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ABSTRACT: VO, films were fabricated on high-purity single-
crystalline silicon substrate by the sol—gel method, followed by
rapid annealing. The composition and microstructure of the
films were investigated by X-ray photoelectron spectroscopy
(XPS), X-ray diffraction (XRD), field-emission scanning elec-
tron microscopy (FE-SEM), and atomic force microscopy
(AFM). The results indicated a polycrystalline nature with high
crystallinity and compact nanostructure for the films, and the
concentration of +4 valence vanadium is 79.85%. Correlated
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with these, a giant transmission modulation ratio about 81% of the film was observed by terahertz time domain spectroscopy. The
experimentally observed transmission characteristics were reproduced approximately, by a simulation at different conductivities
across the phase transition. According to the effective-medium theory, we assumed that it is important to increase the concentration
of +4 valence vanadium oxide phases and improve the compactness of the VO, films for giant phase transition properties. The
sol—gel-derived VO, films with giant phase transition properties at terahertz range, and the study on their composition and
microstructure, provide considerable insight into the fabrication of VO, films for the application in THz modulation devices.
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B INTRODUCTION

Vanadium dioxide (VO,) is an interesting electron material
that exhibits a reversible first order phase transition from a low
temperature semiconductor phase to a high temperature metal
phase at a critical temperature nearly 68 °C, which can be
manipulated to a comfortable temperature by doping or stress."”
The phase transition could be triggered by not only temperature,
but also electric field, light, and pressure,> > accompanied by
abrupt several-orders-of-magnitude changes in optical and elec-
trical properties.®” All these properties make VO, a promising
candidate for a variety of applications, such as thermochromic
windows, infrared uncooled bolometer, optical and electrical
switching, sensor devices, modulator and memory devices ® ™13
However, previous research reflects major concerns on the
preparation, phase transition properties and applications for
VO, films at infrared range.M_17 Especially, a progress in
terahertz (THz) science has attracted considerable researches
to explore a utilization of VO, films in this new field. The THz
frequency range falls below the optical phonon resonances of
VO,, so it is suggested that the optical properties of the insulating
and metallic phases of VO, are significantly different at THz
frequency.'® For instance, the insulating VO, is highly transpar-
ent for wavelength above 45 um (bellow 6.7 THz), with very low
loss mainly caused by low-density free carrier absorption."

Present studies have been particularly focused on the applica-
tion of VO, films in the THz devices such as switching and
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modulation. A combination of VO, films and metamaterials
opens up huge potential for further applications.”**' Q. Y. Wen
etal. proposed a THz metamaterial with VO, cut-wire resonators
fabricated on glass substrate, exhibiting an amplitude modulation
over 65% to the THz transmission.>' Nonetheless, the modula-
tion ratio defined by the changes of THz transmission should be
enhanced greatly for successful application. A hybridization with
metallic structures can be employed to enhance the modulation
ratio. Hendry et al demonstrated enhancements of modulation
depths by two to five times, through fabricating metallic sub-
wavelength square hole array patterns on silicon surfaces.”
Kyoung et al. recently reported on enormously increased switch-
ing ratio by using THz slot antennas with submicrometer
widths.*»** But the preparation of VO, films with excellent
phase transition properties is a basic foundation for this question.
C. H. Chen et al. demonstrated more than 4-fold change in THz
transmission during the phase transition of VO, films, because of
an epitaxial structure on sapphire substrates, which was grown by
a pulsed reactive magnetron sputterin6g method.”® Similar work
was also reported by Mandal et al.*® Nevertheless, the phase
transition properties of the VO, film are commonly determined
by not only the crystal structure, but also the fraction of +4
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valence vanadium oxide phases, crystallinity, grain size, and
compactness of the film.

In this study, we presented VO, thin films deposited by
inorganic sol—gel method on high-purity single-crystal Si sub-
strate, followed by rapid annealing. Here, the sol—gel method is
regarded as a quite promising and important method because of
its low cost, easy coating of large-scale surface, flexible control of
film thickness, and many other advantages.”” >’ Moreover the
high-purity Si has been demonstrated to be not only the most
transparent but also the least dispersive medium in the terahertz
region, and hence is especially applicable as substrate contacts in
VO,-based THz devices.>”*' The Si substrate was pretreated
with hydrophilic solution and obtained an improved hydrophi-
licity, which resulted in a better contact performance between the
film and Si substrate. Composition and microstructure of the
films were investigated, in order to interpret a giant change of
THz transmission about 81% observed during the phase transi-
tion. The VO, film with such significant phase transition proper-
ties at THz range realized by the sol—gel method has rarely been
reported. Furthermore, the suggested viewpoints to understand
the correlation of the composition and microstructure of VO,
film with its phase transition will ultimately lead to improvement
in fabrication of VO, films for the application in THz modulation
devices.

