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Tailoring optical properties of WO ; films in the visible to infrared range by ion bombardment
and its description by an oscillator model
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Evaporated and sputtered tungstentrioxide (QVfilms were bombarded with 300-keV Fleand Ar" ions,
respectively, and the resulting changes of the [re@k) ] and imaginary k(\)] parts of the refractive index in
the visible to infrared range of the wavelengthwere determineéh 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 ofi(\) with a characteristic fixed poini(\*) independent of the ion bombardment, while for
A>\* an ion-induced increase and farK\* a decrease ofi 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 unbombardedVettix 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.
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. INTRODUCTION create such vacancies and, thus, to colorg@mples, is by
heating above 150°C, naturally termed a thermochromic
Due to its property of being chromogenic, tungstentriox-effect® Alternatively, oxygen vacancies are also obtained by
ide (WQ;) has attracted much interest during the last decadecorresponding displacements during the bombardment with
Among the various techniques to change the optical propefons triggered by collisions between the projectiles and target

ties of WO, electrochemical intercalation of light ions such atoms. As an example, by applying low-energy”Aon

. 0 Vi
as Li* or H" appears especially popular, since in this wayPombardment, Dixoret al. could show” that W"'! states
pp P Y pop Y are transformed into W’ and W'V states due to the ion-

the visible color as well as the absorption behavior in the
induced removal of surface oxygen atoms.

infrared can be reversibly switched and controlled by apply- Since the bombardment of differently prepared Wibns

Ing appropriate voItag_es_. In th? visible, this eIectrOChromlcWith ions at medium energies of typically some hundred keV
effect transforms stoichiometric WOfrom a transparent

is in the center of the present work, related previous results

state into a deep blue c_olor, which can be macrosco_picallwn be shortly summarized in the following. Among the first
attributed to an absorption band centered at approx'matelkfroperties of WQ films studied after ion irradiation was

1000 nm Microscopically, it is widely accepted that color heir density. Here, it is important to note that evaporated
centers of the type jW, "W, ;O are formed with tungsten \wo, samples exhibit a very “open” morphology with
atoms in a reduced state of oxidation numbev. The ab-  strongly reduced average densities. It turns out that these
sorption process is then interpreted by the formation of anore open structured, evaporated films show much more
small polaroR and its transfer by hopping between neighbor-pronounced photo- or thermochromic effects than, e.g., sput-
ing W™V and W' sites. The details of the various electro- tered WQ films, which practically have the bulk Wgten-
chromic properties of W@can be found in review’? sity of 7.16 g/cm.® Thus, when bombarding evaporated as
Alternatively, WQ; can be colored by exposing it to UV opposed to sputtered W@ilms with energetic ions, one has
light resulting in practically the same absorption band ago take into account a possible densification. Such an effect
described above for intercalatiéhis photochromic effect, has been reported for different projectiies as well as
however, exhibits a threshold behavian that the light en-  energies*?This densification is especially important when
ergy has to exceed 3.3 eV, i.e., the electronic gap of amoriscussing ion-induced changes of the optical properties such
phous WQ of 3.25 eV(Refs. 7 and bpointing to electron-  as the refractive index, which are in the focus of the present
hole pairs as one necessary ingredient for UV colorationwork.
Another one seems to be,8,%° which almost inevitably is Another property of importance is the electrical conduc-
incorporated into W@ films during their preparation. This tivity o of WO; films. In their stoichiometric state they are
built-in water can act as an internal reservoir providing, aftelinsulators at ambient temperature due to the large gap value
dissociation, H ions resulting in the same color centers asgiven above. If colored, however, by any of the above three
in the electrochromic case. Still another route towards colehromogenic effects, the change of the optical behavior is
oration is based on the creation of oxygen vacancies, eacgiccompanied by an increase of the electrical conductivity
resulting in two reduced W’ atoms. As a consequence, sub- over many orders of magnitude with a temperature depen-
stoichiometric films show a light blue color. One way to dence exhibiting Mott’s law =T~ Y* indicating a “vari-
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able range hopping” conductivif{? The issue of conductiv- lated by Monte Carlo simulation programs such as
ity changes induced by ion bombardment of Widms has  sriM20001° delivering also the parameters of the mean pro-
been adressed by Miyakawaall* In contrast to the present jected rangeR, and its longitudinal stragglind R, as well
work, however, the He, Ar", and W' ions were implanted, as the nucleax (dE/dx),,), and electronic{(dE/dX)¢), en-

