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Polaron and phonon properties in proton intercalated amorphous tungsten oxide thin films
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We report on the evolution of the polaron and phonon mode properties in amorphous tungsten oxide thin
films measured by spectroscopic ellipsometry in the infrared to ultraviolet spectral regions as a function of the
intercalated proton density. A parametric physical model dielectric function is presented, which excellently
describes the ellipsometry data over a large intercalated charge-density range. Upon increased amounts of
intercalated charge we observe a strong increase in the polaron absorption in the visible spectral range, a
decrease in the infrared W—O bond polarity, and an increase in the W=0 bond polarity. Our findings support
the oxygen-extraction model as the polaron formation mechanism in tungsten oxide in agreement with previous
theoretical works based on first-principles pseudopotential calculations. We discuss and suggest polaron for-
mation by oxygen-related defect generation as origin for the coloration mechanism in tungsten oxide. We
further discuss possible evidence for very large effective mass of the polarons within the insulator-to-metal

transition regime.
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I. INTRODUCTION

Electrochromic materials change their optical properties
upon intercalation of charge (coloration). The charge interca-
lation can be accompanied by oxidation processes. The
change in optical properties is mostly assigned to formation
of polarons and their contributions to the material’s dielectric
function (DF). A polaron is the combined lattice polarization
charge induced by an excess charge carrier, which is sur-
rounded and partially screened by the induced lattice charge.
Spatial movement (polaron transport) of the excess charge
carrier requires lattice distortion along the carrier path deco-
rating the carrier with large effective mass and low mobility.'
Reversible electrochromic processes are very attractive for
numerous applications. Electrochromic thin-film materials
are employed in devices such as “smart windows,” electro-
chromic rear view car mirrors, displays, emissivity modula-
tion devices, and gas sensors, for example.”™ The sixfold-
coordinated tungsten oxide (WO;) is among the most
investigated electrochromic materials and can be found in
many applications.5~® Despite large research efforts and nu-
merous applications, the electronic mechanism responsible
for the coloration process in WOj is still not fully under-
stood. It is unclear if the coloration in WOj5 is associated
with charge intercalation only or also with oxidation pro-
cesses. It is further not clear which lattice sites and bonds are
associated with the polaron formation.

WO; is a wide band gap and highly insulating semicon-
ductor with complex polymorphism and defect chemistry.”~!!
In a simplified description, the crystal structure of WOj5 is
regarded as a modification of the perovskite-type ABO; lat-
tice, in which the A site remains unoccupied and the W at-
oms occupy the B site. This produces a three-dimensional
network of corner-shared octahedra WO4.%!'>"!> The tungsten
oxide crystal structure is very unstable because the decrease
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in ion size of the A site in the ABX; perovskite structure
increases the instability of the structure, which is most un-
stable in WO; because the ion for the A site is missing.
Preparation of amorphous tungsten oxide thin films is fea-
sible with magnetron sputtering at room temperature and at
convenient plasma conditions.!' The crystalline structure of
tungsten oxide thin films strongly depends on the deposition
temperature. In the case of WO; as-deposited thin films fab-
ricated at room temperature with magnetron sputtering, the
crystalline structure is reported as amorphous from x-ray-
diffraction (XRD) measurements.'® Amorphous tungsten ox-
ide films possess very low absorption in the visible spectral
range and are therefore of interest for transparent metal oxide
thin-film applications.

