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On the fundamental role of oxygen for the photochromic effect of WO,
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The photochromic effect of thin amorphous WOj films, i.e., the coloration upon exposing the
sample to ultraviolet light, has been investigated by means of optically excited surface plasmons.
Due to the high sensitivity of this technique, it was possible to investigate the dynamics of this
effect on a scale as short as seconds. Our results demonstrate the dominant role of oxygen during
the coloration and bleaching processes. We found clear evidence of an oxygen exchange between
the sample and the ambient atmosphere during the photochromic process, which is at variance
with the widely accepted double charge injection model. The coloration rate shows the same
wavelength dependence as that of the creation rate of electron-hole pairs formed by optical
excitation. The results can be explained by the light-induced decomposition of the incorporated

water.

I. INTRODUCTION

Tungsten oxide is probably the most thoroughly inves-
tigated representative of a group of materials that are
known as chromogenic. Their most distirict feature is that
they can be continuously switched between two different
optical states. This property is quite interesting, e.g., for
“smart window” or display applications, and has been
studied extensively.”? Thin amorphous WO, films can be
switched reversibly from transparent to a blue colored state
which has a broad absorption band at 1000 nm, with a
shoulder towards the visible range.> Coloration can be ob-
tained, for example, by an electrochemical process (elec-
trochromic effect) using an external voltage and a proton
source, or by irradiation, e.g., with ultraviolet light (photo-
chromic effect). To gain insight into the basic mechanisms
taking place during the coloration, one has to take into
account two conspicuous facts: first, the valency state of
the tungsten atoms changes from + V7 to + ¥*° and, sec-
ond, a simultaneous structural change is observed and is
ascribed to the formation of a hydrogen tungsten bronze
(H,WO,).° Both features are usually discussed in terms of
the double-charge-injection model (DCIM):’

WHY0 4 xe~ +xH = HW "W 0,. (1)

It implies that electrons and protons enter the WO; film
from the outside. This seems to be evident for the electro-
chromic process, where the sample is in contact with an
electrolyte and an externally applied voltage which may act
as a source for the required charge carriers. The electrons
then create the color centers by reducing the valency of the
tungsten atoms from - V7 to + ¥, as described by Eq. (1).
The concentration of these color centers formed may be of
the same order of magnitude as that of the tungsten atoms.
Such a high concentration is attainable only when compen-
sating charges like protons are present. This is also taken
into consideration by Eq. (1), which describes the colora-
tion and the bleaching of tungsten oxide by a simultaneous
injection and an extraction, respectively, of electrons and
protons.

Although this model is widely accepted, there exist
some results which raise doubts on its validity. Rutherford
backscattering spectroscopy (RBS) measurements, for ex-
ample, could not confirm the increased hydrogen content
of electrochemically colored films predicted by the double-
charge-injection model.® The latter is questioned further by
a simple experiment: We found that electrochemically and
photochemically colored samples can be bleached rapidly
by oxidizing them with H,0,. Figure 1(a) shows a 400-
nm-thin WO, film after coloration with an indium wire
and an HCI electrolyte.” Figure 1(b) demonstrates the re-
sult after a droplet of concentrated H,O, has been depos-
ited in the middle of the sample. In the area where the film
was in contact with the strongly oxidizing fluid, total
bleaching, which occurs within less than 1 s, is observed.
Afterwards the film can be colored again [Fig. 1(c)]. We
repeated this procedure several times and noticed no
change in coloration efficiency.

Although this result does not rule out the DCIM, it
supports the idea that oxygen plays an important role dur-
ing the bleaching process of tungsten oxide; up to now,
however, there has been no direct experimental evidence
for this. One reason might be the fact that most of the
published work deals with the electrochromic effect; in this
case also the electrolyte has to be considered and adds to
the complexity of the investigated system. Furthermore,
irreversible reactions and electrolysis that can even lead to
degradation of the films can occur.’

