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In this paper, we present a comprehensive, correlative study of the structural, transport, optical and

thermoelectric properties of high-quality VO2 thin films across its metal-insulator phase transition.

Detailed x-ray diffraction study shows that it’s textured polycrystalline along [010]M1, with

in-plane lattice orienting along three equivalent crystallographic directions. Across the

metal-insulator transition, the conductivity increases by more than 3 orders of magnitude with a

value of 3.8� 103 S/cm in the metallic phase. This increase is almost entirely accounted for by a

change in electron density, while the electron mobility changes only slightly between the two

phases, yet shows strong domain boundary scattering when the two phases coexist. Electron

effective mass was determined to be �65m0 in the insulating phase. From the optical and infrared

reflection spectra in the metallic phase, we obtained the plasma edge of VO2, from which the

electron effective mass was determined to be �23m0. The bandgap of VO2 was determined from

optical absorption to be 0.70 6 0.05 eV at room temperature and rapidly shrinks before the phase

transition occurs. In the temperature range where metallic and insulating phases coexist, the

Seebeck coefficient was found to be significantly lower than that predicted by a linear combination

of volumetric contributions from the insulating and metallic domains, indicating abnormal

thermoelectric effect at the metal/insulator domain walls in such two-dimensional domain

structure. VC 2013 American Institute of Physics. [http://dx.doi.org/10.1063/1.4788804]

I. INTRODUCTION

Vanadium oxides exhibiting metal-insulator transition

(MIT) at various temperatures are of great interest in materials

science for both fundamental understanding of correlated elec-

tron physics and potential device applications. Among them,

vanadium dioxide (VO2) has been studied most intensively

owing mostly to its near-room-temperature phase transition as

well as its high phase stability.1 It undergoes a first-order MIT

around 68 �C from a high-temperature metallic (M) phase to a

low-temperature insulating (I) phase, which is accompanied

by a structural phase transition from a high-temperature tet-

ragonal (Rutile, R) structure to a low-temperature monoclinic

(M1) structure.2–6 Both theoretical and experimental efforts

have been devoted to understanding and exploiting the mecha-

nism of MIT since the early work of Morin decades ago.7

However, due to the complex phase diagram of VO2�d with

different stoichiometries, as well as complications arising

from coexisting metal/insulator domains across the MIT, the

synthesis and characterization of VO2 have never been easy.

Thanks to rapid advances in growth of thin-film oxides in

recent years such as molecular beam epitaxy,8 chemical vapor

deposition,9 sol-gel deriving,10 sputtering,11 and pulsed laser

deposition,12 the study of VO2 is reviving, with growing

emphasis on exploring its device applications. Applications

such as thermo/electrochromics,13 Mott transistors,14 strain

sensors,15 and thermal actuators16 have been proposed or real-

ized based on the MIT of VO2.

However, a systematic, comprehensive study of the phys-

ical properties of these high-quality VO2 specimens across the

MIT has been lacking; for example, electrical transport prop-

erties were measured without optical and infrared characteri-

zation of the same sample17 and vice versa.18 As a result,

correlations across different aspects of the MIT are yet to be

identified and cross-checked, which could reveal some intrin-

sic materials properties out of merely sample-specific effects,

or answer outstanding questions on VO2. In this work, we

present a comprehensive study of high-quality VO2 thin films

grown by pulsed laser deposition, fully characterizing their

structural, electrical transport, optical (including infrared), and

thermoelectric properties altogether. These include: (1) The

growth direction of epitaxial VO2 thin films on sapphire is

identified to be [010]M1 instead of [001]M1, a controversy

from previous reports. Identification of the film texturing

direction is important to simulation of energetics of the VO2

phase transition strain,19 as well as the very recent effort of

using VO2 as an active material for MEMS actuation;20 (2)

An unusually strong electron scattering by M-I domain boun-

daries is revealed from the electron mobility drop during the

inhomogeneous MIT of VO2. Such effect disappear when the
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film is in pure M or I phase, therefore must originate from

scattering of electrons at the interface between M and I

phases, and differ from the ordinary grain boundary scattering.

