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Effect of sputtering power and annealing temperature
on the properties of indium tin oxide thin films prepared
from radio frequency sputtering using powder target
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Abstract Indium tin oxide (ITO) thin films were depos-
ited on quartz substrates by radio frequency (RF) sputtering
with different RF power (100-250 W) using the powder
target at room temperature. The effect of sputtering power
on their structural, electrical and optical properties was
systematically investigated. The intensity of (400) orien-
tation clearly increases with the sputtering power increases,
although the films have (222) preferred orientation.
Increasing sputtering power is benefit for lower resistivity
and transmittance. The films were annealed at different
temperature (500-800 °C), then we explored the relation-
ship between their electro-optical and structural properties
and temperature. It has been observed that the annealed
films tend to have (400) orientation and then show the
lower resistivity and transmittance. The ITO thin film
prepared by RF sputtering using powder target at 700 °C
annealing temperature and 200 W sputtering power has the
resistivity of 2.08 x 10™* Q cm and the transmittance of
83.2 %, which specializes for the transparent conductive
layers.

1 Introduction

Indium tin oxide (ITO) thin film is an excellent and very
important semiconductor material. Due to its exciting
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optoelectronic properties of high transparency in the visible
wavelength region associated with high electrical conduc-
tivity, it has been widely used in electronic and optoelec-
tronic industries such as solar cells, flat panel displays,
surface heaters for automobile windows, transparent heat
reflecting window material for buildings, lamps, and solar
collectors, etc. [1-3]. Up to now, a variety of techniques
have been employed to deposit high quality ITO thin films,
like direct current (DC) or radiofrequency (RF) sputtering,
reactive evaporation, sol-gel process, and chemical vapor
deposition. Among these methods [4-7], the operation of
RF magnetron sputtering is simple and cheap. Some works
have been done to study the structural, morphological and
optical properties of sputtered ITO films using various sets
of deposition parameters [8§—10], such as tuning the target
quality, sputtering gas, and growth pressure. It has been
found that the target density had no effect on the properties
of RF sputtered ITO thin films, so the powder target is
recommended to prepare the RF sputtered ITO thin film
since the cost is low. Among other parameters the sput-
tering power and annealing temperature can be adjusted
easily in all kind of sputtering systems. To the best of our
knowledge, there are few reports about the effect of RF
sputtering power and annealing temperature on properties
of ITO thin films prepared by RF sputtering, especially
using the powder target. As far as we know, the effects of
the RF power are only poorly understanding and some of
the novel observations still have not been discussed.
Especially, the effect of the annealing temperature is dis-
cussed only at lower than 500 °C, because the substrate
material is soda lime silica glass, which often cannot tol-
erate above 600 °C. In the present study we will illustrate
some possible mechanisms to overcome these problems.
In this work, the quartz glass, which can endure high
annealing temperature over 1100 °C, has been used as
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substrate material and ITO thin films have been prepared
by using the RF magnetron sputtering technique using
powder target, and it is noteworthy that we focus on the
effect of sputtering power and annealing temperature on
the properties of ITO thin films. We believe these results
represent a significant step toward achieving high quality
films by using the RF magnetron sputtering method.

2 Materials and methods

The ITO (InyO3:SnO, = 90/10) powder mixture was
pressed into copper target holder (70 mm in diameter)
with 5 ton uniaxial presses. No further processes were
involved in target production. The quartz substrate was
ultrasonically cleaned in trichloroethylene, acetone, and
propanol individually followed by rinsing in deionized
water three times before being loaded into the sputtering
chamber. ITO film was then deposited using JPG-560C12
(SKY Technology Development Limited Company of
Chinese Academy of Sciences) RF magnetron sputtering
system and ITO powder target. The ITO target was
placed about 50 mm way below the substrate. The base
pressure of the vacuum chamber was less than
1 x 107* Pa by mechanical and oil diffusion pumps
before deposition. Sputtering was carried out in argon
atmosphere at a pressure of 0.5 Pa. For all deposition
steps the target was pre-sputtered for 15 min in the
chosen sputtering condition. During all the deposition
process, quartz crystal oscillator was used to monitor the
film thickness and stop the deposition when the film
thickness was about 200 nm. A series of samples were
prepared at different sputtering powers ranging from 100
to 250 W under room temperature. The sputtering power
of 200 W was further used to deposit films. In order to
understand the annealing effect on the structural and
electro-optical properties of the films, these films were
then annealed at temperatures ranging from 500 to
800 °C at sputtering power of 200 W.

