Effect of Structure and Size on the Electrical
Properties of Nanocrystalline WO; Films
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ABSTRACT Nanocrystalline WO5 films were grown by reactive magnetron sputter-deposition by varying the substrate temperature
in the range of 303(RT)—673 K. The structure and electrical transport properties of WO5 films were evaluated using X-ray diffraction
and dc electrical conductivity measurements. The effect of ultramicrostructure and grain-size was significant on the electrical properties
of WOs films. DC conductivity variation of the WO5 films measured in the temperature range of 120—300 K reveals their
semiconducting nature. The temperature dependent electrical conductivity curves exhibit two distinct regions indicative of two different
types of electrical transport mechanisms. Analysis of the conductivity indicates that the small polaron and variable-range-hopping
mechanisms are operative in 180—300 K and 120—180 K temperature regions, respectively. The density of localized states at the
Fermi level, N(Eg), has been calculated and it was found to be ~1 x 10'? eV~' cm™ for all the films.
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I. INTRODUCTION
emiconducting oxides received significant recent at-

tention as sensor materials because of their remark-

able electrical properties sensitive to oxidative or
reductive type of gases (1-4). Currently, there has been a
great deal of interest in WO5 low-dimensional structures for
a wide variety of applications in chemical and mechanical
sensors, selective catalysis, electrochemical industry and
environmental engineering (5-9). It has been demonstrated
that the sensing properties of WO5 films will have numerous
applications in environmental and industrial pollution moni-
toring (5-9). WOs films exhibit excellent functional activity
to various gases, such as H,S, NO,, trimethylamine, and
other organics, and are suitable for integrated sensors (5-9).
Most importantly, WOs5 nanocrystalline films have been
established as one of the best gas sensors for the reducing
gases such as NO,, H,, and CO and the results evidenced
the role of the microstructure, specifically the grain size
( 5-9). Because of the large surface to volume ratio and
smaller dimensions, WO; nanostructures appear to be
promising candidates for chemical sensors working at vari-
ous temperatures, which include low and high temperatures
(10). In addition, WOs is an intensively studied representa-
tive of a group of “chromogenic” materials because of the
coloration effects associated with various processes (1 1-14).
WOs; has been in use for the development of smart windows
for energy-efficient architecture of buildings and automo-
biles, flat-panel displays, optical memory and writing-read-
ing-erasing devices, and electronic information displays.
Most of these applications depend on the remarkable electri-
cal and optical properties of WOs5 (15). Therefore, the
controlled growth, fundamental understanding, and ma-
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nipulation of electronic properties of WOs5 at the nanoscale
dimensions has important implications for the sensor design
and utilizing WO; films.

The electrical properties, and hence the sensor perfor-
mance of WOs films, is dependent on the microstructure,
which in turn depends on the technique used to fabricate
the films and the growth conditions. The microstructure
factors such as grain size (L), grain boundary, film thickness,
specific phase, dopants (if any), and active surface offered
for reaction with the test gases will, therefore, play a
significant role in determining the ultimate sensing perfor-
mance of WO5 nanostructures. However, WOs is a compli-
cated material with respect to crystal structure and thermal
stability because of several structures, such as monoclinic,
triclinic, tetragonal, orthorhombic, cubic, and hexagonal, for
pure and oxygen deficient WO5 (16-18). At room temper-
ature, WOs; crystallizes in a triclinic structure and exhibit
structural transformation at higher temperatures (16-19).
Investigations on bulk WO5 report the following sequence:
triclinic (~17 °C) — monoclinic (330 °C) — orthorhombic
(740 °C) — tetragonal. In addition to that, formation of
pyrochlore WOs5 structure at about 373 K has been reported
(20). Furthermore, WOs5 films prepared by various tech-
niques (20-23) and under various processing conditions
usually possess different microstructures and properties.
Therefore, the control of microstructure and the fundamen-
tal understanding of the effect of microstructure on the
electrical properties of WO need a significant attention for
both theoretical (24, 25) and experimental investigations.
Clearly, controlled growth and manipulation of specific
crystal structures at the nanoscale dimensions has important
implications for the design and applications of WOs-based
sensors. The ability to tailor the properties so as to optimize
sensor performance requires a detailed fundamental under-
standing of the relationship between the microstructure and
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electrical properties of WOs5, particularly at the nanoscale
dimensions.

