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Tailoring optical properties of WO 3 films in the visible to infrared range by ion bombardment
and its description by an oscillator model

Matthias Merz, Johannes Eisenmenger, Bernd Heinz, and Paul Ziemann*
Abteilung Festko¨rperphysik, Universita¨t Ulm, D-89069 Ulm, Germany

~Received 28 January 2002; revised manuscript received 19 April 2002; published 13 November 2002!

Evaporated and sputtered tungstentrioxide (WO3) films were bombarded with 300-keV He1 and Ar1 ions,
respectively, and the resulting changes of the real@n(l)# and imaginary@k(l)# parts of the refractive index in
the visible to infrared range of the wavelengthl were determinedin situ. The primary effect of an ion-induced
blue coloration is directly reflected by an absorption band centered at 1100 nm, which is growing for increasing
ion fluences and exponentially approaching saturation. This monotonous increase of absorption is accompanied
by changes ofn(l) with a characteristic fixed pointn(l*) independent of the ion bombardment, while for
l.l* an ion-induced increase and forl,l* a decrease ofn are observed as compared to the unbombarded
as-prepared samples. The experimental results can be quantitatively explained by assuming a superposition of
a standard Cauchy dispersion representing the unbombarded WO3 matrix and ion-induced Lorentz oscillators.
While the density of these oscillators as well as their damping coefficients exhibit an exponential saturation
behavior for increasing ion fluences, their eigenfrequencies as well as the matrix contribution are practically
independent of the bombardment.

DOI: 10.1103/PhysRevB.66.184102 PACS number~s!: 61.66.Fn, 61.80.Jh, 61.82.Ms, 78.20.Ci
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I. INTRODUCTION

Due to its property of being chromogenic, tungstentrio
ide (WO3) has attracted much interest during the last deca
Among the various techniques to change the optical pro
ties of WO3, electrochemical intercalation of light ions suc
as Li1 or H1 appears especially popular, since in this w
the visible color as well as the absorption behavior in
infrared can be reversibly switched and controlled by app
ing appropriate voltages. In the visible, this electrochrom
effect transforms stoichiometric WO3 from a transparen
state into a deep blue color, which can be macroscopic
attributed to an absorption band centered at approxima
1000 nm.1 Microscopically, it is widely accepted that colo
centers of the type HxWx

1VW12x
1VIO3 are formed with tungsten

atoms in a reduced state of oxidation number1V. The ab-
sorption process is then interpreted by the formation o
small polaron2 and its transfer by hopping between neighb
ing W1V and W1VI sites. The details of the various electr
chromic properties of WO3 can be found in reviews.3,4

Alternatively, WO3 can be colored by exposing it to UV
light resulting in practically the same absorption band
described above for intercalation.5 This photochromic effect,
however, exhibits a threshold behavior6 in that the light en-
ergy has to exceed 3.3 eV, i.e., the electronic gap of am
phous WO3 of 3.25 eV~Refs. 7 and 5! pointing to electron-
hole pairs as one necessary ingredient for UV colorati
Another one seems to be H2O,8,9 which almost inevitably is
incorporated into WO3 films during their preparation. This
built-in water can act as an internal reservoir providing, af
dissociation, H1 ions resulting in the same color centers
in the electrochromic case. Still another route towards c
oration is based on the creation of oxygen vacancies, e
resulting in two reduced W1V atoms. As a consequence, su
stoichiometric films show a light blue color. One way
0163-1829/2002/66~18!/184102~8!/$20.00 66 1841
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create such vacancies and, thus, to color WO3 samples, is by
heating above 150 °C, naturally termed a thermochrom
effect.8 Alternatively, oxygen vacancies are also obtained
corresponding displacements during the bombardment w
ions triggered by collisions between the projectiles and tar
atoms. As an example, by applying low-energy Ar1-ion
bombardment, Dixonet al. could show10 that W1VI states
are transformed into W1V and W1IV states due to the ion
induced removal of surface oxygen atoms.