It is generally accepted that light absorption by polaron
transitions (polaron absorption) is due to the transfer of elec-
trons and the electron-induced lattice polarization clouds be-
tween adjacent tungsten ion sites. The polaron absorption
mechanism is seen as the physical origin of the electrochro-
mic property changes (electrochromism).!”!® The mecha-
nism for producing polarons obviously must affect the local
lattice bond properties. Accordingly, insertion or extraction
of charge should be accompanied by distinct changes in the
polarity of bond resonances; while at the same time the po-
laron absorption peak, typically seen in the near-infrared (IR)
spectral range, must be detected. Likewise, for amorphous
thin films, different bonds may be affected and new bonds
may be created if the charge intercalation is further associ-
ated with chemical oxidation, for example. So far, quantita-
tive investigations of polaron formation and associated lat-
tice property changes wupon charge intercalation in
amorphous tungsten oxide films are missing.!” Evidence ex-
ists that upon coloration the oxidation number of the tung-
sten atoms reduces from 6+ to 5+ and which supports the
formation of polarons.'! Tungsten atoms with fivefold oxida-
tion numbers and their captured intercalated charge form po-
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larons. The trapped charge at the W>* site can be transferred
to a neighboring W% site by photon absorption.'"!° The ab-
sorption process is then interpreted by a hopping transfer
mechanism of the polaron between neighboring tungsten at-
oms with different oxidation states. The photon energy is
absorbed such that W* sites trap electrons and convert to the
fivefold oxidation state. In addition, fourfold oxidation states
may exist, which upon photon absorption may transform to
fivefold oxidation by the same polaron hopping mechanism,
but potentially with different excitation energy.’®*! Two
plausible pictures exist for the actual formation of polarons:
the double-charge intercalation model and the oxygen-
extraction model.?>?* In the double-charge intercalation
model, a small cation (usually hydrogen, H*, Li*, or Na*)
and electron are intercalated simultaneously, for example,
into an amorphous tungsten oxide film. The positive ion is
located at the A site without forming bonds and acts as a
charge compensation for the electron. The electron forms the
polaron by changing the oxidation number of a W site to
W3* and is able to transport (“hop”) from one W site to
another upon absorption of photons with sufficient energy. In
contrast, the oxygen-extraction model suggests that oxygen
atoms are extracted from the amorphous tungsten oxide net-
work under the formation of water during an electrochemical
process.?>?3 The often observed columnar structure of amor-
phous tungsten oxide thin films could promote absorption of
hydrogen ions by the porous film structure. After formation
of W-O-H,, oxygen can be extracted and H,O is formed
within a pore. The oxygen defect site then generates reduced
tungsten sites which may further diffuse into the film while
the corresponding electrons compensate for the oxygen loss
forming polarons. The two pictures explain sufficiently po-
laron production and thus electrochromic alteration of the
DF and cannot be distinguished from observation of the DF
within the polaron absorption spectral region alone. Indirect
support for the intercalation model was found from proton
injection into WOj3, where polaron absorption increased with
increasing ion insertion.'!** Yet it remained unclear whether
the light ions were intercalated interstitially or if oxygen was
also extracted from the amorphous tungsten oxide network.
Interestingly, within the phonon (lattice) mode spectral ab-
sorption region the lattice vibrational properties should re-
flect different contributions to the DF within the two model
pictures, since hydrogen incorporation (double-charge inter-
calation model) and oxygen extraction (extraction model)
should affect the local lattice vibrational modes in different
ways. So far, a precise measurement and analysis of the DF
for tungsten oxide thin films within both the polaron and
phonon absorption regions as a function of their intercalated
charge density was not reported. Daniel et al.?® provided
qualitative insight for the lattice resonance behavior in
charge intercalated amorphous tungsten oxide films from po-
larized and unpolarized infrared reflectance data. However,
because no quantitative DF model analysis of the complex
thin-film spectra was attempted, the conclusions remained
vague and confusion persisted about the correct interpreta-
tion of resonance features in the infrared spectra and the
underlying phonon mode resonance frequencies.?

Here we report on the investigations of the DF of amor-
phous tungsten oxide films as a function of the intercalated
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proton (H*) density in the spectral range covering the IR,
near-IR, visible (VIS), and ultraviolet (UV) spectral regions.
Properties pertinent to other types of intercalation may not be
the same as those discussed in this paper. We employ spec-
troscopic ellipsometry (SE) for determination of the DF from
the IR to the UV spectral regions. IR spectroscopic ellipsom-
etry (IRSE) has been demonstrated as a precise tool to deter-
mine phonon and free-charge-carrier properties of semicon-
ductor thin films.?? Previous SE reports discussed the
polaron absorption range from the near-IR to the VIS spec-
tral range.'!"1%3%31 Various approaches for physical line-
shape analysis and polaron property assignment were em-
ployed such as oscillator approaches,?!=3* and parametric
semiconductor models with rigorous treatment of their den-
sity of state functions.?** Previous IRSE focused on uncol-
ored amorphous tungsten oxide and electrochromic device
performance for emittance modulation in the IR spectral
region.**¢ Elucidation of the phonon mode properties in con-
nection with the polaron properties is still lacking. Accord-
ingly, no conclusive statement about the source of the po-
laron cause had been made. In this paper we employ physical
line-shape model functions for parametrization of the mea-
sured DF over a large intercalated charge-density range.
From our model analysis we assign the energies for the
W4 =W>* and the W3* = W?®" polaron transitions and dis-
cuss transition energy and oscillator amplitude parameters as
a function of the intercalated charge density. In the IR range
we observe changes in tungsten oxide phonon modes, which
strongly depend on the intercalated charge density. We iden-
tify a distinct relation between the phonon and polaron prop-
erties, which sheds light on the source of the complex inter-
calation process. From our observations we conclude that
strong indications are given in support of the oxygen-
extraction model. Furthermore, highly proton intercalated
amorphous tungsten oxide films are investigated for possible
evidence of a transition into a metal state, for which indica-
tions were found in electrical studies previously.” Our line-
shape analysis of the DF did not reveal the existence of a
Drude term, which would indicate high densities of free-
charge carriers.’®3° We discuss the absence of such contribu-
tions in light of possible insulator-to-metal transitions.

Our report is structured as follows. Section II outlines a
brief overview on the ellipsometry technique and model DF
approach, Sec. III describes the sample preparation and op-
tical measurement procedure, and in Sec. IV the results are
discussed. The paper closes with a brief summary of the
results of this investigation.

II. THEORY

The DF of a material is a sensitive measure of the intrin-
sic electronic excitation mechanisms and reflects phonon,
plasmon, exciton, and polaron properties, for example.'® A
precise measurement of the DF over a sufficiently large spec-
tral range and subsequent model line-shape analysis can
identify the underlying physics of polarization and absorp-
tion processes. Spectroscopic ellipsometry is a powerful tool
for precise measurement of the DF spectra from thin-film
and bulk materials.*’ In the following, we describe our SE
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data analysis procedure and the physical model line-shape
functions to describe the DF of amorphous tungsten oxide
films.

