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Oxide 5lms in the ZnO+In2O3 and ZnO+tin-doped indium
oxide (ITO) systems were deposited by simultaneous dc sputter-
ing of ZnO and In2O3 or ITO facing targets at substrate temper-
atures from room temperature up to 3003C. The ratio d of the
ZnO target current to the sum of both the currents was varied.
The bixbyite-type In2O3 phase, an amorphous phase, the homo-
logous ZnkIn2Ok13 phases, and the wurtzite-type ZnO phase
were found in this order with increasing d values. Characteristic
trends were observed for d-dependent electrical properties within
the respective phase groups, regardless of the substrate temper-
atures. The minimum resistivity of 2.331024X cm and the max-
imum carrier concentration of 1.231021 cm23 were obtained for
the amorphous 5lm deposited at 1503C and d 5 0.20, having the
atomic ratio of [Zn]/([In]1[Zn]) 5 0.22. Sn doping was e4ec-
tive in improving the electrical properties only in the region
where the bixbyite-type In2O3 phase appeared and was less
e4ective in the amorphous, homologous ZnkIn2Ok13 and wur-
tzite-type ZnO regions. ( 2000 Academic Press

Key Words: transparent conducting oxides; dc sputtering with
facing targets system; amorphous 5lms; Sn-doping e4ects.

INTRODUCTION

At present Sn-doped indium oxide (ITO) "lms are widely
used for optical devices. However, other materials such as
ZnO doped with Al, Ga, and In have been investigated with
the aim of fabricating transparent conducting oxide (TCO)
"lms having superior electrical, optical, and/or chemical
properties and of "nding less expensive materials with lower
resistivity and higher transmittance (1}4). In the present
study, we focused on TCO "lms consisting of pseudobinary
1To whom correspondence should be addressed. E-mail: moriga@chem.
tokushima-u.ac.jp. Fax: #81-88-655-7025.
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compounds in the ZnO}In
2
O

3
system. This system has been

investigated by Kasper (5), Kimizuka et al. (6, 7), Minami
et al. (8,9), Koumoto et al. (10}12), and our group (13}15).
ZnO and In

2
O

3
react at high temperature ('10003C) to

form a series of homologous compounds, Zn
k
In

2
O

k`3
,

where k is an integer. Kasper demonstrated the formation of
the compounds with k"2}5 and 7 at 1100}15503C (5).
However, Kimizuka et al. (6) and our group (13) reported
that Zn

3
In

2
O

6
is the smallest-k member of the homologous

series Zn
k
In

2
O

k`3
in the bulk system. Minami et al. re-

ported that resistivities as low as 3.5]10~4 ) cm could be
obtained for "lms whose composition was supposed to be
Zn

2
In

2
O

5
, sputtered from polycrystalline targets containing

10}60 at.% zinc (9). Continuous structural variation from
Zn

3
In

2
O

6
to Zn

2
In

2
O

5
was observed on the "lms deposited

by RF sputtering from Zn
3
In

2
O

6
target with increasing

substrate temperature (15). The Zn
3
In

2
O

6
and Zn

2
In

2
O

5
"lms showed resistivities of 9.5]10~4 ) cm and of
5.0]10~4 ) cm, respectively. The value for Zn

3
In

2
O

6
"lm

is higher by almost one magnitude than that for bulk
Zn

3
In

2
O

6
. We can anticipate that the higher concentration

of oxygen vacancies would exist in the "lm sample.
Carrier electrons in TCO materials are mainly formed by

two mechanisms. One is due to oxygen vacancies. One
oxygen vacancy produces two carrier electrons theoretically
according to the following reaction: Ox

0
P1/2O

2
(g)#

<
0
G#2e@. The other is due to partial substitution of

aliovalent cations for the matrix cations. The presence of tin
in ITO "lms creates carrier electrons. Low resistivity ITO
"lms were obtained when 10 wt% of SnO

2
was doped into

In
2
O

3
matrix (16, 17).

