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Abstract
In this work, various physicochemical properties are investigated in nanostructured WOx thin films prepared by radio-frequency
magnetron sputtering for optoelectronic applications. A glancing angle of 87° is employed to grow films of different thicknesses,
which are then exposed to post-growth annealing. Detailed local probe analyses in terms of morphology and work function of WOx
films are carried out to investigate thickness-dependent property modulations of the as-deposited and annealed films. The analyses
show a reasonably good correlation with photoelectron spectroscopic measurements on the films and the bulk I–V characteristics
acquired on a series of WOx/p-Si heterojunction diodes. The presence of a critical WOx thickness is identified to regulate the rectifi-
cation ratio values at the WOx/p-Si heterostructures and increase in series resistance within the bulk of the films. The present study
provides valuable insights to correlate optical, electrical, and structural properties of WOx thin films, which will be beneficial for
fabricating WOx-based optoelectronic devices, including photovoltaic cells.

350

Introduction
Tungsten oxide (WOx; x ≤ 3) is a popular transition-metal oxide
for various optoelectronic devices because of its fascinating
optical and electrical properties [1]. WOx is a wide-bandgap
oxide semiconductor with a large excitonic binding energy of
0.15 eV and a high optical absorption coefficient (≥104 cm−1 in
the UV region) [2]. These, in conjunction with decent carrier

mobility (12 cm2·V−1·s−1), make this material an ideal candi-
date for UV photodetector applications [3]. Because of its octa-
hedral lattice symmetry and partially filled d bands, WOx is also
highly attractive as an electrochromic material for developing
modern-day smart windows and display devices [4-7]. Exhibit-
ing various stoichiometric and sub-stoichiometric compositions
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and polymorphs, WOx usually behaves as an n-type semicon-
ductor because an unintentional incorporation of a certain
amount of reduced W cations is thermodynamically inevitable
in these films [8]. It is, therefore, possible to tune the physico-
chemical properties, such as work function, bandgap, and elec-
trical conductivity, to a large extent by controlling the cationic
oxidation state and the film stoichiometry [2]. As a matter of
fact, adjustments in the film stoichiometry and microstructure
are experimentally viable by the choice of a suitable growth
technique [9-11]. As a result, heterostructures having an n-type
WOx layer on various p-type substrates such as p-Si [12,13],
Cu2O [14], NiO [15], p-ZnO nanowires (NWs) [16], diamond
[17], and BiVO4 [18], have a great technological importance in
the field of heterojunction solar cells, LEDs, and resistance
random access memory (RRAM) devices. In this regard, radio
frequency (rf) sputter deposition is one of the preferred choices
as an industry-compatible method to grow WOx thin films
[2,19-21].

Apart from thin films, nanostructured metal oxides generally
possess superior electrochemical properties compared to their
bulk counterparts [2]. WOx nanostructures, exhibiting high
chemical and thermal stability, and structural flexibility, have
obvious relevance in areas such as photocatalysis [22], elec-
trochromism [23], supercapacitors [24], and lithium batteries
[25] and have undergone extensive investigations during the last
decades. In this respect, the use of glancing angle deposition
(GLAD) to produce high-aspect-ratio nanostructures has certain
advantages in terms of a wide range of structural possibilities
(such as screws and helical or columnar structures) and reduced
complexity (no templates involved) [26]. In addition, film crys-
tallinity and compositional variations in such films can also be
adjusted as a function of the growth angle [27,28], making
GLAD a promising approach to yield nanostructured (NS) films
[29-31]. Electronic devices consisting of multilayers often
require information on surface electrochemical property varia-
tion of the underlying films induced by structural changes.
Therefore, a systematic investigation on the surface work func-
tion of the NS-WOx films as a function of thickness holds the
potential for accessing its practical device application.