A. SE data analysis

SE is a versatile precise technique for the determination
of the optical properties of surfaces, interfaces, and thin
films.*! SE measures the ratio p of the complex-valued
Fresnel reflection coefficients for the polarizations perpen-
dicular R, and parallel R, to the plane of incidence and is
commonly expressed in terms of the ellipsometric param-
eters ¥ and A (Refs. 40 and 42):

p= Ry _ tan(W)e™. (1)
R,

The ellipsometric parameters depend on the thickness and
DF & of the individual sample constituents.*> In order to
extract the DF of the layer material of interest from the mea-
sured SE data, first a model has to be established, which
consists of a sequence of parallel layers with perfectly abrupt
interfaces and spatially homogeneous functions &, bound be-
tween a semi-infinite substrate and the ambient. Then, a re-
gression analysis (Levenberg-Marquardt parameter variation
algorithm) is performed, where model parameters are varied
until calculated and experimental data match as closely as
possible.*? A direct way of obtaining the material’s dielectric
function of interest (in our case that of tungsten oxide) is to
numerically invert the experimental SE data for each wave-
length and independently of all other spectral data points
(point-by-point analysis). This procedure requires in our case
the knowledge of all layer thicknesses as well as the DF of
all other sample constituents (electrode layer and substrate).
The DF obtained from the point-by-point analysis needs to
be further compared to physical line-shape models in order
to obtain physically relevant parameters such as phonon
mode frequencies and polaron parameters.** The number of
unknown parameters in the regression analysis can be re-
duced considerably if appropriate parametric-model line-
shape functions are used to describe the DF for the layer
material of interest. Thereby, all measured spectral data
points are simultaneously involved in the regression analysis.
In the case of a parametric-model analysis, the measured data
are directly connected to the physical parameters of interest
and, in principle, the layer thicknesses can also be obtained
simultaneously. Furthermore, parametric models prevent
wavelength-by-wavelength measurement noise from becom-
ing part of the extracted DF, a possible error source for point-
by-point analyzed spectra.’

B. IR dielectric function model

The phonon spectrum of crystalline WO; corresponds to a
bond-stretching (W-O) and an angle-bending mode (O-W-
0), which occur near 800 and 270 cm™', respectively.*’ In
the case of amorphous materials no periodic ordering is
present and therefore it is not possible to speak about a lat-
tice; however, the amorphous network reveals specific vibra-
tion modes, which descends from the ideal crystal structure.
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Polar lattice mode resonances cause distinct dispersion and
absorption features in the spectral dependence of the DF.
Each transverse-optic (TO) lattice mode has a corresponding
longitudinal-optic (LO) mode. The so-called TO-LO rule re-
quires that for multiple-phonon modes the frequencies of the
TO and LO modes must alter according to a sequence
“TO-LO-TO---LO.” The frequencies of the TO and LO
modes correspond to poles and zeros of the DF &(w),
respectively.***” The amount of the TO-LO frequency split-
ting is a measure of the polar strength of each phonon
branch.*>#84% The contribution of “»” polar lattice modes to
the IR DF at photon energy #iw can be described using a set
of Lorentz oscillators with anharmonic broadening to ac-
count for the coupling between the TO and LO modes in
multiple-phonon mode materials,>

14 2 . 2
W +1 w—w
(o) =, ][] MLO.s LO.s

2, - 2
s=1 @7+ 1Y1o W — WrQ

. 2)

where wy o5, Y105 @105 YrOs a0d €, are the wave number
and broadening values of the sth LO and TO phonon mode,
and the high-frequency limit, respectively, and where the in-
dex s runs over v modes (i=\—1 denotes the imaginary unit).
To keep the physical meaning of &(w) in Eq. (2), the condi-
tion Im{e(w)}=0, V w, the TO-LO rule and the generalized
Lowndes condition must be satisfied.?83%31

C. Polaron contribution

Amorphous tungsten oxide films possess a room-
temperature band-gap energy of ~3.4 eV, whereas the band-
gap energy for monoclinic crystalline material was found at
2.6 eV.!1°233 In the present study only amorphous tungsten
oxide films are investigated and the below-band-gap spectral
region is considered. According to the frequency-dependent
electrical conductivity theory of Reik and Heese* and
Schirmer et al.,’® the polaron contribution to the DF is de-
scribed by a single Gaussian line shape or alternatively by a
harmonic Lorentzian-broadened oscillator.>32%57 It has al-
ready been observed that a single Gaussian or Lorentzian
line shape is not fully sufficient to describe the experimen-
tally observed absorption behavior.333°83 Here we obtain
that polaron-induced DF changes in colored tungsten oxide
film must be modeled by two separate oscillators with
Lorentzian and Gaussian line shapes. We identify these os-
cillators with the transitions between W** and W>* and be-
tween W>* and WO states, respectively, as described below.
The polaron contribution to & used here reads as

AWSEES),
(ES)? - (hw)? +iy*Vho

ho— Eg_6) 2
+A(5 6) exp[— (W) :|, (3)
where A", E(f;"), and 7 correspond to the amplitude, po-
laron transition energy, and oscillator broadening parameters,
respectively. The transitions W4 = W>* and W>*=W?® are
denoted by “4-5” and “5-6” within the superscript, respec-
tively.