In the present work, the microstructure and temperature-
dependence of electrical conductivity of nanocrystalline
WOs films made by radio frequency magnetron sputtering
are investigated. WOs5 films were produced at various sub-
strate temperatures ranging from room-temperature (RT/
303 K) to 673 K. The purpose is not only to obtain films with
a variable microstructure and nanometrics but also to cover
the range of temperatures that are usually required either
for postannealing or film processing of WOs for sensors as
reported in the literature. To explain electrical transport
properties, we have considered several conduction mecha-
nisms as relevant to oxide semiconductors. These models
include the simple thermally activated conduction, grain-
boundary conduction, small-polaron hopping conduction,
and variable-range hopping (VRH) conduction. An analysis
of the conduction mechanisms at various temperature
ranges and a correlation between microstructure and electri-
cal properties in nanocrystalline (nc-WO5) W—0O films is
presented and discussed in detail in this paper.

2. EXPERIMENTAL SECTION

WOs5 thin films were deposited onto silicon (Si) wafers by
radio frequency (RF) (13.56 MHz) magnetron sputtering. The
Si(100) substrates were cleaned by RCA (Radio Corporation of
America) cleaning. All the substrates were thoroughly cleaned
and dried with nitrogen before introducing them into the
vacuum chamber, which was initially evacuated to a base
pressure of ~1 x 107° Torr. Tungsten (W) metal target (Plas-
materials 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 at different temperatures (Ts)
varying from RT-673 K. The substrates were heated by halogen
lamps and the desired temperature was controlled by Athena
X25 controller.

The grown WOs5 films were characterized by performing
structural and electrical measurements. X-ray diffraction (XRD)
measurements on WOs5 films were by performed using a Bruker
D8 Advance X-ray diffractometer. All the measurements were
made ex-situ as a function of growth temperature. XRD patterns
were recorded using Cu Ka radiation (1 = 1.54056 A") at RT.
The coherently diffracting domain size (dxw) was calculated from
the integral width of the diffraction lines using the well-known
Scherrer’s equation (26) after background subtraction and
correction for instrumental broadening. Surface imaging analy-
sis was performed using a high-performance and ultra high
resolution scanning electron microscope (Hitachi S-4800). The
secondary electron imaging was performed on WO;5 films
grown on Si wafers using carbon paste at the ends to avoid
charging problems. The grain detection, size-analysis and sta-
tistical analysis was performed using the software provided with
the SEM. The average grain size measured was found to vary
from 9 to 50 nm as reported elsewhere (27). DC electrical
resistivity measurements were carried out under the vacuum
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FIGURE 1. XRD patterns of WOs films grown at T, < 573 K. It is
evident from the curves that the films grown at RT are amorphous
whereas films grown at T, = 373 K are nanocrystalline. Films
crystallize in m-WO; phase. XRD pattern of m-WOs (PDF: 830950)
is also included for reference. WO5 films grown at 573 exhibit a
mixture of monoclinic and tetragonal phases.
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FIGURE 2. XRD patterns of WOs5 films grown at Ty > 673 K. The

curves indicate that WO; films crystallize in tetragonal structure.
XRD pattern of t-WOj; (PDF:also included for comparison.
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of 1072 Torr by two-probe method in the temperature range
120—300 K employing a closed cycle refrigerator (CCR). Resis-
tance was measured by employing a Keithley electrometer
(Keithley 6517A Electrometer/High resistance meter). The tem-
perature was measured using a silicon diode sensor and em-
ploying a Lakeshore temperature controller (model 330). The
film was kept on the cold head of the CCR. The point contacts
were made by soldering the indium metal at the corners of the
films.

