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a b s t r a c t

The terahertz (THz) conductivities in the metal-insulator transition process of VO2 thin films on quartz
substrates were investigated by using terahertz time-domain spectroscopy. It was found that the THz
absorption and conductivity of the thin films are sensitive to the sputtering gas pressure, and the
maximum THz amplitude modulation can reach as high as 75.9%. The complex THz conductivity in
metallic state of the thin films can be well-fitted by the Drude-Smith model, and the temperature-
dependent metallic domain fractions can be extracted by effective medium theory simulation. Based
on these results, the metal-insulator transition of the VO2 thin films can be characterized. The mecha-
nisms of the THz transmission and conductivity were analyzed and discussed.

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

Monoclinic vanadium dioxide (VO2) is an attractive near-room
temperature thermochromic material because of its remarkable
change in optical and electronic properties during the reversible
metal-insulator transition (MIT) [1e3], and can be potentially used
in many areas, such as optical memory devices [4] and optic-
electric switches devices [5,6]. Great progress has been made in
the growth of high-quality VO2 material [7e9], phase transition
mechanism [10,11] and optimization of the thermochromic prop-
erty [12e15] over the past few decades. The research on the basic
interactions between VO2 and electromagnetic wave in the ter-
ahertz ranges has attracted extensive attentions in recent years
[16]. Especially, the coherent detection of the broadband THz pulse
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permits the direct access to the complex THz conductivity and
dynamic metal-insulator transition by THz spectroscopy
[11,17e20], providing an alternative to understanding the funda-
mental physical mechanism in strongly correlated systems. It has
been demonstrated that the VO2 thin films can behave as a tunable
coating to support the active THz metamaterials [21,22], such as
tunable polarizer, filter, switch and modulator with considerable
dynamic range andmultiple modulationways, which can help us to
develop some novel optics devices in the THz gap. In comparison
with bulk crystal, the optical and electrical properties of the VO2
thin filmwill be affected not only by themorphology but also by the
complex interactions between strain field originating from the
intergrain interaction and the substrate-film boundary as well [23].
And therefore, considerable efforts have been dedicated to regulate
themorphology, grain size, crystal quality and thickness of VO2 thin
film by different growth conditions [24], substrate types [25,26]
and substrate orientations [7,27]. Such methods make it possible
optimize the modulation depth, the insertion loss and dynamic
range in THz spectrum range. Different growth methods like sol-
egel [10,28], solution-based process [29], thermolysis [30], pulsed
laser deposition [31,32] and sputtering [12,26] have been explored
to grow stoichiometric VO2 thin film. Among them, the reactive
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Fig. 1. XRD patterns of VO2 thin films grown under sputtering gas pressure of (1) 0.2,
(2) 0.3, and (3) 0.4 Pa.

Table 1
Some parameters calculated according to Scherrer's formula.

No. (hkl) FWHM Grain Size Avreage grain size (nm)

0.2 Pa (011) 0.398 143.6 139.9
ð211Þ 0.44 164.3
ð311Þ 0.49 125
(220) 0.43 126.5

0.3 Pa (011) 0.384 233.8 123.9
ð211Þ 0.45 83
ð311Þ 0.46 80
(220) 0.44 98.7

0.4 Pa (011) 0.398 167.1 108.9
(021) 0.44 94.4
ð311Þ 0.49 63
(220) 0.43 110.9
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sputtering technique is widely used method to grow VO2 thin film
with excellent crystal quality due to the diversiform controlling
parameters like O2 flow ratio, sputtering power and sputtering gas
pressure that can normally control the stoichiometry, microstruc-
ture and crystal quality of the as-grown thin film. In previous work,
we have studied the optical switching properties of VO2 thin films
by infrared (IR) spectrum [33], and it was found that the external
growth factors like sputtering gas pressure and O2 flow ratio can be
employed to tailor the phase transition temperature, hysteresis
width and the amplitude of the transition in IR range. In THz
spectra region, the fundamental correlations between the THz
conductivity and film growth parameters in reactive sputtering
process that is essential to develop tunable VO2 based THz device
and understand the phase transition remain rarely explored. In this
paper, we report the THz (0.2e1.3 THz) transmission and conduc-
tivity of the VO2 thin films grown under different sputtering gas
pressures. It was found that the complex terahertz conductivities of
the VO2 thin films in the metal-insulator transition process can be
turned by growth parameters, and from which the metal-insulator
transition of the VO2 thin films can be well-characterized.

