The Journal of Korean Vacuum Science & Technology
Vol. 2, No. 2, October 1998, pp. 85~91
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Abstract — The electrochromic behaviors of dc-magnetron sputtered tungsten oxide thin films were
investigated during coloration and bleach cycles using in sifu real-time spectroscopic ellipsometry.
Effective medium approximation and least-squares regression analyses were employed to investigate the
electrochromic process. The optical properties of the tungsten oxide film were analyzed using the
oscillator model and the evolution of the parameters were shown. Based on the optical observation, we
have characterized the kinetics of the process using a reaction-limited model. In these analyses, we
found that two different reaction rates were associated with the process. We ascribe this behavior to the

microstructure of thin films.

I. Introduction

There have been many studies of the electro-
chromic behavior of WO; films for a variety of
technological applications such as display devices
and energy efficiency windows [1,2]. Electro-
chromism (EC) occurs in many organic materials
as well as in ftransition metal oxides. Among
them WOQ; is the most widely studied material.
Recently EC in many materials are reviewed by
[3] Deb who
originally triggered this research [4].

Grangvist and reminisced by

WO; is optically transparent in the visible
region and it turns blue when immersed in an
electrolyte containing alkaline ions and subjected
to an electric field. This process is reversible by
switching the polarity of electric field. However,
there have been many models proposed to
account for the electrochromism in WO;. Among
them double charge injection [5], small polaron
absorption [6], and free electron absorption [7]
are prominent models. Recently, a two-phase
model was proposed in which colored WO,
consist of regions of metallic M;WO; (here M,
alkaline ion) and insulating WO; with absorption
based on an effective medium theory [8). Also,
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Goldner et al. demonstrated the success of the
free carrier model using near IR spectra of
polycrystalline film [9]. They injected the same
amount of charge into thin and thick WO; films
and found that the absorptivity and reflectivity
modulation were greater in the thin sample. From
the thickness dependence of the optical properties
they concluded that the free carrier density plays
an important role in EC. However, the free car-
rier model alone cannot account for the spectrum
near the UV region where the absorption peak of
bleached WO; still remains upon coloration.

In this study, we employed real-time spectro-
scopic ellipsometry (SE) along with potentiostat
measurement in order to investigate the evolution
of the optical properties of WO during EC pro-
cess. In the analysis, we adopted the two-phase
model and derived information on kinetics in
coloration, which was based on reaction-limited
process.

II. Experimental
Since electrochromism requires a device struc-

ture, WOs3 thin films need to be deposited on a
conducting electrode. Thus, for the real-time SE
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experiment, opaque chromium (Cr) films were
sputtered onto Corning 7059 glass substrates. A
low Ar gas pressure of 1.5 mTorr was used to
ensure smooth and dense Cr films. We found 6 A
rms surface atomic force

microscopy (AFM) measurement. The smooth Cr

roughness from

surface enables us to use a simple optical model
of WO; on Cr without adding an additional
interface layer. WO, films were prepared by a
reactive dc magnetron sputtering technique. A
pure tungsten target was sputtered in ~10 mTorr
oxygen ambient at room temperature. Typical
thickness of WOs film used in the studies was in
the range of <200 A. This range of thickness
guarantees fast ion diffusion into the film so that
we could observe a dominant reaction-limited pro-
cess. The structure for the EC device is shown in
Fig. 1 along with experimental setup for in situ
real-time studies.

For voltage application and current measure-
ments, a standard three-electrodes potentiostat
was employed. The WO; device formed the work-
ing electrode in an electrochemical cell con-
taining fused silica windows for optical access.
The ecllipsometer used in this study was a rotating
polarizer type with a multichannel detection
system [10]. This novel detection system allows
the instrument to obtain continuous spectra con-
sisting of ~100 data points from 1.5 to 4.3 eV
with acquisition and repetition times as short as a
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Fig. 1. Schematics of chemical cell used for this study.

fraction of second. Potentials versus reference ¢lec-
trode of 0.4 V and —0.3 V were applied to the
working electrode for the bleach and color cycles,
respectively. These values were chosen to avoid
the breakdown of reversible EC behavior of the
film, which occurred around 0.7 V in our samples.
Before real-time SE measurements, these potential
steps were applied repeatedly for many cycles to
increase the stability of the film. The electrolytes
were 0.1 M H;SOy in H:O and lithium perchlorate
in organic propylene carbonate with a Pt wire
used as a counter electrode and saturated calomel
electrode (SCE) as a reference.

