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Preparation and modification of VO, thin film on R-sapphire
substrate by rapid thermal process*
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The VO, thin film with high performance of metal—insulator transition (MIT) is prepared on R-sapphire substrate for
the first time by magnetron sputtering with rapid thermal process (RTP). The electrical characteristic and THz transmittance
of MIT in VO, film are studied by four-point probe method and THz time domain spectrum (THz-TDS). X-ray diffraction
(XRD), X-ray photoelectron spectroscopy (XPS), atomic force microscopy (AFM), and search engine marketing (SEM)
are employed to analyze the crystalline structure, valence state, surface morphology of the film. Results indicate that the
properties of VO, film which is oxidized from the metal vanadium film in oxygen atmosphere are improved with a follow-
up RTP modification in nitrogen atmosphere. The crystallization and components of VO, film are improved and the film
becomes compact and uniform. A better phase transition performance is shown that the resistance changes nearly 3 orders
of magnitude with a 2-°C hysteresis width and the THz transmittances are reduced by 64% and 60% in thermal and optical

excitation respectively.
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1. Introduction

Vanadium dioxide (VO,) exhibits a dramatic physical be-
havior that a large reversible first-order change in resistivity
occurs at a critical temperature of 68 °C,!!! which is referred
to as metal—insulator transition (MIT) or semiconductor—metal
transition (SMT).!23! Previous research has shown that the
electrical resistivity and THz transmittance of VO, also have
extraordinary changes during the phase transformation.*-®! So
it has been studied to apply in THz switch,!”! photoelectric
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switch,[3-1% phase change memory,|
microbolometer, 4! and photocatalysts.[ls] Howeyver, the MIT
characteristics of VO, thin film, such as transition tempera-
ture, resistivity changing amplitude, hysteresis width, and THz
transmittance vary in a wide range due to different prepara-

[16-201 There have existed various

tion methods and substrates.
kinds of methods of preparing the VO, film so far, such as
vacuum evaporation, 2!l reactive sputtering, > pulsed laser
deposition,!*! sol-gel process,!?®?7l and directed metal oxi-
dation process (DIMOX).?") The DIMOX with rapid thermal
process (RTP) is a new method which was recently used in our
laboratory to prepare vanadium oxide on silicon substrate, [*8]
and it has been used to prepare nano-oxide structure.?! The
advantage of this method is that the thermal oxidation and ther-
mal annealing are combined together, and the preparation pe-
riod is shortened and the controllability and repeatability are
raised compared with the reactive sputtering method.?! But

silicon is a semiconductor material which is sensitive to ther-
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mal and optical excitation. The experimental results show that
the performance of VO, thin film will be interfered with by
silicon substrate. Sapphire is an appropriate substrate for epi-
taxial growth of VO, thin films. It is insensitive to thermal and
optical excitation and fairly transparent to THz waves. So we
select sapphire to avoid the effect of the substrate. Although
much effort has been dedicated to the study on VO, films un-
der different growth conditions, there are few papers dealing
with the growing of VO, film on sapphire by DIMOX with
RTP.

In this article, we use RTP to oxidize the vanadium thin
film which is grown on R-sapphire substrate directly by mag-
netron sputtering in order to obtain VO, film with the prop-
erties of phase transition. In order to improve the properties
of phase transition, VO, film is annealed in nitrogen environ-
ment by RTP again. Four-point probe method is employed to
analyze the electrical characteristic of the VO, film, and THz-
TDS is employed to analyze the THz transmittance of the VO,
film in thermal and optical excitations.

2. Experiment

V thin film with a thickness of 70 nm is deposited on R-
sapphire (1-102) substrate via direct current magnetron sput-
tering at ambient temperature. Two vanadium metal disks each
with a high purity of 99.95% are placed face-to-face verti-
cally as sputtered targets. The sputtering chamber is evacuated
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down to 2.0x 10~* Pa and then refilled to 2 Pa by ultra pure ar-
gon (99.99%). The total gas pressure and sputtering power are
maintained at 2 Pa and 135 W during deposition, respectively.

The V thin film is annealed in a rapid thermal annealing
system (AG 610) in different conditions as shown in Table 1.
The VO, film with the best properties of phase transition is
generated when it is annealed in pure oxygen atmosphere at
450 °C for 60 s (denoted as S1). In order to improve the prop-
erties of phase transition, the S1 is treated by RTP at 450 °C for
40 s in pure nitrogen atmosphere again (denoted as S2). The
crystalline information of the thin film is investigated by X-ray
diffraction (XRD) (D/MAX2500) with CuK¢. The surface va-
lence state and the components of vanadium are determined by
x-ray photoelectron spectroscopy (XPS) (PHI-1600). The sur-
face morphology of the thin film is observed by atomic force

microscopy (AFM) (Nanosurf easyScan 2) in tapping mode
and search engine marketing (SEM) (hitachi S-4800).

