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ABSTRACT 

The concept of an architectural switching film based on solid-state 

electrochromism is introduced. Electrochromic films have the ability to 

dynamically control solar transmission through a glazing and to alter the 

energy conduction properties of the window. Switching properties of 

transition metal oxides based on tungsten and iridium are detailed. The 

properties of W03-based films, which can modify both the visible and near-

infrared portions of the solar spectrum, are given. 

I. INTRODUCTION 

Electrochromism, also known as electrochemichromism, has been observed 

~n many materials. Materials displaying this property include a number of 

organic compounds and a smaller group of inorganic materials comprised 

chiefly of transition metal oxides. Electrochromism has been used for 

electronic information displays, but as a technology has yet to capture 

a significant portion of the market, which is dominated by liquid crystals 

and light-emitting diodes. 
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In this study electrochromism is suggested for a new application, 

large-scale optical switching elements for building glazings. Due to the 

initial cost of such a device, research is directed toward the large-

commercial building market, displacing exterior shutters, blinds, drapes, 

I 2-4 
~olar control films, and other types of aperture control. ' An optical 

shutter, if designed properly, can effectively control glare, light levels, 

and passive solar heating 1n a building. An idealized spectral response 

for such a device is shown in Figure I. Also for proper regulation of solar 

enersy a material should respond to the visible and the near-infrared 

portions of the solar spectrum, as shown in Figure 2. There are other 

optical s'Jitching processes under study for this use; they include 

5,2 
chrot:logenic, electrooptic, and kinetoptic processes. But electrochromism 

offers many advantages over other processes. 
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Figure I. Idealized spectral responses for broad-band optical switching 

material: (a) formation of a broad adsorption band, (b) adjustable Drude-

like transmission edge. 
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Figure 2. Energy spectra for airmass 2 solar radiation and blackbody 

thermal infrared distribution (-30°C, 40°C). 

2. ELECTROCHROMIC DEVICES 

Electrochromism is a reversible color change in a material induced by 

the injection of ions under an applied electric current. This change in 

color can be due to the formation of adsorbing color centers or by forming 

Drude-like conduction, giving reflecting characteristics. An 

electrochromic material ~ust exhibit both ionic and electronic conduction. 

Electrochrornism is seen in both reduction (cathodic) and oxidation (anodic) 

conditions. Before introducing the theory it is important to describe 

device structures, To help clarify the theoretical considerations. 

Device structures can vary greatly, but generally consist of four to five 

layers of materials, the electrochromic film being one of the layers. 
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Taere are at least three configurations for the device. All three 

have a center layer that is an ion conductor, either a fast-ion conductor 

or a slower-ion conducting oxide barrier. On each side of the ion 

conductor is the electrochromic material and the counter electrode. The 

counter electrode must be able to store ions and be electrically conductive 

(shown in Fig. 3a), or be another electrochromic material (shmvn in Fig. 

3b). The final layers are transparent electronic conductors, such as 

heavily doped tin or indium oxides. The third variation is to incorporate 

the electronic conductor and counter electrode together, suca as with gold 

films. Tl'lO of these configurations are shmm in Figure 3. The third 

configuration can be visualized by incorporating the transparent conductor 

(TC) and counter electrode (CE) together in figure 3a. 
I 
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Figure 3. Structures for electrochromic slvitching devices: (a) non-

electrochromic counter electrode; (b) anodic-cathodic design with t"l0 

electrochromic layers (Notation. TC: transparent conductor. CE: counter 
., 

electrode, EC: electrochromic, le: ion conductor). V 
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A schematic of an electrochromic device used as a solar optical 

shutter is shown in Figure 4. In this figure both the transparent 

(bleached) and colored (activated) states are shown. Depending on the 

nature of the electrochromic layer the colored state can be opaque or 

reflecting. The optical properties of a reflecting polycrystalline W03 

electrochromic are shown in Figure 5. Thin film was made by RF sputtering 

and colored by proton insertion. 6 With further research s this film has 

potential for a solar control device. 