i.e., they came to rest within the WQ@ilms. In the present ergy loss of the projectiles averaged over the bombarded film
case, the energy of the projectiles is adjusted to guarantefiickness. In the present study emphasis is put on the effect
that they penetrate the W@ilm thereby transferring energy of jon-induced defects on the \WQroperties rather than of

to the sample via electronic and nuclear loss mECha”'Smﬁnplanted species. Thus, the energy of the projectiles is ad-

and are implanted into the underlying substrate. Such irradigy,steq 1o guarantee that the corresponding projected ranges
tion as opposed to implantation experiments on evaporatege significantly larger than the film thickness. If the condi-

and sputtered WO films were reported recently by our s, R,—AR,>D holds, the concentration of implanted pro-

group™ with emphasis on changes of the hopping conductivyectiles can be neglected. In the present case of 300-keV He
ity induced by ion bombardment at different temperatures. Iy 4 Af*  the values areR (He*)=1200 nm, AR (He")
' p 187

the present work we focus on the spectral behavior of ion— 240 nm, andR,(Ar*)=215 nm, AR (Ar*)=106 nm as-
' p 12

induced changes of the regh())] and imaginan{k(\) ] gyming a density of 7.04 g/chior the sputtered WQfilms
parts of the complex refractive index=n+ik within the  as determined by combined optical and RBS measurements.

wavelength range 400 nei <1600 nm. Thus, for a typical film thickness of 100 nm even for the
heavier projectiles and high fluences t16m™?2) the aver-
Il. EXPERIMENT age concentration of implanted species is well below 0.1%.

) Further details on the ion bombardment conditions and
As mentioned already above, the morphology and, relatedample arrangements as well as on the resulting damage pro-

to that, the density of WOfilms strongly depend on the fjes as calculated bgriM can be found in Ref. 15.

method used for their preparation with evaporated samples Tphe experimental setup allows ansitu determination of
exhibiting a more open structure with a significantly reducedne complex refractive index, i.e., after each irradiation step
average density as compared to sputtered films. To check fQfe real and imaginary parts(\) andk(\), are obtained by
possible influences of these structural differences on the réneasuring transmittance and reflectance spectra, respec-
sults of ion bombardment experiments, in the present studyyely under the condition of normal incidence. All spectra
three different techniques were applied to prepare sWO are normalized to the incoming intensity thereby excluding
films: (i) Thermal evaporation from Mo boats within & com- the influence of fluctuating intensities of the light source
mercial high-vacuum recipientji) electron-beam evapora- (100.yy halogen lamp A monochromator allowed to select
tion within an ultrahigh-vacuum system, afid) reactive rf wavelengths in the range 400 nm\<1600 nm with a
magnetron sputtering. In cag, ingots from pressed WO gpectral resolution oAA=9 nm. A schematic overview of
powder were evaporated from directly heated Mo boats at g, optical detection system is given in Ref. 11.

typical rate of 0.3 nm/s and a pressure during evaporation of For the determination of the complex index of refraction
10"° mbar. In caséii), pieces of a commercial WASputter  from the transmittance and reflectance spectra a model is
target (purity 99.99% were evaporgted within an UHV re- needed describing the optical properties of the combined
cipient of a base pressure o380~ mbar at a rate of 0.5  fjjm/supstrate system. For this purpose, a homogeneous iso-
nm/s. In case of the rf magnetron sputtering a reactivgropic thin layer is considered bounded by parallel planar
oxygen/argon mixture was used (A;©3:1) at atotal  syrfaces and supported by a substrate of finite thickness.
pressure of &10 ° mbar. Controlling and keeping the Mutiple incoherently summed reflections from the substrate
sputtering power fixed at 70 W resulted in typical depositionjnterfaces and coherent superposition of the amplitudes
rates of 0.02 nm/s. In all cases the samples were depositggthin the film are taken into account. For the reflectance
onto glass(BK7) substrates held at nominally ambient tem- measurements, normal incidence is assumed neglecting a 2°
perature or slightly below; their thicknegsranged between  geviation. The effect of this simplification, as well as that of
55 nm and 150 nm. These WdIms all appeared optically the assumption of a homogeneous layer, are discussed in
transparent in the as-prepared state indicating that they weggstail in Ref. 17. withn(\) andk(\) known for the sub-