The electrical property of the sample is tested by a four-
probe setup using a temperature controller with an accuracy
of 0.1 °C. The optical property of the sample is analyzed by
8-F THz time-domain spectroscopy system. The system is lo-
cated in a chamber full of dry air to avert the interference of
vapor. The THz setup is based on Ti:sapphire amplifier sys-
tem for intense 50-fs pulse laser with a central wavelength of
800 nm at a repetition rate of 100 MHz. The effective spec-
trum ranges from 0.3 THz-2.5 THz, and the average power is
520 mW. The exciting laser is from a continuous wave laser
with a central wavelength of 1040 nm and a maximum power
of 2000 mW.

Table 1. Phase transition characteristics of samples.

RTP Resistance at Resistance at Resistance
conditions 20° (kQ/00) 80° (kQ/[) changing
Different 420 °C/60 s 0.2146 0.1643 1.3
annealing 450 °C/60 s (S1) 3325 1.882 176.9
RTP in oxygen atmosphere temperature 480 °C/60 s 660.3 59.81 11.0
different 450 °C/40s 0.9911 0.4403 2.3
annealing 450 °C/60 s (S1) 332.5 1.881 176.9
time 450 °C/150s 437.2 25.30 17.2
RTP in nitrogen atmosphere 450°/40 s (S2) 79.12 0.1100 718.2

3. Results and discussion

Figure 1 shows the XRD patterns of S1 and S2. The pat-
terns of S1 show peaks at 260 =26.8°,20 =37.1°,20 =42.3°,
and 260 = 55.4° that are related to the reflection from planes
(110), (200), (210), and (220) of monoclinic VO,, respec-
tively. This indicates that the film mainly contains several
crystalline phases of monoclinic VO, after having been an-
nealed in oxygen atmosphere (S1). The patterns of S2 only
show a peak 20 = 37.1° which is corresponding to the reflec-
tion from plane (200) of monoclinic VO,. So we can obtain
that the crystallization of VO, film is improved after having
been annealed in nitrogen atmosphere.

VO, (110)
* VO, (200)
¢ A VO, (210)
v VO, (220)

Intensity /arb. units

20 30 40 50 60 70
20/(°)

Fig. 1. (color online) XRD patterns of S1 and S2 fabricated on R-
sapphire substrates.

In order to define valence state and the components more
clearly, XPS is employed to examine the film. Figure 2(a)
shows the XPS spectra of S1 and S2 in the O(1s), V(2p3/2),
and V(2p;,;) regions. The binding energies of V(2ps3)»)
peak of S1 and S2 are 516.794 eV and 515.916 eV, respec-
tively. Previous research has shown that the binding energy of
V(2p32) peak of VO, is in a range of 515.7 eV-516.2 eV.13!]
This illustrates that the valence state of the film becomes lower
and closer to the stoichiometric value of VO, after having
been annealed in nitrogen atmosphere. The XPS V(2p;/,)
lines are fitted by Voigt lines so as to analyze the components
in more detail. Figure 2(b) shows the ratios of components
of S1, V3T ~34.12%, V* ~44.19%, and V3T ~21.69%;
and figure 2(c) provides the ratios of components of S2,
V3+ ~20.29%, V4 ~50.40%, and V3* ~20.29%. This sug-
gests that VT is reduced to V** after the film has been an-
nealed in nitrogen atmosphere.

The SEM and three-dimensional AFM patterns of S1 and
S2 are depicted in Fig. 3, from which we can see that the films
are composed of continuous and compact nanoparticles. The
particle sizes and root-mean-square (RMS) roughness value
are calculated by the image of AFM. The particle sizes of S2

(80 nm-100 nm in diameter) are much smaller than those of S1
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(100 nm—-200 nm in diameter), and the RMS roughness value
of S2 (8.7 nm) is lower than that of S1 (11.8 nm). So we can
conclude that the particle size and RMS of VO, film can be
reduced after it has been annealed in the appropriate nitrogen
atmosphere. This could be due to the fact that the crystalline
phase of VO, film becomes more perfect in the second anneal-

ing, so the film becomes compact and uniform.

O(1s) (a)

V(2p1/2)

Intensity/arb.units

530 525 520 515
Binding energy/eV

Intensity/arb. units

520 518 516 514 512
Binding energy/eV

Intensity/arb. units

520 518 516 514 512
Binding energy/eV
Fig. 2. (color online) XPS curves of S1 and S2 (a) V(2p3/3), V(2p; /2),

and O(1s), (b) deconvolution of the V(2p3/,) peaks of S1, and (c) de-
convolution of the V(2p3 ) peaks of S2.

Figure 4(a) corresponds to the temperature dependences
of electrical resistivity for S1 and S2, which are measured
by the four-point probe method. The abrupt changes in re-
sistances of S1 and S2 indicate that both of the films pos-
sess excellent phase transition properties. In order to compare
the phase transition characteristics precisely, we utilize the
method presented by Brassard,3?! and the results are shown
in Figs. 4(b) and 4(c). The transition parameters can be re-
flected by Gaussian fitting to the derivative of the resistance—
temperature curve (d(Ig(R))/dz). The transition temperature
(T¢) is defined as the minimum value of the fitting curve; the
abruptness of the phase transition (AT) is characterized by the
full width at half maximum (FWHM) of the fitting curve; the
thermal hysteresis width is defined as the difference between
the heating 7. and cooling 7¢.. The electrical characteristics of

S1 and S2 are summarized in Table 2.