3. RESULTS AND DISCUSSION
The XRD patterns of WO films are shown in Figures 1

and 2 as a function of Ts. The XRD curve (Figure 1) of WO;
films grown at RT did not show any peaks indicating their
amorphous (a-WOs) nature. The XRD peak corresponding
to monoclinic WO5 (m-WOs5) phase appears when the Ts =
373 K. However, the peak (at 23.1°) is rather broad, indicat-
ing the presence of very small nanoparticles. It is evident
(Figure 1) that the intensity of the peak, at 23.1°, which
corresponds to diffraction from (002) planes increase with
increasing Ts (28). This is an indicative of an increase in the
average crystallite-size and preferred orientation of the film
along (002) with increasing Ts. The later is dominant for WO;
films grown at Ts = 473 K. Also, a structural transformation
occurs at Ts = 673K. XRD peaks due to tetragonal (t-WO5)
phase are clearly seen for WO5 films grown at Ts = 673 K
(Figure 2). In fact, it can be seen in the XRD curve obtained
for WO5 films grown at 573 K that an overlap of (001) peak
corresponding to t-WO5 and (002) peak corresponding to
m-WOjs indicating the onset of phase transformation but not
complete. Perhaps, the temperature is just sufficient to
induce a phase change in nanoscale m-WOs5 films but not
fully favorable to complete the process. High-temperature
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FIGURE 3. SEM images of WOj; films grown at various temperatures.
The phases determined from XRD are as indicated.
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FIGURE 4. Room-temperature conductivity value for WO; films
grown at different substrate temperatures.

t-WO;5 formation at 673 K seems to be the effect of phase
stabilization at the nanoscale dimensions. The preferred
c-axis orientation could be due to the growth process mini-
mizing the internal strain-energy in the film. Anisotropy
exists in crystalline materials and the strain energy densities
will typically be different for different crystallographic direc-
tion. The growth will favor those orientations with low strain
energy density. Therefore, increasing T favors the preferred
orientation along (002) while minimizing the strain-energy
in the WOs5 film. The SEM images of WOs5 films as a function
of substrate temperature are shown in Figure 3. The effect
of temperature on the surface morphology of WO5 films is
remarkable. No features can be seen for WO5 films grown
at RT even at very high magnifications (Figure 3a). This
observation is in agreement with the XRD results indicating
the complete amorphous nature of the samples. The small,
dense particles spherical in shape can be noticed in SEM
image (Figure 3b) for WO5 films grown at 473 K. The SEM
data along with appearance of diffraction peaks in XRD
clearly indicate that 473 K is the critical temperature to
promote the growth of nanocrystalline WOs5 films. The XRD
and SEM results suggest that a further increase in temper-
ature beyond 473 K results in changes in the crystal structure
and morphology. WOs5 films continue to show preferred
growth along with an increase in average particle size with
increasing temperature. It can be seen in SEM image (Figure
3¢) that increasing temperature to 573 K results in size >20
nm.

The room-temperature electrical conductivity variation of
WOs5 films with Ts is shown in Figure 4. It can be seen that
the electrical conductivity increases with increasing Ts. The
conductivity is reported to decrease with grain size reduction
due to the increasing grain boundary volume and associated
impedance to the flow of charge carriers (29, 30). If the
crystallite size is smaller than the electron mean free path,
grain boundary scattering dominates and hence the electri-
cal conductivity decreases. The electrical resistivity is also
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FIGURE 5. Temperature-dependent dc conductivity of WO5 films.

