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Abstract

This.special project focuses depasition-of-vanadium dioxide thin films on Pyrex
glass substrates. ;The thin films were prepared by the laboratory:made reactive RF
magnetron.sputtering system usinga vanadium target with a-deposition time of 90 min.
This sputtering system: is .\housed ‘at Surface Physics and Laser'Résearch Laboratory,
department of Physics;faculty of Science KMITL. The effect of oxyeen concentration
and annealing Gnder atmosphere’and-vacuum. The RF powers were 200 W. The O,
concentrations, of 5%cand 10% weréused-for-deposition-and balanced with Ar gas to
a total flow ratenof 25 scem. After depositiony, the «films”were annealed under
atmosphere and vacuurmeconditions. The films were“Characterized by XRD, Raman and
UV-Vis transmission spectroscopy. The XRD patterns showed that film was V,0s
structure after annealing under atmosphere and they tend to transform phase after
annealing under vacuum conditions. The O, concentrations of 5% show at 28 of 33°.

This result suggested transforming the amorphous V,0s5 phase to VO, phase.
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R, impedance of rf-generator, C,: variable capacitor
Rs: impedance of rf-discharge. C,, blocking capacitor
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o nasilsfhvatlesay (on implantation) b eswili s ltharsiadeutiy
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vosieilaiAansuanda (A) Tnenseuauntsndngivhldfadanisuanstiu Ae electron-
impact ionization d4fifen1ssuTDIBanseNnTNENaufUoRoui1eY Inedidnnsouss
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252 n1sUgnilduune Vo, fifiuszansnmgeduuniinseuaiinmeieiignugi
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at Low Temperature for Smart Energy Efficient Window
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IR flAnfle 50% i 2500 unlung [10]
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26

- wrsuesayINA (Vacuum Chamber)
- i:UMﬂ]UﬂumﬂwamaﬁW (Mass Flow Controller)
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3.7.1 Scanning electron.microscope (SEM) [19]
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3.7.3 Micro-Raman Spectroscopy
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3.7.4 " UV-Vis Transmission Spectroscopy
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Abstract For metal-to-insulator transition (MIT) in vana-
dium oxide thin film, a thermodynamically stable vanadium
dioxide (VO,) phase is essential. In VO, films sputter-
deposited on a quartz substrate from a V,0s target, a radio-
frequency (RF) magnetron sputter system at working pres-
sure of 7 mTorr is used. Due to the lower sputtering yield of
oxygen compared to vanadium leading to oxygen-ion defi-
ciency, the reduction of Voions is resulted to compensate
charge with the oxygen ions. Under lower working pres-
sures, the deposition rate-increases, but a simultaneous
oxygen-ion deficiency causes the destabilization-of VO,. To
prevent this, titanium oxide co-deposition is suggested to
enrich the oxygen source. When TiQ, is used, it is found that
the Ti ion has a stable 44 charge state so that the use of
extra oxygen in sputtering prevents the destabilization of
VO,. However, this is not the case for TiO. For the latter, Ti
ions are oxidized from the +2 state to the +3 and -4 states,
and V ions with less oxidation potential are reduced to +3 or
so. Pure VO, thin film exhibits MIT at 66 °C and a large
resistivity ratio of four orders of magnitude from 30 to
90 °C. The (V,0s + TiO,) system under working pressure
as low as 5 mTorr yields fairly good films comparable to
pure VO, deposited at 7 mTorr, whereas the use of TiO
yields films with MIT absent or considerably weakened.

Introduction

Vanadium dioxide (VO,) has been extensively studied,
because it exhibits unique thermochromic properties that

J. O. Choi - H. 8. Lee () - K. H. Ko

Department of Energy System Research, Ajou University,
Suwon 443-749, Republic of Korea

e-mail: tastypork @ajou.ac.kr

are useful in_sensing devices [1], optical data storage
mediums-{2, 3], variable reflectance mirrors [4], and smart
windows.-[5, 6]. These applications are based on a revers-
ible temperature-dependent phase transformation known as
metal-to-insulator transition (MIT) at about 68 °C [7, 8].
As' a-resulty, VO possesses the ability of changing its
optical [9, 10] and electrical properties [11]. Since the MIT
temperatore of VO, is close to room temperature, VO, has
application in several devices across various application
fields [12, 13},

However, ~a reproducible, -inexpensive process is
required to prepare a stable thinfilm of VO,. Since vana-
dium ion has multiple oxidation states from +2 to +35 and
is thus vulnerable to a slight change in oxidation potential,
it is easily reduced or oxidized during the film deposition
process [14].