Since the bombardment of differently prepared WO3 films
with ions at medium energies of typically some hundred k
is in the center of the present work, related previous res
will be shortly summarized in the following. Among the firs
properties of WO3 films studied after ion irradiation wa
their density. Here, it is important to note that evapora
WO3 samples exhibit a very ‘‘open’’ morphology with
strongly reduced average densities. It turns out that th
more open structured, evaporated films show much m
pronounced photo- or thermochromic effects than, e.g., s
tered WO3 films, which practically have the bulk WO3 den-
sity of 7.16 g/cm3.3 Thus, when bombarding evaporated
opposed to sputtered WO3 films with energetic ions, one ha
to take into account a possible densification. Such an ef
has been reported for different projectiles as well
energies.11,12 This densification is especially important whe
discussing ion-induced changes of the optical properties s
as the refractive index, which are in the focus of the pres
work.

Another property of importance is the electrical condu
tivity s of WO3 films. In their stoichiometric state they ar
insulators at ambient temperature due to the large gap v
given above. If colored, however, by any of the above th
chromogenic effects, the change of the optical behavio
accompanied by an increase of the electrical conducti
over many orders of magnitude with a temperature dep
dence exhibiting Mott’s law lns}T21/4 indicating a ‘‘vari-
©2002 The American Physical Society02-1
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able range hopping’’ conductivity.13 The issue of conductiv-
ity changes induced by ion bombardment of WO3 films has
been adressed by Miyakawaet al.14 In contrast to the presen
work, however, the He1, Ar1, and W1 ions were implanted,
i.e., they came to rest within the WO3 films. In the present
case, the energy of the projectiles is adjusted to guara
that they penetrate the WO3 film thereby transferring energ
to the sample via electronic and nuclear loss mechanis
and are implanted into the underlying substrate. Such irra
tion as opposed to implantation experiments on evapor
and sputtered WO3 films were reported recently by ou
group15 with emphasis on changes of the hopping conduc
ity induced by ion bombardment at different temperatures
the present work we focus on the spectral behavior of i
induced changes of the real@n(l)# and imaginary@k(l)#

parts of the complex refractive indexñ5n1 ik within the
wavelength range 400 nm<l<1600 nm.

II. EXPERIMENT

As mentioned already above, the morphology and, rela
to that, the density of WO3 films strongly depend on the
method used for their preparation with evaporated sam
exhibiting a more open structure with a significantly reduc
average density as compared to sputtered films. To chec
possible influences of these structural differences on the
sults of ion bombardment experiments, in the present st
three different techniques were applied to prepare W3
films: ~i! Thermal evaporation from Mo boats within a com
mercial high-vacuum recipient,~ii ! electron-beam evapora
tion within an ultrahigh-vacuum system, and~iii ! reactive rf
magnetron sputtering. In case~i!, ingots from pressed WO3
powder were evaporated from directly heated Mo boats
typical rate of 0.3 nm/s and a pressure during evaporatio
1025 mbar. In case~ii !, pieces of a commercial WO3 sputter
target ~purity 99.99%! were evaporated within an UHV re
cipient of a base pressure of 531029 mbar at a rate of 0.5
nm/s. In case of the rf magnetron sputtering a reac
oxygen/argon mixture was used (Ar:O253:1) at a total
pressure of 931023 mbar. Controlling and keeping th
sputtering power fixed at 70 W resulted in typical deposit
rates of 0.02 nm/s. In all cases the samples were depo
onto glass~BK7! substrates held at nominally ambient tem
perature or slightly below; their thicknessD ranged between
55 nm and 150 nm. These WO3 films all appeared optically
transparent in the as-prepared state indicating that they w
at or close to the desired stoichiometry. This conclus
could be independently corroborated by Rutherford ba
scattering~RBS! experiments using 700-keV He21 ions. In-
dependent of the preparation procedure all samples w
x-ray amorphous as revealed by x-ray diffraction.

