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The present study investigates themain electrical transport mechanism in V2O5 thin films deposited by RFmag-
netron sputtering on the basis of the Mott's small polaron hopping model. The material under test was obtained
at room temperature from a V2O5 target and then oxidized at high temperature under air atmosphere to obtain
the desired V2O5 phase. The dependence of the electrical conductivity of the V2O5 thin films with temperature
was analyzed using theMott's small polarons hopping transport model under the Schnakenberg form. Model re-
sults suggest a polaron binding energyWH =0.1682 eV, with a structural disorder energyWD=0.2241 eV and
an optical phonon frequency ν0 = 0.468 × 1013s−1. These results are in agreement with data reported in litera-
ture for single crystal V2O5. However, the carrier mobility μ = 1.5019 × 10−5 cm2/Vs computed in the non-
adiabatic regime is significantly smaller than that of the single crystal, suggesting a strong electron–phonon cou-
pling in the V2O5 thin films obtained with the proposed deposition method.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Vanadium is a transition metal element having a large amount of
oxide phases due to its multi-valent character (V+2, V+3, V+4, V+5),
being the vanadium pentoxide (V2O5, one of the Wadsley phases with
V2nO5n − 2 stoichiometric formula [1]) the most stable one. V2O5 is a
wide band gap n-type semiconductormaterial [2] with particularly use-
ful properties due to the fact that charge transport is performed by
means of polarons, as has been reported for both the bulk single-
crystal structure [3], and the amorphousV2O5 layers [4,5]. These proper-
ties make V2O5 thin films candidate for many practical uses, such as a
catalyst material in gas sensors [6,7], as a dielectric constituentmaterial
in super capacitors [8], as a high capacity storage medium in Li-ion bat-
teries, as a cathode in these batteries [9], or as a thermo-resistive mate-
rial in thermal infrared detectors [10]. V2O5 thin films can be prepared
using various deposition techniques [11], being sputtering the preferred
method due to the good surface uniformity provided. In present work
the V2O5 thin films were obtained by means of a two step process,
which is intended to make the film deposition compatible with a low
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temperature lift-off patterning process. First a thin film is deposited at
room temperature by RF magnetron sputtering from a VO2 target.
After the lift-off patterning the film is oxidized at high temperature
under air atmosphere to obtain the desired V2O5 phase. The following
sections illustrate the method used to obtain the films, the morpholog-
ical and structural characterization carried out with the different sam-
ples, and the electrical measurements performed. Finally, the electrical
conductivity dependence with temperature is analyzed using the
model proposed by Mott [12,13] for the charge transport performed
by small polarons hopping, under the Schnakenberg formulation [14].

2. Methods and materials

The proposed V2O5 thin films compatible with the lift-off patterning
process were obtained in two steps. Initially, a VOx thin filmwas depos-
ited on top of a Si(100) wafer pre-coated with a dielectric layer by
means of RFmagnetron sputtering, using a high purity (99.9%) VO2 tar-
get material. The deposition process was performed at room tempera-
ture using a base pressure of 10−5 mBar, a RF plasma power of 200 W,
and an Argon flow of 20 sccm. Based on the changes in the Gibbs free
energy linked to the different vanadium oxide stable phases [15], it is
known that for temperatures higher than 434 °C the different stable
phases arise following the VO2 → VO → V2O3 → V2O5 sequence. There-
fore, to endupwith a single phase V2O5film the sampleswere subjected
to a subsequent thermal annealing at 475 °C in air for 3 h, to promote
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Fig. 2. XRD diffractogram for samples at 25 °C “as deposited”, and with thermal annealing
at 475 °C.
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the complete oxidation of the layer until thefinal stable phase. Themor-
phological characterization of the processed samples was performed by
means of field emission scanning electron microscopy (FE-SEM, Zeiss
Supra 40), making use of a low acceleration potential 3 kV to prevent
charging of the films. All samples were analyzed using the samemagni-
fication level in order tomake a fair comparison of the surfacemorphol-
ogy and grain arrangement. The structural characterization was
performed by X-ray diffraction, using a cathode Cu(Kα) = 1.5418 Å
(XRD-Philips PW 3710) configured in glancing angle geometry, and a
cathode Cu(Kα) = 1.5406 Å (XRD-Philips PW 1730/10) configured in
Bragg–Brentano powder diffraction geometry. The analysis of the peak
coincidences for each sample was performed using the PDF2 database
with license from the International Center for Diffraction Data (ICDD).
The measurements of the film electrical conductivity were performed,
as a function of temperature, making use of a Keithley 4200 SMU con-
nected to a Jandel four points probe station and a thermal chuck
equipped with an electronic temperature controller. The chuck setting
temperature was swept from room temperature up to 100 °C, and the
actual sample temperaturewas registeredwith the help of an additional
thermocouple in contact with the sample surface.

