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ABSTRACT: Nanocrystalline WO; thin films were produced by sputter-
deposition by varying the ratio of argon to oxygen in the reactive gas mixture
during deposition. The surface chemistry, physical characteristics, and optical
properties of nanocrystalline WOj; films were evaluated using X-ray photo-
electron spectroscopy (XPS), scanning electron microscopy (SEM), atomic
force microscopy (AFM), X-ray reflectivity (XRR), and spectrophotometric
measurements. The effect of ultramicrostructure was significant on the
optical properties of WOj; films. The XPS analyses indicate the formation of
stoichiometric WO; with tungsten existing in fully oxidized valence state
(WS*). However, WO, films grown at high oxygen concentration (>60%) in
the sputtering gas mixture were over stoichiometric with excess oxygen. XRR
simulations based on isotropic WO; film—SiO, interface—Si substrate
modeling indicate that the density of WO; films is sensitive to the oxygen

Band gap (eV)

content in the sputtering gas. The spectral transmission of the films increased with increasing oxygen. The band gap of these
films increases from 2.78 to 3.25 eV with increasing oxygen. A direct correlation between the film density and band gap in
nanocrystalline WO; films is established on the basis of the observed results.
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1. INTRODUCTION

Tungsten oxide (WO,) is an intensely studied representative
of a group of “chromogenic” materials because of the coloration
effects associated with various processes.' ® There has been
a great deal of recent interest in low-dimensional structures
of WO; for a wide variety of applications in optoelectronics,
microelectronics, selective catalysis, and environmental engi-
neering.”~>° WOj has been in use for the development of smart
windows for energy-efficient architecture of buildings and auto-
mobiles, flat-panel displays, optical memory and writing—reading—
erasing devices, and electronic information displays." ™6 It has
been demonstrated that WO; films exhibit chemical sensing
properties that have numerous applications in environmental
and industrial pollution monitoring.”~*® WOy films exhibit ex-
cellent functional activity to various gases (e.g, H,S, NO,,
trimethylamine, and other organics) and are suitable for use in
integrated sensors.">~'® Most recently, the attractive properties
of WOj;-based materials have increased their consideration for
application in photoelectrochemical cells (PECs) for hydrogen
production by water splitting."”~>' In addition, Zheng et al.
have proposed and demonstrated new applications of WO,
in emerging dye-sensitized solar cells (DSSC) technology.**
Although the efficiency is not comparable to those that employ
the best known TiO,-based DSSCs, there are options to tailor
the microstructure and chemistry in order to improve the
efﬁciency.22 A very detailed account of structure, synthesis, and
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application of nanostructured WO, can be found in a current
review article where the opportunities and scope for further
exploitation of nanostructured WO, materials in emerging
technological applications is presented.*®

WO; is a complicated material with respect to crystal struc-
ture and thermal stability because of several structures, such
as monoclinic, triclinic, tetragonal, orthorhombic, cubic, and
hexagonal for pure and oxygen deficient WO;.'">**7** At room
temperature, WO, crystallizes in a triclinic structure and
exhibits structural transformation at higher temperatures.
Investigations on bulk WO; report the following sequence:
triclinic (~30 °C) — monoclinic (330 °C) — orthorhombic
(740 °C) — tetragonal.l’3’24_29 Additionally, formation of
pyrochlore WOj structure at about 373 K has been reported.
The ideal WO; crystal structure can be represented as a cubic
ReO; structure.>"** In fact, the polymorphs of WO; can be
described as distortions from the cubic ReO; structure,"**™°
However, WO; thin films prepared by a wide variety of chem-
ical and physical techniques employing various processing con-
ditions usually exhibit different crystal structure, morphology,
surface/interface chemistry, and electronic and electrochemical
properties.' ~'73374
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The optical, photochemical, and electrical properties of metal
oxide thin films grown from chemical or physical vapor deposi-
tion methods are sensitive to the physical and chemical charac-
teristics, which in turn depend on the processing conditions
and precursor materials. For instance, the density and index
of refraction for TiO,, SiO, HfO,, and ZrO, thin films was
shown to be sensitive to the processing conditions.*' ~* From
this point of view, a detailed understanding and control over
the physical parameters (e.g., crystal structure and density) and
chemical parameters (e.g., valence state of W ions and com-
position) in WOj; thin films is required in order to optimize
performance for a given application. The present work was,
therefore, performed on sputter-deposited nanocrystalline
WO, films under varying the oxygen partial pressure at a
fixed deposition temperature. Earlier we reported on the effect
of deposition temperature on the microstructure and electrical
properties of nanocrystalline WO, films.**™*® We found that
the effect of growth temperature is significant on the structure,
phase, grain-size and electrical conductivity of nanocrystalline
WO, films.**® The objective of the present work is to derive a
detailed understanding of the surface chemistry, density and
optical properties, which will have profound influence on the
optical, electronic, and photochemical device performance of
WO; films. Interestingly, a correlation is found between surface
chemistry, density, and band gap in nanocrystalline WOj; films
as presented and discussed in this paper.