B EXPERIMENTAL SECTION

Preparation of VO, Films by Sol—Gel Method. We prepared
V,05 sol using an inorganic method:** 10.0 g of V,05 powder was
placed in a crucible and heated to 800 °C for about 30 min, and then the
molten V,O5 was poured into 300 mL deionized (DI) water at room
temperature. After vigorous stirring for 2 h, a deep brownish sol was
filtered. And the n-type single crystal Si (400) substrate (0.5 mm
thickness, ~4000 € cm resistivity) was pretreated with ethyl alcohol
and hydrophilic solution composed of mixture of concentrated H,SO,
and H,O, with a ratio of 1:1, and rinsed with DI water, in order to
remove some organic contaminations and improve the hydrophilicity of
Si surface. The precursor films were deposited on Si substrate by dip
coating method. Then the films were dried around 90 °C for 15 min to
remove the residual moisture. Subsequent annealing was done in a
furnace at 500 °C for 1.5 h in a static atmosphere of nitrogen, in order to
favor further crystallization and reduce the V,O5 phase to be VO, phase.

Characterization. Stoichiometric of the films was measured by
X-ray photoelectron spectroscopy (XPS) (Xsam 800, Kratos) with Mg
Ka (hv = 1253.6 eV) exciting source. Crystalline structure was
determined by X-ray diffraction (XRD) (X’ Pert, Philips) with 4 kW
monochromatic Cu Ka (1 = 0.15406 nm) radiation source. The
morphologies were studied by both of field emission scanning electron
microscopy (FE-SEM) (Inspect F, FEI) with an accelerating voltage of
20 kV and atomic force microscopy (AFM) (Nanoscope Multimode
APM, Vecco Instrument) with a tapping mode under ambient condi-
tions. Electrical resistivity dependent on the temperature was measured
by the conventional four-point probe method, combined with an
electrically heated substrate holder. The THz transmission of the films
in the 0.1—1.5 THz range was measured as a function of temperature,
using a THz time domain spectroscopy (THz-TDS) system (Mai Tai
Z-2, Ti:sapphire laser, 70 kHz repetition rate and 110 V bias voltage).

B RESULTS AND DISCUSSION

The wide-range survey XPS spectrum of the VO, film at Si
substrates is displayed in Figure la. It reveals the presence of
vanadium, oxygen, silicon, and carbon, where the silicon signals
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Figure 1. XPS spectrum of the VO, film on Si substrate: (a) Wide range

survey of binding energy in XPS. (b) High-resolution scans of the V2p
for the sample.

come from the substrates, and the carbon is attributed to surface
contaminant. The high resolution scan of the V2p core levels was
performed in Figure 1b, in which the peak position of V2p3/2
was fitted using a Shirley function with software XPS peak 4.1.
Two valence states of vanadium were detected, +4 valence with a
binding energy of 516.2 eV and +5 valence with a binding energy
of 517.2 eV. Both of the binding energy for the two valence states
of vanadium were in agree with the reported researches.**** To
obtain the relative concentrations of atoms in a homogeneous
system, one simply divides each atom’s peak intensity by its
sensitivity factor and takes the ratio, giving the general relation>*®

ma_ 1aSe (1)
ng IB SA

Where I is the peak intensity of atom, S is the sensitivity factor, and
n is the atomic concentration, respectively.

According to it, the concentrations of the vanadium with
different valence states were determined by calculating from the
following equations

Lya+ Sys+
Ny = (2)
Lyat Syst 4 Lyst Syt
Lys+ S
nyse = v+ Syt (3)

- Lot Sys+ + Lys+ Sys+

Noting that the S values for both of the two valences have been
taken as the same as a standard (S =1).*’ Finally, the +4 and +5
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Figure 2. XRD patterns of the VO, films on Si (400) substrate.