To ion bombard the WO3 films, they were mounted onto
movable sample holder within a UHV chamber connec
via a differentially pumped additional smaller chamber to
high-voltage beamline of an ion implantor~maximum accel-
eration voltage 350 kV! providing the 300-keV Ar1 and He1

ions used in this study. Important quantities characterizing
ion bombardment experiment are the projected ranges
well as the damage profiles of the ions. Both can be ca
18410
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lated by Monte Carlo simulation programs such
SRIM2000,16 delivering also the parameters of the mean p
jected rangeRp and its longitudinal stragglingDRp as well
as the nuclear,̂(dE/dx)n&, and electronic,̂ (dE/dx)e&, en-
ergy loss of the projectiles averaged over the bombarded
thickness. In the present study emphasis is put on the e
of ion-induced defects on the WO3 properties rather than o
implanted species. Thus, the energy of the projectiles is
justed to guarantee that the corresponding projected ra
are significantly larger than the film thickness. If the con
tion Rp2DRp.D holds, the concentration of implanted pro
jectiles can be neglected. In the present case of 300-keV1

and Ar1, the values areRp(He1)51200 nm, DRp(He1)
5240 nm, andRp(Ar1)5215 nm,DRp(Ar1)5106 nm as-
suming a density of 7.04 g/cm3 for the sputtered WO3 films
as determined by combined optical and RBS measureme
Thus, for a typical film thickness of 100 nm even for th
heavier projectiles and high fluences (1015 cm22) the aver-
age concentration of implanted species is well below 0.1
Further details on the ion bombardment conditions a
sample arrangements as well as on the resulting damage
files as calculated bySRIM can be found in Ref. 15.

The experimental setup allows anin situ determination of
the complex refractive index, i.e., after each irradiation s
the real and imaginary parts,n(l) andk(l), are obtained by
measuring transmittance and reflectance spectra, res
tively, under the condition of normal incidence. All spect
are normalized to the incoming intensity thereby exclud
the influence of fluctuating intensities of the light sour
~100-W halogen lamp!. A monochromator allowed to selec
wavelengths in the range 400 nm<l<1600 nm with a
spectral resolution ofDl59 nm. A schematic overview o
the optical detection system is given in Ref. 11.

For the determination of the complex index of refracti
from the transmittance and reflectance spectra a mode
needed describing the optical properties of the combi
film/substrate system. For this purpose, a homogeneous
tropic thin layer is considered bounded by parallel plan
surfaces and supported by a substrate of finite thickn
Multiple incoherently summed reflections from the substr
interfaces and coherent superposition of the amplitu
within the film are taken into account. For the reflectan
measurements, normal incidence is assumed neglecting
deviation. The effect of this simplification, as well as that
the assumption of a homogeneous layer, are discusse
detail in Ref. 17. Withn(l) and k(l) known for the sub-
strate, the corresponding values for the film can be de
mined numerically using Fresnel coefficients for the tra
mission and reflection at the interfaces and adjusting the
thickness as to avoid unphysical multiple valued solutio
for n and k.11 The applied numerical procedures as well
the underlying formulas are described in Refs. 18 and 19

III. RESULTS AND DISCUSSION

As a first application of the above numerical recipe
extract the complex index of refraction, in Fig. 1 the real p
n(l) is plotted for the as-prepared sputtered or evapora
2-2
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TAILORING OPTICAL PROPERTIES OF WO3 . . . PHYSICAL REVIEW B 66, 184102 ~2002!
WO3 films. Additionally to the experimental results, fits
the Cauchy relation

n~l!5P11P2 /l21P3 /l4 ~1!

describing the standard dispersion are added as solid l
Clearly, the sputtered films~closed symbols! exhibit an offset
by approximately 10% towards highern values reflecting the
correspondingly higher density of these samples as comp
to the evaporated ones~open symbols!.

