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Optical indices of electrochromic tungsten oxide
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Abstract

Tungsten trioxide (WO,) is the most widely used material for the active layer of electrochromic devices. Knowledge of the complex
refractive index over the range of coloration states is required for device design. Optical constants of WO, over the whole solar spectrum
were determined as a function of injected charge. Films of WO, were prepared by electron-beam evaporation, then colored in several
steps by reduction with lithium (Li) up to 68 mC cm™? um™! injected charge. Measurements included variable-angle spectroscopic
ellipsometry and spectroscopic transmittance and reflectance at normal incidence. Analysis was complicated by the fact that a
transparent-conducting layer of indium tin oxide {ITO) was required to perform lithiation. Optical indices of the glass substrate and ITO
transparent conductor were determined separately and then fixed in the model. The indices of WO; could then be extracted from
measurements on the complete structure. A parametric dispersion model corresponding to Gaussian broadening of the oscillators was used
to represent the dielectric response of WO,. © 1997 Elsevier Science S.A.
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1. Introduction

The complex refractive index of electrochromic materi-
als is needed for the design of devices and calculations of
system performance. Even for tungsten trioxide (WO,),
the most widely used and best studied electrochromic, this
information is scattered and incomplete. One of the main
deficiencies of existing information is that the range of
data tends to be restricted to the visible spectrum, or to a
single wavelength. Extrapolation of the extinction coeffi-
cient from the near-infrared, where the electrochromic
absorption band lies, is not possible with accuracy. An-
other limitation on existing data is that, at the most, the
two extreme coloration states are investigated. A compli-
cating factor is the wide variety of growth techniques and
conditions that apparently produce an equally wide varia-
tion in materials properties. For large-area applications, the
main interest lies in sputtering, chemical vapor deposition
and sol-gel techniques.

Villachon-Renard et al. [1] measured transmittance and
reflectance data from 250 to 2500 nm of protonaied poly-
crystalline WO, produced by CVD. They extracted the
complex refractive index in the bleached and colored
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states. Ottermann et al. [2] studied the change in the optical
constants of reactively evaporated WO, in intermediate
coloration states as a function of hydrogen content in the
range 400—-1000 nm. In situ ellipsometric measurements of
the protonation process of WO, deposited by reactive
dc-magnetron sputlering are reported by Witham et al. [3].
These data are used to extract the dielectric constants from
310 to 830 nm in the fully bleached and colored state.
Bader et al. [4] performed ellipsometry, transmittance and
reflectance measurements from 305 to 795 nm on ther-
mally evaporated WO, intercalated with two different
quantities of Li*. They represented highly lithiated WO,
as two separate layers within their optical model due to the
dry lithiation process they used. Nagai [5] represented
evaporated WO; colored by lithiation as an effective
medium consisting of a mixture between dielectric WO,
and free electron governed Li WO; from 500 to 2000 nm.
Recently, using films from the same source as those in this
paper, but without an ITO underlayer, Rafla-Yuan et al. [6]
determined by ellipsometry the optical indices from 400 to
1000 nm in the two extreme coloration states. An overview
of the properties of WO, including optical properties was
recently compiled by Grangvist [7].

In this work, we characterize electron-beam-evaporated
WO, films that are colored by injection of lithium (Li), not
only in the extreme bleached and colored states, but also a
range of intermediate charge states. The spectral range of
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this study spans the entire solar spectrum from 300 to 2500
nm. We attempt to make the models of structure and
dispersion used to analyze the optical data consistent with
the physical nature of the materials.

2. Experimental

The samples investigated in this paper were deposited
by OCLI (Santa Rosa, CA). Glass was first coated with
ITO, then with tungsten oxide by e-beam evaporation. The
substrates were not heated during deposition. Similar sam-
ples were provided by OCLI to participants in the Interna-
tional Energy Agency (IEA) Task 18, which performed
electrochemical and optical measurements, as well as vari-
ous types of structural and compositional analysis. Refer-
ences to this diverse body of work are made throughout
this section.