Some of these complications could be avoided by using
the photochromic effect, i.e., the light-induced change of
the optical absorption of WO;. That there is, nevertheless,
a lack of experimental data dealing with the photochromic
coloration of tungsten oxide may be due to the compara-
tively small changes in the optical absorptivity of thin films
upon irradiation as compared to the electrochromic pro-
cess. Usually, light exposure times ranging from hours to
days are required in order to observe differences in the
transmission spectra.!® To overcome such long illumina-
tion times we used the attenuated total reflection (ATR)
technique, which allows even very small changes in the
optical constants of thin films to register, to assist the in-
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FIG. 1. Photographs of the reversible electrochromic effect of a 340-nm-thick WO, film (a) after electrolytic coloration (approximate spot diameter 20
mm), (b) after bleaching a part of the sample with H,0,, and (c) after coloration inside the area previously bleached.

vestigation of this work. In this way it was possible, for the
first time, to observe the dynamics of the photochromic
effect on a scale of seconds.

. EXPERIMENT

Our samples were 10- and 340-nm-thick WO, layers
evaporated onto a silver film. Optically excited surface
plasmons in the silver film were used to determine the real
and the imaginary part of the dielectric function
e=¢€' +ie”. Here, we only want to describe the principle of
the experimental setup; for details concerning the ATR
method we refer to the work of Sambles et al.!' The light of
a p-polarized HeNe laser is reflected from the base of a
prism coated with a silver film and a thin tungsten oxide
layer on top. The angle of incidence © of the light deter-
mines the light wave vector component k" parallel to the
silver~-WQ; boundary. Surface plasmons with a frequency
of the laser light @ will be excited if their wave vector is
matched by kj of the incident light. This gives rise to a dip

in the reflected light intensity I at © =0y where the reso--

nance occurs. From the value of O, information about the
real part €’ of the dielectric function is obtained. The depth
of the minimum is most pronounced if radiation damping
of the surface plasmons, caused by their decay into pho-
tons, equals the internal damping due to dissipation within
the layer system. Changing the optical constants of tung-
sten oxide, and thus its electrical conductivity o(w), leads
to a change in I. For a suitable thickness of the silver film
one obtains a linear dependence between €” in WQ; and
the reflected light intensity in the resonance Iz. Since the
refractive index n of tungsten oxide varies only slightly
during the coloration,'? a linear dependence between €”
and the extinction coefficient « is found. Thus changes in
I can be used as a direct measure of the change of the
absorptivity of the WO; films.

The investigated tungsten oxide layers were deposited
on a 53-nm-thick silver film by thermal evaporation of
WO, pellets at a pressure of 10~> mbar. During the evap-
oration process the substrate was at room temperature.
WO, films obtained in this way were amorphous, as probed

by x-ray measurements. For irradiating the tungsten oxide
layer a 150 W xenon high pressure lamp was used as a light
source. Wavelengths A > 450 nm were suppressed with fil-
ters in order to avoid thermal effects. The resulting UV
intensities on the sample were determined with a power
meter to be 350 mW/cm?. In some experiments the spec-
tral range of the incident radiation was restricted to a nar-
row band using a monochromator. There the intensities
ranged from several nanowatts to about 200 uW/cm? de-
pending on the wavelength used.

. RESULTS

An example of the effect of UV irradiation on a tung-
sten oxide layer is shown in Fig. 2. Both a shift of 6, to
smaller angles and a simultaneous increase of the mini-
mum of the reflectivity R are observed. This corresponds
to a decrease of €; and an increase of €,, respectively,

reflectivity R

43 IAA 45 46
angle of incidence © [deg]
FIG. 2. Reflectivity R as a function of the angle of incidence © for a

10-nm-thick WO, film before (solid line) and directly after (dashed line)
5 min UV irradiation.
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FIG. 3. Measured dependence of the imaginary and the real part of the
dielectric function, €' and €”, for increasing absorption stages (the direc-
tion being indicated by the arrow) of 400-nm-thick tungsten oxide sam-
ples. The filled square represents to a transparent sample. The data were
taken using ellipsometry (after Ref. 12).

