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Indium zinc oxide (IZO) thin films with different percentages of In content (In/[In+Zn]) are synthesized on glass
substrates by magnetron sputtering, and the structural, electrical and optical properties of IZO thin films deposited at
different InoO3 target powers are investigated. IZO thin films grown at different Inp O3 target sputtering powers show

evident morphological variation and different grain sizes. As the InpO3 sputtering power rises, the grain size becomes

larger and electrical mobility increases. The film grown with an InpOg3 target power of 100 W displays the highest

electrical mobility of 13.5 cm-V—1.s~1

and the lowest resistivity of 2.4x1073 Q.cm. The average optical transmittance

of the IZO thin film in the visible region reaches 80% and the band gap broadens with the increase of InoOs3 target

power, which is attributed to the increase in carrier concentration and is in accordance with Burstein—Moss shift theory.
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1. Introduction

Transparent conducting oxides (TCOs) have at-
tracted significant attention due to their high trans-
parency in the visible region and high electrical con-
ductivity. TCOs are widely used in many fields such
as flat panel displays, optoelectronic devices and so-
lar cells. Most studies of TCO films concentrate on
Sn-doped InyO3 (ITO) films because of their good
electrical and optical properties. Recently, there has
been a growing interest in the development of new
transparent conducting oxides such as indium zinc
oxide (I1Z0),["2 zinc tin oxide (ZTO),! and alu-
minium zinc oxide (AZO). Compared with ITO
film, IZO film has been shown to be a promising
material due to its higher conductivity, higher op-
tical transparency and smoother surface.l!’ There-
fore, IZO films may provide an alternative to tradi-
tional ITO films used in optoelectronic applications.
1Z0O thin films have been deposited by various pro-
cesses including metal-organic chemical-vapour depo-
sition (MOCVD),[?l pulsed-laser deposition,® mag-
netron sputtering,® and sol-gel processing.!”) Among
these processes, magnetron sputtering has the advan-
tages of a relatively low-cost process and a low depo-
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sition temperature.

It is known that intrinsic binary ZnO material
shows low electron concentration and poor electrical
conductivity, which restricts its use in electronic de-
vices. In this paper, by introducing In into ZnO films
we produce IZO thin film with a high electron concen-
tration and high electrical conductivity. The IZO films
were deposited by radio frequency (RF) magnetron
sputtering through co-sputtering of two targets with
Zn0O and In;O3. Compared with the growth technique
using a single I1ZO target,® it is more flexible to ad-
just and control the properties of IZO films and we
can conveniently obtain 1ZO films with different com-
positions by changing one or both of the two target
powers. We investigate the dependence of physical
properties of IZO thin films on In,O3 target power.

2. Experiment

1Z0O thin films were deposited by RF magnetron
sputtering through co-sputtering of ZnO and InsOgs
High purity (99.999%)
argon was used as sputtering gas during the depo-

targets on glass substrates.

sition process. The chamber base pressure was ap-

*Project supported by the National Natural Science Foundation of China (Grant No. 10974174) and the Natural Science Foundation
of Zhejiang Province of China (Grant Nos. 26100117, Z1110057, and Y4080171).

TCorresponding author. E-mail: hzwu@zju.edu.cn

(© 2011 Chinese Physical Society and IOP Publishing Ltd

http://www.iop.org/journals/cpb  http://cpb.iphy.ac.cn

106103-1



Chin. Phys. B Vol. 20, No. 10 (2011) 106103

proximately 6.5x107° Pa and the targets were pre-
sputtered for 20 min before deposition. A flow rate of
Ar gas was 6 sccm and working pressure was 1.0 Pa.
All the films were grown at room temperature. Glass
substrates were cleaned in an ultrasonic bath with ace-
tone, alcohol and deionized water separately, and then
dried with high purity nitrogen gas blowing. We de-
posite IZO thin films at a fixed ZnO target power of
100 W and Iny O3 target powers of 100 W, 60 W, 40 W,
and 20 W, separately.

The crystal structural properties of the IZO thin
films were analysed by a D/max-rA X-ray diffractome-
ter (XRD) using Cu Ko radiation (A = 1.5406 A,
1 A=0.1 nm). The surface morphology and EDX mea-
surement were characterized by a Hitachi S4800 field-
emission scanning electron microscope (FESEM). The
film thicknesses were measured by an XP-1 Stylus Pro-
filometer. The resistivity, the electrical mobility and
the carrier concentration of the films were obtained by
Hall effect measurement using the van der Pauw con-
figuration with an HL5500 apparatus in which indium
electrodes were used for Ohmic contacts. The opti-
cal transmittance was measured by a UV-3150 spec-

trophotometer.

3. Results and discussion

3.1. Structural properties

Figure 1 shows the scanning electron microscope
(SEM) images of the 1ZO thin films at different In,O3
The SEM images reflect the transi-
tion of the surface morphology from 9.5% to 37.9% of

target powers.

