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ABSTRACT

VO,(M) thin films have been grown by radio frequency reactive magnetron sputtering under different gas pres-
sures. The microstructure and optical constants of the films were investigated. It was found that the grain size
of VO, in the film increases and the deposition rate: decreases with-increasing deposition gas pressure. The
refractive index and reflectivity in near-infrared wavelengths range and the optical band gap increases with

increasing gas pressure.
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1. INTRODUCTION

The monoclinic phase vanadium dioxide (VO,(M)) have
attracted much attention due to its insulator-to-metal phase
transition phenomena.! The VO,(M), as semiconductor
with a narrow band gap (670 meV) at room tempera-
ture, can be induced the structural phase transition to
rectangular crystalline by light excitation'™> or thermally
at a temperature of 340 K. The optical and electrical
characters, such as transmittance, reflectivity and, refrac-
tive constant and conductivity, will change distinctly. Due
to the repeatable, reversible and rapidly phase transition
properties, VO,(M) is considered as a promising candi-
date for thermal excitation electronic and optical devices,
such as heat detection*® and energy saving coatings,’
laser protector,'"* !> modulation and polarization!® devices
in sub-micron wavelength.

The semiconductor to metal phase transition (SMT) and
optical properties depend strongly on the grain size and
thickness of VO,(M) thin films,*'*'® and the nucleation
of the metallic phase is considered to be a critical factor in
deterring the formation of a metastable state in VO,. Mag-
netron sputtering technique is a widely used method to
grow high quality thin films. The vanadium ion has several
valence states, such as +3, +4, +5, and the formation of
M-phase VO, is very sensitive to the sputtering conditions,
such as substrate temperature,'” oxygen concentration'82°

*Author to whom correspondence should be addressed.
Email: ghli@issp.ac.cn
Received: 19 May 2011
Accepted: 20 May 2011

substrate bias effect’’ and boundary layer.?*?* In this
paper, we report the influence of sputtering gas pressure on
the microstructure and optical properties of VO, films, and
it was found not only the grain size and growth rate, but
also the optical band gap and the optical constants depend
strongly on gas pressure.

2. EXPERIMENTAL DETAILS

"The VO,(M) thin films were deposited on n-Si(100) wafer

by-radio, frequency magnetron sputtering technique with
a power of 300 W. The base pressure of the deposition
chamber was around 5.0 x 10~ Pa or better. The vanadium
target (purity: 99.999%) and the gas mixture of high purity
argon (purity: 99.999%) and oxygen (purity: 99.999%)
was used as sputtering source and working gas. The gas
flow rate of oxygen and argon was 0.6 and 49.4 SCCM,
respectively. The sputtering gas pressure, P, of cham-
ber was maintaining by airlock and changed from 0.1
to 0.35 Pa. The substrate temperature was maintained
at 500 °C during sputtering and cooled to room tempera-
ture spontaneously after 40 mins deposition.

Crystal structure of the as-prepared thin films were
analyzed by grazing angle X-ray diffraction (XRD)
achieved with a Philips X’Pert Pro MPD diffractometer,
using Cu-Ka radiation with a wavelength of 1.5406 A.
Surface morphology and thickness of films was observed
using Sirion 200 field emission scan electron microscopy
(FESEM) operating with an accelerating voltage of 5 kV.
Optical constants were analyzed using an ex situ phase
modulated spectroscopic ellipsometry (Model UVISEL
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Jobin-Yvon) over the spectral range of 0.75-6.5 eV at
70° incidence angle. The optical reflection spectra were
obtained by spectrometer (Shimadzu UV 3600) in the
wavelength range of 500-2500 nm.

3. RESULTS AND DISCUSSION
3.1. The Morphology and Crystal Structure

The XRD patterns of VO, films with different sputter-
ing gas pressures are presented in Figure 1. One can
see that all the diffraction peaks can be well indexed to
M-phase VO, (JPCDS card No. 44-0252) and no other
phases can be detected, indicating that the films prepared
at different gas pressures are all the M-phase VO,. The
crystallite size in the growth direction, D, can be esti-
mated from XRD patterns using the Scherrer relationship:
D =0.941/Bcos 6, where @ is the full width at half maxi-
mum of a diffraction peak at 20 corrected for instrumental
broadening, and the average VO, crystallite 'size in"the
films is found to be about 27, 24 and 16'nm with 'gas
pressure of 0.35, 0.2 and 0.1 Pa, respectively.