Primary optical measurements were made from 250 to
1000 nm by variable-angle spectroscopic ellipsometry
(VASE) using a rotating analyzer instrument (J.A. Wool-
lam). Ellipsometric measurements were taken at 3 angles
to obtain adequate sensitivity over the full spectra range.
Standard deviations of ellipsometric measurements could
be determined experimentally by recording each data point
(¥, A) as the average of 30 revolutions of the analyzer. To
cover the whole solar spectrum, transmittance and re-
flectance measurements from 250 to 2500 nm were added.
These measurements were taken at near-normal incidence
on a Perkin-Elmer Lambda 19 spectrophotometer. The
standard deviations of the reflectance and transmittance
measurements were not directly measured, but had to be
assigned by comparison measurements. They were taken
as 0.1% for transmittance and as 0.2% for reflectance data.

Optical measurements were made separately on the ITO
layer from a masked-off edge. No optical anisotropy was
anticipated or modeled because all WO, films were found
to be amorphous by X-ray diffraction [8].

Thickness was measured by surface profilometry on a
Veeco DekTak II A and was subsequently refined by
ellipsometry.

Composition of the samples was characterized by
Rutherford backscattering spectrometry (RBS) using a 1.95
MeV alpha particle beam in the 165° backscattering geom-
etry. -

Electrochromic behavior was examined by inserting Li
into the WO, films in a liquid cell to produce Li W, _ O,.
The cell consisted of the WO, /ITO working electrode, a
lithium counterelectrode and a lithium reference electrode
in an electrolytic solution of 1M LiPF, in propylene
carbonate and ethylene carbonate (7:3). The water content
of the LiPF, solution was smaller than 1 ppm. Lithiation
was performed in the galvanostatic mode. Therefore, trans-
ported charge could be determined by the time during
which current was passing the cell. To ensure reversibility
of coloration, cyclic voltammetry was performed for 100
cycles between 2.0 and 3.5 V relative to the lithium

reference electrode with a scan rate between 1 and 20
mV/s.

AFM measurements were performed with a Park Scien-
tific AutoProbe. Typical scans were taken over 2 X 2 um
at a scan frequency of 1 Hz. A Si;N, tip was operated at
F =15 nN in contact mode. Whole images were corrected
for slope in fast and slow scan directions and analyzed
without filtering.

3. Optical model

A parametric semiconductor model [9,10] was used to
represent the dispersion for WO,. This model corresponds
to the case of superposition of many Lorentzian oscillators
of slightly different energies. In this case, we obtained a
very good fit even when the model parameters were
reduced to give a simpler Gaussian form corresponding to
strongly inhomogeneous broadening. A single Lorentz os-
cillator model also gave a good fit over most of the solar
spectrum. The main improvement using the Gaussian model
was found in the region just above the band gap of WO,,
where a Gaussian broadening of the oscillator describes
the relatively abrupt absorption edge better than homoge-
néous Lorentzian broadening [11].

The dispersion model used to fit the data in the colored
states comprised one additional oscillator at about 1.3 eV
to account for the new absorption band. Since light absorp-
tion occurs when an electron absorbs a photon to change
from a WO3™ to a WO$™, the absorption energy depends
on film structure, local surroundings and lattice disorder
and can be represented by a two term expression. The first
term describes the energy lowering of an electron trapped
at W3* site because of lattice polarization. The second
takes account of potential energy differences of electrons

. at nonequivalent W°* sites due to different local surround-

ings [12]. Those differences increase with lattice distortion
as it occurs during Li™ intercalation, therefore leading to a
slight blue shift of the absorption band [13], and making it
broader.

Ellipsometric and radiometric data were fitted together,
weighting both data types according to their standard
deviations. The numerical iteration was performed utilizing
a Levenberg—Marquardt algorithm until the biased mean
square error (MSE) reached its global minimum.
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Fig. 1. AFM scan of WO, surface,

N is the number of total experimental observations, M is
the number of fit parameters, o is the standard deviation
and the indices A and © are used to sum the data points
taken at different wavelengths A and angles ®. The sub-
scripts ‘cal” and ‘exp’ refer to calculated and experimental
values of measurement parameters.