Current Pulse 
HES. NIR - + 

Transparent Slale Reflective or Opaque State XBI 842-10105 
Figure 4. Schematic of an electrochromic optical shutter for passive solar 

use. Notation: RES: high energy solar, NIR: near-infrared, IR: thermal 

infrared. 
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Figure 5. Change in reflectance for RF sputtered polycrystalline W0 3 film 

6 
compared to a vacuu~ evaporated film. 
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3. THEORY OF ELECTROCHROMISM 

From a mechanistic viewpoint tungsten oxide is best known, although 

still poorly understood. In tungsten oxide the color center is formed by 

insertion of a proton or ion into an interstitial site in the perovskite 

structure. The localization of the injected electron associated with the 

ion is not exactly knmvn: It may be (a) delocalized in the conduction band 

6+ 
of W03 , (b) be trapped by W 

5+ 
forming W ,or (c) be trapped by the 

interstitial ion. Recent work has shown Drude-like conduction ~n 

polycrystalline films, which favors electron delocalization.
6 

However, ~n 
7 

amorphous films intervalence transfer theory has been proposed. In fine-

grained material, modified Drude theory with conderation of localized 

8 
electrons in deep donors in grain boundaries has also been proposed. 

The electrochromic layer is characterized by its internal 

9 
electromotive force: E(o), whi~h is defined as E(o) = -eu(o), where e ~s 

the electronic charge and u(o) is the chemical potential. The chemical 

potential is a function of ~on occupancy (0) in the electrochromic layer. 

Ion occupancy is the ratio of ions stored per unit volume in the 

electrochromic relative to the total ion capacity of the material. In ~ 

reference to Figure 3a. if we assume that the transparent conductors (TC) 

have identical properties and that the electrochromic (EC) and counter 

electrode (CE) have similar properties, then the potential difference for 

the device is 
v 
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u (oc) is the chemical potential for the CE layer and u(oe) ~s the 

chemical potential for the EC layer. 

Now if we assume that 0c + 0e and 0c + 0e + I, and then electrically 

connect the conductor layers, ions will be transferred across the ion 

conductor until equilibrium is established and Ed = 0, and 0c + 0e = 0.5. 

The device is now bleached. If an external voltage is applied and 

electrons are injected, then ions will retransfer and 0c = 0e again. In 

this condition the device is colored to a degree that depend on magnitude 

of change injected and number of ions transferred and color centers formed. 

The device will remain colored until the electrodes are shorted or external 

voltage is applied. During coloration the type of ion-insertion chemical 

reactions that might take place are: 
-I- + '+ + + 

MO y + xA + xe -+ ~MOy , ° < X < I, where A = R ,Li Na, Ag 

This is kno\vo as cathodic coloration or coloration by reduction of Mo 

Another reaction is known as anodic coloration, or coloration by oxidation: 

+ - -
MOy + xA + xh -+ A:r.~lOy , ° < X < I, whe re A : F , CN , OR 

2. MATERIALS CLASSES 

The kinetics of bleaching and coloration are limited in these devices 

by the transfer of ions across the ion conductor/electrochromic interface 

(characterized by over-voltage) and by bulk diffusion of the ~on into the 

electrochromic material. Diffusion rates are depend greatly upon the 

degree of hydration, film porosity, and microstructure of the 

electrochromic. 
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For solid-state devices, inorganic transition metal oxides have been 

used exclusively. The majority of materials research has been on cathodic 

electrochromic materials based on tungsten oxide, W03 , and anodic iridi~ 

oxide, IrOx. A list of experimental devices appears in Table I. 

Table I 

ELECTROCHRmnc DEVICES USING SOLID ELECTROLYTES 

PREPARATION ION INSERTION 
~1ATERIAL TECHNIQUE 'CONDUCTOR ION REF 

W03 Vac. Evap Poly-AMPS: H+;Na+ 10, I I , 12 
Hup;NASICON 

W03 e-b Evap Zr02 ;Ta2OS 
H+ I3 

a-\.,r°3 Vac. Evap RbAg4 IS Ag+ 14 

W0
3 Vac. Evap, Sput a-LiAlF4 :Li3N Li+ IS, 16 

Na \.JO 
x 3 Vac. Evap, Sput Na+-b-Al ° 2 3 Na+ 17 

IrO Anodize PbSnF4 ;PbF2 
F- 18 x 

IrO 
x Anodize NAFION H+/OH- 19 

Tungsten oxide devices can be classified according to the type of 

insertion ion used. The nature of a-W03 films depend greatly upon 

deposition technique and resulting film microstructure. 