very sensitive to lattice imperfections in solids, such as
vacancies and dislocations that are reported to be present
in nanocrystalline materials. In addition to that, lattice strain
and the distortions can affect the motion of charge causing
decrease in conductivity (29-31). The room-temperature
conductivity data and its variation with T observed for WO5
can be explained taking these factors into consideration.
WOs5 films grown at RT are completely amorphous as
evidenced in XRD studies. The randomness or disordered
structure of the films, therefore, accounts for the observed
low conductivity of a-WOs5 films. Appearance of diffraction
peaks in the XRD curves, an increase in the average crys-
tallite size along with a preferred orientation of the film along
(002) is clearly seen with increasing Ts. Therefore, increase
in conductivity with increasing Ts can be attributed to the
increasing crystalline nature and preferred orientation of the
film along (002). In addition, a decrease in strain energy of
the growing WOs5 film, as discussed using the XRD results,
with increasing T also causes the increase in conductivity.
The observed jump in the electrical conductivity for WO5
films grown at 673 K seems to be a result of combined effect
of the grain-size increase and phase transformation from
m-WOs5 to t-WQOs. The observed variation in electrical con-
ductivity is in correlation with optical properties, where we
found enhancement in the band gap for a-WO5 films and
continuous decrease in the band gap with increasing tem-
perature or grain size (32).

The temperature-dependent electrical conductivity plots
of WOs5 films are shown in Figure 5. Conductivity decreases
exponentially with decreasing temperature from 300 to 120
K which indicates the semiconducting nature of all the WO5
films. However, a marked difference in the temperature-
dependence of conductivity can be seen for a-WOs films
(Figure 5a) when compared to nc-WOs films (Figure 5b).
Similarly, in Figure 4b, it can be seen that the curves of WO5
films grown at 373 and 473 K are clearly separated from
WO5 films grown at 673 K. We attribute this behavior to the
grain-size and phase transformation. The size variation for
the films grown between 373 and 473 K is small but
significantly lower when compared films grown at 673 K
(24, 32). Also, phase transformation occurs from m-WOs; to
t-WO5 at 673 K. The most remarkable feature of these
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FIGURE 6. Relation between In ¢T and 1000/T for WO thin films.

temperature-dependent electrical conductivity curves of
WOs films is two distinct regions indicative of two different
conduction mechanisms operative in those temperature
regions.

The temperature-dependence of conductivity of a-WO3
film (Figure 5a) shows almost a linear behavior at high
temperatures (T > 250 K) and a curvature at low tempera-
tures. It can also be noticed that the activation energy
continuously decreases with a decrease in measuring tem-
perature of the conductivity. The curvature without a definite
slope and continuous decrease in activation energy is a
characteristic behavior of polaron hopping mechanism in
amorphous semiconductors. On the other hand, the con-
ductivity plots show a distinct change in slope at a more or
less same temperature in nc-WOs films (Figure 4b). We
consider various models to analyze the observed electrical
properties and conduction mechanisms as discussed below.

Conductivity in semiconductors is due to both hopping
of electrons and charge transport via excited states and it
can be expressed as (33, 34)

—E, E, —E;
o= Alexp m + Azexp m + A36Xp m +
(1)

where E; is the activation energy for intrinsic conduction and
E,, Es, ..., are the activation energies needed for hopping
conduction. A, A,, A5 are constants and kg is the Boltzmann
constant. Ln o vs 1000/T plots (Figure 6) yield two different
slopes for WO5 films. The activation energy values at differ-
ent temperature ranges (300—180 K and 180—120 K)
calculated from the In o vs 1000/T plots are given in Table
1. The activation energy is found to be higher in the
300—180 K temperature region when compared that in the
180—120 K temperature region. Decreasing activation en-
ergy with decreasing temperature in transition metal oxides
has been explained by small-polaron theory (34). The VRH
model of small polarons also predicts continuously decreas-
ing activation energy with decreasing temperature. Small
polaron formation occurs for strong enough electron—phonon
interaction, as predicted by Landau (35). The polaron trans-
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port occurs by hopping process at sufficiently higher tem-
peratures. The multiphonon hopping process freezes out at
lower temperatures, and conduction through extended states
in a polaron band dominates. This should lead to a decay of
the conductivity and activation energy as the temperature
is reduced well below half of the Debye temperature (36).