2. EXPERIMENTAL SECTION

A. Fabrication. WO; thin films were deposited onto optical grade
quartz and silicon (Si) (100) wafers by radio frequency (RF) (13.56 MHz)
magnetron sputtering. All the substrates were thoroughly cleaned
using the standard procedure reported elsewhere,® and dried with
nitrogen before introducing them into the vacuum chamber. The
chamber was initially evacuated to a base pressure of ~1 X 107® Torr.
Tungsten (W) metal target (Plasmaterials Inc.) of 3” diameter and
99.95% purity was employed for reactive sputtering. The W-target was
placed on a 3 in. sputter gun, which is placed at a distance of 8 cm
from the substrate. A sputtering power of 40 W was initially applied to
the target while introducing high-purity argon (Ar) into the chamber
to ignite the plasma. Once the plasma was ignited, the power was
increased to 100 W and oxygen (O,) was released into the chamber
for reactive deposition. The flow of the Ar and O, and their ratio was
controlled using as MKS mass flow meters. Before each deposition, the
W-target was presputtered for 10 min using Ar alone with shutter
above the gun closed. The samples were deposited by varying the
oxygen content in the reactive gas mixture while keeping the deposi-
tion temperatures (T,) fixed at 400 °C. Specifically, the oxygen gas
fractionation ratio [I" = O,/Ar+0O,] is varied in order to study the
effect of oxygen gas flow rate on the structure and optical properties of
WO; films. The deposition was made for a constant time of 60 min.
The substrates were heated by halogen lamps and the desired
temperature was controlled by an Athena X25 controller.

B. Characterization. The grown WO; films were characterized by
performing structural and optical measurements. Surface imaging
analysis was performed using a high-performance and ultra high resolu-
tion scanning electron microscope (Hitachi S-4800). Secondary electron
imaging was performed on WO; films grown on Si wafers using carbon
paste at the ends to avoid charging problems. The grain detection, size-
analysis and statistical analysis was performed using the software
provided with the SEM. X-ray reflectivity (XRR) measurements were
performed using a Bruker Discover D8 X-ray diffractometer. Samples
grown on Si substrates were employed for XRR measurements. All the
measurements were made ex situ as a function of partial pressure. The
thickness and density calculations were performed by fitting the XRR
data using LEPTOS software. The film thickness was obtained by the
period of oscillations in the XRR curve. The film-density was deter-
mined by the position of total reflection edge. Surface imaging was also
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performed using an atomic force microscope (AFM) (Nanoscope
IV-Dimension 3100 SPM system). WO; films grown on Si wafers were
used for AFM analysis. The main purpose of AFM measurements
was to obtain quantitative information on the surface roughness and
compare with the results of XRR fitting.

XPS measurements were performed with a Physical Electronics
Quantera scanning X-ray microprobe. This system uses a focused
monochromatic Al Ka X-ray (1486.7 eV) source for excitation and
a spherical section analyzer. The instrument has a 32 element multi-
channel detection system. A 100 W X-ray beam focused to 100 ym
diameter was rastered over a 1.4 mm X 0.1 mm rectangle on the
sample. The X-ray beam is incident normal to the sample and the
photoelectron detector is at 45° off-normal. High energy resolution
spectra were collected using a pass-energy of 69.0 eV with a step size
of 0.125 eV. For the Ag 3d5/2 line, these conditions produced a fwhm
of 0.91 eV. The sample experienced variable degrees of charging. Low
energy electrons at ~1 eV, 20 yA and low energy Ar* ions were used
to minimize this charging.

