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We investigated the photocbromic (PC) and electrocbromic (EC) behavior 
of sputtered tungsten oxide (W03_1) films with different oxygen deficiency 
y. It was found that both the PC and EC coloration efficiency increase with 
increasing oxygen deficiency in tungsten oxide. For PC efficiency, this 
behavior is consistent with the model of photocbromism developed 
recently. A recently developed model based on the small polaron transition 
between w S+ and W'+ states has been used to explain the dependence of 
EC coloring efficiency on the oxygen deficiency in tungsten oxide films. 
This new mechanism also revealed a close relationship between PC and 
EC. C 1997 Published by Elsevier Science Ud. All rights reserved 
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Thin films of transition metal oxides have many interest
ing properties. One of their most important features is 
that their optical absorption can be switched reversibly 
under certain conditions. This chromogenic behavior is 
displayed most prominently in thin films of amorphous 
tungsten oxide (W03_y), the most promising material for 
' 'smart windows'' [1] and large area passive displays [2]. 
Coloration and bleaching can be accomplished in dif
ferent ways. Electrocbromic (EC) coloration, e.g. is 
obtained when ions and electrons are injected electro
chemically from an external source into a W03-1 layer 
by means of a small voltage. Upon reversing this voltage, 
the device can be bleached again. This behavior is 
usually explained in terms of the double-charge-injection 
(DO) model (3) that describes the formation of a 
tungsten bronze (Mx W03_1) with injection of electrons 
and positively charged ions (M = H+, u +, Na+, etc.) 
into the transparent W03: 

During charge injection, electrons are localized at 
tungsten sites thereby changing the valence of the 
tungsten ions from 6+ to 5+. These localized electrons 
accompany a lattice distortion that forms small polarons 
(4). Under the absorption of light these small polarons 
can hop from sites A to B. This process which is 
responsible for the color in tungsten oxide is referred to 
as intervalence transfer and can be expressed as 

h11 + WS+(A) + ~(B):::) WS+(B) + w*(A). (2) 

Although this model is widely accepted, it still cannot 
explain some key experimental results. For example, in 
contrast to what one would expect, nuclear reaction 
analysis (NRA) experiments could not provide proof of 
a systematicaUy increased hydrogen content of the 
colored films when protons were used as the injected 
ions [5, 6). Furthermore, the DCI model accounts only 
for EC but not for PC coloration, where the same 
absorption band is generated simply by irradiation of a 

(1) bare wo3- y layer with ultraviolet (UV) light [7]. 
Although (in the case of PC) an external injection of 
charges can be ruled out, electrical [8, 9), structural 
(10) and other studies (11, 12] show that the properties of 
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color centers in tungsten oxide are very similar whether 
they are formed by PC or EC coloration. These 
findings raise the question as to whether there is a 
more generalized model that can account for both 
coloration processes. 

The aim of this paper is to discuss a new important 
feature that reveals the close relationship between EC 
and PC effects. We found a very similar dependence of 
the EC and PC coloration efficiency on the oxygen 
stoichiometry y of sputtered W03_y samples. A new 
mechanism for coloration {being consistent with earlier 
experiments) is proposed that explains the results in this 
work. 

Thin wo3 films were concurrently deposited onto 
glass and ITO-coated glass substrates. This allowed the 
characterization of both the EC and PC effects, as well as 
the measurement of the optical characteristics. The 
deposition system was a radio frequency (RF) diode 
sputterer with a 15-cm diameter target. Two mass-flow 
controllers were used to control the sputtering atmosphere, 
and a throttled diffusion pump allowed control of the 
total pressure. The total pressure was 1.6 X 10- 2 mbar, 
the total RF power was 200 W at 13.56 MHz. All con
ditions were maintained constant except for 0 2 concen
tration in argon, which was varied between 5% and 50%. 
Consistent with other authors [13, 14] we found that the 
deposition rate varied only slightly when the oxygen 
partial pressure was varied between 5 and 50%. There
fore, only small variations of the deposition time were 
needed to obtain films with approximately the same 
thickness (3000 A). There was no intentional substrate 
heating during film deposition and the resulting films 
were amorphous as measured by X-ray diffraction. The 
oxygen deficiency in all our samples was determined by 
XPS analysis. Before each measurement a surface layer 
of about 15 A was removed with a 1 kV argon sputter 
beam, in order to eliminate surface contamination of our 
samples with carbon. We did not calibrate theW and 0 
cross sections to a W03 standard because we are only 
interested in relative 0/W ratios rather than absolute 
values. The samples sputtered in the same run were used 
in both PC and EC efficiency measurement, so we can 
largely exclude differences introduced during sample 
preparation. 