To obtain a clear distinction between the two conduction
mechanisms (two different slopes in Figure 5), we used the
polaron and variable-range hopping (VRH) models to fit the
conductivity data of WOs films. In the temperature regime,
180—300 K, the conductivity data of WO5 films can be
interpreted in terms of the phonon-assisted hopping model
given by Mott (37)

v c(l — o)
— ph _ _E
o kTR exp( 2aR)eXp( kT) (2)

where v is the optical phonon frequency, ¢ is the fraction
of reduced transition metal ions (the ratio of ion concentra-
tion of transition metal ions in the low valence state to the
total concentration of transition metal ions), R is the average
spacing between the transition ions, a is the localization
length, and E is the activation energy for the hopping
conduction. The plots of In 6T vs 1000/T for WO5 films are
shown in Figure 6. The values of vy, and R, the activation
energy, E (calculated from the slope of the plot) are given in
Table 1. Assuming a strong electron—phonon interaction,
Austin and Mott proposed that

E=E,+— (3)

for (T > 0p/2)

E=E, )

for (T > Op/4) where Ey is the polaron hopping energy, Ep is
the disorder energy arising from the energy difference of
neighbors between two hopping sites and 0p is the Debye
temperature (380 K for WOs). Polaron radius can be calcu-
lated using the formula (35-37)

=[5 2] G2

Where R is the average distance between the transition
metal ions (W ion), which is 0.3 nm in the present case (38).
The value of r, was found to be 0.12 nm.

To better understand the nature of hopping conduction,
i.e., to determine whether it is adiabatic or nonadiabatic
regime, it is necessary to perform a detailed analysis. The
following are the conditions that define the adiabatic and
nonadiabatic conduction

Vemuri et al. Wwww.acsami.org



Table 1. Activation Energy Values, A and B Parameter Values, and the Density of Localized States at the

Fermi Level Values of WO5; Thin Films

activation energy (eV)

substrate temperature

of WO5 film (°C) 180—300 K 120—180 K A(Q 'em! KP?) B (K'™ N(Ep) ( x 10 eV~ cm™)

RT 0.22 0.029 73242 23.27 2.72

100 0.23 0.031 73602 23.89 2.71

200 0.25 0.033 72266 23.83 2.67

400 0.26 0.033 72572 23.48 2.65
2RTE\"#(hvy\!72 N(Ep) is the density of localized states at Er and a”! is the

J> ( —2 (adiabatic) (4a) (Ep) Y _ Fa

T Y4 decay constant of the wave function of localized states at

2RTE\!/4( hvy /2
J< p o (nonadiabatic) 5)

where ] is the polaron bandwidth, Ey is the hopping energy
(0.22 eV), and hv, = kg0p (0p is the Debye temperature and
it is 380 K for WOs). In the evaluation of the term on the
right-hand side of eq 5 at 300 K, a value of 0.0222 eV is
obtained. On the other hand, J can be estimated indepen-
dently using Dhawan’s formula (36)

(6)

J-e(l)

&)’

Where ¢, is the effective dielectric constant and it can be
calculated using the Mott’s small polaron hopping model
with the relation by

_ (e )[1 !
(o)) g

In the present case, the value of ¢, was found to be 7.4. By
using the previously obtained N(Ep) and g, values, ] is
calculated as 0.0028 eV. Because /< 0.0222 eV, we conclude
that the electrical transport in WOs5 is due to small-polaron
conduction in the nonadiabatic regime.

According to the small-polaron theory and the VHR model
of small polarons, the activation energy should continuously
decrease with decreasing temperature. The procedure sug-
gested by Greaves as a modification of Mott’s model of VRH
could be applied in the second temperature regime (120—180
K), and the following expression is proposed for the electrical
conductivity

oT'"? = Aexp(—BT~ ' ®)

Where A and B are constants and B is expressed as

a3 1/4
B=2.1 9
[kBMEp)] )
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Er.