30 nm

Figure 3. (a) FE-SEM image for films that were annealed at S00 for 1.5 h,
the film consist of homogeneous and continuous nanoparticles, which
is compact without obvious pore; inset: cross-section shape of the film.
(b) AFM photograph for the presented sample.

valence were evaluated with the fractional percentages of 79.85
and 20.15%, respectively.

To investigate the crystal structure of the VO, film, a typical
XRD pattern is studied here in Figure 2. A strong peak at 20 =
68.83° is indexed to the diffraction from the Si (400) substrate,
another weak peak at 260 = 32.79° could be identified as the (110)
edge orientation of Si substrate. The peaks at 20 = 27.98, 36.98,
39.71, 44.65, and 57.42° correspond to (011), (211), (020),
(021), and (022) planes of VO, phase, respectively. Although the
(011) peak is strong, several other orientations are observed,
indicating a polycrystalline nature. It could be explained by a
weaker preferring orientation in thicker film.*® However, the full
width at half-maximum (fwhm) of the (011) peak is narrow with
a value of 0.242, implying slightly better crystallinity of the film
than the commonly reported results.

Figure 3a shows an FE-SEM image of VO, film, which reveals
the sample consisting of homogeneous and continuous nano-
particles. The size of the particles ranges from 50 to 90 nm with a
mean value of about 60 nm. Moreover, the film is compact
without obvious pore. It could be also seen in the AFM
micrograph that the VO, film deposited on the single crystal Si
substrate has compact nanostructure (Figure 3b). However, we
can find some smaller grains growing in the interstitial of the
larger grains, which would favor the improvement of the films’
compactness. This special microstructure may give benefits
to the change of optical properties during the phase transition
of VO, films. A cross-section shape was observed insetting in
the Figure 3a, displaying the thickness of about 220 nm. This
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Figure 4. Hysteresis loop of the resistivity against temperature for the
VO, film across the phase transition.
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Figure 5. Hysteresis loop of the normalized transmission against
temperature for the VO, film at 0.65 THz. Inset: the derivative of the
transmission for the heating (black) and cooling transition curves (red).

thickness is suitable for fabricating VO, based metamaterial
structures.

The electrical phase transition property of VO, film was
studied by the four-point probe method to record variations in
resistivity with temperature (Figure 4). Upon heating, the
resistivity of the samfle has an abrupt drop from 2.27 € cm at
30°Ct03.97 x 107" Q cm at 90 °C. The resistivity switching of
the VO, film is nearly 4 orders of magnitude when cycled
through the phase transition. This variation is also larger than
the usually obtained change of 2—3 orders of VO, films,
indicating competitive quality of VO, films fabricated on Si
substrates by sol—gel process in our previous work.

The optical properties of the VO, film at THz range were
investigated in the temperature range from 30—90 °C. The THz
signals transmitted trough the film on the Si substrate was
normalized by being compared to the THz signals transmitted
through the bare substrate. Figure S displays a typical hysteresis
loop of the normalized transmission amplitude against tempera-
ture for the VO, film at a selected frequency, 0.65 THz. When the
film is in the semiconductor state, the THz transmission is almost
96%, for the pure VO, film and high-purity Si substrate are both
essentially transparent in the 0.1—1.5 THz. However, as the
temperature increases, the VO, transforms into a metallic state
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Figure 6. Comparison of the experimental and simulation transmission
of the VO, film across the phase transition.

with a decrease of transmission to a minimum of 15%, due to the
increased absorption and reflection loss of the film. The giant
transmission modulation ratio about 81% at terahertz range for
pure VO, film is significant for VO,-based THz modulation
devices.