In content. In Fig. 1(a), the film grown at an InyOs
target power of 20 W is composed of granular grains
with size varying from 20 nm to 60 nm. For the film
grown at an In,Og target power of 40 W, the film
is comprised of compactly arranged grains with high
grain density and small sizes compared with the film
grown at 20 W. When the InyO3 target power is in-
creased to 60 W, it is shown that some small grains
gather together, forming larger grain groups as shown
in Fig. 1(c). As can be seen in Fig. 1(d), the grains are
distributed desultorily and void spaces occur among
the grains, which could be regarded as the enhance-

ment of the gathering phenomenon.

Fig. 1. SEM images of the IZO thin films deposited at different sputtering powers on the InpO3 target: (a)

20 W, (b) 40 W, (c) 60 W, and (d) 100 W.
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Figure 2 shows the XRD patterns of pure ZnO,
pure Inp O3, and IZO alloy thin films deposited at dif-
ferent In,O3 target powers, i.e. 100 W, 60 W, 40 W,
and 20 W, separately. The broad peaks around 23° are
attributed to the diffraction of glass substrates. The
crystal planes of pure ZnO and pure In,O3 are labeled
and the peaks of IZO alloy thin films are marked as
14, 24, 3#, and 4#. From Fig. 2 we can see that all
the films are polycrystalline. Peak 1# is located be-
tween 31° and 34°, just within the diffraction angles of
InyO3 (222) and ZnO (002) peak positions. It is obvi-
ous that the IZO film grown with InyO3 target power
of 20 W has three small peaks, which correspond to
(100), (002) and (101) peaks of ZnO with the incorpo-
ration of a small amount of In,O3. Compared with the
peak of pure ZnO film, the (002) peak becomes weak.
From the composition analysis below, we see that the
In content of the film is 0.095. Therefore, at low In
content, the film has a ZnO-type structure. When the
InyO3 target power rises, the ZnO (100) and (101)
peaks become weak and eventually disappear, while
peaks 3# and 4# tend to become stronger. We can
assume that the hexagonal ZnO phase has evolved into
a cubic InyO3 phase as the increase of In content of
the film. Peaks 3# and 4# can be regarded as (422)
and (026) peaks of cubic InoO3 by qualitative analy-
sis. However, the XRD pattern of pure InoO3 does not
show these two peaks. So the IZO alloy films may have
a more complex structure like a layered ZngIngOy 3
type structure!®1% and the details of structure of 1ZO
film may need other more complicated structural char-

acterizations that are beyond the scope of this paper.
As the increase of In content, larger In atoms replace
the smaller Zn atoms in the crystal, leading the ob-
served peaks (1#~44) to shift towards low 20 angles.
In addition, it is proved by the calculated layer spac-
ing distance d through using Bragg’s equation as listed
in Table 1, and the composition analysis is shown in
Fig. 3. The grain size given in Table 1 is calculated
by the Scherrer’s formula D = 0.9A/F cosf and the
grain size of the IZO thin film increases from 8.6 nm
to 15.1 nm with the rise of InoOg3 target power. It is
interesting to note that the grain size seen from SEM
is different from the grain size determined by XRD
analysis. This suggests the grains observed in SEM
are probably polycrystalline domains formed by clus-
ters of nanocrystallites.!']
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Fig. 2. XRD patterns of IZO thin films deposited at dif-
ferent InoO3 target powers.

Table 1. XRD data of peak 1#.

Inp O3 target power/W 20/(°) FWHM/(°) d/A Grain size/nm
20 33.20 0.967 2.6966 8.6
40 32.62 0.635 2.7432 13.0
60 32.32 0.57 2.7680 14.5
100 31.62 0.546 2.8277 15.1

Figure 3 shows the variations of In content
(In/[In+Zn]) of IZO thin films and the deposition rate
with InpO3 target power. The In/(In+Zn) composi-
tion ratios are measured by EDX. As shown in Fig. 3,
both the deposition rate and the In content almost lin-
early increase with the rise of InoOg3 target power. The
deposition rate changes from 1.2 A/s to 2 A/s, while
the In content varies from 9.5% to 37.9% as sputtering

power for In,O3 target increases from 20 W to 100 W.
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Fig. 3. Deposition rate and In content (In/[In+Zn]) ver-
sus Ino O3 target power, respectively.
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3.2. Electrical properties

Table 2 and figure 4 show the dependences of elec-
trical resistivity, electrical mobility and carrier con-
centration on In, O3 target power. The resistivity de-
creases from 7.7x1072 Q-cm to 2.4x1073 Q-cm with
the increase of In,Oj target power, while the car-
rier concentration increases from 4.8x10' ecm™3 to
2x10%° em™3.
power of 100 W displays the highest electrical mo-
bility of 13.5 cm-V~!.s7! and the lowest resistivity
of 2.4x1073 Q-cm. From the results of the composi-