ef(hw) =
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D. Higher electronic transitions

In addition to the phonon and polaron contributions,
within the near-band-gap region the DF of amorphous tung-
sten oxide further contains contributions from higher-energy
electronic transitions, including the band-gap transition it-
self. Their contributions for photon energies below the band-
gap energy can be properly described by the empirical
Cauchy relation,*

e(hw) =[Cy+ C,(hw)* + Cy(hw)*]?, (4)

where C; are the Cauchy model parameters.
The model DF used in this work is the sum of all indi-
vidual contributions,

e=eM+ef +&C. (5)

III. EXPERIMENT

A set of equally sized samples was deposited under iden-
tical growth conditions at room temperature by radio fre-
quency magnetron sputtering in a large-scale industrial depo-
sition system. Except for one sample, prior to the 270-nm-
thick tungsten oxide films, an indium tin oxide (ITO) layer of
thickness 170 nm was grown on the glass substrate. The ITO
film served as working electrode during the electrochemical
preparation of the samples, whereas the counterelectrode and
the reference electrode consisted of a 99.9% pure titanium
plate and an Ag-Ag calomel, respectively. The charge density
in the samples was controlled by a potentiostat. We used an
electrolyte consisting of a 0.11CF;COOH and 0.4TBACIO,
molar solution in propylene carbonate, with hydrogen ions
(H*) as charge carriers. The inserted ion density per surface
area was obtained from the samples surface area A immersed
into the electrolyte and the total charge Q.

The ratio x of intercalated charge per tungsten ion was
calculated using the molar equation for the number of tung-
sten ions per volume,

oM

x=—= (6)
eAdQNA

where M is the molar mass of tungsten oxide, d is the thick-
ness, 0 (g/cm?) is the film density, e is the elementary
charge, and N, is Avogadro’s constant. For the present cal-
culations the values for the thickness and mass density were
d=270 nm and @=3.6 g/cm’. The mass density is a re-
ported typical value for amorphous tungsten oxide films, as
determined by Rutherford backscattering spectrometry and
x-ray diffraction.?! To ensure an identical initial state for all
samples, prior to the coloration all samples were bleached by
applying a voltage of 2 V for 5 min to the ITO working
electrode and optically characterized. Thereafter, each
sample was charged to a different charge-ion ratio x in the
range from 0 to 0.5, which corresponds to a coloration range
from bleached to ~57% of the maximal coloration as esti-
mated from the saturation model discussed below. Further
increase in the intercalated charge was not attempted to
avoid irreversible changes.

Ellipsometric data in the near-IR to UV spectral range
(from 0.73 to 3.34 eV) were acquired with a rotating com-
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FIG. 1. Cu K« diffraction pattern of as-deposited WO;5 on glass.

The inset depicts a bright field TEM microphotograph of the sample

cross section, where (a) the void, (b) the WOj; film, and (c) the glass
substrate can be observed.

pensator ellipsometer (M-2000™, J. A. Woollam Co.) at nor-
mal incidence for transmission and at angles of incidence
d=60°, 65°, 70°, and 75°. In the mid-IR (from 300 to
5000 ¢cm™!), a Fourier-transform-based spectroscopic ellip-
someter (IR-VASE™, J. A. Woollam Co.) was employed. In
order to reduce the measurement time, the measurements for
the intercalated samples were carried out at ®=70° only. All
optical measurements were performed in a continuously
purged N, atmosphere and at room temperature, where the
instruments were placed inside a dry chamber. Normal-
incidence unpolarized transmission intensity measurements
in the photon energy range of 0.73-3.34 eV were performed.
The crystallographic structure of the investigated WO; thin
films here was analyzed by XRD with a high-resolution dif-
fractometer (D/Max-B™, Rigaku Co.). Cu K« radiation was
used for the diffraction experiments. The XRD spectra were
acquired with a scanning step resolution of 0.05°. For the
TEM investigation, cross-section sample specimens were
prepared out from the WO; coated glass sample. Core disks
were drilled from the sample. The glass was mechanically
dimpled down to ca. 5 um. The final thinning was done on
a dual argon-ion gun milling system from the side of the
glass only. The microphotographs were performed using a
Jeol 2010 high-resolution transmission electron microscope
operating at
200 kV.

IV. RESULTS AND DISCUSSION
A. Structural properties

The XRD pattern of as-deposited WO5 on glass is shown
in Fig. 1. The diffractogram presents the typical XRD pattern
of amorphous WO; on glass as observed in the literature.'®
The inset shows the TEM microphotograph of the film where
a uniform structure without any domain boundaries can be
observed.