at or clos_e to the desired stoichiometry. This conclusionsirate the corresponding values for the film can be deter-
could be independently corroborated by Rutherford backmined numerically using Fresnel coefficients for the trans-
scattering(RBS) experiments using 700-keV A& ions. In-  mission and reflection at the interfaces and adjusting the film
dependent of the preparation procedure all samples wek@jckness as to avoid unphysical multiple valued solutions
x-ray amorphous as revealed by x-ray diffraction. for n andk.!* The applied numerical procedures as well as

To ion bombard the WXilms, they were mounted onto @ the underlying formulas are described in Refs. 18 and 19.
movable sample holder within a UHV chamber connected

via a differentially pumped additional smaller chamber to the
high-voltage beamline of an ion implant@naximum accel-
eration voltage 350 k)Vproviding the 300-keV Af and He
ions used in this study. Important quantities characterizing an As a first application of the above numerical recipe to
ion bombardment experiment are the projected ranges axtract the complex index of refraction, in Fig. 1 the real part
well as the damage profiles of the ions. Both can be calcun(\) is plotted for the as-prepared sputtered or evaporated

Ill. RESULTS AND DISCUSSION
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FIG. 1. Dispersion of the real part of the refractive indgh )
for various sputteredclosed symbolsand evaporate@open sym-
bols) WO; films. The samples are specified by the number attached
to each symbol. The solid lines represent the corresponding stan-
dard Cauchy dispersions obtained by least-squares fitting to the data - .
with parameters given in the inset. 400 600 800

I 1000
A (nm)

1200 1400 1600
WO; films. Additionally to the experimental results, fits to
the Cauchy relation FIG. 2. Dispersion ofa) the real parn(\) and of(b) the imagi-
nary partk(\) for an evaporated Wg¥ilm (number 1% as changed
by 300-keV Ar'-ion bombardment with fluences given in the inset
(missing data points for small are due to experimental problems