It may need to be included for properly analyzing free charge

dynamics in optical studies of VO2 films in the M-I phase co-

existing regime;18 (3) From the plasma edge on the infrared

reflectance, we determine the electron effective mass in the

M-phase, which is cross-checked by independent Seebeck

measurement; (4) By combining Hall and Seebeck measure-

ments, we conclude that lattice (acoustic phonon) scattering of

conductive electrons in the M-phase is negligible; (5) The

Fermi level in the I-phase is determined by temperature-

dependent Seebeck measurement, which is then combined

with the temperature-dependent Hall data to evaluate the elec-

tron effective mass of the I-phase; (6) Combining Hall mobil-

ity data and Seebeck results highlights the important unusual

thermoelectric contribution of M-I domain walls during the in-

homogeneous MIT of the thin film system, which proves that

this domain wall effect is not limited to 1D VO2 nanobeams;21

(7) The bandgap of I-phase VO2 is determined, and its temper-

ature dependence is found to be an order of magnitude stron-

ger than that of non-correlated, traditional semiconductors.

These results are expected to help further understanding of

this correlated electron oxide, as well as its future device

applications in electronics and electro-optics.

II. EXPERIMENTAL

The VO2 thin films used in this study were grown on

c-plane sapphire (i.e., (0001)-Al2O3) substrate by pulsed

laser deposition. A KrF excimer laser (k¼ 248 nm) was

focused onto a target (pressed 99.9% pure VO2 powder, den-

sity �4.0 g/cm3) with a fluence of �1.3 J/cm2. The deposi-

tion chamber was pumped to �10�6 Torr before oxygen gas

was introduced into the chamber. The deposition was per-

formed in oxygen ambient of 10 mTorr with substrate tem-

perature maintained at 530 �C for 2.5 h. After the deposition,

the samples were cooled down at a rate of 10 �C/min to room

temperature at the deposition oxygen pressure. The thickness

of the as-grown film was determined to be �250 nm by

cross-sectional scanning electron microscopy and atomic

force microscopy (AFM).

The crystallinity of the films at room temperature (M1-

structure) was first identified by high resolution x-ray diffrac-

tion, which was performed using a triple-axis diffractometer

equipped with a four-crystal Ge (220) monochromator and a

three reflection Ge (220) analyzer in a PANalytical X’Pert

Pro MRD system. The Cu Ka line (k¼ 0.154 nm) radiated

from a 2.2 kW ceramic tube with resolution limit of about 12

arc sec was used as the x-ray source.

Transport properties across the MIT, such as temperature

dependence of the electrical resistivity/conductivity, carrier

density and Hall mobility, were measured based on van der

Pauw geometry using an Ecopia HMS-3000 Hall measure-

ment system. The sample temperature was controlled by a

Lake Shore 325 temperature controller with high temperature

stability and was calibrated with a thin type-K thermocouple.

To investigate optical properties across the MIT, both

reflection and transmission spectra were taken from ultraviolet

to the infrared wavelength range. The mid-infrared spectra

between 1600 cm�1 and 7000 cm�1 were measured using a

Fourier-transform infrared spectrometer (Thermo Nicolet

Nexus870) combined with a confocal microscope (Nicolet

ContinuumXL) using a 32� Schwarzschild objective (numeri-

cal aperture:0.65), and the signal was collected with a liquid-

nitrogen-cooled mercury cadmium telluride (MCT-A)

detector (as shown elsewhere22). The ultraviolet-visible-near-

infrared spectra between 320 nm and 2600 nm were measured

using a PerkinElmer LAMBDA 750 UV/Vis/NIR spectropho-

tometer, where the signal below 890 nm was collected by a

photomultiplier tube and that above 890 nm was collected by

a PbS detector.