2. Experimental section

The VO2 thin films were deposited on quartz substrate by radio
frequency reactive magnetron sputtering. Our previous study
found that the pure VO2 thin films can be obtained only at the gas
pressure of 0.2e0.4 Pa [33], and therefore, the VO2 thin films used
in this study were grown under the conditions of 0.2e0.4 Pa
sputtering gas pressures, 3.5% of O2 flow ratio, and 350 W of
sputtering power. The film thickness is found to be about 350, 400,
and 370 nm at the sputtering gas pressure of 0.2, 0.3, and 0.4 Pa,
respectively. THz time-domain spectroscopy (TDS) was performed
by using a standard transmission configuration, in which a mode-
locked Ti:sapphire laser deliver the pulses with duration of
100 fs, center wavelength of 800 nm, and repetition rate of 76 MHz,
which are divided into pump and probe beam. The pumping laser
pulses are focused on LT-GaAs photoconductive antenna and
generate the broadband THz pulse. The free-space electro-optic
sampling technique via ZnTe crystal is employed to detect the
electric field amplitude of the THz waveforms in time domain. The
fast Fourier transformation (FFT) for the THz waveform is carried
out to obtain the THz spectrum in frequency domain. The TDS
measurements were undertaken under a dry nitrogen purge. The
measuring temperature of the heater module lies in the range of
20e300 �C with the temperature accuracy of 1 K.

3. Results and discussion

Fig. 1 shows the XRD patterns of the as-grown thin films on the
quartz substrate at different sputtering gas pressures. One can see
that the diffraction peaks of the thin films at all sputtering gas
pressures match well with monoclinic VO2 (JCPDS card no. 01-072-
0514), and a solo strong diffraction peak at 2q ¼ 27.88� indicates
that the VO2 thin films are of [011] preferred orientation. The grain
size can be estimated from XRD pattern using the Scherrer's for-
mula [34]: D ¼ 0:9l

bcosq, where b is the full width at half maximum of a
diffraction peak at 2q corrected for instrumental broadening, and
the corresponding arithmetic mean grain size of VO2 based on the
first four strong diffraction peaks is about 139.9, 123.9, and
108.9 nm at sputtering gas pressure of 0.2, 0.3 and 0.4 Pa, respec-
tively (see Table 1). Obviously, the average grain size of the thin
films decreases with increasing sputtering gas pressure. In the
sputtering process, it is easy to generate the high-energy electrons
and ions due to the less collision as the gas pressure decreases,
which help to increase the energy of sputtered atom and the
thermal effect of the substrate. The two factors can promote the
growth of crystalline and increase the grain size. In addition, the
crystallinity of the thin films was determined by the FWHM of the
first four strong diffraction peaks, and normally, the lower the
FWHM value the higher the crystallinity of the thin films [35].
Table 1 shows the FWHM value of the VO2 thin films grown in
0.3 Pa is lowest compared with that of other samples, which
demonstrates the VO2 thin films grown in 0.3 Pa has high crystal-
linity. Fig. 2 shows typical FESEM images of the thin films grown at
different sputtering gas pressures. One can see that the as-grown
thin films are composed of random arrayed columnar particles.
The particle size is larger than the mean grain size obtained by XRD
analysis.

The transmitted THz pulsewaveforms of the VO2 thin filmswere
measured at temperature range from 30 to 85 �C with the THz
transmissions through the bare quartz substrates as references. It
was found that all the VO2 thin films at semiconductor-phase are
highly transparent in the studied spectrum range. Fig. 3 shows the
transmitted THz electric filed pulses through VO2 thin films at
temperature of 30 �C and 85 �C, corresponding respectively to
semiconductor- and metal-phase VO2. One can see that the THz
transmission amplitude decreases pronouncedly after transition
from semiconductor phase to metal phase. The THz modulation
depth (calculated from the equation: DA¼ (Ai � Am)/Ai, where Am
and Ai are the THz field amplitudes at metal and insulating phase,
respectively), is about 75.9, 72.1 and 60.5% for the VO2 thin films at



Fig. 2. FESEM images of as-deposited VO2 thin films at sputtering gas pressure of (a) 0.2, (b) 0.3, and (c) 0.4 Pa (d) Cross-sectional FESEM image of (b).

Fig. 3. Transmitted THz waveforms through the VO2 thin films on quartz substrate
grown under different sputtering gas pressures before and after metal-insulator
transition.
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sputtering gas pressure of 0.2, 0.3, and 0.4 Pa, respectively. The
maximummodulation depth is comparablewith the reported value
for the VO2 film deposited on the c-sapphire substrate [26].