describing the standard dispersion are added as solid lineghen changing the filter of the monochromator
Clearly, the sputtered filmElosed symbolsexhibit an offset
by approximately 10% towards highewalues reflecting the centered between 1000 nm and 1200 nm have been
correspondingly higher density of these samples as comparedported?’* Closer inspection of Fig. (®) shows that the
to the evaporated ondgspen symbols centers of the absorption band slightly shift towards larger
This density difference can be completely removed by iorwavelengths and a saturation behavior of the ion-induced
bombarding evaporated Wailms with heavy ions such as maximumk values is observed for increasing fluences ap-
Ar™ while for light He" ions the induced density changes proachingks,=0.9 at aboutx =1400 nm, which is some-
are practically negligiblé! Closer inspection of Fig. 1 also what higher than typical values obtained electrochemically.
reveals a larger spread ofvalues from sample to sample for The second interesting feature, visible in Figa)2 is the
evaporated films. This reflects the tendency to obtain slightlyon-induced “rotation” of the real parn of the refractive
understoichiometric WQfilms by evaporation since, during index around approximately* =900 nm with alln(\) val-
heating, oxygen starts to diffuse out of the W@sed to ues belowh* being shifted towards smaller and those above
evaporate. This effect manifests itself even more clearly il\* towards larger values. For increasing ion fluences a well-
the imaginary park(\), which is practically constant within resolved minimum ofn(\) is developed at approximately
the above range of wavelengths wilvalues between 0.005 A =700 nm below\*, while above, a monotonous enhance-
and 0.01 indicating optical transparency for sputtered filmsment of n(A) is observed up to the highest wavelength of
while some evaporated films already exhibit a broad absorpt600 nm available in the present study. As for the imaginary
tion band centered at about 1000 nm wkthalues up to 0.03 part, from the sequence a@f(\) curves for increasing ion
signaling the onset of coloration due to oxygen vacancies. fluences a saturation behavior can be deduced with a maxi-
Next, the effect of 300-keV Ar-ion bombardment on the mum value ofn(1600 nm)=2.5. If the already mentioned
refractive index of evaporated W@ilms will be described. ion-induced densification is taken into account, which leads
For that purpose, in Fig.(d) the real parn and in Fig. 2b)  to an additional shift towards highervalues(cf. Fig. 1), the
the imaginary park are presented as a function of the wave-effect of obtaining a fixech(\*) becomes even more pro-
length for a series of irradiation steps on one and the sameounced as will be demonstrated in the context of Hem-
sample(number 15, cf. Fig. Lwith fluences as given in the bardments belowsee Fig. 8)]. The physics behind this
inset. There are two prominent features evident in Fig. 2, theemarkable observation of a fixed poinf\*), which has
most notable being the strong increase of the imaginary paglso been reported for evaporated Widms colored up to
k(\) exhibiting a broad absorption band centered at aboutlifferent degrees electrochemicalfywill be discussed to-
1100 nm, reflecting the ion-induced blue coloration of thegether with the Hé data.
WO; film. This is in agreement with what is known for elec-  When ion bombarding sputtered instead of evaporated
trochemically colored samples, for which absorption band$VO; films, qualitatively identical results are obtained, i.e., a

N(N)=P1+Py/N2+P3/\* (1)
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R tively by ion bombardment as just mentioned. To allow a
) unimradiaied : direct comparison to the Ar-irradiation data of Fig. 2, the real
----1.010" cm . . - .
22 3.010° ai® g n and imaginary parts are again plotted as a function of the
\ 7010%em® ] wavelength in Fig. 3 for various ion fluences. In this case,
21 _ B the feature already mentioned above ofrgl\) curves pre-
c L3 o 5,140 G < | pared by Hé-ion bombardment having one common point
20 3 - 8.110" em™ n(\*) with A* =951 nm is especially striking. The interpre-
' tation of this behavior will be at the focus of the discussion
below. Additionally, a comparison of the Ar(Fig. 2) and
19 He" (Fig. 3 results immediately shows that within the He-
0.32 ion fluences applied, neitherr()\) nor k(\) exhibit a pro-
0.28 nounced saturation behavior leading to an interesting point.
1 If it is assumed that the ion-induced blue coloration is exclu-
0.24 1 sively due to oxygen vacancies created by corresponding dis-
020 placements during the bombardment, the increask(i)
x 016 should scale with the average number of displacements per
0.12 atom(dpa, which, in turn, is proportional to the total nuclear