which is in agreement with the coloration behavior found
by other authors using the electrochromic effect (Fig. 3).!2

Next we will discuss the time dependence of the optical
absorption of tungsten oxide caused by the photochromic
process. Figure 4 shows a typical result of the photo-
chromic behavior of a 10 nm WO; film. During exposure
to ultraviolet light for £,=20 s in an oxygen atmosphere,
layer absorption increases rapidly. Immediately after the
irradiation is stopped by closing a shutter, the absorption
decreases strongly and reaches its initial value after about
1000 s.

A. Bleaching process

At first we want to concentrate on the bleaching pro-
cess taking place after UV light has been turned off. In this
range the absorption of the tungsten oxide is only deter-
mined by the dynamics of the decay of the color centers.
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FIG. 4. Dynamics of reflected light intensity I, which is proportional to
absorption, of a 10-nm-thick WO, film during, and after 20 s of, UV
irradiation in oxygen atmosphere. The dashed line corresponds to the sum
of two exponentials [according to Eq. (2) and Table I]. The inset, at the
same time scale, shows the deviation Alp = (J5%* — It of the data from
two fits: (i) the single exponential fit (dash-dotted line) and (ii) the sum
of two exponentials (dashed line).

(In contraqf durm;r UV irradiation the simultaneous bro-
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cesses of creation and decay of absorbing W7 states have
to be taken into account.) Attempts to fit the bleaching
behavior with an exponential decay, often present in relax-
ation processes, were not satisfying, as is evident from the
inset of Fig. 4 (dashed-dotted line). Fitting instead a
stretched exponential function' to the data did not give
considerable improvement. However, the sum of two ex-
ponentials

Ir=Arexp(—~t/7) + A, exp(—1/7y) (2)

fits our data very well, as is shown in Fig. 4. In fact, the fit
(dashed line) cannot be distinguished from the measured
data within experimental accuracy. As Eq. (2) suggests,
the bleaching process of tungsten oxide can be described by
the sum of a fast and a slow process of two time constants
75 and 7;, which dominate the behavior for the beginning
and the end of the bleaching dynamics, respectively. For
the case shown here, 7 r and 7, differ by more than one
order of magnitude, the corresponding amplitudes 4 rand
A4, differ by only about 25%. Now we will present results
for the dependence of these fit parameters on the experi-
mental conditions.

B. Exposure time

In a systematic study of the bleaching behavior, we
first investigated the dependence of the fit parameters £
Ty A, £ and A4, on the radiation exposure time £,. As can be
seen in Fig. 5(a), the relaxation times 7, and 7, remain
constant within our accuracy when ¢, is varied by more
than an order of magnitude from 7,=20 to 250 s. The mean
values we obtained were 7,=18 s and 7,=250 s. The cor-
responding amplitudes 4 » and 4, are shown in Fig. 5(b).
Above 7,=20 s the amplitude of the fast exponential 4 ; has
reached a nearly constant value, whereas A, still increases
with UV exposure time, and, for the condltlons used here,
was found to saturate only for exposure times above
1200 s. :

C. Ambient atmosphere

It is well known that the photochromic behavior of
WO; is strongly influenced by the presence of reactive
agents. Accordingly, it has been found that the photo-
chromic response is increased considerably by the presence
of hydrogenated vapor.!*!® This has been explained by the
dissociation of hydrogen molecules on the surface and sub-
sequent migration into the material. Furthermore, the
bleaching behav1or is strongly influenced by oxidizing
agents like ozone® or H,0,, as already mentioned in Sec. 1.