II1. Results and Discussion

Fig. 2 shows the evolution of the ellipsometric
parameter, ¥, for 120 s during a complete color-
bleach cycle upon the applications of step-like
potentials to 190 A films in two different ion
sources, Specifically, —0.3 V and 0.4 V vs, SCE
were applied repeatedly to the working electrode
for a period of 60 s and each pair of ellipsometry
spectra {P(eV), A(eV)} were collected every
second with a pure data acquisition time of 128
ms. For clear demonstration, the single energy
data at 2.0 eV were selected from 300 pairs of
spectra over 1.5-4.3 eV. The high energy trun-
cation was caused by strong UV absomption in
aqueous electrolyte. The conventional ellipsometry
angles, (¥, A) can be defined by the complex
reflectivity ratio, r,/r,=tanWexp(iA), where 1y is
a parallel (perpendicular) component of the
Fresnel reflection coefficients.

By simple inspection of Fig. 2, we can easily
tell that the EC process is reversible and the pro-
cess is faster in Li" environment than in H*. The
latter phenomenon can not be understood with a
diffusion model. Also the bleach process is much
faster than the coloration. Detailed information
can be obtained from further analysis.

The optical properties of WO, film at any
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Fig. 2. Evolution of ellipsometry parameter (‘¥ at 2.5 eV)
during a complete cycle of coloration and bleach in two
different ionic solutions {open circles: in hydrogen ion,
open squares: in lithium ion). Step-like voltage of —~0.3 V
and 0.4 V vs. SCE were applied for a period of 60 s.

electrochromic stage can be deduced from mathe-
matical inversion of each cllipsometry spectra
under the assumption that the device maintains
the electrolyte/film/Cr structure. The dielectric
functions, e=¢,+ie;, of WO, at the beginning and
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Fig. 3. Diclectric functions of colored and bleached
states measured in aqueous electrolyte.

the end of coloration stage are shown in Fig. 3.
The filled circles depict the dielectric function of
the WO; sample under 60 s into coloration (- 0.3
V vs. SCE) in aqueous electrolyte, i.c., dielectric
function of HWO;. As we can see from the im-
aginary part of dielectric function, €, of bleached
WO, in Fig. 3, the bleached film is transparent to
visible light and absorbing in the near UV region
(ie, rise of € above 3.5 eV). Meanwhile, the
colored film shows two distinctive behaviors; one
is the development of absorption in the near IR
region, i.e., non-zero values of €; between 1.5 eV
and 3.5 eV and the other is small reduction in
absorption in the near UV region, where the &,
peak still remains after coloration. This gives us
the idea of employing the effective medium
approximation (EMA) by which the optical pro-
perties of the colored film can possess those of
the original.

Fig, 4 shows the optical trajectory taken during
60 s coloration process (open circles) in 190 A
film. In a diffusion model the optical trajectory is
calculated using layer-by-layer progress of colora-
tion from surface (solid lines) but in a reaction
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Fig. 4. Optical trajectory measured from the beginning
to the end of color cycle (open circles). Broken line is a

fit to a reaction model and solid line is a fit to a
diffusion model.
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model progressive change throughout the entire
thickness of the WO; film is assumed (broken
line). From this analysis, we find that the colora-
tion is a dominant reaction process in our thin
film and similar result was obtained for the
bleach process. In thick films, however, both reac-
tion and diffusion processes will compete cach
other. The diffusivity of hydrogen ion in WOs
film lies and 107"cm’/s
depending on preparation methods and conditions
[11]. Considering the relatively high diffusivity of
hydrogen ion in WO and the film thickness of
190 A, the diffusion-limited phenomenen is not

between 10 7cm’/s

observable in the time scale of 60 s, Moreover, as
we have already noticed in Fig. 2, the optical
change with Li* is much faster than H" despite
much lower diffusivity of Li* in WO; film [11].
At this moment, the possible explanation for this
is that the mechanism of diffusion is different
from that of reaction and the reaction between Li*
and WO, is faster than that between H" and WO,
In the following analyses, we used the data
obtained with H" due to the well-known optical
properties of electirolyte.

From these observations we applied two
different approaches to interpret the optical pro-
perties of W05 at any intermediate stage between
bleached and colored states. The first approach
was using EMA with a free electron model

expressed by following Drude oscillator.
£ = &[0/ (@ + )] )
&=V W)ws+ )] 2)

These equations have three unknown free
parameters to be determined in the fitting process.
€, is the bound carrier contribution to €, @, is
the plasma frequency of the free carriers, and I
is a damping parameter.

The free electron contribution was observed in
many previous researches near infrared [9,12].
However, in our case the idea is based on the
feature of the optical properties in near IR and

visible range along with the increase in con-
ductivity upon coloration. Furthermore, we expect
that the real-time measurements will provide the
information on trend. If we focus on the dielectric
function of the colored film in Fig. 3, the disper-
sions of € and £ below 3.5 eV show typical
metallic properties. Thus, in this model, it is
assumed that the optical properties of WO; in any
electrochromic stage can be expressed as a mix-
ture of the Drude free electron contribution and
the original dielectric properties of WO, The
Bruggeman EMA was used to caiculate the
optical properties of the mixture [13]. Fig. 5
shows the evolution of two of these parameters
during the coloration cycle. As the plasma
frequency @, o n'’, where n is the free carrier
density, we can conclude that the blue color is
related to the development of free carrier
absorption in the near IR region. Also damping
parameter, I, is decreasing with coloration as it
would be. The trends of both parameters support
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Fig. 5. Evolution of the Drude parameters: (top)
damping parameter, (bottom) plasma energy.
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the increase in conductivity of the film upon
coloration and the values of both parameters are
reasonable compared to those of typical metal and
those of reported one [9].