Fig. 3. (color online) SEM and three-dimensional AFM images of S1
and S2.
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Fig. 4. (a) Resistance—temperature curves of S1 and S2, (b) Gaussian
fitting of S1, (c) Gaussian fitting of S2.

Table 2. Electrical characteristics of S1 and S2.

Thermal hysteresis Resistance changing

Sample T./°C AT/°C . X
width/°C (orders of magnitude)
s heatl.ng 46 9 5 2
cooling 41 11
S heating 43 9 2 29

cooling 41 11

As can be seen from Table 2, the heating T;. of S2 is 3 °C
lower than that of S1, while the cooling T; is the same, which
makes the thermal hysteresis width of S2 be 3 °C lower than
S1. The values of AT for heating and cooling of S1 are the
same as those of S2 respectively, the resistance changing of
S2 is obviously higher than that of S1. It can be shown that
the phase transition performance will attain a narrower ther-
mal hysteresis and a higher resistance changing after the film
has been annealed in nitrogen atmosphere. It has been reported
that well-matched grains make it possible to effectively propa-
gate the metallic regions in the films without additional energy
loss, and thus narrow the hysteresis widths.[?3 So the better

properties of S2 in electrical characteristic may be due to the
fact that the grains in VO, film become well-matched after the
film has been annealed in nitrogen.
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Fig. 5. (color online) Variations of THz transmission of S1 and S2 with
time (a) and frequency (b) at different temperatures.

We determine the THz transmittance of the VO, film by
THz pump—probe spectroscopy. Figures 5(a) and 5(b) show
the variations of normalized time-domain THz transmissions
of S1 and S2 with time at different temperatures, and fig-
ures 5(c) and 5(d) are obtained from the Fourier transforming
of the time-domain data plotted in Figs. 5(a) and 5(b). Fig-
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ure 6 describes the variations of THz transmissions of S1 and
S2 with time at different optical excitations like the case in
Fig. 5. We choose the maximum amplitude near 1.30 THz in
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frequency-domain curve as the reference point to compare the
THz transmittance. The THz transmittances of S1 and S2 are
summarized in Table 3.
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Fig. 6. (color online) Variations of THz transmission of S1 and S2 with time [(a) and (b)] frequency [(c) and (d)] at different optical

excitation powers.

Table 3. THz transmittances of S1 and S2.

Sample Thermal excitation Optical excitation
S1 18% 14%
S2 64% 60%

Previous research has shown that the THz transmittance
is influenced by the concentration of free electrons in film. 34l
As can be seen from Table 3, the THz transmittance of S2 is
much higher than that of S1 either in the thermal or in optical
excitation. This could be due to the fact that the well-matched
grains and single phase structure reduce the energy of electron
transition. So S2 can energize more electrons than S1. The
free electrons in S2 are enough to reflect more THz pulses so
as to increase the THz transmittance of S2 significantly.

Figure 7(a) shows the temperature dependences of the
normalized THz transmittance through S2, which is similar
to resistance—temperature curves of S2. The THz amplitude
decreases slowly before 40 °C and after 55 °C during heating,
while decreases rapidly in 40 °C-55 °C. The thermal hystere-
sis is also observed clearly in Fig. 7(a). The laser power de-
pendence of the normalized THz transmittance through S2 is
shown in Fig. 7(b), from which we can find that the THz am-
plitude has no change when the laser power rises from 0 mW
to 300 mW. Then the THz amplitude decreases extremely until

the laser power rises to 450 mW, and finally the THz amplitude

is mainly invariant.

—e— heating
—o— cooling

(a)

0.8

0.6

S2

THz amplitude/arb. units

20
Temperature/°C

1.0 °

0.8

0.4 S2

THz amplitude/arb. units

0 200 400 600 800

Laser power/mW

Fig. 7. (color online) (a) Temperature- and (b) laser power-dependent
normalized THz transmittance through S2.
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4. Conclusion

In this paper, the VO, thin film with high performance
of MIT is prepared on R-sapphire substrate for the first time
by magnetron sputtering with RTP. Vanadium film deposited
on R-sapphire substrate is annealed in a pure oxygen environ-
ment by RTP to fabricate VO, film with phase transition prop-
erties. The film is of monoclinic VO, with several crystalline
phases and the resistance changes 2.2 orders of magnitude dur-
ing MIT. A better phase transition performance is shown after
the VO, film has been treated by RTP at 450 °C for 40 s in
pure nitrogen atmosphere. The crystallization and components
of VO, film are improved and the film becomes compact and
uniform. The sheet square resistance changes nearly 3 orders
of magnitude with a 2-°C hysteresis width and the THz trans-
mittance is reduced by 64% and 60% in thermal and optical
excitation respectively.
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