The optical properties of WOj; films were evaluated using optical
transmission and reflectance measurements using Cary 5000 UV—vis-NIR
double-beam spectrophotometer. Films grown on optical grade quartz
were employed for optical property measurements. The quartz
substrates employed extends the transparency range down to ~190
nm and determining the absorption edge extending into ultra-
violet (UV) region, which is more than sufficient to determine the
band gap shift in deficient or stoichiometric or metal incorporated
WO, films.

3. RESULTS

A. Surface Chemistry — XPS. X-ray photoelectron spectro-
scopy (XPS) data indicate that the WO, films are stoi-
chiometric within a certain range of oxygen content in the reac-
tive gas mixture while it becomes overstoichiometric for higher
oxygen content. An XPS survey spectrum of a representative
sample (I" = 0.9) is shown in Figure 1. The XPS curve of as-
grown sample (Figure 1a; lower panel) indicates that W and O
were the main constituent elements of the samples, except for
the C present in the sample surface. The C 1s peak observed
at a binding energy (BE) of 284.6 eV for as-grown samples
originates from surface adsorbed carbon species. It can be seen
in the XPS curve (Figure 1b; upper panel) of the same sample
that was sputtered for a few minutes with 2 kV Ar" jons that it
shows no signal from C 1s level. This is a clear indication that
the carbon presence is a result of adsorbed species on the film
surface due to sample handling and can be removed with a light
sputtering of the surface with low-energy Ar" ions.

The detailed core-level spectra of W 4f and O 1s peaks for
WO; films are shown in Figure 2. For WOj; films grown with
I' = 0.5-0.9, the XPS W 4f core-level peak exhibits a well-
resolved doublet corresponding to W 4f;, and W 4f,, (Figure 2;
upper panel) at the binding energy values of 37.9 and 35.8 eV,
respectively. The W 4f; , peak at 35.8 eV in this work is in good
agreement with the literature value of 35.7 eV characterizing
the W state in WO;.**~*® The corresponding O 1s core level
peak at BE~530.5 eV (Figgure 2; lower panel) is the typical of O
atoms bonded to W.*”** Absence of any other contributions,
such as surface adsorbed oxygen or carbonyl groups, can be
noted. Also, the O 1s core level is symmetric for all the samples
reflecting the characteristic feature of O atoms bonded with W
atoms only. The chemical composition determined using inte-
grated peak areas and sensitive factors indicate that the O/W
ratio was maintained well in the films grown at I = 0.5—1.0.
However, it was noted that for samples under 2 kV Ar" sput-
tering i.e., after the removal of a few top surface layers, the
oxygen to tungsten atomic ratio in WO; films is always higher
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Figure 1. XPS survey spectra of WO; films. The survey spectrum
obtained (a) before Ar" ion sputtering and that obtained (b) after
sputtering are shown. The X-ray photoemission and Auger peaks and
their respective binding energy positions are as indicated. It is evident
that the C Is peak disappears after Ar* jon sputtering indicating the
adsorbed carbon on the samples surface.

than expected for those samples grown at I' > 0.6. This ob-
servation indicates that there is excess oxygen trapped during
the successive layer formation during film growth.

B. Film density and surface/interface structure — XRR,
SEM, and AFM. The XRR patterns of WO; films are shown
in Figure 3. Simulation of the XRR experimental data using
appropriate models can provide physio-chemical information
of the nanocrystalline WOj; films. Specifically, the surface and
interface roughness, thickness and density of the WO, films can
be obtained from XRR spectra.*” The density can be obtained
from the total reflection or critical edge.*’ Film thickness can be
derived from the period of the oscillations in the XRR spectra.
In the present case, it is evident that the experimental and simula-
tion curves are in excellent agreement for WO, films (Figure 3).
The stack model used to simulate the spectra is shown in the
inset of Figure 3a. The model contains, from top, WOj; film,
SiO, interface and Si substrate. The surface and interface
roughness were also considered in order to accurately fit the
experimental XRR spectra of WO; films. The following obser-
vations can be made from the XRR spectra (Figure 3). A posi-
tive shift (higher angle) of the critical edge with increasing
oxygen flow rate is the first. The oscillations extend toward
higher angle (>2°) is the second. The latter observation indi-
cates that the film roughness is not very high. The positive shift
of the critical edge indicates an increase in the film density with
increasing oxygen content in the reactive gas mixture. The
density varies in the range of 4.98—5.98 g/ cm’.
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Figure 2. Core level XPS spectra of (a) W 4f and (b) O 1s.
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Figure 3. XRR experimental simulation curves of nanocrystalline WO,
films. (a) The fitting procedure and the stack model employed are
shown for films grown at I' = 0.5. (b) The XRR curves and fitting
is shown for a series of WO, films grown at variable oxygen concen-
tration values.
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The film thickness and interfacial oxide thickness were also
determined from XRR analysis. The variation of film thickness
as a function of oxygen concentration is shown in Figure 4. It is
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Figure 4. Variation WO; film thickness with oxygen concentration in
the sputtering gas mixture. A continuous decrease in film thickness
with increasing oxygen concentration can be noted. Inset shows the
variation of interfacial SiO, thickness with I" values.