A rectangular sample (�10 mm� 5 mm) with Ohmic

contacts (15 nm Cr/200 nm Au) on the two ends of the stripe

was prepared for the Seebeck measurement. The Seebeck

measurement was carried out by suspending the sample

between two temperature controlled copper blocks, which

were enclosed inside a small vacuum chamber providing

pressures as low as 9� 10�7 Torr. High temperatures were

produced by passing current through resistive heaters in each

sample block. The temperature at each end of the sample

was monitored by affixing type-T thermocouples to either

end using small pieces of indium foil to ensure good thermal

contact to the sample.

III. RESULTS AND DISCUSSION

A. Structural properties

Figure 1(a) shows the XRD 2h/x scan spectra of the as-

grown VO2 thin film at room temperature. The well-resolved

sharp peaks at 41.94� and 90.98� correspond to diffraction

peaks from the c-plane of the substrate, namely sap-

phire(0006) and sapphire(00012), respectively. However, the

origin of the peak located around 40.02� and its secondary

peak at 85.97� have been controversial, and they have been

indexed as either (020)M1/(040)M1 peaks, or (002)M1/(004)M1

peaks, of VO2 by different groups.12,23–26 The discrepancy

originates from the fact that (010)M1 and (001)M1 planes of

VO2 have almost the same lattice spacing, therefore nearly

the same Bragg diffraction angle, which makes them undis-

tinguishable by using only 2h/x scan. In order to solve the

problem and also explore the in-plane texturing of the film,

off-axis u scan of VO2 (110)M1 planes were performed

because they have significantly different inclination angles

to the VO2 (010)M1 and (001)M1 planes. As shown in

Fig. 1(b), only the diffraction peaks from the u scan patterns

corresponding to the [010]M1 growth direction (W¼ 43.1�,
2h¼ 26.86�) were found, which verifies high-quality crystal-

line VO2 with its (010)M1 plane (rather than (001)M1 plane)

parallel to the substrate. The high quality of the film is evi-

dent from the relative small full width at half-maximum

(FWHM �0.15�) of the rocking curve of the (020)M1 diffrac-

tion peak as shown in the inset of Fig. 1(a). We note that the

VO2 peaks and their rocking curves slightly deviate from an

ideal Gaussian shape, which is indicative of high residual

strain in the thin film due to lattice and thermal mismatches

between the VO2 and the substrate. Furthermore, clear six-

fold symmetry of the off-axis u scan spectra from the
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(110)M1 planes (Fig. 1(b)) as well as the (011)M1 planes (not

shown here) implies a highly textured in-plane structure

where the in-plane orientations of VO2 (e.g., [100]M1, which

is equivalent to [001]R) are rotated by 60� about its growth

direction (i.e., [010]M1-axis or [100]R-axis).27 Therefore, the

VO2 thin film is [010]M1-oriented polycrystalline with

in-plane lattice orienting along three equivalent crystallo-

graphic directions as sketched in Fig. 1(c), epitaxially regis-

tered with the c-plane sapphire substrate, with VO2 [100]M1

(or equivalently [001]R) parallel to sapphire [1000], [0100],

and [0010] respectively.28 Figure 1(d) shows an AFM image

of the VO2 thin film grown on c-sapphire substrate. Small

crystalline grains with size of �120 nm were clearly

resolved. The film surface is smooth, with a root mean

square roughness of �3 nm.