Variable-range hopping model may be valid in the tem-
perature range 120—180 K and a good fit of the experimen-
tal data to the eq 9 is shown in Figure 7 (In(cT"?) vs T~
plot). The values of parameters A and B were calculated from
this curve and are shown in Table 1. The density of localized
states at the Fermi level, N(Er), has been calculated taking a
constant value of o' (x 1077 cm) (38). The determined
value is N(Ep) & 1 x 10'? eV™! cm™, which is good agree-
ment with the reported value for WO5 films (39, 40).
Electrical properties of WO thin films prepared by thermal
evaporation have been reported by M G Hutchins et al. (40).
Arrhenius law, a polaron model, and a variable-range hop-
ping model have been used to explain the conduction
mechanism forWO; films at different temperature regime.
Using the variable-range hopping model, the density of
localized states at the Fermi level, N(Er), was reported to be
to be 1.08 x 10" eV™! cm™. The average values of activa-
tion energies were found to be 1.70 eV (T > 525 K), 0.58 eV
(625 K =T = 353K, and 0.06 eV (T = 353 K).

A good fit of the Mott’s VRH model has been verified by
calculating the hopping parameters and the Mott’s require-
ments (24) (RpopO = 1 and Epep > ReT). Here, Rpop and Epep
are temperature-dependent hopping distance and average
polaron hopping energy, respectively.

o Observed
-1F Calculated
N: a2l 673K
:M 95 035 036 037
- a2r 473 K
".‘c -4 055036037 038
N 3IBK
a b
~
-
g — :
© 0
i 18 RT
= Ll
3t

032 034 0.36
T-1/4 (K'1/4)

FIGURE 7. Relation between (In(oT'?) and T~ for WO; thin films.
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R _ L 114 (10)
hop | 87N(Ep)ak, T

+ (11)
47TR} o, N(Ep)

Ehop =
The calculated average values of Ryop and Ejp at 140 K for
WOs5 films are found to be 3.9 nm and 204 meV. The values
of Rpopt and Epp are found to be 3.9 and 204 meV,
respectively. The requirements (Rpop@ = 1 and Epop > ReT)
are clearly satisfied.

The effect of microstructure and size on the electrical
properties of WO5 films as determined in this work is quite
useful while considering the fundamental aspects and design
of a sensor. The key dimension defining the enhancement
of a sensor performance as function of reducing particle size
or film thickness is the Debye length (p) (41, 42). Most
important to mention is that the grain size must be very
small on the order of Ap, where the space-charge regions
overlap and all the grains are fully depleted, to take the
advantage of nanoscale effects. It has been reported that the
better sensor performance was obtained for nanocrystalline
SnO; films with very small sizes (<Ap) or smallest thick-
nesses (41-44). In this context, although WOs5 films grown
in the range of 373—573 K are promising, the electrical
parameters determined for WO5 films with grain sizes
varying in the range of 9—50 nm could provide a database
to design a sensor with enhanced performance.

4. SUMMARY AND CONCLUSION
Temperature-dependent dc electrical conductivity of the

amorphous and nanocrystalline WOs5 films exhibits the
exponential behavior which indicates the semiconducting
nature of all the films. Lower conductivity of WO5 films RT
is attributed to their amorphous nature. The conductivity
value was found to increase with increasing substrate tem-
perature because of the increasing crystalline nature and
preferred orientation of the nanocrystalline WOs5 films along
(00 L). The mechanisms of electrical conduction at different
temperature regions in all the films are explained in terms
of a polaron model and a variable-range hopping model. The
conductivity data of WOs films were successfully analyzed
by the nonadiabatic small polaron hopping conduction
theory at higher temperature (180—300 K). It has been found
that the conduction mechanism at the temperature range
of 120—180 K s due to variable range hopping mechanism.
The density of localized states at the Fermi level, N(Er), has
been calculated and it was found tobe ~1 x 10'?evV~'cm™
for all the films.
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