This density difference can be completely removed by
bombarding evaporated WO3 films with heavy ions such a
Ar1 while for light He1 ions the induced density change
are practically negligible.11 Closer inspection of Fig. 1 also
reveals a larger spread ofn values from sample to sample fo
evaporated films. This reflects the tendency to obtain slig
understoichiometric WO3 films by evaporation since, durin
heating, oxygen starts to diffuse out of the WO3 used to
evaporate. This effect manifests itself even more clearly
the imaginary partk(l), which is practically constant within
the above range of wavelengths withk values between 0.005
and 0.01 indicating optical transparency for sputtered film
while some evaporated films already exhibit a broad abs
tion band centered at about 1000 nm withk values up to 0.03
signaling the onset of coloration due to oxygen vacancie

Next, the effect of 300-keV Ar1-ion bombardment on the
refractive index of evaporated WO3 films will be described.
For that purpose, in Fig. 2~a! the real partn and in Fig. 2~b!
the imaginary partk are presented as a function of the wav
length for a series of irradiation steps on one and the s
sample~number 15, cf. Fig. 1! with fluences as given in the
inset. There are two prominent features evident in Fig. 2,
most notable being the strong increase of the imaginary
k(l) exhibiting a broad absorption band centered at ab
1100 nm, reflecting the ion-induced blue coloration of t
WO3 film. This is in agreement with what is known for ele
trochemically colored samples, for which absorption ban

FIG. 1. Dispersion of the real part of the refractive indexn(l)
for various sputtered~closed symbols! and evaporated~open sym-
bols! WO3 films. The samples are specified by the number attac
to each symbol. The solid lines represent the corresponding s
dard Cauchy dispersions obtained by least-squares fitting to the
with parameters given in the inset.
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centered between 1000 nm and 1200 nm have b
reported.20,1 Closer inspection of Fig. 2~b! shows that the
centers of the absorption band slightly shift towards lar
wavelengths and a saturation behavior of the ion-indu
maximum k values is observed for increasing fluences a
proachingksat50.9 at aboutl51400 nm, which is some-
what higher than typical values obtained electrochemica
The second interesting feature, visible in Fig. 2~a!, is the
ion-induced ‘‘rotation’’ of the real partn of the refractive
index around approximatelyl* 5900 nm with alln(l) val-
ues belowl* being shifted towards smaller and those abo
l* towards larger values. For increasing ion fluences a w
resolved minimum ofn(l) is developed at approximatel
l5700 nm belowl* , while above, a monotonous enhanc
ment of n(l) is observed up to the highest wavelength
1600 nm available in the present study. As for the imagin
part, from the sequence ofn(l) curves for increasing ion
fluences a saturation behavior can be deduced with a m
mum value ofn(1600 nm)52.5. If the already mentioned
ion-induced densification is taken into account, which lea
to an additional shift towards highern values~cf. Fig. 1!, the
effect of obtaining a fixedn(l* ) becomes even more pro
nounced as will be demonstrated in the context of He1 bom-
bardments below@see Fig. 3~a!#. The physics behind this
remarkable observation of a fixed pointn(l* ), which has
also been reported for evaporated WO3 films colored up to
different degrees electrochemically,21 will be discussed to-
gether with the He1 data.

When ion bombarding sputtered instead of evapora
WO3 films, qualitatively identical results are obtained, i.e.

d
n-

ata

FIG. 2. Dispersion of~a! the real partn(l) and of~b! the imagi-
nary partk(l) for an evaporated WO3 film ~number 15! as changed
by 300-keV Ar1-ion bombardment with fluences given in the ins
~missing data points for smalll are due to experimental problem
when changing the filter of the monochromator!.
2-3



n
i

e
d

th
n
r-

lle
n

at
he
d

ed

te
pe

th
a

se
va
its
eb
c
ar

n-
t

ffe

a
al

he
se,

nt
-

on

e-

int.
lu-
dis-

per
r
et.