In contrast, we have investigated the influence of inert
gases on the photochromic effect. At first we irradiated a
sample in nitrogen atmosphere at 1.5 bar (£,=20 s).
Again, the ultraviolet light causes a strong increase of ab-
sorption, as shown in Fig. 6. After exposure, bleaching
starts in a qualitatively similar way as it did in Fig. 4 for
oxygen atmosphere. At long bleaching times, however, an
important difference is observed: The sample now reaches
a stable absorption level which is distinctly higher than the
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FIG. 5. Dependence of the fit parameters used in Eq. (1) on irradiation
time f,. Plotted are (a) relaxation times 77 and 7, and (b) the corre-
sponding amplitudes 4, and 4,. The fit parameters of the fast decay are
marked by open squares. The filled squares correspond to the parameters
of the slow decay.

value at the beginning of the measurement. This shows that
the photochromic effect in a nitrogen atmosphere, in con-
trast to oxygen, is not completely reversible. Yet when a
constant offset 4  that describes the amount of irreversible
absorption is subtracted, the data for the bleaching process
can again be fitted by the sum of the two exponentials. The
fit parameters are listed in Table I. Both relaxation times 7,
and 7, are greater in nitrogen than in oxygen atmosphere,
by 40% and 3%, respectively. The amplitude 4, is also
increased in nitrogen (by nearly 20%), whereas 4, has
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FIG. 6. Dynamics of Ip during a coloration-bleaching experiment in
nitrogen atmosphere. The arrow indicates the gas change from nitrogen to
oxygen. The dashed line between t=0 and #=1300 s is a fit (hardly visible
because it is covered by the experimental curve) obtained by a double
exponential, including an offset 4, .

TABLE I. Fit parameters for the bleaching behavior of a 10 nm tungsten
oxide sample after UV irradiation for 20 s in different atmospheres. The
parameters are obtained by fitting a double exponential decay to our data.

Af A‘ A . Tf Ts

Atmosphere (a.u.) (a.u.) (a.u.) (s) (s)
Oxygen 0.140 0.104 0 18.9 252
Nitrogen 0.169 0.053 0.032 26.3 260
Helium 0.166 0.060 0.032 26.4 247
Argon 0.169 0.059 0.030 26.4 250
Vacuum 0.162 0.055 0.034 26.9 253

dropped by nearly a factor of 2. The long-term absorption
level 4, which the sample had reached in N, atmosphere
after about 20 min, was found to be constant at least on the
scale of several hours.

Even in this state, however, the photochromic colora-
tion process can still be made completely reversible by ex-
changing the gas atmosphere back to oxygen. This is also
seen in Fig. 6, where the exchange from N, to O, is indi-
cated by an arrow. The immediate onset of the bleaching
process, as well as the relaxation back to the initial absorp-
tion level, is obvious. This behavior shows that there are at
least two different decay channels for the color centers in
WO;. Only one of them is affected by the ambient atmo-
sphere, whereas the other is independent of it.

A closer look at Figs. 4 and 6 shows that for the same
irradiation time ¢, the efficiency of the photochromic col-
oration in nitrogen is slightly enhanced compared to that
in oxygen. This is expected, because during light exposure,
the creation and decay of color centers occur simulta-
neously. Since the latter effect is partly suppressed in the
case of a nitrogen atmosphere, the net coloration there
should be larger, as it is indeed observed. Similar results to
those in Fig. 6 are obtained if the samples are irradiated in
helium, argon, or “vacuum” (meaning an ambient total
pressure below 10~! mbar). The fit parameters for these
cases are also listed in Table I.

For nitrogen, helium, argon, and vacuum conditions
the values found for the time constants as well as for the
amplitudes were comparable. This means that in these
cases both the sum A,+4; (representing the reversible
part of the coloration) and A4, (the irreversible part) are
essentially the same. The deviating results obtained for O,
atmosphere strongly suggest that oxygen plays an impor-
tant role in the bleaching of photochromically colored
tungsten oxide films.