3. Results and discussion

The characterization of the films was performed using two sample
sets: one with the as-deposited films obtained by RF sputtering at
room temperature (25 °C), and the other with the same films after the
additional thermal annealing at 475 °C for 3 h. A SEM image of the sur-
faces obtained for both sample sets can be observed in Fig. 1.

As expected for the sputtering process a good surface uniformity is
obtained for the as-deposited films (Fig. 1a), with a particle mean size
around 10 nm. After the high temperature annealing process accom-
plished to obtain films with a single V2O5 oxide phase a significant
growth of the grain size is observed (N100 nm) (Fig. 1b). Additionally,
it can be noted from the grain shapes in Fig. 1b how thefilm crystallinity
is improved as a result of this annealing process [16]. The film structural
characterization was carried out using the XRD diffraction technique.
With the as-deposited sample set the XRD measurements were per-
formed using a glancing angle configuration in order to obtain
diffractograms with high peak resolutions for the expected amorphous
thin films. However, a standard powder diffraction configuration was
used with the anticipated crystalline samples obtained after the anneal-
ing process at 475 °C. In both cases, the sample XRD measurements
were corrected in order to eliminate the background XRD spectral con-
tribution due to the substrate. A peakmatching analysis was performed
in order to match the peaks observed in the resulting XRD
diffractograms with the reflection planes included in the PDF2 database
records. Peaks matching those of VO0.9 were identified in the as-
deposited samples, while peaks matching those of the V2O5 phase
were observed for the annealed samples, as can be seen in
diffractograms included in Fig. 2.
Fig. 1. SEM micrograph of samples a) at 25 °C “as dep
The electrical measurements performed have provided the behavior
of the conductivity σ versus temperature, which is represented in a
(log(σ) vs. 1000/T) graph in Fig. 3. These experimental data were fitted
by the least squares method using an Arrhenius like equation for con-
ductivity (Eq. (1)). The values obtained for the activation energy ΔW
were 0.095 eV for the sample as deposited at 25 °C (VO0.9), and
0.267 eV for the samples annealed at 475 °C (V2O5).

σ Tð Þ ¼ σ0 exp −ΔW=kTð Þ ð1Þ

Finally, the electrical transport mechanism in V2O5 thin films is ex-
plained on the basis of the small polarons hopping conduction. This
transport mechanism is ascertained by fitting the results obtained
from the electrical measurements with a model for the electrical con-
ductivity based on the small polaron hopping mechanism described
by Mott.

3.1. Charge transport through polarons

Charge transport through polarons is a well known effect observed
under strong electron–phonon interaction conditions. Themost evident
effect of the strong electron–phonon interaction in a material is per-
ceived on the dependency of the electrical conductivity with tempera-
ture, but another less obvious effect can also be revealed under this
condition, an increase in the effective mass of the electrons due to the
dragging of heavy ion nuclei [17]. The set formed by the electron and
its associated field deformation is what is known as a polaron. The
osited”, and b) with thermal annealing at 475 °C.



Fig. 3. Measurement of the activation energy ΔW for samples “as deposited” and 475 °C. Fig. 4. Small polaron hopping fit using Schnakenberg model on sample 475 °C, with 95%
prediction bounds.
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main classification of polarons takes into account both the size of the ra-
dius with respect to the lattice constant, which gives rise to large or
small polarons, and the type of charge transport.While in large polarons
charges are moved in a unique band, in small polarons charge remains
trapped most of the time on a single ion. The interaction between the
lattice vibration and the localized electron induces charges to jump
from one atom to a neighboring one. This process is called conduction
by hopping charge carriers and takes place through thermal activation
at high temperatures [18]. This particular behavior of small polarons re-
mains a candidate to explain charge transport in transitionmetal oxides
[19] like V2O5.

In order to verify the nature of the electronic transport mechanism
in the V2O5 thin films produced the experimental data was fitted by
using the Mott–Schnakenberg model. The fitting parameters derived
have been used to check the condition for polarons' existence and to
identify the particular type of polaron that is responsible of charge
transport. Moreover, some of the parameters have been assessed
through other alternative equations in order to corroborate the analysis
performed.