The presence of water is significant to the operation of proton-based 

devices. The importance of water in W03/SiOx/Au, W03/Zr02, and W03/Ta20S v 
20-2 I -S 

has been researched. Under vacuum (10 torr) cells of these designs 
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do not function. Also they exhibit threshold characteristics that 

correlate to the dissociation of water, providing protons for the reaction. 

Switching times on the order of seconds have been observed ~n proton based 

devices. Switching time can be reduced by optimization of porosity 

and microstructure. Faster switching cell.s of W03/LiF, independent of 

22 
hydration, have been studied. Devices using trapped water have been 

23 
devised ,,,ith W03 /Cr203 /Au layers. A trapped t>1ater design based on a 

hermetically sealed device may be useful for a passive solar shutter, 

provided acceptable transmission can be obtained in the bleached state. 

Some of the best proton conductors belong to the class of hydrated 

sulfonic acid polymers, such as polymerized 2-acrylamido - 2-methylpropane 

sulfuric acid (Poly-AMPS). 10 

Solid state W03 cells do not have to depend only on protons for their 

operation. Other metallic tungsten bronzes based on Li+, Ag+ and Na+ ions 

also exhibit electrochromism. But in these systems a fast-ion conductor is 

needed to obtain reasonable switching times. For solar use this condition 

may be relaxed. Ion conductors such as Na+-b-AI 203 , hydronium -b- Al 203 
12,14-17 

(HUP), LiAlF4 , Li 3N, RbAg4 I S ' and NASICON have been studied. By 

proper control of porosity and grain size in polycrystalline W03, ionic 

diffusion and switching speed can be enhanced. There ~s considerable 

+ 
current research on Li based systems. 

Solid-state anodic electrochromic devices are based mainly on hydrated 

IrOx produced by anodization. Also with liquid electrolyte devices 
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considerable research has been performed on sputtered IrOx films and, to a 

lesser degree, on hydrated Rh203 , Ni02 • Nb203 ' and coax, Devices using 

IrOx exhibit high stability over a wide temperature range ,.,ith low cycle 

energy. compared to W03 devices. Active ions in these devices can be F or 

OB . 

The major disadvantage to IrOx -based switches for solar use is their 

high material cost. Although they are suitable for small area electronic 

displays, they would be to expensive for large windows. 

Also of interest are the device concepts based on anodic-cathodic 

electrochromism. The cell structure can be W03/TaO/MOR, ,.,ere MOR is one of 

the platinum groups hydroxides such as IrOx.nR20. But, as \.,ith Ix-Ox 

cost restrictions apply. A schematic of this device lS given in Figure 3b. 

Depending on the exact materials used, the anode and cathode of this device 

can color and bleach at the same time. 

Comp.:J.rative properties of IrOx and W03 based devices are shown ln Table 2. 

Here, a range of performance data from liquid electrolytes and solid-ion 

. 24 . 
conductors are complIed. The lower values are for the solld-state 

systems. Lifetimes are for liquid electrolyte systems. 
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TABLE 2 

CHARACTERISTICS OF ELECTROCHROMIC DEVICES 24 

"- PROPERTY TUNGSTEN OXIDE IRIDIUM OXIDE 

Device Response 0.3 - 3000 40 - 250 
Time (mS) , 22°C 

Optical Efficiency 75 115 30 
(cm 2c - I) 

Energy Required_ 2 
8 50 17 - 20 

Per Cycle (mJcm ) 

Cyclic Lifetime (cycles) X 10
7 2 X 107 

Voltage (V) 1.5 1.5 

SUMMARY 

Electrochronic devices and materials have been discussed in the 

context of using solid-state devices for large-area solar switching. 

Devices based on w03 in three different configurations appear to have 

promise. The reflective phase of W03 may have ideal characteristics 

for control of n7ar-infrared energy. Devices based on other electrochromic 

material may offer the spectral characteristics needed for solar energy 

control. Additional research is needed to understand the coloration 

mechanism in these materials and to further develo~ solid-state devices. 

Devices incorporating IrOx appear to be too expensive for large-area solar 

use. 
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