energy deposited by a specific projectile in a given target.
This latter property can be expressed as ion flueribg (
times average nuclear energy losk=(dx),, where the av-
erage is taken over the film thickness. It turns out that this
nuclear energy loss for 300-keV Heons in WQ, is ap-
proximately smaller by a factor of 330 as compared to 300-
FIG. 3. Dispersion ofa) the real parn(\) and of(b) the imagi- keV 'ﬁﬁ EI;Oj.eCtH.eS%S Thus, the maximum He fluence 8
nary partk(x) for an evaporated Wfilm (number 17 as changed < 10" ¢m 2 in Fig. 3 corresponds to Ar fluences of the
by 300-keV He -ion bombardment with fluences given in the inset. rder of 2< 102 cm™?, which is the smallest Ar fluence in
Fig. 2. This immediately makes clear why no obvious satu-
broad absorption band is induced centered at about 1100 nration behavior can be yet observed in Fig. 3. There is still
and shifting towards 1200 nm for higher ion fluences. Simi-another point worth noting. If exclusively ion-induced oxy-
larly, a fixed pointn(\*) is observed, around which the gen displacements are causing the increask(k), then,
n(\) values are rotated due to the ion bombardment as dedue to its much larger nuclear energy loss, Ar ions are much
scribed above. In detail, however, it turns out that, within themore efficient for coloration per projectile than He ions. If,
fluence range employed here, the ion-induced changes ndiowever, under the same assumption, the increak@nijis
ther of n(\) nor ofk(\) indicate a saturation behavior. Fur- plotted versus the average number of displacements calcu-
thermore, the value of* is slightly shifted to 1200 nm and lated as described above, the"Aas well as the Hé data
the maximum valuek,,,=0.5 is significantly lower than should collapse onto one curve. Such a collapse, however, is
what can be obtained in evaporated films even with smallenot observed experimentally. While for the Ar bombardment
fluences. This latter result points to a less efficient ion-the initial slope of the ion-inducedk(x=1100 nm¢®) per
induced coloration in sputtered as opposed to evaporatedpa is within the range 703, for He ions a significantly
WOQO; films. To make this observation more quantitative, thelarger value of 17.0 is obtained. This clearly points to a col-
maximum valuek,, . for each irradiation step was analyzed oration mechanism in the case of He bombardment addi-
as a function of the Ar fluence for evaporated and sputteredtional to oxygen displacements. Consequently, such a mecha-
films. For the increase d{,,,, Which is signaling the pro- nism is attributed to the electronic energy loss of the light
gressing blue coloration as a function of fluence, evaporategrojectiles. One possibility would be the excitation of elec-
films exhibit an approximately ten-times-larger slopetron(e)-hole(h) pairs and their interaction with built-in
AKpax/ A® than do sputtered ones. If incorporategHcan  according to
be excluded as the primary source of this difference, the
open morphology of evaporated films giving rise to a 4e+4h+4AWV'05+ 2H,0—-4WV03+4H +0, (2)
strongly reduced density may be responsible for this obser- ) . o
vation. This morphology may cause a very effective removafS suggested in Ref. 9. In this case, the built-pOHvould
Of oxygen atoms from the interior of a nanograin onto itSaCt as an |nterna..| H source resul“ng n CO|OI’ centers as In
surface and, from there, even out of the sample, thereb{fi€ electrochromic effect. _
strongly reducing possible recombinations between displaced We now come to the interpretation of the most notable
oxygen and the vacancies both created by the ion bombardeature of Fig. 3, that al(\) curves obtained by ion bom-
ment. bardment share a common poimfA*) with A* =951 nm.
Next, the influence of the type of projectile on the ion- The basic idea is to treat the frequency-dependent complex
induced coloration mechanism was tested by switching télielectric constante(w)=e&;+ie,, where the real and
300-keV He . Mostly evaporated WQfilms were used for imaginary parts are related to the complex index of refraction
these experiments, since they can be colored more effed=n+ik by e;=n?—k? ande,= 2nk, as a superposition of

0.08 [
0.04
0.00 | FEEE 200 .

400 600 800 1000 1200 1400 1600

A (nm)
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141 T T T T T T T I', andA were treated as fitting parameters. Closer inspection
12 F 8 uniradiated | of the extracted parameters is delivered in Fig. 5, whtes
e 1.0-10" emi” well as w, are plotted versus the ion fluende. While the
10 A e, - frequency positionw, of the oscillators practically remains
1 o constant over the complete series of ion irradiatigob-
08 4 ] served changes towards smaller values are less thant286
& 084 > i damping constantE' significantly increase as a function of
] ° & up to an enhancement of about 15%, where they appar-
04 _ i ently saturate as indicated by the solid line representing an
] exponential fit to the data. As a consequence of this trend
02 . found forT", the maxima ofe,(w,®) in Fig. 4 clearly shift
T R Py e systematically towards lowe® values for increasing flu-
0.0 (OITITION0NE0e 00B e 8 0 o 0 g g g -