Figure 2 shows the FESEM images of the VO, films
grown under different gas pressures. One can see that the
average particle size decreases with decreasing Py, and
is in the range of 30~70 nm, which is larger than that
obtained by XRD analysis, indicating that the VO, parti-
cles are the agglomeration of small nanocrystals. The films
thickness (from the section views of the films, the images
are not shown here) is about 105, 115 and 140 nm for the
gas pressure of 0.35, 0.2 and 0.1 Pa, respectively. Con-
sidering the growth time of 40 minutes, the corresponding
growth rate of the film is about 2.62, 2.88 and 3.5 nm/min
for the gas pressure of 0.35, 0.2 and 0.1 Pa, fespectively.
These results indicate that the particle size decreases, but
growth rate of the VO, film increases with decreasing P,
and the crystal structure of VO, film is stable upon gas
pressure varying. Due to high argon partial pressure of

El
A
2
‘D
c
]
E
‘ (3)
L | i1
20 30 40 50 60 70
20 (degree)
Fig. 1. XRD patterns of VO, films sputtered at gas pressure of (1) 0.35,

(2) 0.2 and (3) 0.1 Pa.
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99.2%, the Ar ion is the dominant sputtering ions. The
high gas pressure will induce a larger amount of argon
atoms/ions in the reactor chamber, which will effectively
increase the collision rates of vanadium atoms sputtered
from the target with atomic/ionic oxygen, leading to the
decrease of the growth rate, and thus the reduced thickness
of the thin film.

3.2. Optical Constants

The optical constants of the VO, films have been investi-
gated by SE. SE is a sensitive, powerful and nondestruc-
tive method to characterize the linear optical response of
thin film. Based on the microstructure characterization and
ellipsometry measurement of the VO, films, a two-layer
model on Si(100) substrate was built to simulate the VO,
films: homogeneous VO, layer, and surface layer con-
sisting of void and VO, based on the Bruggeman effec-
tive medium approximation, as shown schematically in the
inset’ of Figure 2(b). The Tauc-Lorentz (TL) dispersion
model was used to describe the optical dielectric function
(e) of the VO, films, as expressed by following equations:

AE,C(E—E,) 1

2 _ 2 22 (E>ES)
o (E) = (E2—E})*+C2E*E W
0 (E<E,)
2 * &g, (§)
&@D=8w+;Pﬁg§iEfE )

Meanwhile, the optical constants (n, k) are determined
asfollow:

TIFIa \/ 1
n=— 8,—}—\/8%—{—8? and k=-—,/—¢,+,/e2+¢&’
AL V2 J

(€)
The TL model combined quantum mechanical approach
and classical Lorentz oscillator model. The imaginary part
g,(E) of the TL dielectric function in Eq. (1) contains four
parameters: £, (band gap), E, (peak transition energy),
C (broadening parameter) and A (transition matrix ele-
ment). The real part &,(E) in Eq. (2) is obtained by per-
forming a Kramers-Kronig integration of &;(E), and here
P in Eq. (2) stands for the Cauchy principal part of the
integral. The thickness and the optical dielectric constants
were extracted based on the best fit (y*: goodness of fit)
in the least-squares fit procedure between experimental SE
data and the simulated one. The volume fraction of void
in surface layer, f, the variable in the fitting calculation,
is defined by the following equation:

V.

void

f=——
Vioia + Yo,

4)

where V4 and Vyq, denote void and VO, volume in sur-
face layer, respectively.
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Fig. 2. SEM images of VO, films sputtered at gas pressure of (a) 0.35, (b) 0.2 and (c) 0.1 Pa; (d) cross-sectional SEM image and (c) and the two-layer

model in SE simulation.

Figure 3 shows the experimental (points) and fitted
(lines) SE data of A and ¥ (measurement parameter of
ellipsometry) of the VO, films with different gas pressures.
One can see that the spectra for these three films have
similar features. The simulated curves agree well with the
experimental data, and hence the material property.c
described accurately. Based on the simplified two
model, the best fitting results are listed in Table 11From

ase i

surface layer, the inverse proportion to the packing den-
sity, decreases with decreasing P,,,. From Table I one also
can see that optical band gap E, obtained from the fit-
ting result is about 0.606, 0.469 and 0. 456 eV for 0.35,
O 2 and 0.1 Pa, respectively, which is lower than E, of

Ca sm.glei crystalline’® due to the contribution of quan-

msize effect of the present VO, thin film. On the other

r‘*hand however, the optical band gap of VO, thin films

this table one can see that the thickness of VO, film|(sur=: | ‘decreases from 0.606 to 0.456 eV with decreasing Py,

face layer plus VO, layer) increases with decreasing P,
and is consistent with the SEM result. The void ratio of
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Fig. 3. The experimental (points) and fitted (lines) data of A and ¥ of
the VO, film sputtered at different gas pressures.

while the VO, crystal size decreases with decreasing P s>
an obvious redshift of the optical band gap was found
with the decreased grain size. This kind of redshift has
been observed in literatures** and is considered mainly
attributed to the relaxation of the induced compressive
stress in the films.?> In present case of sputtering depo-
sition, this intrinsic stress arises due to the bombardment
of the energetic species. The films deposited at lower gas
pressure will exhibit a compressive stress. In the sputtering
process, the highly energetic species could be implanted
below the VO, surface, which is likely to induce high
intrinsic stresses by creating the defects. For the VO, thin
film grown at high gas pressure, the strain could quickly
relaxed due to the high kinetic energy, and leads to the
increase in band gap.