In this article, we report on tunable structural, optical, and elec-
trical properties of glancing angle-deposited NS-WOx thin
films, where NS-WOx films of different thicknesses (6–60 nm)
are prepared by rf sputtering and exposed to post-growth
annealing at 673 K in vacuum (2 × 10−7 mbar). The role of in-
creased oxygen vacancy concentration (OV) on optical bandgap
and work function is thoroughly investigated by employing
various spectroscopic and microscopic techniques. The system-
atic investigation of the work function of the films reveals a
distinct trend with thickness, originating from the thickness-de-

pendent defect concentration within the films. It is observed that
the as-deposited NS-WOx/p-Si heterostructures are quasi-ohmic
in nature. The annealed counterparts exhibit a relatively higher
rectification, which points towards a possible defect-dependent
Fermi level pinning at the hetero-interface. Overall, our system-
atic experimental observations demonstrate a wide range of
tunability and correlation among several physicochemical prop-
erties of glancing angle-deposited WOx films, which is due to
serve as a guide for fabricating WOx-based optoelectronic
devices, including carrier-selective contacts for photovoltaic
cells.

Experimental
NS-WOx thin films were deposited on ultrasonically cleaned
p-Si (100) and soda lime glass substrates of 1 × 1 cm2 dimen-
sion using a rf magnetron sputtering setup (Excel Instruments).
Trichloroethylene, propanol, acetone, and DI water were used
to carry out ultrasonication of the substrates for removing
organic contaminants. Prior to the deposition, the substrates
were properly air-dried. A 99.99% pure WO3 target (5 mm
thick) was used to grow the WOx films. The initial pressure in
the deposition chamber was 5 × 10−7 mbar, and the WOx films
were deposited at 5 × 10−3 mbar working pressure by injecting
ultrapure Ar gas (99.99%) using a mass flow controller at
30 sccm flow rate. The substrate holder was kept 12.5 cm away
from the target at a glancing angle of 87° and 50 W rf power
(Advanced Energy) was applied to the target, keeping the sub-
strate holder grounded. Pre-sputtering was carried out for a
duration of 1200 s to achieve stability in depositions and con-
tamination-free films. A constant substrate rotation (10 rpm)
was maintained to achieve uniform WOx films. Post-growth
annealing of all WOx films (grown under the same conditions)
was performed at 673 K for 60 min in a vacuum environment
(3 × 10−7 mbar).

The thickness of the films was measured using a surface
profilometer (Ambios, XP 200). The surface morphology of the
as-deposited and the annealed films was acquired using tapping
mode AFM (Asylum Research). AFM images were recorded at
different places on each sample to confirm the film uniformity.
WSxM software was used to carry out AFM image analysis.

Kelvin probe force microscopy (KPFM) was used to study the
local work function of the WOx films. WOx samples were re-
moved from the high-vacuum environment right before the
KPFM measurements to avoid any contamination in air. For
KPFM measurements, a conductive tip (Ti/Pt coated) having a
resonance frequency of approx. 70 kHz, a stiffness of approx.
2 N·m−1, and a radius of curvature of approx. 30 nm was used
for KPFM measurements. To examine the uniformity in work
function values of each film, different regions on the sample
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Figure 1: AFM height images of (a–d) as-deposited and (e–h) vacuum-annealed WOx films grown at a fixed glancing angle of 87°. (i, j) Variations in
RMS roughness and grain size with WOx films thickness before and after annealing, respectively.

surface were mapped. Also, variable scan angles and scan
speeds (0.2 to 1 Hz) were used to avoid the undesired presence
of artefacts in the measured data. A dry nitrogen atmosphere
ensured a low humidity level of 8–10% during all the KPFM
measurements [29]. Further, the I–V measurements on the
WOx/p-Si heterostructures were performed by preparing Ag
electrodes (1 mm diameter) on top of the WOx films and p-Si
substrates. The I–V data were acquired by applying DC voltage
sweeps (−1 V→0 V→+1 V) using a Keithley source meter
(Model 2400, Tektronix, USA) in a sandwiched configuration.
During the measurements, the bias voltage was applied to the
p-Si substrates, whereas the WOx films were kept grounded.

The crystallinity of the WOx films was examined using X-ray
diffraction (XRD) (Bruker) under Bragg–Brentano geometry
(θ–2θ) in an angular window of 2θ = 20° to 80°. The chemical
composition of the WOx films was identified using X-ray
photoelectron spectroscopy (XPS) measurements (PHI 5000
VersaProbeII, ULVAC – PHI, INC) with a monochromatic

Al Kα source (hν = 1486.6 eV), and a microfocus (100 µm,
15 kV, 25 W) arrangement along with a multichannel detector
and a hemispherical analyser. The microstructure of the WOx
films was studied in cross-section view mode using a field-
emission scanning electron microscope (FESEM) (Carl Zeiss).
The samples were cleaved using a diamond cutter and placed on
the SEM sample holder with the cross-sectional area facing the
electron beam. All SEM images were captured using 5 keV
electrons under the InLens configuration. The optical character-
istics of the films were examined using a UV–Vis–NIR spec-
trophotometer (Shimadzu-3101PC) equipped with an unpo-
larised light source (300–1200 nm wavelength range).