(

his

00-

tu-
till

y-

uch
If,

lcu-

r, is
nt

ol-
ddi-
cha-
ht
c-

in

ble
-

plex

ion
f

et.

MERZ, EISENMENGER, HEINZ, AND ZIEMANN PHYSICAL REVIEW B66, 184102 ~2002!
broad absorption band is induced centered at about 1100
and shifting towards 1200 nm for higher ion fluences. Sim
larly, a fixed pointn(l* ) is observed, around which th
n(l) values are rotated due to the ion bombardment as
scribed above. In detail, however, it turns out that, within
fluence range employed here, the ion-induced changes
ther ofn(l) nor of k(l) indicate a saturation behavior. Fu
thermore, the value ofl* is slightly shifted to 1200 nm and
the maximum valuekmax50.5 is significantly lower than
what can be obtained in evaporated films even with sma
fluences. This latter result points to a less efficient io
induced coloration in sputtered as opposed to evapor
WO3 films. To make this observation more quantitative, t
maximum valuekmax for each irradiation step was analyze
as a function of the Ar1 fluence for evaporated and sputter
films. For the increase ofkmax, which is signaling the pro-
gressing blue coloration as a function of fluence, evapora
films exhibit an approximately ten-times-larger slo
Dkmax/DF than do sputtered ones. If incorporated H2O can
be excluded as the primary source of this difference,
open morphology of evaporated films giving rise to
strongly reduced density may be responsible for this ob
vation. This morphology may cause a very effective remo
of oxygen atoms from the interior of a nanograin onto
surface and, from there, even out of the sample, ther
strongly reducing possible recombinations between displa
oxygen and the vacancies both created by the ion bomb
ment.

Next, the influence of the type of projectile on the io
induced coloration mechanism was tested by switching
300-keV He1. Mostly evaporated WO3 films were used for
these experiments, since they can be colored more e

FIG. 3. Dispersion of~a! the real partn(l) and of~b! the imagi-
nary partk(l) for an evaporated WO3 film ~number 17! as changed
by 300-keV He1-ion bombardment with fluences given in the ins
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tively by ion bombardment as just mentioned. To allow
direct comparison to the Ar-irradiation data of Fig. 2, the re
n and imaginaryk parts are again plotted as a function of t
wavelength in Fig. 3 for various ion fluences. In this ca
the feature already mentioned above of alln(l) curves pre-
pared by He1-ion bombardment having one common poi
n(l* ) with l* 5951 nm is especially striking. The interpre
tation of this behavior will be at the focus of the discussi
below. Additionally, a comparison of the Ar1 ~Fig. 2! and
He1 ~Fig. 3! results immediately shows that within the H
ion fluences applied, neithern(l) nor k(l) exhibit a pro-
nounced saturation behavior leading to an interesting po
If it is assumed that the ion-induced blue coloration is exc
sively due to oxygen vacancies created by corresponding
placements during the bombardment, the increase ink(l)
should scale with the average number of displacements
atom~dpa!, which, in turn, is proportional to the total nuclea
energy deposited by a specific projectile in a given targ
This latter property can be expressed as ion fluenceF)
times average nuclear energy loss (dE/dx)n , where the av-
erage is taken over the film thickness. It turns out that t
nuclear energy loss for 300-keV He1 ions in WO3 is ap-
proximately smaller by a factor of 330 as compared to 3
keV Ar1 projectiles.15 Thus, the maximum He1 fluence 8
31014 cm22 in Fig. 3 corresponds to Ar1 fluences of the
order of 231012 cm22, which is the smallest Ar1 fluence in
Fig. 2. This immediately makes clear why no obvious sa
ration behavior can be yet observed in Fig. 3. There is s
another point worth noting. If exclusively ion-induced ox
gen displacements are causing the increase ink(l), then,
due to its much larger nuclear energy loss, Ar ions are m
more efficient for coloration per projectile than He ions.
however, under the same assumption, the increase ink(l) is
plotted versus the average number of displacements ca
lated as described above, the Ar1 as well as the He1 data
should collapse onto one curve. Such a collapse, howeve
not observed experimentally. While for the Ar bombardme
the initial slope of the ion-inducedDk(l51100 nm,F) per
dpa is within the range 7.063, for He ions a significantly
larger value of 17.0 is obtained. This clearly points to a c
oration mechanism in the case of He bombardment a
tional to oxygen displacements. Consequently, such a me
nism is attributed to the electronic energy loss of the lig
projectiles. One possibility would be the excitation of ele
tron(e)-hole(h) pairs and their interaction with built-in H2O
according to