evident that the film thickness decreases with increasing oxygen
concentration. However, although the growth part is not very
significant, a slightly increasing trend for interfacial oxide (SiO,)
with increasing oxygen concentration can be seen in the inset.
Increasing oxygen pressure reduces the energy that the particles
attain to the substrate and their mobility, making it more dif-
ficult for the sputtering species to bombard the substrate and,
thus, leading to decreasing film thickness. During sputtering
process, the target species are subjected to collisions with am-
bient gas molecules and other ejected atoms. The reactive
sputter-gas, therefore, impedes the mobility and trajectory of
sputtered species.

SEM images of nanocrystalline WO; films are shown in
Figure 5. The fine microstructure and uniform distribution

Figure S. High-resolution SEM images of WO; films as a function of
oxygen concentration in the sputtering gas mixture.

characteristics of the particles are evident in the micrographs
(Figure S). The X-ray diffraction (XRD) data (not shown)
confirmed that these are crystalline grains. The average grain
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size, determined from XRD, gradually decreases with increasing
oxygen flow rate. The grain size increases from 21 to 25 nm
with increasing I" to 0.65, at which point the grain size exhibits
a decreasing trend to attain the lowest value of 1S nm atI" = 1.
The corresponding roughness and the randomness of the grains
decrease with increasing oxygen content. Variation of the film
surface roughness with oxygen concentration is presented in
Figure 6. The values were determined from the XRR data
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Figure 6. WO; film surface roughness determined from XRR.

where the surface roughness is varied order to obtain a best fit
the experimental and simulation curves. The surface roughness
values and their variation agrees well with the root-mean-square
(rms) value surface roughness values obtained from AFM (not
shown). It can be seen that the surface roughness decreases
slightly with increasing oxygen concentration in the sputtering
gas mixture.

C. Band Hap — Spectrophotometry. The optical trans-
mittance spectra of WO; films are shown in Figure 7. The spectral
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Figure 7. Spectral transmittance characteristics of WO; films as a
function of oxygen concentration in the sputtering gas mixture. Inset
shows the shift noted in the curves, as pointed by arrow, with
increasing oxygen concentration.

transmission curves reveal the following characteristic features.
(1) WO, films in general show a high transparency in the
spectral region except where the incident radiation is absorbed
across the band gap (Eg). This observation indicates the high-
quality and transparent nature of WO, films. (2) An increase
in optical transmittance with increasing oxygen content in the
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reactive gas mixture. Inset in Figure 7 shows the expanded
version of the transmittance spectra in a selected spectral region
to show the effect of I" values. The behavior indicates that the
effect of oxygen concentration in the sputtering gas influences
the optical properties. (3) The oxygen content also influences
the absorption across the band gap. It is evident that the
absorption edge shifts to lower spectral region indicating that
the increasing oxygen increases the energy of the absorption
edge. An arrow with a window is presented as shown in inset of
Figure 7 to indicate the absorption edge shift as a function of
increasing I" values.