The film grown with Iny,O3 target

tion analysis above, the films are Zn-rich. This may
suggest that the presence of indium in the zinc oxide
lattice effectively acts as a donor by supplying a sin-
gle free electron,'? leading the carrier concentration
to increase with the rise of InoOg target power. The
electrical mobility changes from 1.7 cm?-V~1.s7! to
13.5 cm?-V~1.s7! with the increase of InyO3 target
power. In order to determine the scattering mecha-
nism, we calculate the mean free path for electrons in

1ZO films. The mean free path for electrons in n-type
metallic oxide is[t2—14

le = h/2q(3n/7)"*p, (1)

where n is the carrier concentration, p is the electri-
cal mobility, and ¢ is the fundamental unit of elec-
tric charge. We obtain a range from 0.13 nm to
1.61 nm, much smaller than the grain size from 8.6 nm
to 15.1 nm. So the influence of grain boundary scat-
tering on electrical mobility can be ignored. As sput-
tering power on the In,Ogj target increases, more In
atoms are incorporated into the alloys, thereby influ-
encing the functionality of the thin films. In3* with a
longer orbit radius is hard to capture the conductive
electron due to the lower binding force, which may
subdue the scattering of free electrons by the ions and
so the motion of free electrons in the alloy is less influ-
enced than that of Zn?*. Hence the macroscopically
observed electrical mobility is enhanced as In compo-
sition increases.

Table 2. Electrical properties of IZO thin films.

In2O3 target Resistivity Mobility Carrier
power/W /Q-cm Jem2.V—1l.g—1 concentration/cm~3
20 0.077 1.7 4.8x1019
40 0.060 1.6 6.4x10%
60 0.016 4.3 9x10%9
100 0.0024 13.5 2x10%0
. 74 energy. It follows two equations!!®!
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Fig. 4. Dependences of resistivity, electrical mobility, and
carrier concentration on InoO3 target power.

3.3. Optical properties

Figure 5 shows the optical transmission spectra in
the visible region for the IZO thin films deposited at
different In,Og3 target powers. The oscillations from
450 nm to 800 nm are due to the film interference.
The average transmittance of the film reaches 80%.

The inset displays the curves of (ahv)? versus photon

of the IZO thin films deposited at different InoO3 tar-
get powers are 3.18 eV, 3.20 eV, 3.24 ¢V, and 3.31 eV.
It is obvious that the band gap broadens with the in-
crease of In,O3 target power, which can be attributed
to the well-known Burstein—Moss shift[!6:17 due to the
increase in carrier concentration with the increase of
Iny O3 target power. The Burstein—-Moss shift AFEyg

in the free electron approximation is given as!!8l
2
AEyp = T (372n0)2/3, (4)

where m* is the electron effective mass and n, is the
electron carrier concentration. We can obtain the cal-
culated value of n. by using the equation. Assum-

ing that m* = 0.3m.['®19 and the intrinsic band gap

106103-4



Chin. Phys. B Vol. 20, No. 10 (2011) 106103

is 3.01 eV for 120,129 AFE\p can be obtained to be
0.17 eV, 0.19 eV, 0.23 eV, and 0.30 eV for IZO films
deposited with different InyO3 powers. The compari-
son of the calculated and measured carrier concentra-
tion data versus InoO3 power is indicated in Fig. 6.
The calculated data matches well with the measured
one when Iny O3 power is below 60 W. Larger band gap
energies ranging from 3.5 eV to 3.8 eV have also been

[19:21) and it is caused by a big Burstein-Moss

(22]

reported
shift due to much higher conductivity.
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Fig. 5. Optical transmission spectra of IZO thin films de-
posited at different Ino O3 target powers. The inset shows
the curves of (ahv)? versus photon energy.
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Fig. 6. Calculated and measured carrier concentrations
each as a function of InoO3 target power.

4. Conclusions

IZO thin films were deposited by RF magnetron
sputtering with targets of ZnO and InyO3. The films
with different quantities of In are polycrystalline and
the grain size becomes larger as In,Ogs sputtering
power rises. The resistivity of IZO thin film decreases
with the increase of In, O3 target power, while the car-
rier concentration and the electrical mobility increase.
The film grown with an In,Og3 target power of 100 W
has the highest electrical mobility of 13.5 cm-V~1.s71
and the lowest resistivity of 2.4x1072 Q-cm. So the

1Z0O films with higher electrical mobility and lower
resistivity can be obtained by increasing the In,Ogs
target power. The average optical transmittance of
IZO thin film in the visible region reaches 80%. The
band gap broadens with the increase of In,Og target
power, which is attributed to the increase in carrier
concentration and in accordance with Burstein—-Moss
shift theory.
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