It is necessary to include backside reflections into the
model for a semitransparent film if the glass substrate is
not roughened, or reflections from the backside are avoided
by a different method. We did not roughen the back
surface because of the possible need to take subsequent
transmittance measurements. Backsurface reflections di-
minished quickly with increasing injected charge; above
the plasma edge of ITO at 1350 nm, the ITO is opaque and
obscures the back surface.
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4. Resulis

Fig. 1 shows a 1 X1 um AFM scan area with magni-
fied (X30) surface features in the z-direction for better
visibility. Grain size is estimated to be about 50 nm in
rough agreement with other AFM studies on similar films
by Chevalier [14] who found average values of 20 nm.
Root mean square roughness was calculated to be 2.7 nm
for 2 um scan length in close agreement to a similar film
without an ITO underlayer [6].

Ellipsometric parameters at 61° angle of incidence with
the film in the fully bleached state are shown in Fig. 2(a,
b). Optical measurements were made at coloration states
corresponding to injected volumetric charge densities of 11
mC cm™® um™!, 23 mC ecm™ pum™}, 36 mC cm™?
pm™', 50 mC em™? pm~! and 68 mC em™? pm~l.
These values were obtained from the areal charge densities
determined directly by electrical charge measurements and
the thickness of each individual film. We assume that all
the injected charge is actually intercalated into the elec-
trochromic fiim onto optically active sites. This should be
a good assumption within safe voltage limits, slow scan
rates and charge density below saturation. Film thickness
was measured by surface profilometry to be roughly 420
nm in agreement with measurements on similarly de-
posited films of the same nominal thickness using pro-
filometry [15] and cross-sectional scanning electron mi-
croscopy [14], which resulted in values of 420 nm and 360
nm, respectively. The thickness was subsequently refined
using ellipsometry as described in the detailed discussion
below.
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Fig. 2. (2) Spectral ellipsometric ¥ data at 61° angle of incidence of WO; on ITO-coated glass. (b) Spectral ellipsometric . data at 61° angle of incidence
of WO; on ITO-coated glass. {c) Spectral transmittance daia of WO; on ITO-ccated glass. (d) Spectral reflectance data of WO; on ITO-coated glass.
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Fig. 3. Spectral transmittance measurements of WO; on ITO-coated glass
in the clear and five different coloration states.

The use of the volumetric charge density as the parame-
ter to normalize for thickness is deliberate; the extinction
coefficient of other WO, films at a given injected charge
density should not depend on thickness or mass density. In
any case, we find negligible dependence of the real refrac-
tive index of WO, films on thickness over the thickness
range of interest for electrochromic applications. This is to
be expected a priori despite some apparently contradictory
evidence for very thin films in the early stages of nucle-
ation [16] and for materials with unusual variation in
structure and porosity with thickness [3].

Nagai et al. used X-ray fluorescence to determine the
number density of W atoms and then calculated the mass
density of WO, to be 3.6 g cm ™ assuming stoichiometric
composition [15]. We found a similar result of 3.65 ¢
cm™® using RBS. This is considerably lower than fre-
quently reported values around 4.9 g cm™>. From this
additional physical information, the atomic densities of Li
represented by the value of x in the chemical formula are
x=0.06, x=0.11, x=0.18, x=0.25 and x = 0.34. The
low density may affect the diffusion coefficient and
switching speed, and also the saturation limit, but from the
point of view of this optical study, the most relevant effect
is an index of refraction slightly lower than average. In
some cases, such as for porous sol-gel films, the index
may be significantly reduced.

A comparison of transmittance data of WO, in different
colored states (Fig. 3) shows the dramatic changes in its
optical behavior with injected charge. Deeply colored sam-
ples appear blue due to disproportionately increasing ab-
sorption in the red portion of the visible spectrum.
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Fig. 4. Spectral reflectance of WO; on ITO-coated glass in the clear and
five different coloration states.

ema (WQ, / 50% void) 4 nm
WO, 420 nm
ITO 390 nm
glass 1.24 mm

Fig. 5. Structural model for electron beam evaporated WO, on ITO-coated
glass.