In this paper, we deposited oxide "lms of ZnO}In
2
O

3
by

simultaneous sputtering of ZnO and In
2
O

3
targets in

a facing targets system, over a wide range of applied current
ratios of the targets, and investigated their electrical and



SIMULTANEOUSLY SPUTTERED ZnO}In
2
O

3
AND ZnO}ITO FILMS 313
optical properties compared with the phases produced.
Also, we tried similar experiments using an ITO target
instead of the In

2
O

3
target to examine the Sn-doping e!ect

on the properties of "lms in the ZnO}In
2
O

3
system.

EXPERIMENTAL

The sputtering apparatus used in this experiment is
shown in Fig. 1. Two ceramic disk targets of ZnO and
In

2
O

3
(or ITO), 10 cm in diameter and 5 mm in thickness,

facing each other, were sputtered simultaneously using a dc
magnetron sputtering method. The ITO target contained
90 wt% In

2
O

3
and 10 wt% SnO

2
. Each target was held on

permanent magnets with opposite polarities to improve the
electron con"nement between the target faces. A Corning
No. 7059 glass substrate 50]50]1 mm3 was located beside
the targets. The distance between each target was 10 cm and
that between the center of the target and the substrate was
10 cm. Prior to deposition, the chamber was evacuated to
1]10~5 Torr. Argon gas was then introduced to the cham-
ber to maintain the sputtering atmosphere at a pressure of
1]10~3 Torr. After 20 min of presputtering with the shutter
closed in front of the substrate, 120 min of deposition was
performed. The discharge currents of ZnO and In

2
O

3
(or

ITO) targets designated as I
Z/

and I
I/

, respectively, were
controlled during deposition of the "lms. The current ratio
was de"ned as d"I

Z/
/(I

Z/
#I

I/
). When 04d40.50,

I
I/

was "xed to be 80 mA and I
Z/

was varied from 0 to
80 mA. Inversely, when 0.504d41.00, I

Z/
was "xed to be

80 mA and I
I/

was varied. Films were deposited by changing
d for several substrate temperatures (¹

4
) of room temper-

ature (without heating the substrate): 150, 250, and 3003C.
FIG. 1. Schematic drawing of facing-target dc sputtering apparatus.
M represents Helmholtz-type coil for con"ning electrons between the
targets.
The ¹
4

without heating increased to &503C when the
deposition was "nished.

Phase identi"cation was performed with a powder X-ray
di!ractometer (Rigaku RINT2500VHF`) using mono-
chromatized CuKa radiation with a source power of 40 kV
and 150 mA. Room-temperature electrical resistivity of the
"lms was measured with a spring-loaded linear four-probe
apparatus using a current source and a voltmeter (Advan-
test R6144 and R6551). The resistivity was calculated as

o"
<

I
)

n
ln 2

w,

where o is resistivity, < is voltage drop, I is excitation
current, and w is "lm thickness. The "lm thickness w was
measured by a surface roughness detector (DEKTAK 3030).
Carrier concentration, n, and Hall mobility, k

H
, were esti-

mated from the measurement of the Hall voltage in a dc
magnetic "eld and dc current applied to the "lm, which was
shaped into a cross (18) (van der Pauw method). The Van
der Pauw method is the most suitable one for measuring the
Hall voltage of thin samples (19). UV-VIS transmittance
was measured using a spectrophotometer (JASCO
V500DS). Surface images of the "lms were observed by "eld
emission scanning electron microscopy (Hitachi S4700). The
cation ratio of the "lms was determined by #uorescent
X-ray analysis (Shimadzu EDX-800).

RESULTS AND DISCUSSION

Structural and Electrical Properties of Films in the
ZnO}In2O3 System

Figures 2a and 2b show X-ray di!raction patterns for the
ZnO}In

2
O

3
"lms deposited at ¹

4
"150 and 3003C, respec-

tively, as a function of d value. For ¹
4
"1503C, the di!rac-

tion patterns indicate that the "lms were composed of the
bixbyite-type In

2
O

3
in the range of 04d40.11. No prefer-

red orientation was noted. In the d range from 0.20 to 0.57,
amorphous-like "lms with a broad peak at 2hK323 were
obtained. The scales of di!raction intensities for the samples
d"0.20, 0.33, 0.50, and 0.57 in Fig. 2a were magni"ed by
8}10 times, compared with the scales for d"0.00 and 1.00.
The broad peak shifted to the higher 2h values with increas-
ing d values, which results from increasing zinc content in
the "lm. A Zn2` ion has a smaller ionic radius than an In3`

ion (20). At d"0.66, several peaks assigned to one of the
homologous compounds, Zn