Various techniques were employed to measure the
properties of the ITO films. The crystalline structure and
phase were investigated by using x-ray diffraction analysis
(XRD, Rigaku Geigerflex D/Max 2200) using Cu Ka
radiation. The morphologies of surface and cross-section
were observed by scanning electron microscopy (SEM, FEI
Inspect F50). The surface morphology was also studied by
using atomic force microscopy (AFM, SPA-300 HV). The
sheet resistance was measured by using a CMT-ST1000
four-point probe. The Hall mobility and free carrier density
were estimated using Hall-effect measurements (HMS-
3000, ECOPIA). The spectral transmittance was measured
by using a Hitachi U 3000UV spectrophotometer in the
visible wavelength range of 300-800 nm.

3 Results and discussion

Figure 1 shows the XRD spectra of some selected samples
prepared at sputtering power of 100, 150, 200 and 250 W.
It can be seen that the main growth directions are (222),
(400), (440) and (622), which are related to the cubic
structure of the In,O5; [11]. There are no characteristic
peaks of Sn, SnO or SnO,, which means all tin atoms were
substitution ally incorporated into the In,Oj lattice. The
XRD patterns reveal that the samples have strong diffrac-
tion peak at ITO (222) plane, meaning that these films have
preferred crystal growth towards (222) direction. To the
deposited films, the maximum ratio between the intensity
peaks of (222) and (400) (In»/1400) can be achieved at
sputtering power of 150 W. However, when the RF sput-
tering power is greater than 200 W, the ratio decreases,
although the films have also preferred towards (222)
direction. This indicates that intensity of the (400) peak
magnified as the RF sputtering power increased to more
than 200 W. The difference in the orientation is considered
to result from the effect of thermal energy on the stress of
the ITO thin film, the kinetic energy of the sputtered atoms
increase with the RF power increasing, which was helpful
to improve the crystallization properties of the ITO thin
film. Figure 2 shows the SEM images of the as-deposited
ITO film at different sputtering power. From the surface
images (Fig. 2a, b, c, d), the grains in all of films are
regular in shape, indicating a good crystallinity of the films.
The sputtering power strongly influences the grain size, the
grain size and shapes have been observed by means of the
SEM, while the grain size is about 30, 50, 70 and 80 nm at
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Fig. 1 XRD patterns of the as-prepared ITO film at different
sputtering power
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Fig. 2 Surface SEM images of the as-prepared ITO film at different sputtering power (a 150 W, b 200 W, ¢ 250 W) and cross-section SEM

image of ITO film at 200 W (d)

sputtering power of 100, 150, 200 and 250 W, respectively.
This indicates that sputtering ion energy could increase the
grain size of ITO films deposited under present energy
conditions. Figure 2e shows the cross-section SEM image
of ITO thin film at sputtering power of 200 W and it can be
observed that the ITO thin film is arranged orderly and
compact, and its thickness is about 200 nm. The deposition
rate increases with increasing RF powers, the deposition
rate of the ITO films are ~ 16, 23, 33 and 38 nm/min for

@ Springer

RF power at 100, 150, 200 and 250 W, respectively. High
sputtering power can effectively improve the deposition
rate, and then the high deposition rate will increase the
nucleation rate. Whit the RF power increase, the sputtering
ion energy and the ITO thin film growth rate increasing,
but while the deposition rate (38 nm/min) was too fast, the
compactness becomes poor, the defects of the ITO thin film
increasing and then obtain the fine grain size with the
microstructure defects, such as pores [12]. The AFM tests
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Fig. 3 Electrical properties of the as-prepared ITO films at different sputtering power (a) and different annealing temperature at the sputtering
power of 200 W (b), (square resistivity, triangle carrier concentration, circle Hall mobility)
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Fig. 4 Transmittance spectra of the as-prepared ITO films at different sputtering power (a) and different annealing temperature at the sputtering