An increase in infrared reflectivity of WO, with in-
jected charge might be anticipated based on the metallic
transformation observed crystalline tungsten bronzes. A
strong decrease in reflectivity is observed, however, in the
electrochromic half-cell WO, /ITO/glass (Fig. 4). The
reflectivity of the WO, layer itself increases to a small
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degree in the colored states as shown by the analysis of the
optical constants below. Nevertheless, reflectance of the
complete system goes down, because polycrystalline or
amorphous WO, has an even greater increase in absorp-
tance, which then masks the fixed high reflectance of the
underlying ITO. The interference fringes in the visible also
diminish with injected charge as light fails to penetrate to
the WO, /ITO interface. In a device, the reflectance above
1400 nm would remain high in any case because light will
enter through a transparent conductor.

To analyze this data, we must first define a structural
model such as the one depicted in Fig. 5. Both ITO and

Table 1

WO, are represented by single layers with an additional
surface roughness layer on the WO,. Extracting the optical
properties of WO, from this multilayer proved to be
difficult; ITO is by itself a very demanding material to
properly measure and analyze. When modeling ITO or
WO; alone, a multilayer structural model gives improved
fits over single-layer models [17]. Nevertheless, a simpli-
fied model of one homogenous ITO layer with one ho-
mogenous WO, layer (Fig. 5) was chosen to represent the
entire sample structure instead of using the optimum mod-
els found for either film alone. This minimizes the correla-
tion of fit parameters with errors in information about the

Spectral optical constants with 90% confidence limits of electron-beam-evaporated WO, in the clear and two colored states characterized by injected