VO, films can be deposited by various methods, such as
chemical process [LS, 16], ‘e-beam [17], PLD [18], and
sputtering [19-22]. Above all, sputtering is generally used.
However, owing to'the nature of plasma-based processes, it
is not easy to obtain a stable and reproducible single phase
of VO, To overcome these difficulties, various types of
target material have been used, such as metallic vanadium,
VO,, and V,03 [23-25]. However, the control of oxidation
potential during sputtering remains a difficult task [26]. In
terms of economy and ease of target preparation, V,0s is
the best material [27]. However, the problem lies in
reducing V ions to a stable +4 state. Reactive sputtering
with oxygen seems to be a simple and direct way but can
be quite difficult to precisely control the plasma composi-
tion and prevent surface oxidation of growing films.
Alternatively, co-sputtering of another metal oxide target
may be a better way to control of oxidation potential. In
this work, titanium oxides are selected for this purpose,
because they exhibit multiple oxidation states, and their ion

@ Springer
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sizes are similar to those of vanadium. The MIT charac-
teristics of pure VO, and co-sputtered VO, thin films are
also investigated.

Materials and methods

VO, thin films were deposited on quartz substrates by
radio-frequency (RF) magnetron sputtering without any
reactive gas using a V,0s target. TiO and TiO; targets
were used for Ti oxide-V,0s double target co-sputtering
system. High purity V.05 (99.5 %), TiO (99.9 %), and
TiO; (99.9 %) targets were used (2 in. diameter/6.5-mm
thickness). Distance between the target and the substrate
was 10 cm. The purity and flow rates of Ar gas were
99.999 % and 20 scem. Plasma discharge generated at a
constant RF power of 200 W was applied to V,05 target,
whereas the RF power applied to the TiO and TiQ, targets
ranged from 5 to 50 W. After pre-sputtering of 30-min for
target refreshing and process stabilization, the' substrate
temperature during the deposition ranged from room tem-
perature to 550 °C. The ‘working pressure during the
deposition was 3-30 mTorr for V,0s sputtering and
5-7 mTorr for Ti oxide-V,0; co-sputtering. The thicknéss
of the films was maintained at 300 + 10 nm.

A high resolution surface profiler (o-step. -Ambios
Technology XP-1) was used to measure the thickness of
the films. The crystal structure of the films-was charac-
terized by X-ray diffraction (XRD, Rigaku Ultima3) using
Cu-K, radiation. Composition of the films was detected by
inductively coupled plasma mass  spectrometry (ICP,
PerkinElmer Optima 5300DV). Resistivity of the (ilms was
measured using four-point probe measurement (Keithley
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Fig. 1 XRD patterns of the vanadium oxide films deposited by RF
magnetron sputtering using V,Os target at various working pressures

@ Springer

2636) in the temperature range of 30-90 °C. Optical
transmittance was obtained with a UV-Vis—NIR Spectro-
photometer (JASCO V-670) in the wavelength range of
400-2500 nm.

Results and discussion

Depending on the working pressure, during sputtering in
Ar plasma with a V,0s target, vanadium ions tend to be
reduced to +4, +3 states or their mixtures (Fig. |). The
working pressure of 7 and 10 mTorr is needed to obtain a
stable VO, phase. Undesirable VO,(B) rather than VO,(M)
dominates when pressure exceeds 15 mTorr (Fig. 1). In

® VO,(M)
® 0 VO,8)

Intensity(arb. unit)

20 ) 30 ; 40 50 60
20 (deg)
Fig. 2 XRD pattemns of ‘the vanadium oxide films deposited by RF

magnetron sputiering using VaOs target at various substrate
temperatures

e TiO

Intensity(arb. unit)

20 (deg)

Fig. 3 XRD patterns of the TiO film deposited by RF magnetron
sputtering using TiO target
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addition, the crystalline phase of the deposited film is
obtainable only when the substrate is heated to more than
450 °C. Therefore, 550 °C is a reasonable choice of tem-
perature (Fig. 2). The deposition rate reaches peak value at
5 mTorr and then decreases rapidly with pressure. This is
because the increase in gas pressure has two opposite
effects: increase in sputtering yield which increases the
deposition rate and a simultaneous increase in gas phase
scattering which reduces the deposition rate. Thus. the
latter effect is more dominant than the former. Therefore,
sputtering under pressures as low as 5 mTorr is the best
solution for obtaining a high deposition rate.