B. Polaron properties

Figure 2 shows the experimental and best-match model
calculated data for the ellipsometric parameters ¥ and A in
the near-IR to UV spectral range obtained for five samples
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FIG. 2. Near-IR to UV ellipsometric parameters (a) ¥ and (b) A
for amorphous tungsten oxide films on ITO/glass with increasing
intercalated charge densities (A: x=0; B: x=0.124; C: x=0.250; D:
x=0.375; and E: x=0.5). Spectra are shifted with respect to data A
for better visualization. Data are indicated by solid lines for experi-
ment, dashed lines for double (Gauss-Lorentz) oscillator approach,
and dotted lines for single Lorentz oscillator approach. Asterisk and
cross denote energies of the W+ =W>" and W3>*=W?® transi-
tions, respectively.

with charge densities x from O to 0.5. Each sample was mea-
sured before and after coloration. The data prior to coloration
for samples B-E are identical with those shown for sample A
in Fig. 2. Figure 3(a) depicts the normal-incidence transmis-
sion spectra for the same samples. Fabry-Pérot oscillations
dominate the spectra of the noncharged sample. The gradual
disappearance of Fabry-Pérot oscillations in the visible range
with increasing intercalated charge densities is caused by the
gradual appearance of strong absorption in the near-IR to
VIS spectral range within the amorphous tungsten oxide
films and which is due to the polaron formation upon charge
intercalation. A five-phase model [glass substrate/ITO layer/
tungsten oxide (d)/surface roughness (d,q)/ambient] was
employed for analysis of the W and A spectra from each
sample and subsequent comparison with the transmission
data. We accounted for the (minor) effect of roughness at the
tungsten oxide/ambient interface by including a dielectric
layer (d;ougn=7 nm). The Bruggeman effective-medium ap-
proximation (EMA) was employed to mimic the DF of this
thin overlayer mixing the DF of amorphous tungsten oxide
and voids in equal parts. The optical response of the amor-
phous tungsten oxide film was treated as that of a homoge-
neous isotropic material, while the ITO layer was described
following the previous work from Synowicki.®
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FIG. 3. (a) Normal-incidence transmission intensity spectra for
the same samples in Fig. 2. (b) Best-model calculated Im{e} of the
model DF in the polaron region obtained from data analysis in Fig.
2 and (a). Vertical arrows with asterisk and cross indicate the pho-
ton energy of the W+ =W>* (4-5) and W>*=W?5* (5-6) polaron
transitions, respectively.

Figure 3(b) presents the best-match model calculated
near-IR to UV model DF for the differently charged amor-
phous tungsten oxide films. The Lorentz-Gaussian double-
oscillator model in Eq. (3) was used for parametrization of
the model DF. The main contribution of the absorption is
described by the Gaussian line shape, which reveals a higher-
energy side band modeled by the Lorentz oscillator. The
match between experiment (solid lines) and model calcula-
tion (dashed lines) leads to virtually indistinguishable graphs
in Fig. 2. We also attempted to use a single Lorentz oscillator
model (dotted lines in Fig. 2) and observed increasing devia-
tion between experiment and model data for higher charged
samples, which are included in Fig. 2 as well. The double-
oscillator description implies the presence of two separate
optical transitions. This finding is corroborated by the model
suggested previously by Lee et al.®' Based on Raman mea-
surements of Li*-intercalated WOj5 thin films, Lee et al.®!
concluded that as-deposited amorphous WO; thin films in-
clude predominantly W® and W*" states denoted as
Wﬁ’fo4+O3_x. The charge intercalation leads to a reduction
in a fraction of the W states to W>* while leaving the W**
states unaffected. The colored films therefore contain W**,
W3*, and W®* states, and the optical absorption is caused by
optical polaron transitions between W** and W>* states
(WH=W>") and W>* and Wo* states (W>*=W5*),

hv+ Wi+ Wit — W+ Wi,
hv' + Wi+ Wt — Wi+ Wt ()

where hv and hv' are the corresponding photon energies.
Ozkan et al.?! concluded previously from optical-absorption
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FIG. 4. (a) Double-oscillator amplitude parameters for the 4-5
and 5-6 polaron transitions as a function of the charge intercalation.
(b) Same as (a) for the broadening parameters. (c) Polaron energy
parameters. The dash-dotted line in (a) is the best-match model
curve following the exponential saturation behavior. Dashed and
dotted lines are plotted as guides for the eyes.

measurements that the W+ = W>* transition occurs at 1.75
eV, whereas the W3*=W?®* transition was found at 1 eV.
Both transition energies are in close proximity to the energies
found here from our double-oscillator model and which are
indicated in Figs. 2 and 3(b). Reik and Heese>* and Schirmer
et al.> described the polaron contribution to the DF by a
single Gaussian line shape. Description of the polaron con-
tribution with a single Lorentz oscillator was also often
reported.>3!3237 However, many authors indicated that a
single Gaussian line shape cannot completely account for the
optical properties of colored WO5.333%35% Qur analysis re-
veals that the polaron-induced DF changes in colored amor-
phous tungsten oxide films is excellently characterized for
charge densities between x=0, ...,0.5 by using two separate
oscillators with Lorentzian and Gaussian line shapes. We ob-
served upon implementation of the assignment by Ozkan et
al.*' that the Lorentz oscillator accounts for the W+ = W>*
transition and that the Gaussian is associated with the
W+ =W©®" transition.