charge density

A{nm) Clear state I1mCem™ pm™! 23mCem™? um™!
n T K £ n + K + n + K +

300 2.52 0.01 0.34 0.004 2.50 0.01 0.25 0.003 2.47 0.05 0.22 0.001
325 242 0.01 Q.15 0.001 2.38 0.01 0.11 0.000 231 0.04 0.10 0.001
350 2.29 0.01 0.04 0.001 2.27 0.02 0.04 0.001 2.19 0.03 0.05 0.001
375 2.19 0.02 0.01 0.001 2.17 0.02 0.02 0.001 2.10 0.03 0.02 0.001
400 2.12 0.02 0.00 0.000 2.10 0.02 0.01 0.001 2.03 0.03 0.02 0.001
425 2.07 0.02 0.00 0.000 2.05 0.02 0.01 0.000 1.98 0.03 0.02 0.001
450 2.04 0.02 0.00 0.000 201 0.02 0.01 0.000 1.94 0.03 0.02 0.001
475 2.02 0.02 0.00 0.000 1.98 0.02 0.02 0.000 1.91 0.03 0.03 0.001
500 2.00 0.02 0.00 0.000 1.96 0.02 0.02 0.000 1.88 0.03 0.04 0.001
550 1.97 0.02 0.00 0.000 1.93 0.02 0.03 0.000 1.85 0.03 0.06 0.001
600 1.95 0.02 0.00 0.000 1.90 0.02 0.05 0.001 1.82 0.03 0.09 0.001
650 1.94 0.02 0.00 0.000 1.88 0.02 0.06 0.002 1.80 0.03 0.12 0.001
700 1.93 0.02 0.00 0.000 1.87 0.02 0.08 0.002 .79 0.03 0.15 0.001
750 1.92 0.02 0.00 0.000 1.86 0.02 0.10 0.002 1.7% 0.03 0.18 0.001
800 1.91 0.02 0.00 0.000 1.86 0.02 0.12 0.001 1.80 0.03 0.21 0.001
850 1.91 0.02 0.00 0.000 1.88 0.02 0.14 0.000 1.82 0.03 0.24 0.001
900 1.90 0.02 0.00 0.000 1.89 0.02 0.15 0.001 1.84 0.03 0.25 0.001
950 1.90 0.02 0.00 0.000 1.91 0.02 0.16 0.001 1.87 0.03 0.27 0.001
1000 1.90 0.02 0.00 0.000 1.92 0.02 0.16 0.002 1.89 0.03 0.27 0.001
1050 1.90 0.02 0.00 0.000 1.93 0.02 0.16 0.002 191 0.03 0.28 0.001
1100 1.89 0.02 0.00 0.000 1.94 0.02 0.15 0.001 1.93 0.03 0.28 0.001
1150 1.89 0.02 0.00 0.000 1.95 0.02 0.15 0.001 1.95 0.03 0.27 0.001
1200 1.89 0.02 0.00 0.000 1.96 0.02 0.14 0.001 1.97 0.03 0.27 0.001
1250 1.89 0.02 0.00 0.000 1.97 0.02 0.14 0.001 1.98 0.03 0.27 0.001
1300 1.89 0.02 0.00 0.000 1.97 0.02 0.14 0.001 1.99 0.03 0.26 0.001
1350 1.89 0.02 0.00 0.000 1.98 0.02 0.13 0.001 2.00 0.03 0.25 0.001
1400 1.88 0.02 0.00 0.000 1.98 0.02 0.13 0.001 2.01 0.03 0.25 0.001
1450 1.88 0.02 0.00 0.000 1.98 0.02 0.12 0.001 2.02 0.03 0.24 0.001
1500 1.88 0.02 0.00 0.000 1.99 0.02 0.12 0.001 2.03 0.03 0.23 0.001
1550 1.88 0.02 0.00 0.000 1.99 0.02 0.11 0.001 2,04 0.03 0.23 0.001
1600 1.88 0.02 0.00 0.000 1.99 0.02 0.11 0.001 2.05 0.03 0.22 0.001
1650 1.88 0.02 0.00 0.000 1.99 0.02 0.11 0.001 2.05 0.03 0.22 0.001
1700 1.88 0.02 0.00 0.000 1.99 0.02 0.10 0.001 2.06 0.03 0.21 0.001
1750 1.88 0.02 0.00 0.000 2.00 0.02 0.10 0.001 2.06 0.03 0.21 0.001
1800 1.88 0.02 0.00 0.000 2.00 0.02 0.10 0.001 2.07 0.02 0.20 0.001
1850 1.88 0.02 0.00 0.000 2.00 0.02 0.10 0.001 2.07 0.02 0.20 0.001
1900 “1.88 0.02 0.00 0.000 2.00 0.02 0.09 0.001 2.07 0.02 0.19 0.001
1950 1.88 0.02 0.00 0.000 2.00 0.02 0.09 0.000 2.08 0.02 0.19 0.001
2000 1.88 0.02 0.00 0.000 2.00 0.02 0.09 0.000 2.08 0.02 0.18 0.001
2100 1.88 0.02 0.00 0.000 2.00 0.02 0.08 0.000 2.08 0.02 0.17 0.001
2200 1.88 0.02 0.00 0.000 2.00 0.02 0.08 0.000 2.09 0.02 0.17 0.001
2300 1.88 0.02 0.00 0.000 201 0.02 0.08 0.000 2.09 0.02 0.16 0.001
2400 1.88 0.02 0.00 0.000 2.01 0.02 0.07 0.000 2.10 0.02 0.15 0.001
2500 1.88 0.02 0.00 0.000 2.01 0.02 0.07 0.000 2.10 0.02 0.15 0.001
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rest of the stack, but the resultant fit of ellipsometfic data
is relatively poor (Fig. 2(a, b)). The representation of
spectrophotometric data by the same fit parameters, how-
ever, is better (Fig. 2(c, d)). This indicates that the ob-
tained optical constants adequately represent the average
properties of the thin films, whereas the reduced complex-
ity of the structural model does not account for imperfec-
tions as interface roughness or a gradient in the refractive
index [17].