For a thin conducting layer on the dielectric substrate, the
complex THz conductivity, ~s(u) ¼ s1(u) þ is2(u), can be deter-
mined by the THz electric-field amplitude transmission normalized
to the bared substrate according to the following equation [36].
~EfþsðuÞ
~EsðuÞ

¼ 1þ ns
1þ ns þ z0~sðuÞtf

(1)

where
~EfþsðuÞ
~EsðuÞ

is the THz electric-field amplitude transmission of the
thin film normalized to the bared substrate, ns is a nearly
frequency-independent index of refraction of quartz substrate,
z0 ¼ 377 U the impedance of free space, tf the thickness of the VO2
thin film. The obtained complex conductivity spectra in frequency
domain of the VO2 thin films at 85 �C are shown in Fig. 4,
demonstrating that the s1 increases while the s2 decreases with
increasing frequency. The defects content in thin films is generally
higher than that in bulk [36], and therefore the carrier localization
and/or trapping will result in a negative s2.

The Drude-Smith model [36,37] can be used to describe the
complex THz conductivity of VO2 thin films in metallic state by
considering the backscattering and localization of carriers:

sDSðuÞ ¼
n e2 tDS

m*ð1� iutDSÞ
�
1þ c1

1� iutDS

�
(2)

where the parameter c1 denotes the fraction of the initial velocity of
the electron that is retained after a scattering event. The n and tDS
are respectively the electron density and scattering time, m* ¼ 2me

the effective mass of electron in VO2 and the e electric charge. The
fitting results are shown in Fig. 4, which clearly demonstrates that
the THz complex conductivities in metal-phase VO2 thin films are
consistent with the Drude-Smith model. The obtained scattering
time from the best fitting for the three thin films is all about 22 fs,
while the c1 factor is about�0.95,�0.97,�0.98 for the VO2 thin film



Fig. 4. Real (square) and imaginary (triangle) parts of THz conductivity of VO2 thin
films grown under sputtering gas pressure of (a) 0.2, (b) 0.3 and (c) 0.4 Pa measured at
85 �C. The solid red lines are fitting curves from Drude-Smith model. (For interpre-
tation of the references to color in this figure caption, the reader is referred to the web
version of this article.)

Fig. 5. Real (squares) and imaginary (triangles) components of the THz conductivity
measured at (a) 80, (b) 70, (c) 65 and (d) 60 �C of VO2 thin film grown at 0.3 Pa. The
solid red lines are fitting curves from EMT model. (For interpretation of the references
to color in this figure caption, the reader is referred to the web version of this article.)
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grown under sputtering pressure of 0.2, 0.3, and 0.4 Pa, respec-
tively. It is worth noting that the absolute value of c1 slightly in-
creases with increasing sputtering pressure. The c1 value close
to�1 indicates that a strong carrier backscattering and localization
may dominate in the electron transport in THz frequency range.
Our XRD analysis shown that the higher the sputtering pressure the
smaller the grain size. A smaller grain will lead to a stronger
backscattering [38], and therefore, the sputtering pressure depen-
dence of the c1 factor can be attributed to the various morphology
of the VO2 thin films. It should be mentioned that the c1 value
obtained in present study is larger than that reported in litera-
ture [37,38], where they found that the backscattering effect is
negligible when the grain size is larger than 100 nm. In fact, there is
no satisfactory argument for the microscopic mechanism of the
backscattering characterized by c1 value in this Drude-Smith
model. K. Shimakawa et al. proposed a tunneling model illus-
trating the electron scattering process between adjacent grains
[39], in which both grain size and grain boundaries determine the
electron scattering. In this model, the electron tunneling through
grain boundaries is also associated with the backscattering term in
Drude-smith model. Our experimental results agree with Drude-
Smith model with large c1 factor, which may indicate that the
tunneling possibility through grain boundaries in our samples is
much smaller than that in Refs. [37,38]. This electron tunneling
effect is related to the factors like film microstructure, defects,
crystal quality and substrate. The total electron density determined
from Drude-Smith model is about 2.6 � 1021, 1.92 � 1021 and
1.3 � 1021 cm�3 for the VO2 thin film grown under sputtering
pressure of 0.2, 0.3, and 0.4 Pa, respectively, which are in a
reasonable range compared with the measured electron density
(2e3 � 1021 cm�3) by THz spectra in VO2 films [40]. The electron
density of the VO2 thin film decreases obviouslywith increasing the
sputtering gas pressure, which will affect its THz conductivity and
transmission behavior. The VO2 thin film grown at 0.2 Pa has a
largest grain size in present study, and thus has the least number of
grain boundaries compared with the other two thin films. As a
result, most electrons in metallic domain are mobile and contribute
to a higher THz conductivities and a lower THz transmission in the
metallic state. Therefore, the VO2 thin film grown at 0.2 Pa has the
highest electron density and THz modulation depth.
The semiconducting and metallic domains will coexist in the
VO2 thin film near the metal-insulator transition temperature. This
spatial heterogeneity in the VO2 thin film will strongly affect its
effective dielectric property. It is known that the macroscopic
dielectric constant of VO2 in the phase transition process can be
modeled by the effectivemedium theory (EMT), which represents a
kind of mean field description for inhomogeneousmedia. Maxwell-
Garnett equation can be employed for the simulation [41]:

ε
* � εi

ε
* þ 2εi

¼ f
εm � εi

εm þ 2εi
; (3)

where, εm and εi are respectively the dielectric constant in the
metallic and insulating phase, f the volume fraction of metallic
phase. The ~ε is related to the THz conductivity through the
equation:

~εðuÞ ¼ ε∞ þ i
~sðuÞ
uε0

(4)

where ε∞ is the dielectric constant at high frequencies and ε0 is the
vacuum dielectric constant.

Fig. 5 show the fitting results of the THz conductivity from EMT
model at several temperatures for the VO2 thin films grown at
0.3 Pa (solid red lines). At each temperature, the parameters n, tDS,
and c1 were obtained by self-consistently fitting s1(u) and s2(u).
From Fig. 5 one can clearly see that the THz conductivity spectrum
can be well-fitted by the EMT, in which the parameter c1 is nearly
to �1 and is temperature-independent across the MIT, suggesting
that the VO2 grains are either entirely insulating or metallic. The
carrier density of the VO2 thin film increases from about
6.65 � 1019 cm�3 at 60 �C to 1.91 � 1021 cm�3 at 80 �C.

The volume fraction of the metallic domains (f) can be obtained
from the best fitting and the results are shown in Fig. 6. One can see
that with increasing temperature the f value increases from zero in
semiconductor state to one at metal state, and the vice versa,
resulting in a hysteresis loop. The hysteresis loop can be well
described by Boltzmann function [37]:

f ðTÞ ¼ fmax

�
1� 1

1þ exp½ðT � T0Þ=DTÞ�
�

(5)

where fmax is the volume fraction of the metallic domain at 85 �C,



Fig. 6. Volume fraction of metallic domain in heating (triangle) and cooling (square)
cycles. The solid red lines are fitting curves from the Boltzmann function (For inter-
pretation of the references to color in this figure caption, the reader is referred to the
web version of this article.)
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which is set to 1 for the fitting. From Equ. (5), we can calculate the
transition temperature of the VO2 thin film in the heating/cooling
cycle, which is 68.3/61.9, 65.1/59.5, and 70.2/64.1 �C for the VO2
thin film grown under sputtering gas pressure of 0.2, 0.3 and 0.4 Pa,
respectively. It can be seen that the thin film grown under sput-
tering gas pressure of 0.3 Pa has the lowest phase transition tem-
perature and hysteresis width in comparison with other two
samples. It is worth note that the hysteresis width obtained from
THz-TDS is lower compared to the results of the infrared spec-
troscopy [33], due to the different measuring environments. The
width and shape of the hysteresis cycle are primarily determined
by the competition between the crystallinity and grain size as
demonstrated in Refs. [35,42]. In addition, the intrinsic stress and
defects also affects the phase transition temperature of VO2 (M)
films, the larger the intrinsic stress, the higher the transition tem-
perature. Being having the lowest intrinsic stress, the VO2 (M)
sample grown at 0.3 Pa thus has the lowest transition temperature
as compared with other two samples.
4. Conclusion

In summary, we have investigated the optical conductivities of
VO2 thin films using terahertz time-domain spectroscopy. It was
found that the sputtering gas pressures in the growth of the thin
films affect their THz transmission and conductivity because the
grain size in VO2 thin film is sputtering gas pressure-dependent.
The terahertz conductivity of the VO2 thin film in metallic state
can be well-fitted by Drude-Smith model. The fitting results
revealed that the electron density decreases with increasing the
sputtering gas pressure and the carrier backscattering plays a key
role in the electron transport of VO2 in THz region. The hysteresis
loop can be obtained by the plot of metallic volume fraction by the
EMT simulation from the temperature-dependent THz conductiv-
ity. The phase transition temperature can be obtained by fitting the
Boltzmann function, and the variation trend of the phase transition
temperature is in consistency with our previous results obtained by
IR transmission spectroscopy. Our results not only provide that the
THz transmission and conductivity of the VO2 thin films can be
regulated by growth conditions, but demonstrate that the terahertz
time-domain spectroscopy is an effective tool to understand the
metal-insulator transition of the VO2 thin films.
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