Figure 4(a) summarizes the dependencies of the ampli-
tude parameters of the W**=W>* and W>*=W?®" transi-
tions for different intercalated charge densities. Both ampli-
tude parameters increase upon charge intercalation. Here we
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have included results from ten additional samples with vari-
ous charge densities. It is of interest to note that the two
amplitudes reflect a competing relationship. While the indi-
vidual amplitudes vary nonexponentially, the sum of both
amplitudes can be well described by an exponential satura-
tion behavior,

Alx) =A (1 — e %) + A, (8)

The best-match calculation using Eq. (8) to the sum of the
amplitude parameters as a function of the charge density re-
sults in A;=11.3%x2.6, A)=0.173.3*£0.05, and k,
=0.99 =0.28. This saturation behavior is typical for the col-
oration of tungsten oxide.?>6263 The increase in absorption
and exponential saturation with increase in charge density x
can be well understood by polaron hopping mechanisms. As
the number of the intercalated electrons (charge density x)
increases, the number of “empty” sites (11p,,) reduces. As-
suming that the optical polaron absorption takes place if an
empty site is available and that this absorption is propor-
tional to the number of intercalated charge (1-ny,), the
problem reduces to finding n¢p,,. If the change in n.y, with
charge density x is proportional to x then

dn
— =k, ©)
dx
and nempzNe"‘ﬂ", where N is the total number of available
sites. If every polaron transition contributes to the absorption
by A« then the absorption can be expressed as

a(x) = amax(l - e—ka,x) s (10)

where a,,,=AaN. Indeed, the observed DF model ampli-
tude parameters follow such exponential behavior. Equation
(8) may be used to estimate the coloration in our samples,
which apparently reached ~41% according to the maximum
combined amplitude for x=0.5 in Fig. 4.%*

Figure 4(b) depicts the broadening parameters of the
W4 =W>* and W3*=W?®" transition as a function of the
intercalated charge density. Both parameters initially in-
crease with charge density and then seem to saturate; how-
ever, both also carry a large uncertainty limit. Figure 4(c)
presents the dependencies of the energy parameters of the
WH=W>* and W>*=W®" transitions. As the charge den-
sity increases, for small densities, the W3+ =W® transition
energy remains constant, while the W4 = W?>* transition is
strongly blue shifted. At x~ 0.25 both transitions begin to be
affected by a redshift. The redshift of the resonance energy
with increasing charge densities is concordant with observa-
tions made in previous investigations on tungsten oxide film
samples.?30360 The redshift is caused by the increasing
many-body charge interaction and indicates the gradual tran-
sition to the metallic state (insulator-to-metal transition) in
tungsten oxide. The initial strong blueshift of the W** = W>*
transition remains unexplained at this point.

C. Mid-IR spectral range

The ellipsometric data were analyzed using a model layer
calculation scheme analogous to the data analysis for the
near-IR to UV spectral regions. Figure 5 shows the experi-
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500 1000 1500 2000
Wavenumber (cm’])

FIG. 5. Experimental (dotted lines) and best-match calculated
(solid lines) SE W and A spectra at an angle of incidence of 70°.
The charge densities are the same as in Fig. 2. Brackets indicate TO
(solid vertical lines) and LO (dashed vertical lines) of tungsten ox-
ide bending (I) and stretching (IT) modes. The W (A) spectra are
shifted in steps of 2.5° (20°) with respect to data set A for better
visualization. The hydroxyl group vibrations are indicated by verti-
cal arrows.

mental and best-match model calculated ¥ and A IRSE
spectra, where charge concentration increases from bottom to
top. Both experimental data and best-match model are virtu-
ally indistinguishable. The IRSE data in the measured spec-
tral range of interest from 300 to 2000 cm™' reveal strong
contributions from lattice vibration modes. In addition, de-
pending on the intercalated charge density x, a subtle low-
energy tail of the polaron contribution extends into the IR
spectral region. The asterisk in Fig. 5 marks a feature that
originates from the underlying glass optical properties. Fig-
ures 6 and 7 present Im{e} and Im{-1/¢&}, respectively, ob-
tained by the parametrized model DF approach (solid lines)
and the point-by-point data inversion (dotted lines).®” Both
approaches were described in detail previously.** Table I
summarizes the best-match IR DF model parameters. We
emphasize the excellent agreement between the point-by-
point inverted DF spectra and the model DF. Model line-
shape approaches can subsume small resonance lines into
adjacent model line shapes of larger amplitudes. Subtle fea-
tures may thereby become extinct within the resulting spec-
tra, when presented as the “original” data. The differences
between the point-by-point inversion and the model DF
spectra in Figs. 6 and 7 are minor only and represent data
noise.

The IR model DF in Figs. 6 and 7 for amorphous tungsten
oxide films requires contributions from six oscillators ac-
cording to Eq. (2). Two oscillators account for the bending
(labeled band I in Fig. 8) and stretching (band II in Fig. 8)
lattice vibration modes and two modes for W=0 bonds (la-
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Im{€}

500 1000 1500 2000

Wavenumber (cm” 1)

FIG. 6. Point-by-point inverted (dotted lines) and model DF
(solid lines) Im{e} spectra. Vertical lines indicate TO (solid line)
mode parameters within the model DF.

beled III and IV in Fig. 8). Two additional harmonic oscilla-
tors [Eq. (2) with yro=0] are required for wave numbers
0~ 1420 and w~1620 cm™'. These frequencies coincide
with hydroxyl (O-H) group vibrations. A subtle polaron-
induced IR absorption tail was included by the double-
oscillator model functions and parameters corresponding to
the actual intercalated charge concentration as discussed in
Sec. IV B. TO (solid lines) and LO (dashed lines) vibration
modes amorphous tungsten oxide identified here are indi-
cated by vertical lines in Figs. 5-7.