4e14h14WVIO312H2O→4WVO314H11O2 ~2!

as suggested in Ref. 9. In this case, the built-in H2O would
act as an internal H1 source resulting in color centers as
the electrochromic effect.

We now come to the interpretation of the most nota
feature of Fig. 3, that alln(l) curves obtained by ion bom
bardment share a common pointn(l* ) with l* 5951 nm.
The basic idea is to treat the frequency-dependent com
dielectric constant«(v)5«11 i«2, where the real and
imaginary parts are related to the complex index of refract
ñ5n1 ik by «15n22k2 and«252nk, as a superposition o
2-4
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a contribution«M(v) due to the WO3 matrix and another
one due to Lorentzian oscillators«L(v) describing the color
centers produced by ion bombardment. Furthermore, i
assumed that«M(v) remains unaffected by the ion bombar
ment and, thus, can be calculated from the Cauchy rela
nM(l) fitted to the data of the unirradiated samples toget
with the approximationkM(l)50 in this case@cf. Figs. 2~b!
and 3~b!#. For the Lorentzian oscillators, on the other han
the following expressions for the real («L1) and imaginary
(«L2) parts were used:

«L1~v!5
A~v0

22v2!

~v0
22v2!21G2v2

,

«L2~v!5
AGv

~v0
22v2!21G2v2

. ~3!

Here, the parametersv0 andG determine the frequency po
sition as well as the damping of the oscillators andA in-
cludes their density and oscillator strengths. To a first
proximation it is expected thatv0 and G as well as the
oscillator strength are not or only weakly dependent on
ion fluence, while the density of the ion-induced oscillato
should exhibit an exponential saturation behavior for incre
ing ion fluences reflecting the buildup of color centers c
ated by the bombardment. This simple model of ion-induc
identical oscillators is tested by first calculating«2(v,F)
52n(v,F)k(v,F) for the various ion fluencesF of the
experimental results given in Fig. 3 and then fitting«L2(v)
to these data. The outcome of such an analysis is show
Fig. 4, where the data«2(v,F) are represented by ope
symbols and the fitting results as solid lines. Clearly, a sa
factory description of the data is obtained by the oscilla
model, though it should be noted that all three quantitiesv0 ,