3.2. Conduction mechanism model

Experimental data were studied using themodel developed by Aus-
tin–Mott [12,13] for the electrical conductivity of non-crystalline mate-
rials and glasses, which considers a conduction mechanism in terms of
phonon-assisted hopping of small polarons between localized states.
Schnakenberg proposed a simplified formulation for this model taking
into account the phonon distribution [14], in which the dependence of
the electrical conductivity with temperature can be expressed by
Eq. (2) [20]

ln σTð Þ ¼ ln σTð Þ0−
WD

2kT
−

WH

kT
tanh hν0=4kTð Þ

hν0=4kT
ð2Þ

where (σT)0 is a constant, WD is the activation energy for hopping due
to disorder, WH is the polaron hopping energy and T the temperature
in K. Eq. (2) is valid for the hopping of polarons in the non-adiabatic ap-
proximation, above the θD/2 temperature, where θD is the Debye tem-
perature, given by the expression θD = hν0/k, where ν0 is the optical
phonon frequency, h is the Planck constant, and k is the Boltzmann
constant.

The Schnakenberg equation parameters: σ0, WH, WD and hν0 have
been evaluated from the fitting of the experimental data shown in the
log(σT) vs. 1000/T graph in Fig. 4 using the least-square method. Values
obtainedwith the best line fit, with 95% confidence boundswere:WH=
0.1682 ± 0.0121 eV,WD = 0.2241 ± 0.0139 eV and hν0 = 0.02755 ±
0.00994 eV; with a goodness of fit RFit2 = 0.9827. The Debye tempera-
ture θD computed from hν0 was θD = 319.7 K.

3.3. Analysis of polarons conduction in V2O5

The values of the model parameters obtained from this fitting were
used to check the consistency of the several hypotheses established re-
garding the transport mechanism. First of all, the strong electron–
phonon interaction condition was checked by calculating the ratio of
the polaron effective mass mP to the rigid-lattice effective mass m⁎.
The higher this ratio, the greater the electron–phonon coupling. The
ratio between these two parameters was obtained using Eq. (3) [12,13]:

ð3Þ

where J is the bandwidth of the polaron, R is the average spacing be-
tween the transition-metal ions, and γ is the electron–phonon interac-
tion parameter, which is given by Eq. (4) [12,13]:

γ ¼ 2 WH=hν0ð Þ: ð4Þ

Themass ratioγ evaluated from the previous fitting values,mP/m*=
2.0089 × 105, corresponds to a γ=12.2, which is greater than the value
γ N 4 suggested by Austin–Mott as the limit that indicates the strong
electron–phonon interaction in solids [12]. The formation condition
for small-polarons was verified using the Emin–Holstein [21] formula-
tion, an inequality that relates the polaron hopping energy WH with
the bandwidth of the polaron J:

JbWH=3: ð5Þ

The bandwidth of the polaron J was estimated from the fitting pa-
rameters using the approximate expression proposed by Holstein [22]:

J≈0:67hν0 T=θDð Þ1=4: ð6Þ

Therefore, the values computed for J = 0.0182 eV (T = 300 K) and
WH/3=0.0561 satisfy the small-polaron formation condition in Eq. (5).
Once verified the conditions for the strong electron–phonon interaction,
and for the existence of small polarons, the type of conduction
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mechanisms followed by the charge carriers was established using the
condition proposed by Holstein [22] to set the limit between the adia-
batic and non-adiabatic regimes [12], given by equation:

H ¼ 2kTWH=πð Þ1=4 hνo=πð Þ1=2: ð7Þ

The polaron conduction regime is determined by the inequality:

JNH for adiabatic hopping
JbH for non‐adiabatic hopping

�
:

The non-adiabatic hopping regime inequality is satisfied by the
values obtained for J and H (H = 0.0215 eV) from the fitting parame-
ters. According to Cohen [23], an additional condition must be satisfied
in the case of a hopping conduction process. The mobility μ has to be
lower than 10−2[cm2/Vs]. In the case of the non-adiabatic regime the
mobility μ can be expressed by Eq. (8) using the model proposed by
Murawsky [24]:

ð8Þ

where R is the vanadium interatomic distance [4], which was experi-
mentally measured in crystalline V2O5 [25,26], being 3.55 Å . Themobil-
ity obtained using this R value together with the fitting parameters, μ=
1.5019 × 10−5[cm2/Vs] meets Cohen condition, suggesting the conduc-
tion by polarons hopping in the material under test.

The total activation energy of the material, ΔW, was also evaluated
by using the expression suggested by Austin–Mott [12,13]:

ΔW ¼ WH þWD=2 for T NθD=2
ΔW ¼ WD for T bθD=4

�
: ð9Þ

The first equation ΔW =WH + WD/2 is the appropriate one for op-
eration at room temperature, taking into account the Debye tempera-
ture θD = 319.7 K previously evaluated. The activation energy
computed from Mott's model parameters, ΔW = 0.2803 eV, fits quite
well with the experimental activation energy previously measured
from the slope in Fig. 3, ΔW = 0.267 eV.