In consideration of these issues, it is found that there are
two ways to deposit stable VO, films with a high rate:
deposition under pressures of 7-10 mTorr, or increase

0 TiO,

Intensity(arb. unit)

20 (deg)

Fig. 4 XRD patterns of the TiQ, film deposited by RF magnetron
sputtering using TiO, target
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E i V.0, sputtering (200 W) S
- 2.5 -
£ . :
o 2.0 A . - .
T s L -
r ®
c 154
ke
8 1.0
=%
s
0.5+
0.0 4
T : | T T T T T
5 10 15 20 30 40 50

RF Power of Ti oxide targets(W)

Fig. 5 Deposition rate with RF power of Ti oxide targets using the Ti
oxide-V,05 co-sputtering systems

oxygen potential under pressures of 5 mTorr to prevent
reduction of vanadium ion to -+3 state, but not attain +35
state. The latter process is recommended. However, this
method requires precise control of the oxygen potential. A
simple and direct approach for this is reactive sputtering
with Ar-O, plasma. However, this approach has drawbacks
of reduced sputtering yield compared with Ar plasma,
difficulties in controlling the O,/Ar ratio. and the surface
oxidation of depositing films.

Through co-sputtering of a metal oxide, oxygen can be
supplied to control the oxygen potential. Furthermore,
many co-sputtering parameters, such as the sputtering
power ratio of the two co-sputtered targets and choice of
target materials, allow for precise control of the oxygen
potential.- Ti oxide targets are selected for this purpose,
because they exhibit multiple stable ionized states and can
be easily prepared.

Sputtering of a single TiO target results in the obser-
vation of only one erystalline TiO phase, because the Ti ion
is already in a-much-reduced state (Fig. 3). In contrast, the
use of a TiO; sputtering target yields a film with a single
anatase phase (Fig. 4). Thus, during TiO, sputtering, unlike
the case of vanadium oxide, the Ti ion is rarely reduced in
the film,

As expected, the thickness measurement shows that Ti
oxide—-V>05 double target systems provide faster deposi-
tion rate than single V505 as RF powers increase, owing to
the Ti incorporation into VO, films (Fig. 5). These incre-
ments are notlinear with the RF power of Ti oxide targets.
Moreover, the amounts for the two different targets (TiO
and TiO;) are different from each other. With RF power of
the 'V,0s5 target fixed ‘at 200 W, the desired synergetic
effect on the deposition rate starts at 30 W when using
TiO,, while just 15 W is necessary for TiO. Furthermore,
the power dependence of Ti contents in VO, films is much
meore sensitive in the latter case (Table |). In other words,
more Ti is sputtered from a TiO target than from the TiO,
target, as shown by the Ti contents in sputtered films

Table 1 Ti contents in the sputtered film analyzed by ICP

RF Ti contents in TiO-V,05 Ti contents in Ti0»—V,05
power co-sputtered films (%) co-sputtered films (%)
(W)

5 1.69 0.74

10 2.18 137

15 401 2.68

20 11.63 342

30 16.47 14.40

40 33.89 25.08

50 52.60 37.33
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Fig. 6 XRD patterns of the pure VO, film and Ti-doped vanadium
oxide films at various RF powers of Ti oxide targets at working
pressure of 7 mTorr: a TiO-V,05 co=sputtering, b TiO;=V;05 co-
sputtering

analyzed by ICP. Figure 6 shows the XRD patterns of the
pure VO, film and Ti-doped vanadium exide films. When
using the TiO target (Fig. 6a), the phase changes to-various
V-Ti mixed oxides when RF powers are higher than 30-W.,
In contrast, the XRD patterns of the films co-sputtered with
the TiO, target show no V-Ti mixed oxide phase forma-
tions. Instead, films consist of a TiO,—VO, phase mixture
when RF power of the TiO, target exceeds 40 W (Fig. 6b).
Therefore, to obtain a stable VO, phase, less than 30 W of
RF power is necessary for both Ti oxide targets. The
maximum film deposition rate is thus achieved limited only
by the RF power parameter.