Results and Discussion
Figure 1a–d depicts AFM topographic images of as-deposited
WOx films having thicknesses of 6, 10, 30, and 60 nm on p-Si
substrates. It is observed that the films are granular in nature.
RMS roughness (blue-green circles) and average grain size
(red-blue circles) increase as the film thickness increases from 6
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Figure 2: (a) Transmittance plots of the as-deposited NS-WOx films and (b) bandgap variation with film thickness for as-deposited and annealed films.

to 60 nm (Figure 1i). Figure 1e–h shows the AFM images of
vacuum-annealed (at 673 K for 1 h) WOx films prepared by the
same set of deposition conditions. Similar to the as-deposited
ones, all annealed WOx films possess prominent granular struc-
tures and an increasing trend in grain size and RMS roughness
with film thickness (Figure 1j). However, the annealed films
show bigger grain sizes compared to the respective as-deposited
ones. It is noted that the WOx films deposited on glass sub-
strates show similar trends in grain sizes with film thickness
(data not shown here). Additionally, cross-sectional SEM
images of 60 and 120 nm thick films are depicted in Figure S1a
and Figure S1b (Supporting Information File 1), respectively,
confirming the compact growth of the columnar nanostructures
originating from the GLAD geometry [32]. Here, the higher
thickness is presented only to demonstrate the columnar nano-
structure formation in a clearer way. Based on the AFM and
SEM analysis, henceforth, the films will be referred to as
NS-WOx films.

Regarding the optical properties, the transmittance spectra of
the as-deposited NS-WOx films on glass show the highest trans-
mittance (more than 90%) over the spectral range of 300 to
1200 nm for 6 nm films, which reduces to 78.4% for the 30 nm
films (Figure 2a). The absorption edge, having a sharp drop in
the UV region, shifts towards higher wavelengths with increas-
ing thickness values [33]. The shift of the absorption edge to
higher wavelengths is likely to be associated with the bandgap
(Eg) variation in the NS-WOx films. The value of Eg is esti-
mated by employing the well-known Tauc’s equation [34]:

(1)

where hv is the energy of the incident photons (in eV), α is the
optical absorption coefficient, k is a constant, and n is a con-

stant whose value depends on the type of transition (n = 2 for
direct and n = 1/2 for indirect transitions). The optical bandgap
values (considering an indirect transition in WO3) of the
as-deposited and annealed films are estimated from (αhv)1/2

versus hv plots (Tauc plots, see Figure S3 in Supporting Infor-
mation File 1).

Figure 2b shows the optical bandgap variation of WOx films
before and after annealing as a function of thickness, wherein
the bandgap decreases for increasing film thickness (from 6 to
60 nm) in both cases [35]. The estimated bandgap range
(2.81–3.31 eV) in various NS-WOx films is in line with the lit-
erature [36,37].

In order to understand the observed variability in bandgap ener-
gies, we recall that the optical bandgap of this class of materi-
als is a function of defect density and stoichiometric composi-
tion, which is mainly governed by the OV concentration within
the films [39,40]. To probe any possible variation in OV con-
centration and stoichiometry, chemical analysis on the NS-WOx
films is conducted using XPS measurements. Figure 3a–d
depicts the XPS core-level spectra of W 4f and O 1s for
as-deposited and annealed films, each having a thickness of
6 nm. The W 4f spectra are deconvoluted into two major and
two minor peaks using Gaussian–Lorentzian curve fitting after
Shirley background subtraction [38]. The two major symmetric
peaks at 35.87 and 38.00 eV binding energies correspond to the
4f7/2 and 4f5/2 levels (spin–orbit splitting: 2.13 eV), respective-
ly, indicating the presence of W6+ in the as-deposited WOx
films [38,39]. The two minor peaks at 34.78 and 36.92 eV can
be designated to 4f7/2 and 4f5/2 levels of the W5+ oxidation state
[40]. Similarly, the presence of W6+ and W5+ is observed in the
annealed WOx films, where the W 4f7/2 and W 4f5/2 peaks cor-
responding to the W6+ state are found at slightly smaller
binding energies (35.82 and 37.95 eV). The presence of a satel-
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Figure 3: (a, c) XPS core-level spectra for W 4f and O 1s, respectively, of a 6 nm as-deposited WOx film. (b, d) W 4f and O 1s spectra of the film after
vacuum annealing.

