5 V, ñstep sizeò 0,02 V, ñdelay timeò 1000 ms. As well it took 

about 10 minutes. 

The transmittive electrochromic device bleached, if the source measure unit displayed a positive 

voltage, and coloured, if the source measure unit displayed a negative voltage. 
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Fig. 5.41. Cyclovoltammograms of the ñTransmittive Device (29.7.2009)ò measured on the 11.8.2009 

 

 

Fig. 5.42. Cyclovoltammogram of the ñTransmittive Device (29.7.2009)ò measured on the 11.8.2009 

 

The interval between the end of a cycovoltammogram and the start of the following: 

 

¶ 1
st
 (4WD1M) to 2

nd
 (4WD2M): 40 sec 

¶ 2
nd

 (4WD2M) to 3
rd

 (4WD3M): 55 sec 
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Reflection spectra series taken during the first (4WD1M) and the second (4WD2M) cyclo-

voltammogram are presented in figure 5.44, 5.46. The corresponding voltage positions in the 

cyclovoltammograms are marked in figure 5.43, 5.45. 

 

 

Fig. 5.43. Cyclovoltammogram ñ4WD1Mò of the ñTransmittive Device (29.7.2009)ò measured on the 11.8.2009; voltage 

positions are marked, where the reflection spectra shown in figure 5.44 have been measured 

 

 

Fig. 5.44. Reflection spectra of the ñTransmittive Device (29.7.2009)ò measured at different voltage values during the 

cyclovoltammogram ñ4WD1Mò on the 11.8.2009 

Vertical lines: chosen wavelengths for the calculation of colour modulation (table 5.10) 
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Table 5.10. Colour modulation at 610 nm and 740 nm calculated from the reflection spectra ñtuesd40ò and ñtuesd42ò of the 

ñTransmittive Device (29.7.2009)ò (see figure 5.44) 

 tuesd40 tuesd42 
Colour 

modulation 

 counts % counts % % 

610 nm 1400 ± 12 100 511 ± 12 37 ± 1 63 ± 1 

740 nm 1202 ± 12 100 1564 ± 12 130 ± 1 30 ± 1 

 

 

 

Fig. 5.45. Cyclovoltammogram ñ4WD2Mò of the ñTransmittive Device (29.7.2009)ò measured on the 11.8.2009; voltage 

positions are marked, where the reflection spectra shown in figure 5.46 have been measured 
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Fig. 5.46. Reflection spectra of the ñTransmittive Device (29.7.2009)ò measured at different voltage values during the 

cyclovoltammogram ñ4WD2Mò on the 11.8.2009 

Vertical lines: chosen wavelengths for the calculation of colour modulation (table 5.11) 

 

Table 5.11. Colour modulation at 610 nm and 740 nm calculated from the reflection spectra ñtuesd49ò and ñtuesd51ò of the 

ñTransmittive Device (29.7.2009)ò (see figure 5.46) 

 tuesd49 tuesd51 
Colour 

modulation 

 counts % counts % % 

610 nm 1459 ± 12 100 503 ± 12 34 ± 1 66 ± 1 

740 nm 1170 ± 12 100 1527 ± 12 131 ± 1 31 ± 1 

 

 

On the 1.9.2009 reflection spectra of the ñTransmittive Device (29.7.2009)ò were measured during 

the fifth (4WD_010909_5M) cyclovoltammogram (see figure 5.13). 
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Fig. 5.47. Cyclovoltammogram ñ4WD_010909_5Mò of the ñTransmittive Device (29.7.2009)ò measured on the 1.9.2009; 

voltage positions are marked, where the reflection spectra shown in figure 5.48 have been measured 

 

 

Fig. 5.48. Reflection spectra of the ñTransmittive Device (29.7.2009)ò measured at different voltage values during the 

cyclovoltammogram ñ4WD_010909_5Mò on the 1.9.2009 

Vertical lines: chosen wavelengths for the calculation of colour modulation (table 5.12) 
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Table 5.12. Colour modulation at 610 nm and 740 nm calculated from the reflection spectra ñtuesda42ò and ñtuesda29ò of 

the ñTransmittive Device (29.7.2009)ò (see figure 5.48) 

 tuesda42 tuesda29 
Colour 

modulation 

 counts % counts % % 

610 nm 1644 ± 12 100 634 ± 12 39 ± 1 61 ± 1 

740 nm 1140 ± 12 100 1521 ± 12 133 ± 1 33 ± 1 

 

 

 

 

5.2. DC voltage-pulse-operation 

 

Another way to investigate electrochromic devices is to observe their behaviour during DC voltage-

pulse-operation. For it a defined positive voltage value and a defined negative voltage value were 

set alternatively, each for the same period of time. 

 

 

5.2.1. Setup for measurements 

 

The setup is composed of an electrical assembly and a setup for optical measurements. 

 

 

5.2.1.1. Circuit diagram  

 

A schematic circuit diagram is shown in figure 5.49. The electrochromic device is connected to a 

programmable pulse generator (OOR-X; Model 550 ï 50 MHZ; Programmable Pulse Generator). 

For counting the pulses a universal counter (TTi; TF 830; 1.3 GHz; Universal Counter), which is 

connected to the ñsync outò exit of the programmable pulse generator, is used. An oscilloscope 

(GW Cursor Readout Oscilloscope GOS-625) is integrated in the electrical setup to display the 

voltage. 

 

 

Fig. 5.49. Schematic circuit diagram for DC-voltage pulse operation 
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5.2.1.2. Setup for optical measurements 

 

For the case of DC voltage-pulse-operation two ways of optical investigation were used: First visual 

investigation with photos and second investigation with a Si-photodiode. The two setups are 

described in the following subchapters. 