Table 1 summarizes the different data obtained from the fitting of
the experimental measurements of the electrical conductivity with
Mott'smodel,which are compared against similar data reported in liter-
ature [3] for single-crystal V2O5.

A significant similarity was observed in most of the parameters
available for both materials. However, a large difference was reported
for the mobility μ, which is two orders of magnitude larger in the case
of the V2O5 single-crystal. Taking into account the Cohen [23] condition
established for the electrical conduction by hopping of charge carriers,
which states that this process occurs for mobilities much lower than
10−2[cm2/Vs], it can be noted that V2O5 single crystal (0.15–
0.5 × 10−2 cm2/Vs) is near this limit while V2O5 thin-films reported in
this work (μ=1.5 × 10−5[cm2/Vs]) are clearly beyond this hoping con-
dition limit. Therefore, the lowmobility reported for the V2O5 thin-films
Table 1
Comparison of material properties for V2O5 thin films (current work) and bulk single-
crystal (Ioffe [3]). (*) For bulk single crystalWDwas computed using Eq. (9) and θD as hν0/k.

Parameter V2O5 bulk single crystal
Ioffe [3]

V2O5 thin film
this work

ΔW 0.27 eV 0.267 eV
WH 0.15–0.17 eV 0.1682 eV
WD 0.2–0.24 eV(*) 0.2241 eV
hν0 0.032 eV 0.0275 eV
J 0.01 eV 0.0182 eV
γ 10 12.2
θD 371.3 K(*) 319.7 K
μ 0.15–0.5 × 10−2 cm2/Vs 1.5 × 10−5 cm2/Vs
obtained with the proposed two-stage method suggests that small po-
larons hopping is the prevailing conductionmechanism in thismaterial.

3.4. Polaron hopping energy verification

Finally, in order to reinforce the validity of the model employed for
the fitting, the polaron hopping energy parameterWHwas also estimat-
ed making use of the expression derived from the Austin–Mott [12]
model (Eq. (10)),

WH ¼ e2 r−1
P −R−1

� �
=4εP ð10Þ

where rp is the polaron radius, and εp is the material effective dielectric
constant. The rp value was estimated making use of Eq. (11) proposed
by Bogomolov [27] and the interatomic distance between vanadium
atoms reported for crystalline V2O5, R = 3.55 Å [26],

rP ¼ 1=2ð Þ π=6ð Þ1=3R ð11Þ

obtaining a value of rP=1.43 Å. The other parameter required to obtain
WH, ϵp, was estimated using the expression ϵP−1 = (ϵ∞−1 − ϵS−1) [12],
where ϵS and ϵ∞ are the static and the high-frequency dielectric con-
stants of thematerial, respectively. An estimation for the ϵS in V2O5 pro-
vided by [28] (ϵS = 37.2) was used, together with an estimate of ϵ∞
obtained from the V2O5 refractive indexN(ϵ∞ ~N2) [4].Nwas computed
making use of experimental data provided by [29] for the real and imag-
inary parts of the refractive index, n and k, which corresponds to a value
ofN=2.8. TheWH value obtained using Eq. (10)with these data report-
ed in literature for V2O5, WH = 0.1512 eV, is in good agreement with
the hopping energy obtained from the fitting of the experimental con-
ductivity data with Mott's model in Eq. (2),WH =0.1682 ± 0.0121 eV.

4. Conclusions and future works

Electrical transport properties of V2O5 thin films obtainedwith a lift-
off compatible two-stage process (deposition by sputtering and subse-
quent annealing) were studied. The structural characterization of the
samples by XRD showed peaks matching those of the V2O5 phase,
confirming that the choice of annealing parameters is suitable to ensure
a final pure V2O5 phase. The electrical conductivity of the films obtained
with this deposition method showed a typical negative exponential be-
havior with temperature, with a 0.27 eV activation energy for
T N 25 ° C. This temperature dependent conductivitywaswell explained
using theMott model under the Schnakenberg formulation. A complete
set of parameters describing the properties of charge carrierswas deter-
mined. The consistency of these parameters with the several conditions
assumed by Mott's model (strong electron–phonon interaction, exis-
tence of small polarons, non-adiabatic regime for the hopping of charge
carriers) was checked. The charge carrier parameters are consistent
with those reported in literature for single crystal V2O5, except the
strength of the electron–phonon interaction and the mobility. The
much lower mobility observed for the V2O5 thin-films due to a stronger
electron–phonon interaction fully complies the Cohen condition for
driving the hopping of charge carriers, suggesting that small polarons
hopping is themain conductionmechanism in V2O5 thin films obtained
with the deposition method proposed.
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