lite peak (W 5p3/2) in the W 4f spectra is also observed at
41.59 eV for both as-deposited and annealed films. O 1s spec-
tra of the WOx films before and after annealing are presented in
Figure 3c and Figure 3d, respectively, which have been decon-
voluted into three separate peaks. The intense peak at 530.7 eV
can be assigned to lattice O atoms (OL) in the stoichiometric
WO3 structure, whereas the peaks at 531.5 eV are due to the
presence of OV in the films [40]. In addition, the presence of
surface adsorbates (at 532.6 eV) is observed in both the
as-deposited and annealed WOx films [40]. The results suggest
that the relative OV concentration in the WOx films increases
from 19 to 25% after vacuum annealing; consequently, a rise in
the W5+ component is also observed. In contrast, XPS analysis
on a 30 nm as-deposited film (Figure S2a,b in Supporting Infor-
mation File 1) indicates a much higher OV concentration (26%)
along with an increase in W5+ component compared to the
as-deposited 6 nm film. Overall, from these results, one can
infer that there is an enhanced concentration of OV in thicker
films in both the as-deposited and annealed case.

The variation in OV concentration within a metal oxide film is
known to influence its bandgap and work function values. As
OV increases, there is a corresponding rise in electron concen-
tration within the bandgap region, which results in the forma-
tion of certain localized electronic states associated with these
vacancy defects within the forbidden gap. These states lead to a
reduction in bandgap energy and an upward shift of the Fermi

level [41,42]. This is the reason behind the observed reduction
in bandgap with higher thicknesses (Figure 2b,c) [43]. To probe
the Fermi level position, KPFM is a useful tool to acquire valu-
able information on the work function of a variety of films’ sur-
faces. Mathematically, the sample work function (ϕsample) can
be expressed as:

(2)

where the contact potential difference between the sample and
the tip is denoted by VCPD and the ϕtip is the work function of
the tip [44]. Figure 4a–d presents the VCPD maps of 6 and
60 nm thick films before and after annealing. A comparison be-
tween the VCPD maps and the respective topographic images in
Figure 1 suggest that there is apparently no deviation in VCPD
among the grain-like topographic features, suggesting uniform
VCPD variation across the film surface. The work function of the
tip was estimated to be 4.94 eV by using highly oriented
pyrolytic graphite as a reference, and the work functions of the
films were estimated using Equation 2. Figure 4e depicts the
variation in work function of NS-WOx films before and after
annealing as a function of the film thickness. It is worth noting
that the as-deposited 6 nm film has a maximum work function
of 4.82 eV, which gradually decreases to 4.72 eV when the
thickness increases to 60 nm. A similar decreasing trend is ob-
served for vacuum-annealed NS-WOx films, where the work
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Figure 4: (a, b) and (c, d) VCPD maps of, respectively, as-deposited and vacuum annealed WOx films having thicknesses of 6 and 60 nm.
(e) Presents the work function variation with film thickness.

function reduces from 4.81 to 4.62 eV as the film thickness
changes from 6 to 60 nm. Another aspect to note from Figure 4e
is that the annealed films possess lower work functions than the
as-deposited ones, especially for thicker films (60 nm). Apart
from having a higher concentration of OV in the annealed films,
the change in crystallinity after vacuum annealing might also
play a role in determining the work function [45]. XRD mea-
surements were carried out on the 60 nm thick film to investi-
gate any possible change in the crystallinity due to vacuum
annealing. The XRD data (Figure 5) of a 60 nm-thick NS-WOx
film reveals an amorphous nature of the as-deposited film,
which transforms into a polycrystalline monoclinic structure
after vacuum annealing. A similar observation is reported in lit-
erature where the as-deposited amorphous WOx films trans-
formed into monoclinic structures after annealing at or above
673 K [2,12,46]. It is to be noted that no apparent peak is visible
in annealed films having thicknesses less than or equal to 30 nm
(Figure 5, inset). Depending on the material, there can be a criti-