FIG. 4. Frequency dependence of the imaginary part«2 of the
complex dielectric constant of an evaporated WO3 film as obtained
after 300-keV He1-ion bombardment with fluences given in th
inset. The experimental data points~open symbols! were calculated
from «252nk with n and k taken from Figs. 3~a! and 3~b!, while
the solid curves represent least-squares fits to«L2 of a Lorentz
oscillator as given by Eq.~3!.
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G, andA were treated as fitting parameters. Closer inspec
of the extracted parameters is delivered in Fig. 5, whereG as
well as v0 are plotted versus the ion fluenceF. While the
frequency positionv0 of the oscillators practically remain
constant over the complete series of ion irradiations~ob-
served changes towards smaller values are less than 2%!, the
damping constantsG significantly increase as a function o
F up to an enhancement of about 15%, where they ap
ently saturate as indicated by the solid line representing
exponential fit to the data. As a consequence of this tr
found for G, the maxima of«2(v,F) in Fig. 4 clearly shift
systematically towards lowerv values for increasing flu-
ences~dashed line! as typical for damped oscillators. Fu
thermore, the observed saturation behavior ofG(F) points to
defects created by the bombardment in addition to the i
induced color centers, which are expected to saturate fo
creasing fluences and might be able to locally influence
oscillators leading to an overall broadening of the absorpti
If, however, for a microscopic description a polaronic pictu
is used, an alternative interpretation of the observed tre
may consist in assuming a growing overlap of polaro
wave functions at higher ion fluences leading to a downs
of the polaron binding energy and hence of the polaro
absorption peak maximum. In this context, it may be wo
noting that fitting Gaussians to the data of Fig. 4 results
significantly worse agreement though expected theoretic
from a polaron model. More recent theoretical descriptio
however, also are able to give Lorentzians.22

As demonstrated in Fig. 6, a similar exponential satu
tion behavior to forG(F) is observed for the parameterA
~left scale!, i.e., A(F)5a@12exp(2bF)#. Fitting this ex-
pression to the data~open squares! results in the solid curve
and delivers a saturation valuea55.4310230 s22 and
b53.8310215 cm2. The exponential behavior ofA is
attributed to the creation and final saturation of the den
of color centers produced by the ion bombardment. This
be made more quantitative by referring to Smakul
formula,23

N f50.87310173@n/~n212!2#amaxW1/2. ~4!

FIG. 5. Lorentz parametersG andv0 extracted by fitting Eq.~3!
to the data of Fig. 4 as a function of the ion fluenceF. The solid
line describes exponential saturation as given byG(F)5A@1
2exp(2BF)#1G0 with A52.931014 s21, B56.2310215 cm2,
andG052.131015 s21.
2-5
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FIG. 6. ‘‘Amplitude’’ A ~open squares, left
scale! of Lorentz oscillators@cf. Eq. ~3!# pro-
duced by 300 keV He1 bombardment of an
evaporated WO3 film as extracted from the cor
responding fits shown in Fig. 4 versus the io
fluenceF. The open stars~right scale! represent
the ion induced density of color centersN as cal-
culated from the relation given in the inset with
proportionality constant obtained by applyin
Smakula’s fomula~s. text!. The closed triangles
~right scale! give the density of bombardment in
duced oxygen vacancies as obtained from Mo
Carlo simulations~SRIM!.
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Here,N is the density of color centers (cm23), f their oscil-
lator strength,n the refractive index of the as-prepare
sample,amax52(2p/l)kmax (cm21) the maximum absorp
tion coefficient withkmax being the corresponding maximum
of the imaginary part of the bombarded sample, andW1/2
~eV! the half width of the absorption band. Using the data
Fig. 3 (l51100 nm,kmax50.3,n51.95, W1/251.6 eV),
Eq. ~4! gives N f52.731020 cm23. Finally, adopting forf
the value 0.1,24 one obtains for the density of He1-induced
color centersN52.731021 cm23. SinceN andA are linearly
related, N5g f A(me«0 /e0