ences(dashed ling as typical for damped oscillators. Fur-
W 15 20 25 a0 35 40 45 50 thermore, the observed saturation behavidr @P) points to
15 defects created by the bombardment in addition to the ion-
@ [10™ 1/s] . . .
induced color centers, which are expected to saturate for in-
FIG. 4. Frequency dependence of the imaginary parof the  creasing fluences and might be able to locally influence the
complex dielectric constant of an evaporated Wilin as obtained oscillators leading to an overall broadening of the absorption.
after 300-keV Hé-ion bombardment with fluences given in the If, however, for a microscopic description a polaronic picture
inset. The experimental data poirftgpen symbolswere calculated is used, an alternative interpretation of the observed trends
from e,=2nk with n andk taken from Figs. @) and 3b), while ~ may consist in assuming a growing overlap of polaronic
the solid curves represent least-squares fitg:tp of a Lorentz  wave functions at higher ion fluences leading to a downshift
oscillator as given by Eq3). of the polaron binding energy and hence of the polaronic
absorption peak maximum. In this context, it may be worth
a contributione y(w) due to the WQ matrix and another noting that fitting Gaussians to the data of Fig. 4 results in
one due to Lorentzian oscillatoes (w) describing the color  significantly worse agreement though expected theoretically
centers produced by ion bombardment. Furthermore, it i§rom a polaron model. More recent theoretical descriptions,
assumed that,, (w) remains unaffected by the ion bombard- however, also are able to give Lorentzidhs.
ment and, thus, can be calculated from the Cauchy relation As demonstrated in Fig. 6, a similar exponential satura-
nu(\) fitted to the data of the unirradiated samples togethetion behavior to forl'(®) is observed for the parametér
with the approximatiorky (\) =0 in this casdcf. Figs. 2b)  (left scalg, i.e., A(P)=a[1—exp(—pP)]. Fitting this ex-
and 3b)]. For the Lorentzian oscillators, on the other hand,pression to the datepen squarggesults in the solid curve

the following expressions for the reat,(;) and imaginary and delivers a saturation value=5.4x10"*°s™? and
(e.,) parts were used: B=3.8x10 ¥ cn?. The exponential behavior of is
attributed to the creation and final saturation of the density
A(wi—w?) of color centers produced by the ion bombardment. This can
eLi(w)= (02— )+ 202’ be ma(gg more quantitative by referring to Smakula’s
0 formula;
AT © Nf=0.87x10""X[n/(n*+2)*]amaW1/. (4)
BLa(0) = 3
(wg— ) +Tw 2.5x10" T T T T 2.5x10"
Here, the parameteks, andI” determine the frequency po- .
sition as well as the damping of the oscillators akdn- 241077 2.4x10"
cludes their density and oscillator strengths. To a first ap- .
proximation it is expected thab, and I' as well as the ' m fitted T q2.3x10"
oscillator strength are not or only weakly dependent on thez ,, . . 0 fited o, 2
ion fluence, while the density of the ion-induced oscillators "> J2.2x10" =
should exhibit an exponential saturation behavior for increas- ;4
ing ion fluences reflecting the buildup of color centers cre- h J2.1x10°
ated by the bombardment. This simple model of ion-induced zoxo"{ @ °© o o
identical oscillators is tested by first calculatirg(w,®) T T . — 2.0x10"
=2n(w,®)k(w,®) for the various ion fluence® of the 00 zoa0™ a0xto¥ o eoxio™ o sox0”

experimental results given in Fig. 3 and then fittisg (o) fluence @ [He'/om’]