To get more information about the origin of these two
contributions—the reversible part and the irreversible
part—we measured the relaxation behavior for different
light exposure times of tungsten oxide under vacuum con-
ditions. After each measurement, the sample chamber was
filled with dry oxygen to force total bleaching of the sam-
ple. With this procedure we ascertained that all measure-
ments started from the same absorption level. In order to
check for correlations between the contributions Fig. 7
shows plots of the reversible part 4 ;44 versus the irre-
versible part A . Up to irradiation times #,~300 s, corre-
sponding in this plot to 4_, =2.4, we found a roughly linear
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FIG. 7. Reversible (4,+4;) and irreversible (4,,) photochromic effect
of a tungsten oxide layer illuminated in vacuum. The filled square corre-
sponds to the maximum photochromic effect obtained with the same
sample.

dependence between the reversible and the irreversible
bleaching effect. Then, however, although the absorption
of the sample can still be increased beyond this time, the
reversible part saturates. Therefore we conclude that only a
limited number of the total amount of color centers in a
WO; sample decays independently of the ambient atmo-
sphere. We will discuss this point in some more detail next.

D. Coloration process

Up to now, we have dealt with the bleaching process
that determines the absorption dynamics when the UV
light source is turned off. Now we want to focus on the
coloration process. To gain insight into the basic mecha-
nisms that lead to the creation of color centers we investi-
gated the coloration efficiency as a function of the wave-
length A to which the sample was exposed. In order to
avoid samples with the decay processes already taking
place from irradiation and complicate our analysis, we
have only used samples where bleaching is negligible. It
has turned out in the course of our experiments that this is
the case for WO; films with a considerably larger thickness
than before. As an example, Fig. 8 shows the behavior of a
340-nm-thick tungsten oxide layer irradiated by UV light
in an oxygen atmosphere. The decay appears to be largely

05 —r T T v T

04 } ;

03 | k

Ir [aU]

01+ 3

0 400 800 1200

time [s]

FIG. 8. I as a function of time for a 340 nm, WO, sample irradiated in
air. No relaxation is observed on the scale of several hours.
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FIG. 9. Wavelength dependence of the coloration rate a of a 340 nm
WO, film. The onset at 380 nm is in agreement to the band gap energy of
tungsten oxide (shown by the arrow).

suppressed. A possible explanation is that the interface be-
tween the tungsten oxide and the surrounding atmosphere
plays a key role in the decay process.

Using such 340-nm-thick films, we have studied.the
wavelength dependence of the coloration efficiency. The
samples were irradiated with monochromatic UV light for
several seconds, and the resulting linear increase of the
absorption was recorded as a function of time. From the
slope of the curves thus obtained, the coloration rate
Ae”/At was determined and was normalized to the inci-
dent light intensity I;,.. Results for these normalized col-
oration rates « are plotted in Fig. 9. For wavelengths down
to 380 nm, no photochromic effect could be detected; but,
however, there is a strong increase of a towards shorter
wavelengths. The onset of the photochromic effect is in
good agreement with the band gap energy Eg=3.25 eV
(indicated in Fig. 9 by an arrow) of thermally evaporated
tungsten oxide films.? This implies that in the wavelength
range where electron-hole pairs are created inside the sam-
ple, color centers are also formed. Both processes are ap-
parently closely connected to each other, as shown by the
following comparison: The creation rate of electron-hole
pairs 7 by photons is known to depend strongly on the
incident photon wavelength. Near the band edge one can
write to good approximation'®

nhv e (hv—Eg)">. (3

For crystalline samples the value of # depends on whether
the interband transition is direct (n=1) or indirect (n
=4). For amorphous tungsten oxide films the electron cre-
ation rate 7 is known to obey Eq. (3) with n=4." Now we
want to compare this with our results obtained for the
creation rate a of color centers. For this purpose we have
plotted in Fig. 10 the quantity aAv in analogy to Eq. (3) as
a function of (Av—Eg) in a double log plot. The slope of
the solid line corresponds to #=4, which shows that the
optical absorption rate o follows the same functional de-
pendence on (Av— Eg) as the electron hole-pair generation
rate 7. This result strongly suggests that coloration pro-
ceeds via the generation of charge carriers.
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FIG. 10. Dependence of (akv) for WO, films on photon energy with
respect to the band gap. The solid line corresponds to a slope of 2, which
is in agreement with the functional dependence found for the electron-
hole creation rate in tungsten oxide.