The complex refractive index of the ITO was taken
from a masked-off spot on the given film rather than from
a supposedly representative sample. Even so, it is possible
that these optical constants do not closely represent the

Table 2

part of the ITO on which the WO, was deposited; some
oxidation is likely to occur during the initial evaporation of
WO;. Comparing fits on ellipsometric data of the ITO-
coated glass substrate (Fig. 6(a, b)) with Fig. 2(a, b)
clearly shows a clear decrease in fit quality, although the
dispersion of clear WO; is much easier to model than that
of ITO. The fit could be improved if one fitted only for the
optical constants of the buried ITO layer while leaving all
other parameters fixed. In this case, the uncertainties of the
fit parameters are pretty large. Bruggeman effective
medium analysis of ellipsometric data on ITO yielded a
surface roughness of 4.3 nm [18]. In the model for the
whole electrochromic half cell including WO,, however,

Spectral optical constants with confidence limits of electron beam evaporated WOy in three colored states characterized by injected charge density

A{nm) 36 mC em™2 um™ 50mC cm™%um™! 68 mCcm™? um
n + K + n + LK e n + K +

300 2.39 0.020 0.24 0.006 2.24 0.030 0.27 0.004 2.35 0.020 0.20 0.000
325 2.26 0.020 0.12 0.002 2.16  0.020 0.16 0.001 2.20 0.020 0.10 0.002
350 2.14 0.020 0.06 0.001 2.07 0.020 0.09 0.000 2.08 0.010 0.06 0.002
375 2.05 0.010 0.04 0.002 2.00 0.010° ~ [0.06 0.000 1.98 0.010 0.04 0.002
400 1.98 0.010 0.03 0.002 1.93 0.010 0.05 0.000 1.91 0.010 0.05 0.001
425 1.93 0.010 0.04 0.001 1.88°°  0.010 0.05 0.000 1.85 0.010 0.06 0.000
450 1.88 0.010 0.05 0.001 1.83 0.010 0.06 0.000 1.80 0.010 0.08 0.001
475 1.85 0.010 0.07 0.001 1.80 0.0107  [0.08 0.000 1.76 0.010 0.10 0.001
500 1.82 0.010 0.09 0.000 1.77 0.010 0.10 0.001 1.73 0.010 0.13 0.002
550 1.78 0.010 0.13 0.000 173 0.010 0.14 0.001 1.69 0.010 0.19 0.004
600 1.75 0.010 0.17 0.000 1.70 0.010 0.20 0.002 1.67 0.010 0.25 0.006
650 1.74 0.010 0.22 0.001 1.69 0.010 0.25 0.003 1.66 0.010 0.31 0.008
700 1.74 0.010 0.28 0.001 170 0.010 0.30 0.003 1.67 0.010 0.37 0.011
750 1.76 0.010 0.32 0.002 1.71 0.010 0.35 0.004 1.69 0.010 0.43 0.014
800 1.79 0.010 0.36 0.001 1.73 0.010 0.39 0.003 . 172 0.010 0.48 0.016
850 1.82 0.010 0.40 0.000 1.76 0.010 0.43 0.002 175 0.010 0.52 0.017
900 1.86 0.010 0.42 0.001 1.80 0.010 " 0.46 700027 179 0.010 0.56 0.017
950 1.90 0.010 0.43 0.001 1.8377 770020 049 70.001 1.84 0.010 0.58 0.017
1000 1.93 0.010 0.44 0.002 1.87 0.020 0.50 0.000 1.88 0.020 0.60 0.016
1050 1.97 0.010 0.45 0.003 1.90 0.020 0.52 0.000 1.92 0.020 0.61 0.015
1100 2.00 0.010 0.45 0.003 1.94 0.020 0.53 0.001 1.96 0.020 0.62 0.014
1150 2.02 0.010 0.44 0.003 197 0.020 0.53 0.001 2.00 0.020 0.63 0.013
1200 2.05 0.010 0.44 0.003 200 0.020 '0.53 0.001 2.03 0.020 0.63 0.012
1250 2.07 0.010 0.43 0.003 2.03 0.020 053 0.002 2.07 0.020 0.63 0.011
1300 2.10 0.010 0.42 0.003 2.06 0.030 0.53 0.002 2.10 0.020 062 0.010
1350 2.11 0.010 0.41 0.003 2.09 0.030 0.53 0.002 2.13 0.020 . 0.62 0.009
1400 2.13 0.010 0.40 0.003 2.11 0.030 0.52 0.002 2.15 0.020 0.61 0.008
1450 2.15 0.010 0.39 0.003 2.13 0.030 [0.51 0.002 2.18 0.020 0.61 0.007
1500 2.16 0.010 0.39 0.003 2.15 0.030 0.51 0.002 2.20 0.020 0.60 0.007
1550 2.17 0.010 0.38 0.003 2.17 0.030 0.50. 0.002 2.22 0.020 059 0.006
1600 2.18 0.010 0.37 0.003 2.19 0.030 049 7 0.002 2.24 0.020 0.58 0.005
1650 2.19 0.010 0.36 0.003 220 0.030 .~ .0.49 0.002 2.26 0.020 0.57 0.005
1700 2.20 0.010 0.35 0.003 222 0.030 048 TTT0.002 2.28 0.020 0.56 0.004
1750 221 0.010 0.34 0.003 223 0030 0.47 0.002 2.30 0.020 0.56 0.004
1800 222 0.010 0.33 0.002 224 0.020 0.46 0.002 231 0.020 0.55 0.004
1850 223 0.010 0.33 0.002 226 0.020 ‘0.45 0.002 2.32 0.020 0.54 0.003
1900 2.23 0.010 0.32 0.002 2.27 0.020 ~ 045 0.002 2.34 0.020 0.53 0.003
1950 2.24 0.010 0.31 0.002 228 0.020 0.44 0.002 2.35 0.020 0.52 0.003
2000 2.24 0.010 0.30 0.002 229 0.020 0.43 0.002 2.36 0.020 0.51 0.002
2100 2.25 0.010 0.29 0.002 231 0.020 042 T 0.002 2.38 0.020 0.49 0.002
2200 226 0.010 0.28 0.002 2.32 0.020 0.40 0.001 2.40 0.020 0.48 0.002
2300 227 0.010 0.27 0.002 2.33 0.020 0.39 0.001 2.42 0.020 0.46 0.001
2400 2.28 0.010 0.26 0.002 2.35 0.020 0.38 0.001 243 0.020 0.45 0.001
2500 2.28 0.010 0.25 0.002 2.36 0.020 0.36 0.001 2.44 0.020 0.43 0.001
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Fig, 8. Extinction coefficient « for WO, as a function of charge density.