2) with me is the mass,e0 the
charge of an electron, and«0 the vacuum dielectric constan
this value has been used to extract the proportionality c
stantg50.16 allowing to attribute to eachA value in Fig. 6
a corresponding densityN(F) of the color centers~open
stars, right scale in Fig. 6!. The maximum value ofN52.7
31021 cm23 induced by the He1 bombardment is highe
than 531020 cm23 reported for photochromic coloring WO3
samples,5,25 while via the electrochromic effect still some
what higher values, typically 1022 cm23, can be
prepared.24,25This compares well with the maximum densi
of ion-induced color centers when using Ar1. In this case a
value of N56.531021 cm23 is obtained, using the data o
Fig. 2 (l51400 nm,kmax50.9,n51.95) and assuming th
same value forW1/251.6 as above. In this context, still an
other estimate may be worth noting. Applying Monte Ca
simulations~SRIM2000! of the various ion bombardments o
WO3 films,16 one can deduce the density of displaced oxyg
atoms for each fluence. For the 300-keV He1 bombardment
the corresponding results are included in Fig. 6 as clo
triangles. For the highest fluence ofF58.131014 cm22 one
finds a maximum density of displaced oxygen atoms of
proximately 1.831020 cm23 and possible recombinatio
processes would decrease this density even further. Thu
obtain the above 2.731021 cm23, a mechanism additional to
the coloration via displaced oxygen atoms appears to be
essary confirming the idea already given in the context
Fig. 3. On the other hand, in the case of the 300-keV A1

bombardment,SRIM allows an estimate of 1.131022 cm23

for the density of displaced oxygen atoms for a fluen
18410
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of F51.631014 cm22. This is significantly larger than
the above given density of 6.531021 cm23 for the color cen-
ters and, thus, clearly points to recombination proces
within the much denser cascades produced by the hea
Ar ions.

We now proceed with the analysis of the oscillator mod
as started with the fitting procedure shown in Fig. 4 f
«L2(v,F). Once the parameters A,v0, and G are deter-
mined for all fluencesF, the corresponding«L1(v,F)
curves can be calculated according to Eq.~3!. On the other
hand, from the experimental data of Fig. 3 the real p
« tot1(v,F) can be extracted similarly referring to Eq.~3!.
Subtracting the oscillator part«L1(v,F) for each ion fluence
F from the total real part« tot1(v,F) should give a series o
«M1(v,F) curves reflecting the behavior of the pure WO3
matrix. The results are shown in Fig. 7, where« tot1(v,F)
2«L1(v,F) is plotted as a function ofv. Clearly, for all
seven irradiation steps subtraction of the ion-induced os
lator part gives a narrow band of«M1(v,F) curves includ-
ing «M1(v,F50) representing the unirradiated WO3 film.
One step further, using the fitted Cauchy relation from Fig
which represents an averagen(l) behavior for all evapo-
rated as-prepared WO3 films of this study and assumin
k(l)50, an averagê«M1(v)& curve can be calculated an
the corresponding result is also included in Fig. 7 as a s
line.

The fact that also this averaged̂«M1(v)& curve fits
within the narrow band demonstrates that an approach is
tified of simply adding the effect of ion-induced oscillators
a «M1(v) curve representing the matrix, which remains pra
tically independent of the bombardment. As a conseque
of the above analysis one arrives at the two relations

« tot1~v,F!5^«M1~v!&1«L1~v,F!,

« tot2~v,F!5«L2~v,F!. ~5!

Once« tot1,2(v,F) is known for each fluenceF from Eq.~5!,
the corresponding real part of the refractive index can
calculated from
2-6
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TAILORING OPTICAL PROPERTIES OF WO3 . . . PHYSICAL REVIEW B 66, 184102 ~2002!
n2~v,F!5
«11A«1

21«2
2

2
. ~6!

The result of this calculation is presented in Fig. 8, h
plotted as a function ofl rather thanv to allow a direct
comparison to the experimental datan(l,F). This figure
clearly demonstrates that the applied model, despite its s
plicity, delivers an excellent description of the experimen
observations. Especially, what we addressed as the mos
table feature of the data, i.e., the existence of a fixed p
n(l*) as described above, is nicely reproduced by
model. In general, if the optical properties of a dielectric a
manipulated, e.g., by ion bombardment, in order to obse
such a fixed pointn(l*), rather complex interrelated spec
tral shifts of the real and imaginary parts have to occur
posed by the Kramers-Kronig relations, which make such
observation quite improbable. On the other hand, if the
tical properties of a material are dominated by a Lore
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ulm.de; http://www.physik.uni-ulm.de/fkp
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