Figure 7 shows a very distinctive difference between
TiO and TiO, targets with respect to the working pressure
parameter. At 20 W of RF power, TiO,-V,0s co-sputter-
ing yields stable VO, films down to 5 mTorr at which the

@ Springer
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Fig. 7 XRD patterns of the Ti-doped vanadium oxide films at
working pressure of 5 mTorr and co-sputtering RF powder of 20 W
deposited by RF magnetron ¢o-sputtering: a TiO-V,05 co-sputtering,
b Ti0,~V,05 co-sputtering
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powers of Ti oxide targets at temperatures from 30 to 90 °C deposited
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V>0s co-sputtering

highest deposition rate can be obtained, whereas TiO-V,05
co-sputtering yields some vanadium oxide reduced to less
than +4 phases at 5 mTorr. When TiQ,; is sputtered, Ti ion
has a stable +4 charge state, as confirmed in single target
sputtering experiment, so only the extra-oxygen supply
prevents V ion reduction below +4 state. However, that is
not the case for TiO, where Ti ions themselves can also be
oxidized from +2 to 43 and +4 states using the enriched
oxygen atmosphere, since V ions have less oxidation
potential than Ti. Therefore, the extra oxygen is not
available to oxidize V ions to the +4 state.

Figure 8 shows the transmittance for the pure VO, and
Ti oxide-V,05 co-sputtered films at various RF powers of
Ti oxides targets in the visible-infrared region at 30 and
90 °C, respectively. The visible transmittance of pure VO,
is compared with various deposition processes [15, 17, 18,
20]. In spite of different processes, the visible transmit-
tance is inversely proportional to film thickness. In the

100
(a) —a— Ti0-V,0, 5§ mTorr
9041 e TiO-V,O, 7 mTorr
go] * TiO-V,0.5mTorr
—v— TiO,-V,0, 7 mTorr
§“ 70
8 60+
=
:‘g 59— £y
5 v Y &
E 404 T P
2 ¥ I
©
S 30 A~
20 of ¢ d
Lo
10 A JQ‘E\_:_ I_:x
0 -_'_,_._'_‘-"’""_5"‘-';‘:’ e e e
500 1000 1500 2000 2500

Wavelength (nm)

(b) .

10" - = TiO-V,0, 5 mTorr
e TiO-V,O, 7 mTorr
- 3 a TiO.‘,-\.f:Os SmTorr
v ¥ - TiO,-V,0, 7 mTorr

10" 4 = L ™ c

+—
L 4 o ¥

v
nk v

Resistivity (Q cm)
=]

e ¥
Lamint =0 ;_-;t,-;, e B
TRy

T Y T ¥ T e T T ¥ T b T

30 40 50 60 70 80 90
Temperature (°C)

Fig. 10 Working pressure dependence of optical and electrical
properties of the Ti-doped vanadium-oxide films deposited at co-
sputtering RF powder of 20 W: a Transmittance from 400 to 2500 nm
measured--at 30 °C(filled-in circles) and 90 °C (open circles).
b Resistivity at temperatures from 30 to 90 °C

wavelength range from 800 to 1500 nm, the transmittance
of pure VO, phase is clearly lower at 90 °C than at 30 °C,
until Ti incorporation into the film makes the VO, structure
unstable. This happens at 30 W of RF power for TiO and
40 W for TiOs. The decrease in transmittance in the near-
infrared (NIR) region is related to changes in electrical
resistivity (MIT) (Fig. 9). In Fig. 9a, the absence of MIT
coincides well with NIR transmittance results and the onset
of V-Ti mixed oxide formations (Fig. 6a). In Fig. Yb, the
MIT characteristics are found unchanged until 30 W, since
the single VO, phases are sustained in the TiO,—VO, phase
mixture (Fig. 6b).

Figure 10 shows the dependence of the optical and
electrical properties of films on the working pressure.
Although the transition is weakened as pressure decreases.
a clear MIT in the film from TiO,-V,05 co-sputtering is
observed down to 5 mTorr, where as this is not observed in
the TiO-V,0s case under 5 mTorr.
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