A further analysis of the optical spectra is performed in order
to better understand effect of oxygen content in the reactive gas
mixture on the optical properties and to derive a quantitative
structure—property relationship. It is well-known that the optical
absorption below E, follows an exponential behavior.">*** The
absorption, therefore, is exponentially dependent on the energy
(hv) of incident photon in that region. For WO;, in the E, region
(high absorption) or above the fundamental absorption edge, the

absorption follows a power law of the form">3+%°
(ahv) = B(hv — Eg)2

{1}where hv is the energy of the incident photon, a the
absorption coefficient, B the absorption edge width parameter,
E, the band gap. The optical absorption coefficient, @, of the
films is evaluated using the relation”***>°

a = [1/t]ln[T/(1 = R)*]

{2}where T is the transmittance, R the reflectance, and t the
film thickness. The thickness values determined from XRR
were employed to obtain the optical absorption coefficient of
nanocrystalline WOj; films. The absorption data and the plots
obtained for WO; films are shown in Figure 8. It is evident that
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Figure 8. (ahv)'? vs hv plots for WO; films grown at various oxygen
concentration values. Extrapolating the linear region of the plot to
hv = 0 provides the band gap value as indicated with an arrow.

(ahv)"? vs hy results in linear plots in the high absorption
region, o > 1 X 10* em™, suggesting indirect allowed transi-
tions across E, of WO; films. Regression analysis and extrap-
olating the linear region of the plot to hv = 0 provide the band
gap value as indicated with an arrow in Figure 8. The E, values
derived from curves shown in Figure 8 increases from 2.78 to

3.25 eV with increasing I" values.

4. DISCUSSION
The chemistry—density—band gap (optical property) relation-

ship in nanocrystalline WO; films can be derived on the basis of
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the observed results and taking the simultaneous effect of
oxygen content in the sputtering gas mixture and, hence,
the associated effects into account. A decrease in film thickness
with increasing oxygen concentration in the sputtering gas
mixture indicates that the effective number of species ejected
from target surface and the effective number of particles reach-
ing and attaining the substrate decreases with increasing I values.
It can be seen that increasing oxygen concentration reduces the
energy that the particles attain to the substrate and their mobility.
As such, it more difficult for the sputtering species to bombard
the substrate and, thus, leads to a decreasing growth rate that
in turn reduces film thickness.*"** It must be pointed out that
during sputtering process, the target species are subjected to
collisions with ambient gas molecules and other ejected atoms.
This behavior results in a partial loss of energy and direction on
their respective paths, which makes it more difficult to attain the
substrate. The reactive sputter-gas, therefore, impedes the mobility
and trajectory of sputtered species. Furthermore, at a given or con-
stant sputter-power, increasing oxygen pressure in the plasma
shifts the thermalization region toward the target.”' ="' As a
result, oxidation of the W target takes place leading to a decrease
in deposition rate and, hence, thickness of WO; films. A faster
decrease in the growth rate of WO films at higher oxygen con-
centration can then be attributed to the combined effect of target
oxidation, sputter-ejected species being impeded, decrease in the
mean free path, and partial resputtering of the film.

The results obtained from XRR and spectrophotometry indi-
cates that the oxygen content in the reactive gas mixture influ-
ences the density and band gap. To explain the observed results
and derive the correlation, we show the variation in the density
and band gap of WO; films with I in Figure 9. The most im-
portant and very first observation is that these two parameters
exhibit similar functional dependence on I" value. Second, the
density and band gap data was found to fit to an exponential
growth function. The results can be explained as follows. It
should be noted that the measured density of the WO, films is less
compared to that bulk of the tungsten oxide (7.16 g/ am®)."** On
the other hand the density increases with increasing oxygen
concentration is sputtering gas mixture. The lower values of
density may be due to voids in the grains. Also, the density of
vapor deposited thin films is always lower than that of bulk
counterparts. The increase in density with increasing I" values
can be attributed to the incorporation of excess oxygen that is
trapped during the successive layer formation leading to the
total film thickness. Evidence for this comes from the XPS
analyses where the superstoichimetry for films grown at I" > 0.6
is noted. We believe the excess oxygen trapped is also respon-
sible for the observed behavior of E, values for nanocrystalline
WO; films. In WO;, E, corresponds to electronic transitions
from the top of valence band (formed by the filled O 2p
orbitals) to the conduction band (formed by the empty W 5d
orbitals).">**°%%%3 Reduction in the band gap can be ex-
pected in the presence of oxygen vacancies or any other struc-
tural defects. As such, the lower density coupled with the observed
lower E, values can be attributed to the present of voids or
vacancies. The increase in density and band gap with a pro-
gressive increase in oxygen concentration can be attributed to
the excess oxygen. It has been argued that the extra oxygen
atoms in the defect picture can be viewed as interstitials.>> In
fact, we believe this is indeed the case in our WO; films. This is
based on the fact that there is a higher O/W ratio in XPS. This
extra oxygen is responsible to decrease the grain size and shifts
the E, values to higher energy side. This is the reason why WO,
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Figure 9. Comparison of (a) the trend of density variation and (b) band
gap variation with oxygen concentration in sputtering gas mixture in
nanocrystalline WOj films. A direct correlation between density and band
gap in addition to similar trend can be noted. The density and band gap
variation with oxygen concentration in the sputtering gas mixture follows
an exponential growth function as indicted by lines.