 

 

5.2.1.2.1. Investigation with a camera 

 

The setup for visual investigation with a camera is the same as described in chapter 5.1.1.2.2. 

 

 

5.2.1.2.2. Investigation with a Si-photodiode 

 

Figure 5.50 shows the setup for investigation with a Si-photodiode. In the centre of the photo is the 

ñReflectometerò (chapter 5.1.1.2.1) with a transmittive device lying on the base plate (with a gold 

mirror as background). The focusing lens is connected to a Si-photodiode, which is connected to a 

voltmeter (Keithley 175 Autoranging Multimeter). 

As light source-supply a constant current source (Voltcraft 4005; set to 0,320 A) is used. 

 

 

Fig. 5.50. Setup for investigation with a Si-photodiode during DC voltage-pulse-operation 
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Fig. 5.51. Instruments used for DC voltage-pulse-operation 

 

 

5.2.2. Influence of the pulse history for the electrochromic effect 

 

During DC voltage-pulse-operation at different pulse numbers photos of the electrochromic devices 

were made on the one hand, the intensity of the light reflected by the electrochromic device were 

measured with a Si-photodiode on the other hand. In both cases the electrochromic devices had 

been in storage for one or more days before the experiments were carried out. 

For all experiments the same settings of the programmable pulse generator were used: 

[Period: 8000.0 ms, Width: 4000.0 ms, Delay: 0.0 ns, duty cycle off, LEE=TRE: 10.0 ms, 

LEE=TRE: 10.0 ms, EDGES EQ ON, HI-LEV: +0,75 V, LO-LEV: -0,75 V, PREDEF: USER, 

Mode: Cont, Pulse: Signal.] 

During each pulse the voltage was first set to +1,5 V for 4000 ms and second to -1,5 V for again 

4000 ms. The voltage was increased/decreased to +1,5 V/-1,5 V within 10 ms and then kept the 

same for the remaining time (3990 ms). So the duration of one pulse was 8000 ms. 

Pulse histories of about hundreds or more consecutive pulses were carried out. The influence of the 

pulse history on the electrochromic effect was observed. 

 

 

5.2.2.1. Photos 

 

During DC voltage-pulse-operation at different pulse numbers photos of the electrochromic devices 

in the coloured and the bleached states were made. The electrochromic devices had been in storage 

for one or more days before. 
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On the 7.9.2009 photos at different pulse numbers of the ñReflective Device (13.7.2009 ï Nr.1)ò 

were made (see figure 5.52). 

 

The working electrode of the reflective electrochromic device was connected to the minus output of 

the programmable pulse generator and therefore the ECD got coloured, if the programmable pulse 

generator supplied a positive voltage, and bleached, if the programmable pulse generator supplied a 

negative voltage. 

 

 

Fig. 5.52. Photo series of the ñReflective Device (13.7.2009 ï Nr.1)ò taken at different pulse numbers during the DC voltage-

pulse-operation on the 7.9.2009 

left: coloured state 

right: bleached state 
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The bleaching of the ñReflective Device (13.7.2009 ï Nr.1)ò increased slowly over the pulse history 

but didn´t reach the maximum bleaching observed during cyclovoltammetry on the 28.8.2009 (see 

figure 5.6). 

The colouration became less intensive and also didn´t reach the maximum colouration observed 

during cyclovoltammetry on the 28.8.2009. 

 

 

Figure 5.53 shows a photo series of the ñReflective Device (13.7.2009 ï Nr.2)ò taken at different 

pulse numbers during DC voltage-pulse-operation on the 7.9.2009. 

 

The reflective electrochromic device coloured, if the programmable pulse generator supplied a 

positive voltage, and bleached, if the programmable pulse generator supplied a negative voltage. 
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Fig. 5.53. Photo series of the ñReflective Device (13.7.2009 ï Nr.2)ò taken at different pulse numbers during the DC voltage-

pulse-operation on the 7.9.2009 

left: coloured state 

right: bleached state 

 

The bleaching of the ñReflective Device (13.7.2009 ï Nr.2)ò increased clearly over the first 50 

pulses and then stayed almost the same. The bleached state didn´t reach the maximum bleaching 

observed during cyclovoltammetry on the 31.8.2009 (see figure 5.9). 

The colouration stayed almost the same during the whole pulse history and was as intensive as on 

the 31.8.2009 during cyclovoltammetry. 
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On the 10.9.2009 photos of the ñTransmittive Device (5.8.2009)ò at different pulse numbers were 

taken (see figure 5.54). 

 

The magenta polymer coated electrode of the transmittive device was connected to the minus output 

of the programmable pulse generator and therefore the ECD got coloured, if the programmable 

pulse generator supplied a positive voltage, and bleached, if the programmable pulse generator 

supplied a negative voltage. 

 

 

Fig. 5.54. Photo series of the ñTransmittive Device (5.8.2009)ò taken at different pulse numbers during the DC voltage-pulse-

operation on the 10.9.2009 

left: coloured state 

right: bleached state 

 

The bleaching of the ñTransmittive Device (5.8.2009)ò increased slowly over the pulse history and 

was by far not as strong as the maximum bleaching observed during cyclovoltammetry on the 

1.9.2009 (see figure 5.12). 

The coloured state was for the first few pulses as intense as the maximum colouration observed 

during cyclovoltammetry on the 1.9.2009, but became weaker and weaker over the remaining pulse 

history. 

 

In figure 5.54 an air bubble in the right hand lower corner of the ñTransmittive Device (5.8.2009)ò 

is visible. This air bubble came into being only after photos had been taken on the 1.9.2009 (see 

figure 5.12, cyclovoltammetry: no air bubble noticeable). 

Maybe the electrochromic device wasn´t hermetically sealed. 

 

 






































































































































































