IV. DISCUSSION

Evaporated tungsten oxide layers consist of a network
of corner-sharing WOjg octahedron units, that are capable
of forming clusters of different sizes.!® These clusters are
considered to be connected to each other by W—O—W or
hydrogen bonds, the latter by means of incorporated
water.”” Electron spectroscopy for chemical analysis
(ESCA) and RBS measurements determined the H,O/W
ratio for freshly evaporated films to about 0.15,%° whereas
storage in air can increase this value to 0.45.2! We will
show that this incorporated water is probably the key to
understanding our results of the photochromic effect of
thin tungsten oxide films.

It was already demonstrated by Butler’?® that a
water-based electrolyte that is in contact with a single crys-
tal of WO; can be decomposed by irradiation with light
into hydrogen and oxygen. This process is called photo-
electrolysis and is well known for other semiconductors,
t00.2* The reaction is started by the generation of electron-
hole pairs by irradiating the sample with ultraviolet light
(E>Eg). The holes can weaken the H—O bond of water
molecules, leading to water decomposing into protons and
highly reactive oxygen atoms. Thus one can write

hv
H,0+2h%= O++2H*. (4)

In order to prevent the back-reaction to occur, the particles
have to be separated immediately. If, e.g., an external field
is applied, the protons will drift to the cathode, where they
recombine to hydrogen. In the case of crystalline WO, this
process will finally lead to the formation of H, and 0, .2

In the case of the photochromic effect, however, where
no voltage is applied to the sample, the situation is some-
what different. If the nascent oxygen radicals could be
bound in intermediate trapping states like oxygen vacan-
cies, this would also avoid the back-reaction of Eq. (4).
Then the excitation of electron-hole pairs in such a sample
would give rise to the creation of metastable protons and

electrons, which are capable of forming color centers. In-
deed, evaporated tungsten oxide films contain a lot of ox-
ygen vacancies which usually lead to nonstoichiometric
WO, _ films, where x has been determined for thermally
evaporated films to be about 0.15.%°

Taking these oxygen vacancies into account, we sug-
gest that the following reaction takes place in a tungsten
oxide layer during UV exposure:

h
IWHVI0,H,0 — 2W+70, 4+ 2H* 42¢~ 40

= 2HW*70,+0. (5)

This equation describes the decomposition of water with
optically excited electron-hole pairs and the subsequent
transformation of tungsten oxide into the hydrogen tung-
sten bronze H,W*70;. It explains the experimentaily ob-
served proportionality between coloration due to the for-
mation of W*" centers and the number of generated
electron-hole pairs (cf. Fig. 10). The oxygen vacancies in
the layer are then essential for trapping the nascent oxygen
generated, according to the right hand side of Eq. (5).
Since the WO, films are very thin, it is to be expected that
part of the trapped oxygen will leave the sample during
coloration. If O, is added to the sample from outside after
the irradiation, the loss of oxygen during coloration can be
compensated for and a complete relaxation will occur, as
we have demonstrated. If, on the other hand, the sample is
in vacuum or is exposed to an atmosphere not containing

'O,, the oxygen which leaves the WO, layer will be lost for

the following bleaching process, and, therefore, only par-
tial bleaching should occur. We ascribe this reversible con-
tribution 4 4 A4, of the absorption to oxygen still trapped
at vacancy sites after coloration, whereas A, is due to the
amount of O, that has left the sample.