Figure 8 summarizes the TO and LO frequencies versus
intercalated charge density. Hatched areas indicate the re-

-Im{1/€}

0.01
500 1000 1500 2000

‘Wavenumber (cm‘l)

FIG. 7. Same as Fig. 6 for Im(—1/g). Vertical lines indicate
LO-mode parameter frequencies obtained from the model DF.
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TABLE 1. Best-match model calculation lattice vibration mode
parameters in (cm™!) at various intercalated charge densities. The
confidence limits are given in parentheses.

X WTO,1 WLo,1 WT0,11 @Lo,1n
0.0 278.5 403.9 631.1 890.9
(4.6) (1.7) (1.5) (2.9)

0.124 278.5 414.1 621.4 890.4
(4.6) (4.0) (3.8) (7.3)

0.250 278.5 415.8 623.8 897.3

(4.6) (5.6) (4.2) (10.9)
0.375 278.5 375.7 625.5 803
(4.6) (12.5) (6.1) (29)
0.50 278.5 397 614.0 781
(4.6) (11) (7.7) (60)

X WTO,111 WO, T, IV @O,V

0.0 942.1 943.5 981.5 995.2
(2.0 (0.3) (2.4) 0.5)

0.124 924.6 937.1 973.9 995.1
(4.6) (1.5) (3.6) 0.7)

0.250 930.6 939.5 968.1 1000.1
(9.3) (3.7) (6.3) (1.3)

0.375 896 956.8 982.1 995.9
(15) (6.7) 3.1) 2.1)

0.5 896 955 978.4 988.9
(22) (11) 2.1) (1.7)

X T,V WLo,v WTO,VI WLo,VI

0.0 1425.6 1427.6 1614.6 1617.6
(0.7) 0.7) 0.7) 0.7)

0.124 1424.1 1428.0 1614.7 1619.0
(0.9) 0.9) (1.4) (1.5)

0.250 1425.3 1428.9 1614.7 1619.6
(1.3) (1.3) (2.0 (2.1)

0.375 1429.4 1431.9 1617.1 1620.3
(1.5) (1.5) (1.3) (1.3)

0.50 1431.0 1433.9 1621.6 1625.5
(1.7) (1.6) (1.8) (1.8)

gions between individual TO-LO pairs and which correspond
to bands of high reflectivity. The TO mode for band I is
outside the spectral range accessible here. Therefore, its fre-
quency was assumed from previous studies and not further
varied during data analysis. The main observations from the
evolution of the vibrational modes with intercalated charge
density are that (i) band II diminishes drastically with x, (ii)
bands III and IV evolve and increase with x, and (iii) the
hydroxyl group vibrations remain mostly unaffected by x.

1. Bands I and 11

The TO frequency of band II remains unaffected, while
the LO mode clearly shows a redshift for x>0.375. This is

PHYSICAL REVIEW B 78, 245205 (2008)

1600} * : : ‘ " VL
1500 -
@ @ @ ® 1] V
1400 | §
~ 1000 | g e;) f g g IV—
= . & § 11
5 900} o - 2 : i
5
€ soof : 1
=
S
g 700f JIE
600 |- hd . . 3 s |
500 §
400} o : ¢ : 5 -
1
300
. . . . .

0.0 0.125 0.25 0.375 0.5
Charge to ion ratio x

FIG. 8. Dependencies of the wrp; and w o ; frequencies on the
intercalated charge density x. The dash-dotted horizontal line indi-
cates the limit of the accessible experimental spectral range.

equivalent to a decrease in the oscillator strength of the
stretching O—W-0O mode and represents an important quan-
titative evidence of the interaction of the intercalated charge
with the optical phonon structure of amorphous tungsten ox-
ide. The softening of a mode corresponds to a weakening of
the chemical bonds reflected by the reduction in the TO-
mode frequency of the corresponding vibration, whereas a
decrease in the polarity of a vibration is associated with the
decrease in density of the corresponding bond. When a six-
fold ionized tungsten atom is reduced to a fivefold ionized
state, it is expected that a reduction in the polarity of these
bonds takes place in the O-W-O assigned mode and no soft-
ening of the stretching O-W-0O should occur.

2. Bands III and IV

The vibrational origin of bands IIT and IV was assigned to
terminal W=0 groups.”> We observe here for x=0 that the
contribution of band III to the DF is almost negligible; how-
ever, with increasing charge intercalation this mode evolves
indicative for an increase in W=0 bonds. In contrast, band
IV remains practically unaltered during the intercalation pro-
cess. Our finding is congruent with observations by Daniel e?
al.® who suggested formation of terminal W=0O groups
formed at the film-ambient or film-electrode interfaces of the
film. From our IR phonon model calculations we cannot dif-
ferentiate whether such terminal groups have formed at the
film interfaces or else if W=0 bonds have formed within the
film. We argue here that upon extraction of oxygen and in-
tercalation of electrons, W—O-W bonds are broken produc-
ing double-bonded W=0O sites and reduced-oxidation state
tungsten sites with attached electrons thereby forming po-
larons. Because the polaron absorption detected in the
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NIR-VIS DF and discussed in Sec. IV C is a volume prop-
erty of the film, we conclude that the W=O bonds form
within the films.