Although the results are satisfactory with this
analysis, we do not want to stress much on the
Drude model because the metallic behavior
always appears in the high energy shoulder of
the optical function showing band transition,
where the Lorentz oscillator model is appropriate
[L4). The trends of o, and I obtained with the
Lorentz oscillator were same as those shown in
Fig. 5. With the limited spectral range of our
detection system, either oscillator model was fine
to deduce the temporal information on coloration
as long as the quality of fit was acceptable.
Currently we developed real-time SE with variable
spectral range and detailed study regarding the
optical properties near IR is in progress for future
publication.

In the second method, we used two dielectric
functions, those corresponding to the bleached
and colored stages, to express any spectrum
between the two extreme. This method has an
advantage over the first one. That is, we do not
need to know the detailed optical information on
colored film. Thus, the only parameter to be deter-
mined in the analysis is the relative volume frac-
tion of colored portion in WOs; material, ie., the
optical amount of HWO;.

The upper panel in Fig. 6 shows the evolution
of the relative volume fractions obtained from
both models during coloration. In this figure, the
scale for each coordinate was intentionally
adjusted for better comparison. We can notice
that both methods are fine to extract the temporal
information on the process. For comparison the
total charges involved in process were shown in
the bottom panel of Fig. 6. Although the resem-
blance to the upper panel is what we expected,
this figure can not be obtained without con-

sidering leakage current. There was unintentional
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Fig, 6. (top) Evolution of the volume fractions obtained
from two different models: Drude component (filled
circles) and relative volume fraction of HWO, (open
squares), (bottom} evoiution of total charge.

internal short-circuit current [15] and it was
estimated 0.25 mA/cm® for our samples. From
the total charge involved in the coloration, we
could estimate x=0.42 for H;WQ;. This value is
about 5 times larger than the volume fraction of
Drude component in colored film, This means
that most of the original optical properties of WO
remain after intercalation of hydrogen ion, which
is expected from Fig. 3.

For further analysis of these results, we
employed a reaction model in which the evolution
of the volume fraction of colored portion, f(t), can
be approximated by a single rcaction rate c.

ft) = 1—exp(—at). (3)
This equation represents the following process.

xH +xe=+ WO, — H WO, 4)

However, the fits with Eq. (3) were poor for both
coloration and bleach processes (broken lines in
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Fig. 7. Evolution of the volume fraction during color
and bleach cycles. Fit to the reaction models with a
single reaction rate (broken lines) and double reaction
rates (solid lines).

Fig. 7). As the morphology of thin film shows
grain structure in general, we assumed the reac-
tion process at internal surface would be different
from that inside grain. With this idea we tried
two different reaction processes cxpressed by the
following equation.

f@)= 1-frep-o )= freapai)  6)

where fi and f; are assumed to be the effective
volume fractions of internal surface and bulk-like
grain. And o, and o, are reaction rates for the
corresponding  sites. With this model almost
perfect fits were obtained for both coloration and
bleach processes (solid lines in Fig. 7). As we
mentioned, we ascribe this behavior to the mor-
phology of the film which has both dense and
less dense sites related to colummar growth.

The deduced reaction rates and the volume

[isin An, Chang-Hyo Lee and Won-Taeg Lim

Table 1. Reaction rates (o) and volume fractions (f)

(oA f1 (078 f:
coloration 0.53 0.48 0.045 0.52
bleach 1.13 0.65 0.023 0.35

fractions are shown in Table 1. As expected, one
site shows about one order higher reaction rate
than the other for coloration process. The bleach
process is much faster in general and the relative
volume fraction of fast and slow reaction site
varies. The bleach process is even faster with Li
ion, as we can see in Fig. 2. This might be
related to the difference in activation energies in
the reversible process. We also expect that the
difference in environment such as conductivity of
the film can play a role.

IV. Conclusion

The coloration and bleach processes in thin
WO; film were investigated using in situ real-
time spectroscopic ellipsometry. Optical analysis
showed that they were reaction-limited processes
and the oscillator model and effective medium
approximation were used for the analysis. The
trends of the osciilator parameters supported the
idea that the electron density is respenmsibie for
the near IR absorption. Also the reaction process
was understood from the cvolution of relative
volume fraction of the colored portion of film.
From the temporal information of the reaction,
we found that two reaction rates were associated
with the process and we ascribed this to the mor-
phology of thin film.
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