For the case of complete coloration, we can get a rough
estimate for the relationship between the irreversible and
the reversible parts of bleaching. Assuming that the com-
position of our samples WO;_, yH,O is given by x~0.15
and y ranging between 0.15 and 0.45 (corresponding to an
oxygen substoichiometry of 5% and a water content be-
tween 15% and 459),2%?! this means that the ratio of the
maximum number of oxygen atoms created by the decom-
position of water (y) and the number of available oxygen
vacancies (x) ranges between 1 and 3, depending on the
water content. Assuming, furthermore, that all the vacan-
cies are occupied when the coloration is saturated, accord-
ing to the above, we have 0<A4 /(4 s+ A4;) <2. Experimen-
tally, we determined this value to be around 1, as it can be
seen from the filled square in Fig. 7, which corresponds to
the maximum coloration of the investigated film. This is
consistent with the proposed model.

It has been pointed out that the light-induced decom-
position of water and, eventually, the creation of color cen-
ters require trapping states for the nascent oxygen atoms
that are usually present in evaporated tungsten oxide films.
If, however, no vacancies for oxygen exist in a WO, sample
at all, this should have drastic consequences for the photo-
chromic effect. The generated oxygen cannot immediately
be trapped, causing a rapid back-reaction into water and,



hence, no coloration should occur. In fact, results of Ger-
ard et al. confirmed this idea, since only a very weak
photochromic effect is present in stoichiometric WO,
films.?

Finally, we would like to address the possible relevance
of the present results for the electrochromical coloration
process. The nature of the color centers generated electro-
chemically and by UV radiation is the same, namely, W
states, giving rise to an identical absorption band in the
infrared region in both cases.® We have shown that bleach-
ing of photochromically, as well as electrochromically,
generated color centers can be increased by exposing the
samples to an oxidizing atmosphere or fluid (H,0,), re-
spectively. Therefore the question arises whether the elec-
trochromic process can be explained by a mechanism sim-
ilar to the one proposed here for the photochromic effect.
RBS measurements confirmed that the hydrogen content
of the samples is not changed during the electrochromic
coloration. This strongly suggests that the hydrogen re-
quired for the formation of the hydrogen bronze HWO; is
already present inside the sample, in contradiction to the
double-charge-injection model. Further experiments are
being prepared in order to determine whether the electro-
chemical coloration can also be understood in terms of
water decomposition similar to the photochromic process
studied here.

V. CONCLUSIONS

In summary, we have investigated the photochromic
effect of thin evaporated tungsten oxide films by means of
optically excited surface plasmons. For the first time, the
dynamics of this process could be resolved on a time scale
as short as seconds. In order to study the influence of the
ambient atmosphere on the photochromic behavior,
coloration-bleaching experiments were performed under
0,, N,, He, Ar, and vacuum conditions. The results
clearly show that bleaching to the original absorption state
only occurs if oxygen is offered to the sample from outside.
Otherwise, the decay of color centers remains incomplete
until the ambient atmosphere is changed to O,. Further-
more, we investigated the coloration behavior as a function
of the incident light wavelength. The comparison of the
results to the spectral dependence of the optically excited
electron-hole pair creation rate indicates that there is a
close relationship between both processes.

All these results can be understood in terms of a model
based on the light-induced decomposition of water, which
is incorporated in a considerable amount into tungsten ox-
ide films. By means of incident UV light, electron-hole
pairs are created and finally lead to the formation of pro-

tons and electrons required for the formation of color cen-
ters. The probability of this reaction strongly depends on

the amount of oxygen vacancies inside the sample, since

during this process oxygen radicals are created and have to
be trapped to avoid a rapid back-reaction. In accordance
with these ideas, stoichiometric WO; films show only a
very weak photochromic effect.

The time dependence of the bleaching can be fitted
very well to the sum of the two exponential decays whose
physical interpretation is not yet clear. Attempts are in
progress to develop a quantitative model for the dynamics
of the photochromic effect.
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