B. Transport properties

As pointed out in Ref. 17, Hall effect measurements of

VO2 films across its MIT are challenging because of the

intrinsically low Hall mobility, the high carrier density that

results in low Hall voltage, and the large amount of noise

ascribed to the strain present in the sample arising from the

discontinuous lattice transformation. The configuration for

van der Pauw Hall measurement is depicted in Fig. 2(a), and

the sample was mounted on an aluminum tape with a resistive

heater embedded underneath. The measurement was done

with a slow heating and cooling cycle, and at each tempera-

ture point the sample was stabilized for about 3 min, and

measured 5 times to check reproducibility. The sign of the

Hall voltage indicates that electrons were responsible for the

conduction, which is in agreement with previous reports on

VO2 single crystals and nanowires. Since the heating and

cooling processes showed consistent results, only the meas-

ured data from heating process are presented. As can be seen

from Fig. 2(b), the resistivity/conductivity experiences a

change of more than 3 orders of magnitude across the MIT

from 60 �C to 80 �C and the conductivity is as high as

3.8� 103 S/cm for the metallic phase. We note that along the

temperature axis, the MIT occurs gradually in the thin film as

opposed to an abrupt transition in strain-free, single crystal-

line nano/microwires,29 which is a manifestation of inhomo-

geneous MIT in VO2 thin films due to its poly-crystallinity

and strain from substrate clamping.18 The temperature-

dependent carrier density n and mobility l are shown in

Figs. 2(c) and 2(d), respectively. Note that the error bars for

these data points are smaller than the size of the symbols in

Fig. 2(c). The electron density is (1.9 6 0.2)�1019 in the

insulating phase around room temperature and increases by

over 3 orders of magnitude across the MIT from (4.5 6 0.5)

� 1019 cm�3 at 60 �C to (1.9 6 0.5)� 1023 cm�3 at 80 �C; this

change in n almost entirely accounts for the change of resis-

tivity/conductivity shown in Fig. 2(b). These results are con-

sistent with recently reported values found in VO2 thin films

deposited on Si substrate by sputtering method.17 We note

FIG. 1. Structural properties at room tempera-

ture. (a) XRD 2h/x scan, (b) u scan of (110)M1

planes corresponding to [010]M1 growth direc-

tion, (c) schematic of the texturing with differ-

ent in-plane lattice orientations, and (d) AFM

image of the as-grown VO2 thin film. Inset of

(a) shows the rocking curves of both VO2

(020)M1 peak and the substrate peak.

FIG. 2. Transport properties. (a) Schematic of the van der Pauw Hall mea-

surement geometry. (b) Resistivity/conductivity, (c) electron concentration,

and (d) electron mobility measured as a function of temperature.
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that the measured electron density in the metallic phase corre-

sponds to approximately 7 6 2 electrons contributed by each

vanadium atom since the number density of vanadium atoms

in VO2 is about 3� 1022 cm�3.2 The observation of more

than one conduction electron per vanadium atom has been

reported before by different groups2,17,30 and was explained

as two types of carriers co-existing in the system. While the

electron density n changes monotonically with temperature,

the evolution of mobility l shows some complexity as seen

in Fig. 2(d). The overall mobility in the insulating phase is

higher than that in the metallic phase. The whole process can

be divided into three regimes: when T<� 60 �C (regime-I),

the mobility slightly decreases with increasing temperature;

when the temperature further increases and the inhomogene-

ous MIT and structural transition start to occur (60 �C<T

< 80 �C, regime-II), the mobility decreases drastically by a

factor of 4, which can be mainly attributed to strong scatter-

ing of electrons at the boundaries of metallic and insulating

(semiconducting) domains; when the system finally becomes

fully metallic (T>� 80 �C, regime-III), the electron mobility

partially recovers because the phase boundary scattering

effect disappears (even though the structural grain boundaries

still exist). We note that the mobility in the metallic phase

stays almost a constant upon further heating, suggesting that

the mobility there is not governed by acoustic phonon scatter-

ing, because phonon scattering would become stronger when

temperature rises.