to these data. The outcome of such an analysis is shown in |G, 5. Lorentz parametels andw, extracted by fitting Eq(3)
Fig. 4, where the data,(w,®) are represented by open to the data of Fig. 4 as a function of the ion fluenke The solid
symbols and the fitting results as solid lines. Clearly, a satistine describes exponential saturation as given Ib{b)=A[1
factory description of the data is obtained by the oscillator—exp(—B®)]+I, with A=2.9x10" s, B=6.2x10"%° cn?,
model, though it should be noted that all three quantitigs  and',=2.1x10"°s ™2,
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6x10% T T v T T T T T
O  Aand N calculated with simple oscillator model with 4 2.8x10*
- N=0.16:FA«(m ¢ /e,’) and f=0.1 a _
5x10’ T—fitto A=a(1-e™) 2 45107 FIG. 6. Amphtudg A (open squares, left
2 scalg of Lorentz oscillators[cf. Eqg. (3)] pro-
a=5.4E-30 1/¢, 1
) y duced by 300 keV HE& bombardment of an
x10% B=3.8E-15 e’ 4 2.0x10° )
4 | evaporated WQfilm as extracted from the cor-
o ] d 1610t responding fits shown in Fig. 4 versus the ion
= 3107 |- E fluence®. The open stargright scale represent
< 1 125107 % the ion induced density of color centé¥sas cal-
210° - ] culated from the relation given in the inset with a
* N calculated with Smakula formula with f=0.1  { g 1 10® proportionality constant obtained by applying
A Oxygen vacancy concentration calculated | Smakula’s fomulas. tex). The closed triangles
1x10* with SRIM2000 j (right scal@ give the density of bombardment in-
A duced oxygen vacancies as obtained from Monte
0 A A A— . . 00 Carlo simulationgSRIM).
0.0 2.0x10" 4.0x10* 6.0x10™ 8.0x10"
fluence @ [He'fem?)
Here,N is the density of color centers (Ci), f their oscil-  of ®&=1.6x10"cm 2. This is significantly larger than

lator strength,n the refractive index of the as-prepared the above given density of &10°* cm™2 for the color cen-
sample,@max=2(27/\)Kmax (M~ 1) the maximum absorp- ters and, thus, clearly points to recombination processes
tion coefficient withk,,,, being the corresponding maximum within the much denser cascades produced by the heavier
of the imaginary part of the bombarded sample, &g,  Arions.

(eV) the half width of the absorption band. Using the data of We now proceed with the analysis of the oscillator model
Fig. 3 (A\=1100 nmkya=0.3,n=1.95,W,,,=1.6 eV), as started with the fitting procedure shown in Fig. 4 for
Eq. (4) gives Nf=2.7x10°° cm 3. Finally, adopting forf & ,(w,®). Once the parameters Ay, andI' are deter-

the value 0.2* one obtains for the density of Henduced mined for all fluences®, the corresponding ;(w,®)
color centerdN=2.7x 10?* cm 3. SinceN andA are linearly ~ curves can be calculated according to E2). On the other
related, N=yfA(mqeo/e3) with m, is the massg, the hand, from the experimental data of Fig. 3 the real part
charge of an electron, ang) the vacuum dielectric constant, € (w@,®) can be extracted similarly referring to E(g).

this value has been used to extract the proportionality conSubtracting the oscillator past ;(w,®) for each ion fluence
stanty=0.16 allowing to attribute to each value in Fig. 6 @ from the total real parg,,; (w,®) should give a series of

a corresponding densit)(®) of the color centerfopen  ey1(w,®) curves reflecting the behavior of the pure WO
stars, right scale in Fig.)6The maximum value oN=2.7  matrix. The results are shown in Fig. 7, wherg(w,®)

x 10%* cm™2 induced by the H& bombardment is higher —e 1(w,®) is plotted as a function ofo. Clearly, for all
than 5x 10?° cm™ 2 reported for photochromic coloring WO  seven irradiation steps subtraction of the ion-induced oscil-
samples;?® while via the electrochromic effect still some- lator part gives a narrow band efy;(w,®) curves includ-
what higher values, typically #0cm ™3, can be ing eyi(w,®=0) representing the unirradiated Wda@lm.
prepared®2°This compares well with the maximum density One step further, using the fitted Cauchy relation from Fig. 1,
of ion-induced color centers when using*Arin this case a which represents an averag¢\) behavior for all evapo-
value of N=6.5x 10’ cm™2 is obtained, using the data of rated as-prepared WOfilms of this study and assuming
Fig. 2 (\=1400 nmk,a,=0.9,n=1.95) and assuming the k(A\)=0, an averagéey(w)) curve can be calculated and
same value folW,,,=1.6 as above. In this context, still an- the corresponding result is also included in Fig. 7 as a solid
other estimate may be worth noting. Applying Monte Carloline.