There exists a relationship between the extinction coef-
ficient and absorption coefficient: a=4wk/A, and the
absorption coefficient « is connected with the optical
band gap energy E; by the equation a" o (hv—E}), the
index m characterizes the optical absorption process and is

>
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Table I. Characters of VO, films extracted from the best simulation results using Tauc-Lorentz model with different sputter gas pressure P,,.

VO, layer Surface layer Total thickness
P, (Pa) thickness (nm) thickness (nm) (nm) f (%) E, (eV) E x(eV) n@1500 nm X2
0.35 89.0 16.1 106.1 71.2 0.606 0.75 3.17 1.1
0.2 109.5 16.3 125.8 63.7 0.469 0.61 2.84 2.71
0.1 123.5 18.0 141.5 58.8 0.456 0.55 2.72 3.96

theoretically equal to 1/2 and 2 for indirect allowed and
direct allowed transitions, respectively. The value of E
can be obtained by the intercept on the hv axis in the
plot of (ahv)" versus hv. It was found the best plot was
obtained for the direct allowed transitions and the results
for E} are also listed in Table I. The obtained result also
shows that the optical band gap VO, film increases with
increasing P,,, and approximates to the E, values extracted
from TL model in SE simulation.

Figure 4(a) shows the refractive index (n)/and extinc-
tion coefficient (k) of the VO, films calculated from
the extracted best-fitted parameters. One cansee ‘that the
refractive index slightly decreases in visible light region
and is close to a constant of about 3. Beyond visible light
region the refractive index depends strongly on Py, and
firstly increases slightly and decreases again at wavelength
higher than 800 nm for the film prepared at lower pressure
of 0.35 Pa, while for the film prepared at lower pressure
of 0.2 Pa, the refractive index slightly increasing at wave-
length higher than 1200 nm, and for the film prepared
at lower pressure of 0.1 Pa the refractive index always
decreases with wavelength. From Figure 4(a) one can see
that the refractive index in near-infrared wavelengths range
decreases with decreasing gas pressure. In general, the
packing density is the mainly factor of refractive index,
and the lower the packing density the lower the refractive
index. While in present case the packing density'inereases
with decreasing Pgas, see Table I, and thus other factors will
affect the refractive index. The collision rates of vanadium
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Fig. 4. Calculated refractive index (n) and extinction coefficient (k) of
VO, thin films sputtered at different gas pressures.

atoms sputtered from the target with atomic/ionic oxygen
will be low under low deposition gas pressure, and the
corresponding deposition rate of VO, film will increases,
as mentioned above, the growth rate is 3.5 nm/min for the
gas pressure 0.1 Pa compared to the 2.62 nm/min for the
0.35 Pa. The sputtering atoms hardly have enough time to
migrate to the lowest energy equilibrium position, result-
ing in the formation of a large amount of defects, such as
oxygen vacancies, and thus leading to the decrease in the
refractive index with decreasing gas pressure. Figure 4(b)
shows the extinction coefficient of VO, films. The extinc-
tion coefficient is close to 0.4 from 400 and 1200 nm, and
decreases with increasing P, at wavelength larger than
1200 nm.

3.3. Reflectance Spectrum

Figure 5(a) shows the reflective spectra of VO, films mea-
sured from the spectrometer. One can see that the aver-
age reflectivity is about 65% and slightly decreases with
wavelength from 400 to 1900 nm, and increases with
increasing P,,. A similar result can be obtained from SE
simulation, as shown in Figure 5(b). The relative lower
reﬂectivity obtained from SE simulation is due to the fact
that bnly the reflective light at the angle of incidence
702 was collected. The increased reflectivity is considered
due to the increased VO, grain size with increasing gas
pressure.
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Fig. 5. Reflective spectra of VO, films sputtered at different gas pres-
sures from (a) spectrometer and (b) SE simulation.
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4. CONCLUSION

VO, thin films have been grown on Si(100) substrates by
radio frequency reactive magnetron sputtering. The film
thickness decreases and grain size of the VO, films
increases with increasing sputtering gas pressure. The
refractive index and reflectivity in the near-infrared wave-
lengths and the optical band gap increases with increasing
sputtering gas pressure, the increased refractive index is
due to defect effect, while the increased optical band gap
is considered mainly attributed to the relaxation of induced
compressive stress in the films.
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