Figure 5: XRD spectra of WOx films deposited at 87° before and after
annealing. The inset shows the XRD spectra of WOx films having thick-
nesses varying from 6 to 30 nm.
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Figure 6: I–V characteristics of (a) as-deposited and (b) annealed WOx/p-Si heterostructures for different WOx film thickness.

cal thickness below which crystallization may not be observed
in as-deposited as well as annealed films [33,47,48]. The inhibi-
tion of crystallization at lower thicknesses arises mainly
because of a considerable contribution of the surface energy to
the total Gibbs free energy of crystallization, resulting in a
higher crystallization temperature and/or time [47,48]. It can be
concluded that the annealing condition (i.e., 673 K, 1 h) used in
the present study may not be sufficient to induce crystallinity in
the films.

Usually, the work function of polycrystalline WOx films is re-
ported to vary between 5.7 and 6.7 eV [49]. In the present work,
no O2 partial pressure was used, so it is expected that all WOx
films are reduced in nature. This explains the observed low
work function values of the films, which are mainly due to the
presence of a high concentration of OV in the same (see XPS
results). Greiner et al. have pointed out that a higher work func-
tion can be achieved in metal oxides in fully oxidized form
compared to their reduced form, and a small change in the stoi-
chiometric ratio is sufficient for a significant change in the ma-
terial’s work function [42].

Next, a series of NS-WOx/p-Si heterojunctions was constructed
to investigate how the above variation in physicochemical prop-
erties influences the current transport through the same. The I–V
characteristics were recorded with a positive bias applied to the
p-Si substrate. Figure 6a and Figure 6b show, respectively, the
semi-log I–V curves (linear I–V curves are presented in Figure
S4 of Supporting Information File 1) of WOx/p-Si heterostruc-
tures before and after annealing as a function of the WOx thick-
ness. A schematic of the measurement configuration is
presented in the inset of Figure 6a. An increase in current is
apparent as the thickness increases (up to 30 nm). For instance,
the current at +1 V increases from 0.1 to 1 mA as the thickness

increases from 6 to 30 nm. The XPS results supported by
KPFM analysis reveal a higher concentration of OV in thicker
WOx films, which mainly act as donors. The presence of a
higher amount of OV can promote OV-mediated conduction
across the NS-WOx films [50], as observed in Figure 6.

However, a further increase in thickness to 60 nm saturates the
overall current increment due to the dominant effect of series
resistance in thicker films (i.e., for 60 nm). Another aspect to
note from the I–V curves is that a drastic rise in current (about
one order of magnitude) is seen when the film thickness in-
creases from 6 to 10 nm for both the as-deposited and annealed
films (Figure 6a). It may arise from Fermi level de-pinning at
the NS-WOx/p-Si heterojunction when the film thickness in-
creases to 10 nm. To understand this behaviour, in the I–V-mea-
surement configuration (Figure 6a, inset), the WOx film can be
regarded as an interlayer between the p-Si substrate and the Ag
electrode. The glancing angle (87°) growth of a 6 nm film is
likely to sustain a large number of metal (Ag)-induced gap
states at the NS-WOx/p-Si interface, leading to Fermi level
pinning, the degree of pinning being directly related to film
thickness [51]. Evidently, more symmetric I–V characteristics
are observed with increasing film thickness, which can be quan-
titatively verified from the calculated rectification ratio (RR)
values of the NS-WOx/p-Si heterojunctions, as summarised in
Table 1. The RR values are calculated employing Equation 3
for the as-deposited and annealed NS-WOx/p-Si heterojunc-
tions at three different applied voltages (V), viz. ±0.5, ±0.7, and
±1 V, where a higher value of RR indicates a stronger recti-
fying nature of a junction.