C. Optical and infrared properties

Figure 3 shows the measured optical reflection spectra of

the VO2 thin film at selected temperatures during heating. The

dashed line distinguishes the spectra measured from two dif-

ferent systems as described in the experimental section. The

periodic fringes seen in the insulating-phase spectra (�65 �C)

result from interference between light reflected from the sam-

ple top and bottom surfaces (Fabry-Perot oscillation). This in-

terference disappears for the metallic phase due to strong

optical absorption by the film. Across the MIT, the reflectivity

underwent a drastic change, especially in the infrared region

(<10 000 cm�1). In the metallic phase (>82 �C), the optical

response of the film is dominated by its free carriers and shows

high infrared reflectivity. The surface reflection of conductors

by free carriers is frequently used to determine the effective

mass of free carriers, which can be calculated from the plasma

frequency (xP), provided that the carrier concentration(n) and

the optical dielectric constant (e1) are known,31 i.e.

m� ¼ ne2

e0e1x2
P

; (1)

where e0 is the vacuum permittivity and e is elementary elec-

tron charge. Here, we note that the plasma reflection edge in

the insulating-phase is not resolved due to relatively low

electron concentration (thus low plasma frequency) and the

Fabry-Perot feature. The infrared reflection spectrum for the

metallic phase can be fitted using a standard complex dielec-

tric function model that includes finite lifetime broadening,31

from which xP and the damping parameter were determined

to be 10 500 cm�1 and 15 000 cm�1, respectively, as shown

in the inset of Fig. 3. Using the optical dielectric constant

e1¼ 9 as suggested by Barker et al.,32 we estimated the

electron effective mass in the metallic phase to be �23m0.

This is heavier than previously reported results, which show

a range of values between 3.5m0
30 and 7.1m0.33 The higher

m* is mainly due to higher free electron density measured in

our films and used in the calculation. This high electron den-

sity may also arise from the high residual strain existing in

the films.

Optical absorption (a) spectra of the VO2 thin film

were obtained by considering the reflection loss, It

¼ I0ð1� RÞe�ad , where d is the film thickness, R¼ Ir=I0 is

the reflection, and It=I0 is defined as transmission T. The

value of a converted from measured R and T are shown in

Fig. 4(a). A clear onset of absorption at around 0.7 eV can be

seen in the insulating phase, which is associated with optical

transition across the fundamental bandgap of VO2. Above

the threshold energy, the absorption increases rapidly and

gradually saturates at around 1.5 eV� 2.0 eV, after which

the absorption rapidly increases again. The rapid increase

beyond �2.0 eV can be attributed to transition to the con-

duction band (derived from vanadium 3d-orbitals) from the

FIG. 3. Reflection spectra of VO2 thin film across a wide spectral range at

different temperatures (in units �C). Note that the spectra on the two sides of

the vertically dashed line were measured using two different spectroscopy

systems. The inset shows the measured and fitted results of the reflection

spectrum of VO2 in the high-temperature metallic phase.

FIG. 4. (a) Absorption coefficient of VO2 thin film over a wide spectral

range at different temperatures (in units �C). Note that the spectra on the

two sides of the vertically dashed line were measured using two different

spectroscopy systems. (b) Square of the absorption coefficient of VO2 used

to determine the absorption edge of the material. The inset shows the rapid

shrink of the absorption edge as a function of temperature.
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low-lying oxygen 2p band, which was reported to be �2 eV

below the 3d orbitals.2 According to the Tauc relation, the

absorption coefficient for direct-bandgap material near the

band edge can be modeled as34

aðh�Þ ¼ A
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
h� � Eg

p
; (2)

where Eg is the energy gap and A is a constant depending on

the material. In Fig. 4(b), we plotted a2 as a function of pho-

ton energy. By fitting the linear section of the absorption

spectra and extrapolating to the axis, we determined the

bandgap of insulating-phase VO2. When the temperature

increases toward the MIT temperature, the effective bandgap

gradually decreases, from 0.70 6 0.05 eV at 30 �C to 0.58

6 0.05 eV at 66.3 �C. This bandgap narrowing of 0.12 eV

from 30 to 66.3 �C (inset of Fig. 4(b)) is an order of magni-

tude faster than traditional semiconductors. For example, for

InN and GaSb, two direct-bandgap semiconductors with

comparable bandgap value to VO2, the bandgap narrows by

0.010 and 0.013 eV within this temperature range, respec-

tively. This suggests that the electron correlation in VO2

results in a strong bandgap renormalization upon tempera-

ture rise.