films grown at higher oxygen concentration becomes more in-
sulating, i.e., higher E, compared those grown at lower oxygen
concentration. The presence of excess oxygen in sputtered
grown oxides has been reported several times.*> For in-
stance, reactive sputtering of alumina films resulted in excess
oxygen when sputtering was performed in the reactive oxygen
atmosphere using Al target.>* Using Rutherford backscattering
spectrometry analysis, Chin et al have demonstrated the O/Ce
ratio >2 in sputtered CeO, films.>> Vink et al. have shown
evidence for excess oxygen, which also helps lithium trapping,
in sputtered WO, films.*® Higher concentrations of oxygen
chemisorbed on the film surface and along depth of the film
leading to an increase in electrical conductivity has been
reported for Zn0.>” However, in the case of WO, films, the
debate was on the presence of hydroxyl bonds***® or the
inherent processing effect of sputter-deposition®® that accom-
modates the excess oxygen. XPS analysis of our WO; films did
not reveal the presence of hydroxyl groups and the mechanism
or the source of hydroxyl bonds for excess oxygen can, there-
fore, be ruled out. Our results are in close agreement with those
reported by Venk et al,*® where it was claimed that the excess
oxygen in the films is due to higher oxygen concentration and
higher sputtering power, which are needed for incorporating
the oxygen.>* ™ Specifically, the excess oxygen originates from
negative ion effects, which is common in the oxygenated metal
targets. As reported by Venk et al, negative oxygen ions are
generated at the surface of the oxygenated targets.56 These ions
are accelerated and subsequently neutralized in the plasma.
By virtue of their kinetic energy, the oxygen atoms can be
incorporated in the growing film leading to the observed excess
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oxygen. A significant decrease in growth rate and film thickness
(Figure 4) at higher oxygen concentration is direct evidence for
the above-mentioned mechanism and excess oxygen incorpo-
ration into the growing WO; films.

5. CONCLUSIONS

Nanocrystalline WO; thin films were fabricated by reactive
magnetron sputter-deposition by varying the ratio of argon to
oxygen in a wide range. The surface chemical composition,
valence state of W ions, surface/interface chemistry, density
and optical properties of nanocrystalline WO; films were
evaluated as function of oxygen concentration in the sputtering
gas mixture. The results indicate that the effect of oxygen dur-
ing deposition is significant on the ultramicrostructure in terms
of surface/interface chemistry. This consequently influences the
optical properties of WOj; films. Formation of stoichiometric
WO, with tungsten existing in W state for all WO, films is
evident. However, WOj; films grown at high oxygen con-
centration (>60%) were over stoichiometric with excess oxygen
incorporated. XRR data coupled with simulations indicate that
the density of WO; films is sensitive to the oxygen concentra-
tion. The density varies from 4.98 to 5.98 g/cm® with increasing
I values form 0.5 to 1.0. The spectral transmission and band
gap of the WO; films increases with the increasing oxygen
content in the reactive gas mixture. The band gap increases
from 2.75 to 3.25 eV with increasing oxygen concentration. The
corresponding density of WO; films also exhibit the similar
variation as a function oxygen content indicating a direct re-
lationship between the oxygen concentration, density and band
gap. A direct correlation between the film-density and band gap
in nanocrystalline WO, films is presented and explained on the
basis of excess oxygen incorporation and negative ion effects as
encountered in the sputter-deposition process at higher oxygen
pressures.
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