power of 200 W (b)

show the average roughness of the ITO films is 7.2, 5.2, 3.7
and 4.3 nm at sputtering power of 100, 150, 200 and
250 W, respectively. Figure 3a shows the variation of film
resistivity, carrier concentration, and Hall mobility as a
function of sputtering power. The resistivity of the film at
deposited at sputtering power of 100, 150, 200 and 250 W
is  1.026 x 107°, 924 x 107*,  7.58 x 107* and
7.11 x 107* Q cm, respectively. It indicates that the
resistivity decreases with the increasing sputtering power.
Theoretically, increasing the sputtering power will generate
more argon ions and then sputter more Sn*", In*" metal
atoms with higher energy onto the substrate, and following
lead to more oxygen deficiency and create the higher car-
rier density, and then decrease the resistivity. The optical
transmittance spectra of ITO films prepared at the different
sputtering power are shown in Fig. 4a. It can be seen that

the film prepared at sputtering power of 100-200 W has
more than 85 % average transmittance in the visible
spectrum, however the film prepared at sputtering power of
250 W has lower transmittance. This is because of the free
carrier absorption, which increases with increase in carrier
concentration. This indicates that the film deposited at RF
sputtering power of 250 W contains more free carriers. The
increase in carrier concentration with increase in RF
sputtering power makes the transparent conductor to reflect
the incident wavelengths.

Figure 5a, b, c, d shows the AFM images of the ITO film
at different annealing temperature using the sputtering
power of 200 W. The average roughness of the ITO film is
3.2,2.8, 2.5 and 3.8 nm at annealing temperature 500, 600,
700, and 800 °C, respectively. Figure 3e shows the AFM
image of the ITO film at the sputtering power of 250 W
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Fig. 5 AFM surface images of the ITO film at different annealing temperature at the sputtering power at 200 W (a 600 °C, b 700 °C, ¢ 800 °C)
and at 700 °C at the sputtering power at 250 W (d)

and annealing temperature of 700 °C. Its surface roughness ~ XRD spectra of the ITO thin films prepared at different
is calculated to be 12.3 nm, which is higher than the one  annealing temperature and sputtering power of 200 W. It
under 200 W sputtering power. Figure 6 also shows the  can be seen that the annealed ITO films have (400)
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Fig. 6 XRD patterns of the as-prepared ITO film at different
annealing temperature

preferred orientation and compared with (222) peak, the
intensity of (400) peak increases with increasing annealing
temperature. This difference in orientation between unan-
nealed and post-annealed thin films can be related to the
stress of the ITO films affected by the thermal energy. The
annealing process seems to reduce the stress of the as-
deposited films, and a higher temperature can lead to the
orientation in the (400) direction [13, 14]. It has been
reported that the (400) peak intensity is related to the
number of oxygen deficiencies in the ITO films, and a
strong (400) peak is good for the electrical properties but
not for the optical properties of ITO films due to the greater
number of vacancies and higher carrier concentration [15].
This can be proved by the results of the electrical and
optical properties of the annealed films. The resistivity and
transmittance of the film at deposited at annealed temper-
ature of 500, 600, 700 and 800 °C is 3.37 x 10_4,
2.54 x 107%, 2.08 x 107* and 5.62 x 107* Q cm, and
87.4, 85.3, 83.2 and 74.7 %, respectively.

4 Conclusions
Indium tin oxide (ITO) thin films have been deposited onto

quartz substrates by RF sputtering using powder target at
different sputtering power (100-250 W). The as-deposited

films crystal orientation preferred to (222), however, the
annealed films orientation preferred to (400). It presents
evidence that strong (400) peak is good for the resistivity
but not for the transmittance of ITO films. The annealing
temperature of 700 °C and the sputtering power of 200 W
is the optimum in this work, and the obtained ITO thin film
has the resistivity of 2.08 x 10™* Q cm and the transmit-
tance of 83.2 %, which specialized for the transparent
conductive layers.
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