The PC coloration was induced with a 75 W xenon 
high-pressure lamp. A water filter was used to minimize 
the thermal effects. The incident UV intensity on the 
sample was about 250 mW cm-2

• The samples were 
exposed to UV light of the same intensity for 15 min, 
which caused a decrease in transmission of typically a 
few percentage points. The PC response of the 
samples was probed with the transmission of an 
incoherent light beam at a wavelength of 700 ± 15 nm. 
The change of the optical density, AO.D., which is 

proportional to the amount of created color centers, 
was calculated by the equation 

AO.D. = log10 (~:) • (3) 

where Tb and Tc are the transmittances before and after 
coloration, respectively. We can define the PC efficiency 
as TfPC = liO.D.Ilt, where I is the light intensity and t is 
the exposure time. Since a constant light intensity I and 
time t was used through this work, Tfpc is directly 
proportional to AO.D. 

To determine the EC efficiency, the samples were 
colored in an electrochemical cell. A Schlumberger 1286 
electrochemical interface (ECI) was used to control the 
potential of the W03 working electrode relative to a 
lithium metal reference electrode. Lithium metal was 
also used as the counter electrode. The electrolyte used 
was a carefully dried solution of 0.5 M lithium triflate in 
propylene carbonate. We used the galvanostatic mode of 
the ECI to allow accurate measurement of the amount of 
charge AQ = 20 mC inserted into the W03 under con
stant current. The sample transmittance was measured 
before and after charge injection AO.D. was obtained 
according to equation (3). To calculate the EC efficiency 
TfEC• we used the ratio of the change in optical density and 
the amount of injected charge per unit sample area 
TfEC = AO.D./AQ. 

Figure 1 shows that the 0/W ratio of our W03 
samples increases with increasing oxygen partial 
pressure in the sputtering gas. In terms of oxygen 
deficiency, y, this means that y decreases with increasing 
0 2 pressure. This result is in agreement with other 
authors who found that the y values in wo3-y can be 
varied between 0 and 0.5 depending on the oxygen partial 
pressure. Deneuville et al. suggested that stoichiometric 
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Fig. 1. 0/W ratio of sputtered W03_ y films determined 
with XPS measurements as a function of the 0 2 concen
tration in the sputtering gas. The sputter target was wo3. 
The line is a guide to the eye. 
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Fig. 2. Coloration efficiencies of sputtered tungsten oxide 
films as a function of the 0 2 concentration in the sputter
ing gas. Open and closed symbols denote the PC and EC 
coloration efficiency, respectively. The inset shows the 
PC and EC efficiency as a function of the 0/W ratio, 
which bas been taken from Fig. 1. The lines are guides 
to the eye. 

samples will only be obtained if W03 is sputtered in a 
pure oxygen atmosphere {15]. On the other hand, W02.5 
films are obtained when the sputter gas contains only a 
very small amount of oxygen (14). Several groups also 
reported that W03 samples may have essentially the 
same optical absorption but large variation in their 
oxygen deficiency [5, 16}. The optical transmission 
spectra of the samples used in this work were almost 
identical, but these films have different oxygen deficiencies 
which depend on the different oxygen partial pressures 
used during the film deposition. The open symbols in 
Fig. 2 show the results of the PC efficiency as a function 
of the oxygen gas content in the sputtering gas and the 
0/W ratio (see inset), respectively. We observed a drop 
of the coloration efficiency by about 40% when the 
oxygen content in the sputtering gas increases from 5% 
to 50%. Since the oxygen deficiency, y (i.e. the number 
of oxygen vacancies), decreases with increasing oxygen 
content, this shows that the existence of oxygen vacancies 
is crucial for the PC response. 