simulations(sriM2000 of the various ion bombardments of ~ The fact that also this averagedy(w)) curve fits
WO; films,*® one can deduce the density of displaced oxygerwithin the narrow band demonstrates that an approach is jus-
atoms for each fluence. For the 300-keV Heombardment tified of simply adding the effect of ion-induced oscillators to
the corresponding results are included in Fig. 6 as closeden:i(®) curve representing the matrix, which remains prac-
triangles. For the highest fluence®=8.1x 10 cm 2 one tically independent of the bombardment. As a consequence
finds a maximum density of displaced oxygen atoms of apof the above analysis one arrives at the two relations
proximately 1.8 10°°cm 3 and possible recombination

processes would decrease this density even further. Thus, to eror( @, P)=(ey(w))+e (0w, D),
obtain the above 2:710?! cm™ 3, a mechanism additional to
the coloration via displaced oxygen atoms appears to be nec- o0, P) =€ (w,D). (5)

essary confirming the idea already given in the context of

Fig. 3. On the other hand, in the case of the 300-keV Ar Oncee o f ,P) is known for each fluenc® from Eq.(5),
bombardmentsrim allows an estimate of 14102 cm 2 the corresponding real part of the refractive index can be
for the density of displaced oxygen atoms for a fluencecalculated from
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FIG. 7. Difference of the real parts of the experimentally deter- FIG. 8. Dispersion curves(\) as obtained by modeling the
mined dielectric constant and the contribution from the ion-inducedesults of the 300-keV Heion bombardment of an evaporated
Lorentz oscillator as extracted from the fits to Fig. 4 as a function ofWO; film as a superposition of ion-induced Lorentz oscillators and
the angular frequencw. In our model, this difference represents an average matrix contribution, which is independent of the bom-
the WQ; matrix and should be independent of the ion bombard-bardment(details are given in the textThe results of the model
ment. The solid line represents an average Md@persion(e ) calculation correspond to the ion fluences as given in the inset with
obtained from averaging over all evaporated as-prepared fil'as the thick solid curve representing the average matrix behavior prior

(cf. Fig. 1. to the bombardment. For comparison, the experimental results for
the fluences 3R10%¥cm™2, 1.5x10%cm 2, and 5.1
, g1+ el el % 10" cm 2 are included as solid curves.
nN“(w,®)= — s (6)

oscillator and different samples just differ by the density of
. L - these practically identical oscillators, the Kramers-Kronig
The result of thls_calculatlon is presented in Fig. .8’ hereconditions are automatically fulfilled and the existence of a
plotted as a function ok rather thanw to allow a direct

. o A . )
comparison to the experimental dasé\,®). This figure fixed n(\*) is almost trivial with \* representing the reso

- L ._nance wavelength of the oscillator. Thus, one can turn the
clearly demonstrates that the applied model, despite its sim 9

plicity, delivers an excellent description of the experimentalf’irgument around and conclude that the fact of a fxedt)

observations. Especially, what we addressed as the most no- the present case of ion bombarded Yims strongly

. ) ) . supports the idea of practically identical ion-induced Lorentz

La(t;\lf) fe{gu;zggritgz ddztg(’)\:”i;hiiizllsmrzce c()jf a f(ljxel;j ptc;:ngscillators with their density increased by the bombardment,
i i y reproduced by eading to an exponential saturation.

model. In general, if the optical properties of a dielectric are
manipulated, e.g., by ion bombardment, in order to observe
such a fixed poinh(\*), rather complex interrelated spec-
tral shifts of the real and imaginary parts have to occur im- The experimental assistance of R. Durner as well as the
posed by the Kramers-Kronig relations, which make such afinancial support by Deutsche VWolkswagenstiftung and
observation quite improbable. On the other hand, if the opDeutsche Forschungsgemeinsch&K 238 and SFB 56Qis
tical properties of a material are dominated by a Lorentzgratefully acknowledged.
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