D. Thermoelectric properties

Figure 5(a) depicts the home-made setup for measuring

the thermal power (Seebeck coefficient) of VO2 thin film

across the MIT, where the DT was fixed to be 1 �C for an

average temperature of T. The measured Seebeck coefficient

(S) is always negative, confirming the intrinsic N-type conduc-

tivity in both the insulating and metallic phases of the

as-grown VO2 film. The absolute values of S are shown in Fig.

5(b). The measured jSj for the low-temperature insulating-

phase were in the range of 400� 450 lV/ �C, and in the

high temperature metallic phase, it is almost constant

(�26 lV/ �C), which agrees well with reported values for

bulk VO2 as well as single-crystal VO2 nanowires.2,21,33

From the measured S at high temperatures, it is possible to

estimate the electron effective mass in the metallic phase

by assuming degenerate carrier population of the band:

S ¼ p2k2T
3eEF0
ð3=2þ rÞ,35 where EF0 ¼ h2

8m�
3n
p

� �2=3
is the Fermi

energy at 0 K and r is the power-law index for free carrier

scattering time in the Boltzmann transport theory. Using the

measured electron density at 85 �C (Fig. 2(c)), we estimated

m* to be 15m0 and 43m0 by assuming a scattering index of

3/2 (ionized impurity scattering dominant) and �1/2 (phonon

scattering dominant) respectively. Comparing these two

values to the result obtained from optical reflection

(m*� 23m0), it is found that the electron scattering in the me-

tallic phase by phonons is insignificant.36 This also explains

the nearly temperature-independent mobility in the metallic

regime in Fig. 2(d).

Within the temperature range where the metallic (M)

and insulating (I) phases co-exist, the VO2 film is a standard

example of a dynamically changing composite system,

which is of great interest for thermoelectrics due to carrier

filtering at the boundaries between constituents of the com-

posite.37,38 We now discuss the thermoelectric and electrical

properties correlatively in this temperature regime. In

Fig. 5(c), we fitted the resistivity of the low-temperature

I-phase (T<�60 �C) obtained from Hall measurement using

the equation for non-degenerately doped semiconductors,

qI(T)¼ qI0 � exp(Ea/kBT), where the donor activation energy

Ea was determined to be 0.15 eV, which is consistent with

literature values of 0.13, and 0.13� 0.16 eV.39,40 The fitted

qI(T) was then extrapolated to high temperatures as shown in

Fig. 5(c). Because of the non-one-dimensional arrangement

of M/I domains in the phase co-existing regime, it is impos-

sible to determine the I-phase fraction from overall resist-

ance measurements. However, in a simplified “Series”

model, if we assume all the M and I domains are linked in

series, the effective volumetric fraction of I-phase can be

estimated as x(T)¼q(T)/qI(T), which is shown in Fig. 5(d).

Following the work done by Cao et al. in 1D single-crystal

VO2 nano/microwires,21 we calculated the expected effective

Seebeck coefficient in the films (a 2D system in terms of

domain arrangement) as a sum of contributions from the M

and I domains when we neglect the contribution from the

M/I domain walls, i.e.,

SexpectedðTÞ ¼ xðTÞ � SIðTÞ þ
�

1� xðTÞ
�
� SMðTÞ; (3)

where SM was taken to be �26 lV/ �C. SI(T) was obtained

by fitting the pure I-phase below 60 �C expected from a non-

degenerately doped semiconductor: SIðTÞ ¼ ðkB=eÞ � ð5=2

þ r þ jEFj=kBTÞ,41 and then extrapolated to high tempera-

tures. Here, jEFj is the Fermi energy measured from the bot-

tom of the conduction band, which was determined from the

fitting to be �0.17 eV below the conduction band minimum.