the fit parameters did not show any sensitivity to interface
roughness.

The complex refractive index (n — ix) was determined
from 300 to 2500 nm as a function of intercalated charge
density (Figs. 7 and 8). For ease of use, optical indices at
selected wavelengths are also given in Tables 1 and 2. The
90% confidence limits refer to random measurement errors
and uncertainty of fits. A major source for errors, however,
are systematic errors in experimental setup and sample
condition, as well as systematic differences between exper-
imental data and fits [19]. Therefore, these confidence
limits should better be interpreted carefully as precision
indicator at the respective wavelength and injected charge
level. For the clear state, these values are in close agree-
ment with optical indices determined for similar films [6]
from 400 to 1000 nm without an ITO underlayer. The
optical indices of those films when colored by proton
injection show a similar shape when compared to the
highest levels of charge density in this paper. The proto-
nated films, however, were colored by application of a
local potential and injected charge could not be deter-
mined, so the oscillator strengths may not be equal.

5. Conclusion

Using a combination of ellipsometry and spectropho-
tometry, it was possible to extract the optical indices of
e-beam evaporated WO, from measurements on a struc-

ture that includes surface roughness and buried ITO con-
ductor. Including the conductor layer in the stack allowed
the film to be electrochemically reduced with Li, so that a
full set of properties could be determined in several inter-
mediate charge states. It was also possible to determine the
optical indices of WO, over the entire solar spectrum
despite the opacity of the ITO conductor in part of the
infrared. This data is then suitable to model and design the
operation of electrochromic devices for visual and solar
applications such as windows for buildings and vehicles.
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