The decrease of the PC efficiency with decreasing y is 
consistent with a model developed recently for pboto
chromism in tungsten oxide (17, 18]. It has been 
suggested that the PC effect in W03_y is intimately 
connected to the photoinduced decomposition of 
incorporated water, the latter being well known to be 
present in amorphous tungsten oxide films. The forma
tion of color centers is also accompanied by the 
formation of highly reactive oxygen radicals. To prevent 
the instantaneous back-reaction of these 0-radicals back 
to water (which would hinder the formation of a color 
center), it is important to separate the oxygen radicals 
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immediately. There are two separation mechanisms that 
have to be considered: the first one (occurring only in 
samples considerably thinner than those discussed here) 
is the escape of free oxygen out of the sample during 
light exposure. The second possibly (the essential one for 
the understanding of the results discussed in this paper) is 
that 0-atoms temporarily occupy oxygen vacancies. As 
the number of oxygen vacancies decreases with increas
ing oxygen partial pressure during sputtering, the separa
tion of oxygen from the reaction center after its release 
from photoinduced splitting of water is getting more and 
more difficult. This eventually leads to a suppressed PC 
coloration efficiency as shown in Fig. 2. Accordingly, we 
expect for nearly fully oxidized tungsten oxide films, i.e. 
y = 0, a largely suppressed PC coloration efficiency. 
Indeed, this has been observed by measurements of 
Gerard and Deneuville (5]. 

The coloration efficiency for the EC effect is shown 
in Fig. 2 as solid symbols. Similar to the PC efficiency, 
the EC efficiency decreases with increasing oxygen 
partial pressure in the sputtering gas, i.e. with decreasing 
oxygen deficiency y (see inset). This behavior, which has 
also been observed by Kitao et al. (14] can not be 
explained by the double charge injection model. Here 
we propose a new scheme to explain the experimental 
results regarding the EC efficiency (a more detailed 
description will be published elsewhere [19D. Desorp
tion studies of tungsten oxide surfaces indicate that 0 , 
WO, W02, W03, W20 6 and W30 9 are desorbed when 
the material is heated [20-22}. In contrast, moieties like 
W20 5 are not observed. This indicates that w6+ and w H 

states are much more easy to fonn than W5+ states during 
a physical deposition/desorption process. Therefore, the 
tungsten in virgin tungsten oxide samples may be con
sidered mainly as a mixture of mainly wf>+ and wt+ 
states. Accordingly, we expect an increase of w+ states 
with increasing oxygen deficiency of the samples. This 
has been confinned by Gerard et al. with XPS 
measurements [23]. 

After EC coloration [cf. equation (1)] the number of 
W5+ states increases with increasing injected charge. 
However, in contrast to the usually assumed coloration 
mechanism, i.e. the intervalence transfer between W5+ to 
W6+ states, here we propose a transition between W5+ to 
W4+ states. Obviously, the strength of the absorption 
depends on the concentrations of these two valency states 
in the samples. Because the number of -wt+ states 
increases with increasing oxygen deficiency in the 
virgin samples, EC efficiency will also increase with 
increasing oxygen deficiency of the samples (up to a 
certain limit, e.g. y < 0.3). A very similar idea, i.e. an 
intervalence transfer between wS+ and wt+ states, can 
also be applied to photochromism. This does not change 
the arguments we used above to describe the dependence 
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of PC efficiency on the oxygen content of the sample. In 
fact, it enhances the importance of the oxygen deficiency 
during PC coloration, because now the oxygen deficiency 
(in addition to the argum.ents above) is also responsible for 
~+ formation that additionally increases PC efficiency. 

In summary, we investigated the coloration efficiency 
of sputtered W03_y films with different y. Variation of y 
was generated by changing the 0 2 content in the sputter
ing gas from 5% to 50% and confirmed with XPS 
measurements. Both photochromism and electro
cbromism of these samples were found to show an 
increase of coloration efficiency with increasing 
oxygen deficiency y. The results for the PC efficiency 
have been explained in terms of a recently developed 
model but the results for EC efficiency can not be 
explained by the conventional double-charge-injection 
model. We suggest a new model where intervalence 
transfer takes place between wS+ and w"+ states. This 
model can explain the experimental results on the EC 
efficiency. It also supports the importance of the oxygen 
deficiency for PC efficiency. 
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