Besides the giant transition, the derivative of the temperature
dependence of transmission (—dTr/dTemp) was extracted with
the Gaussian fit model. As shown in the Figure § inset, the phase
transition temperature could be evaluated to be 64.9 °C in the
heating transition and 61.6 °C in the cooling transition. The
obvious decrease in transition temperature and hysteresis width
of the VO, film has always been attributed to either the
compressive strain along [011] direction, or larger fraction of
+4 valence vanadium.” The decrease in transition temperature
could also be caused by a size-induced modification as introduced
by S. H. Chen.*

A simulation transmission of the VO, film at different con-
ductivities across the phase transition was performed with a CST
MICROWAVE STUDIO, in which the simplified expression for
the ratio of the THz transmitted through a film to a bare substrate
is as follows*' ~*

Esubstrate+ﬁ1m o

_ 1 + fubstrate _ (Cl) d (4)
Equbstrate 1 + Nfgbstrate + Zo0
Where #gpstrate = 3418 is the nearly frequency-independent
index of refraction of the Si substrate, Z, = 377 Q is the
impedance of free space, d is the thickness of the VO, film,
and 6(w) = 0, + i0, is the complex conductivity of the film.
For a simulation correlated with the real conductivity of the
VO, films that have been deduced by the resistivity measured
directly, we assumed a purely real and frequency-independent
electrical conductivity, G(w) = 04.. The conductivities were
selected at 0.44, 125, 1000, and 2520 (Q cm) ', which corre-
sponded to featured temperatures, at 30, 62, 66, and 90 °C.
Accordingly, the comparison of the experimental and simulation
transmission of the VO, film across the phase transition is shown
in Figure 6. Although slight deviations exist, it can be seen that
the simulation varying conductivities reproduce the experimen-
tally observed transmission characteristics approximately, prov-
ing nearly 4 orders variation in conductivity of the film during the
phase transition. It should be noted that these deviations may be
attributed to either the loss of imaginary part of the conductivities
in our calculation, or a measurement error in the resistivity
against temperature. Although Thoman et al observed that the

imaginary parts and the real parts of the conductivity had nearly
the same absolute value for VO, film at different temperatures,44
Mandal and Cocker et al measured the imaginary parts with very
small absolute values which were far less than the real parts.”**
So how much the imaginary parts of conductivity can contribute
to the transmittance should be further investigated.

The phase transition in VO, films occurs by gradual growth of
metallic domains according to the commonly used effective—
medium theory (EMT). But it has been suggested that the
phase transition remains incomplete even at temperatures sig-
nificantly above the transition point. Jepsen et al suggested two
possible explanations for it: first, the formation of a uniform
metallic phase is not complete; second, there is a small void
fraction in the film.*® We assume that the coexisting of +4 valence
and +5 valence state in the VO, films is responsible for the
incomplete formation of a uniform metallic phase. It is generally
identified that a metal—insulator transition (MIT) does not
occur in vanadium pentoxide (V,Os). Although recent experi-
mental results show that the V,Oj5 film undergoes a MIT without
a structural phase transition near 280 °C," the existing +5
valence state in the VO, films will remain an insulating state at
our experimental temperatures from 30 to 90 °C. The coex-
istence of the insulating and metallic phases in VO, films over a
finite temperature range in the transition region has already been
observed by mid-infrared near-field images and spatial maps of
the X-ray diffraction intensity,**** which may be due to the
existence of other valence states of vanadium in the films.
Furthermore, the void fraction is affected by the compactness
of the film indirectly. Although our results indicate giant phase
transition properties of VO, films at THz range, there is still
some margin of improvement by increasing the concentration of
+4 valence vanadium oxide phases and improving the compact-
ness of the VO, films.

Il CONCLUSIONS

In conclusion, we have deposited 220 nm thick VO, film by
inorganic sol—gel method on high-purity Si (400) substrate. The
studies on composition and microstructure of the films indicate a
polycrystalline nature with high crystallinity and compact nano-
structure, the concentration of +4 valence vanadium is 79.85%.
The resistivity switching of the VO, film is nearly 4 orders of
magnitude when cycled through the phase transition. And a giant
transmission modulation ratio about 81% was observed by THz-
TDS, with a phase transition temperature evaluated to be 64.9 °C
in the heating transition and 61.6 °C in the cooling transition. A
simulation transmission of the VO, films at different conductiv-
ities across the phase transition has been performed, of which
result reproduces the experimentally observed transmission
characteristics approximately. It suggests that the phase transi-
tion properties of VO, films at THz range have a strong
correlation with the fraction of +4 valence vanadium oxide phases
and compactness of the films.

B ASSOCIATED CONTENT

© Supporting Information.  An illustration for a hydrophi-
lic treatment of the Si substrate and a supplement for the
terahertz transmission data of the VO, film measured by THz-
TDS. This material is available free of charge via the Internet at
http://pubs.acs.org.
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