3. Hydroxyl group vibrations

Moisture absorption in tungsten oxide originates mainly
from the acidic solution employed for the charge intercala-
tion and is typically present.”*3* Water has known stretching
and bending vibrations of its molecule near 1616, 2780,
3234, and 3478 cm™'. The small-polarity bands at 1425 and
1620 cm™! are assigned to hydroxyl group vibrations. Such
are obviously present within the films remaining from the
chemical coloration process and from further aging upon ex-
posure to normal ambient conditions.>**® We note that
modes at 3234 and 3478 cm™' were not observed here. In-
corporation of additional O-H bonds during the intercalation
process would drastically increase the oscillator amplitudes
in the model DF obtained for the intercalated states. As seen
in Fig. 8 the small-polarity bands at 1425 and 1620 cm™!
remain practically unaltered upon charge intercalation, which
indicates that additional O-H bonds are not formed. The
broadening parameters for the hydroxyl bands increase
slightly upon charge intercalation and which causes the ap-
parent increase in the hydroxyl absorption bands in Figs. 6
and 7. Note, however, the logarithmic scale for both figures,
which distorts visual judgment increase in the small contri-
butions from the hydroxyl groups in this presentation.

We conclude from our observations that the oxygen-
extraction model is relevant for the polaron formation
mechanism in amorphous tungsten oxide films. These obser-
vations are the experimental evidence of previous first-
principles pseudopotential calculations within the local-
density approximation, where it was found that an oxygen
vacancy in WOj5 gives rise to donorlike defect states.®” Upon
charge intercalation new W=0 bonds are created, whereas
W-0O-W bonds are removed. An intercalated electron forms
a polaron by changing the oxidation number of a W* site to
W3* (or W37 site to W**). The extracted oxygen leaves two
tungsten sites with unsaturated bonds; one of which is
adopted by forming a double W=0O bond, and the other
forms a [W>*,e] or [W*,e] polaron. The hydrogen-
intercalation model assumes that hydrogen is stored in the A
place of the perovskitelike WOj5 structure creating additional
O-H bonds and [W>*,¢] or [W**,e] polarons. Because the
O-H modes remain unchanged in our investigations, we ar-
gue that no additional hydrogen is intercalated. We conclude
that polaron formation has occurred as described within the
oxygen-extraction model.

Finally, we note that for all studied samples, the absence
of free-charge carriers was a common characteristic, which
was revealed by the absence of a Drude-type oscillator
(wro=0) in our best-match model DF. IRSE has been re-
cently used as precise means to study the free-charge-carrier
properties in semiconductor thin films. Existence of an
insulator-to-metal transition in amorphous tungsten oxide
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films was previously concluded by Crandall and Faughnan®’
from electrical conductivity measurements.” The authors at-
tributed a strong increase in conductivity to the transforma-
tion of the polarons to a metal-like conductivity and which
was observed for intercalated charge-density ratios above a
critical value of x.=0.32. Accordingly, the samples studied
here with x=0.5 should well reflect this transition. The ab-
sence of free-charge-carrier contributions to the IR response
here might find an explanation by a large effective mass of
the polarons. The detection limits for the determination of
free-charge-carrier parameters depend on the effective carrier
mass M., the carrier mobility u, and the layer thickness d.”°
Assuming a charge-carrier mobility of 20 ¢m?/V s, which
renders a typical conductivity of amorphous materials, and a
free-charge-carrier effective mass of m.;=1.75,"" our esti-
mated detection limits for free-charge-carrier concentration
is ~3X 10" c¢m™.383% These values correspond to a resis-
tivity of ~1 € cm and which is higher than the value re-
ported by Crandall and Faughnan.?” The electrical conduc-
tivity reported by Crandall and Faughnan®’ should produce a
measurable Drude absorption, unless the actual effective
mass of the polarons is much larger than m.;=1.75. In fact,
the polaron energies plotted in Fig. 4 reveal that the polarons
are still bound charge carriers. While their energies begin to
decrease, the associated bond charge cloud is still present
dressing the charge carriers with large effective mass. Ac-
cordingly, no free-charge-carrier Drude term is detected in
our investigation.

V. SUMMARY

We obtained the evolution of the polaron and lattice mode
properties in amorphous tungsten oxide thin films by spec-
troscopic ellipsometry. Analysis of the dielectric function in
the infrared to ultraviolet spectral regions as a function of the
intercalated charge density resulted in parametric physical
model functions. We observed a strong increase in the po-
laron absorption in the visible spectral range, a decrease in
the infrared W—O bond polarity, and an increase in the W
=0 bond polarity upon charge intercalation. Our findings
support the oxygen-extraction model as the polaron forma-
tion mechanism in tungsten oxide in accordance with previ-
ous first-principles pseudopotential calculations. We sug-
gested polaron formation by oxygen-related defect
generation as the origin for the coloration mechanism in
tungsten oxide. We further discuss possible evidence for very
large effective mass of the polarons within the insulator-to-
metal transition regime.
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