(3)
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As can be seen from Table 1, an increase in the film thickness
minimizes the RR value of the junction, thereby leading to more
symmetric I–V curves. Nevertheless, one can infer from the
observed low values of RR (Table 1) that all the as-deposited
NS-WOx/p-Si samples show a quasi-ohmic conduction
behaviour, which implies that tunnelling may be responsible
for the current transport. The post-growth annealing in vacuum
of NS-WOx/p-Si samples generates an enhanced OV concentra-
tion (as observed from the XPS analysis) in the WOx films,
which eventually contributes to a higher number of gap states
within the film as well as at the WOx/p-Si interface. Since
the Fermi level pinning becomes stronger with the increasing
number of interface gap states [52,53], this explains the
comparatively higher values of RR in all annealed samples
(Table 1). Thus, there exists a critical thickness (30 nm) of the
NS-WOx layers in terms of effective elimination of Fermi level
pinning at the interface and increased series resistance in the
film.

Table 1: Rectification ratio values (RR) for as-deposited and annealed
WOx films with various thicknesses.

Sample Thickness
(nm)

RR

±0.5 V ±0.7 V ±1.0 V

WOx/p-Si
(as-deposited)

6 1.82 2.04 2.59
10 1.30 1.74 2.49
30 1.02 1.08 1.22
60 0.81 0.91 0.96

WOx/p-Si
(annealed)

6 2.76 4.70 9.04
10 1.40 1.58 1.88
30 1.48 1.66 1.77
60 1.37 1.38 1.37

Describing the I–V characteristics of the heterojunction, it can
be noted that no correlation can be drawn between the surface
work function values obtained from KPFM analysis and the re-
sulting band offsets at the hetero-interface [54,55]. However,
the investigation on the variation in work function with thick-
ness for GLAD-grown WOx films in this study is valuable
towards potential device applications, where work function op-
timization among consecutive layers is imperative. Moreover,
the adopted rf sputtering technique in the present work ensures
reduced surface damage of the underlying Si substrate, which is
otherwise prominent in case of DC sputtering, commonly
adopted for WOx growth under GLAD configuration. For a
better assessment of the present work and existing literature, a
table of comparison (Table S1) is provided in Supporting Infor-
mation File 1.

Overall, the detailed study exploring a wide range of tunability
regarding electrical and optical properties in WOx films as func-
tions of the thickness points towards its importance for various
device applications including electrochromic devices, RRAM,
and LEDs, and even in designing carrier-selective contacts for
solar cells.

Conclusion
A series of glancing angle-deposited NS-WOx thin films
(6–60 nm) on p-Si substrates are investigated to achieve
insights into their tuneable structural, optical, and electrical
properties, such as crystallinity, bandgap, work function, and
diode characteristics. As revealed from the XRD studies,
as-deposited NS-WOx films are amorphous in nature, whereas
post-growth vacuum-annealed (at 673 K for 1 h) films show
an amorphous-to-crystalline structural phase transition.
XPS analysis confirms an increasing concentration of defect
density in the form of oxygen vacancies with increasing film
thickness and also due to the post-growth annealing, which
corroborates well the KPFM and UV–vis–NIR spectrophoto-
metric analyses showing the reduction in work function
and bandgap values. I–V characteristics of WOx/p-Si hetero-
junctions reveal a nearly symmetric nature in the as-deposited
films, compared to the annealed ones, indicating a quasi-ohmic
nature of the junction. Increased rectification ratios are
observed for thinner WOx films, which are insufficient to
overcome the metal electrode-induced gap states at the inter-
face leading to Fermi level pinning. Improved current conduc-
tion across the heterojunction with increasing film thickness in-
dicates a possible role of oxygen vacancies in facilitating
smooth charge transport till the thickness reaches 30 nm, above
which the series resistance effect within the WOx film starts to
dominate. Overall, this study demonstrates a wide range of
tunability in structural, optical, and electrical properties of
NS-WOx thin films through controlling microstructure and film
thickness. This will be useful for optoelectronic applications in
photovoltaics where such films are used as a carrier-selective
contact.

Supporting Information
Cross-sectional SEM images of 60 and 120 nm WOx films,
XPS spectra of 30 nm WOx film, Tauc plots of as-deposited
WOx films, and linear I–V curves of as-deposited and
annealed WOx films.

Supporting Information File 1
Supplementary data.
[https://www.beilstein-journals.org/bjnano/content/
supplementary/2190-4286-15-31-S1.pdf]
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