It is noted that the position of the Fermi level relative to the

bottom of the conduction band, although in disagreement

with the picture obtained by ultraviolet photoemission meas-

urements in VO2 single crystals,42 is consistent with the

FIG. 5. Thermoelectric properties. (a) Schematic of the home-made setup

for temperature-dependent thermal power measurement. (b) Seebeck coeffi-

cient of VO2 thin film measured as a function of temperature. Lines are the

Seebeck coefficients expected from the measured resistivity in (c) using two

simplified models. (c) Hall resistivity of the VO2 thin film at different tem-

peratures. Red line is a fit of the resistivity in the pure insulating-phase and

extrapolated to the high temperature metallic-phase. (d) Temperature-

dependent volumetric fraction of the insulating-phase determined from resis-

tivity in (c) in the two models.
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N-type conduction of the film as identified by the Hall as well

as Seebeck measurements. The existence of donor-like oxy-

gen vacancies in our polycrystalline thin film may cause the

film unintentionally N-type, which agrees with a recent photo-

emission spectroscopy study in VO2 thin films.43 By fitting to

the temperature-dependent electron density at low tempera-

tures using the Boltzmann distribution approximation, nðTÞ
¼ Nc � exp½�ðEc � EFÞ=kBT	, where Nc ¼ 2 2pm�kBT

h2

� �3=2
is

the effective density of states of the conduction band. The

electron effective mass in the insulating phase was determined

to be �65m0, which agrees well with the reported values

between 60m0
44 and 65m0

45. The thus-expected Seebeck coef-

ficient from Eq. (3) is shown in Fig. 5(b) as a comparison to

the measured one. If, on the other hand, we assume all the M

and I domains are linked in parallel, the effective fraction of

I-phase across the MIT can be estimated as x(T) 
 1 – qM(T)/

q(T), which is also shown in Fig. 5(d). It should be pointed

out that we approximated qM(T) as a constant across the MIT.

In such a purely “Parallel” model, the effective Seebeck coef-

ficient is expected to be given by

rðTÞ � SexpectedðTÞ ¼ xðTÞ � SIðTÞ � rIðTÞ þ ð1� xðTÞÞ
� SMðTÞ � rMðTÞ: (4)

The Seebeck coefficient expected from Eq. (4) is also shown

in Fig. 5(b). It can be seen that in the transition regime

(60 �C� 72 �C), the measured jSj is significantly lower than

the expected S, by a factor of 2� 3, in both the “Series” and

“Parallel” models. This discrepancy is similar to what has

been observed in VO2 nano/microwires where the metallic

and insulating domains have a simpler, one-dimensionally

aligned, purely series configuration.21 This difference can

be ascribed to domain wall contribution (SM/I) to the See-

beck effect that is ignored in both the “Series” and

“Parallel” models,31 which appears to have an opposite sign

and comparable value as the bulk SI. Further experiments

need to be designed and carried out to elucidate the physics

of this domain wall thermoelectric effect in such a corre-

lated electron system. For example, a simultaneously nano

scale mapping of temperature and electrical potential around

a single domain wall subject to a DC current flow would

clarify the role of the domain wall as a junction to filter hot

electrons.

IV. SUMMARY

In summary, the structural, electrical transport, optical

and thermoelectric properties of high-quality epitaxial VO2

thin films across its metal-insulator transition were system-

atically studied altogether. The VO2 thin film was found to

be highly oriented polycrystalline with [010]M1 direction

perpendicular to the sapphire substrate, and in-plane lattice

oriented along three equivalent crystallographic directions.

Across its metal-insulator transition, the variation in electron

density almost entirely accounts for the change of electrical

conductivity, while the electron mobility varies slightly. The

electron effective mass in the metallic phase as well as the

effective bandgap in the insulating phase were determined

by optical reflection and absorption spectra over a wide

range of temperatures. Finally, the Seebeck effect was

measured as a function of temperature and discussed in

correlation to the electrical transport data, pointing out to

possible domain wall thermoelectric effect.
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