5
In

2
O

8
, appeared. In the

d range from 0.80 to 1.00, all peaks observed were assigned
to the wurtzite-type ZnO. The "lm deposited at d"1.00
had a strong preferred c-axis orientation whereas the dif-
fraction pattern for d"0.80 was similar to a bulk ZnO with
a slight shift to the lower 2h side due to occlusion of the
larger In3` ions. For ¹

4
"RT, amorphous-like "lms were



FIG. 2. X-ray di!raction patterns for ZnO}In
2
O

3
"lms deposited at (a) ¹

4
"1503C and (b) ¹

4
"3003C as a function of d value. The scales of

di!raction intensities for the samples of d"0.20, 0.33, 0.50, and 0.57 in (a) were magni"ed by 8}10 times, compared with the scales for d"0.00 and 1.00.
Arrows represents the positions of faint peaks observed.
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obtained in a wider d range from 0.11 to 0.66. No homolog-
ous compounds, Zn

k
In

2
O

k`3
, could be detected.

Drastic changes were observed in the phase composing
the "lms deposited at ¹

4
"3003C. At d"0.00 and 0.11, the

"lms were composed of In
2
O

3
, but the position of the

strongest di!raction peak did not shift up to d"0.50. X-ray
#uorescence indicated that the "lms at d"0.50 contained
as little as 35 at.% zinc on a cation basis. Of interest, several
very small peaks could be detected in the "lms for d"0.20,
0.33, and 0.50 by magnifying the ordinate. The peaks at
2hK21.53, 30.53, 41.83, 52.73, and 63.73 were assigned to
(2 1 1), (2 2 2) (this peak is the strongest), (3 2 2), (4 3 3), and
(4 4 4) re#ections of the bixbyite-type In

2
O

3
, respectively.

A (1 1 1)-preferred orientation is noted. As the bixbyite-type
In

2
O

3
has the space group Ia3, the re#ections with all-odd

indexes such as (1 1 1) and (3 3 3) do not appear because of
the extinction law. The reason why they should be in the
(1 1 1)-orientation is not clear. It is possible that the "lms
might have one of the superstructures of the bixbyite.

The strongest peak at 2hK313 was broadened and shif-
ted toward the higher 2h side with increasing d value
(d"0.57, 0.66, and 0.80). In this d range, the second stron-
gest (but broad) peak shifted to the lower 2h side. The
strongest and second strongest peaks were approaching
each other with increasing d value, and they seemed to
overlap at the (0 0 2) peak of the wurtzite-type ZnO at
d"1.0. This kind of peak shift implies that the homologous
compounds Zn

k
In

2
O

k`3
were formed in the "lms at

d"0.75, 0.66, and 0.80 (13), and the k number of the
compound increased with increasing d value, i.e., with in-
creasing zinc content. Considering the strongest peak posi-
tion, the main component of the "lms at d"0.57, 0.66, and
0.80 would be Zn

2
In

2
O

5
, Zn

3
In

2
O

6
, and Zn

5
In

2
O

8
, respec-

tively. The strongest peak indices for the respective com-
pounds are (0 0 8) of Zn

2
In

2
O

5
, (0 0 1 5) of Zn

3
In

2
O

6
, and

(0 0 2 1) of Zn
5
In

2
O

8
and the second strongest peaks in-

dexed are (0 0 1 0), (0 0 1 8), and (0 0 2 4). These facts suggest
that these "lms have the c-axis-preferred orientation. The
broadness of the peaks would be due to stacking faults
between homologous compounds Zn

k
In

2
O

k`3
with the cor-

responding k number and those with the (k#1) and/or
(k!1) compounds. For ¹

4
"2503C, the bixbyite-type

In
2
O

3
phase appeared for the "lms of d"0.00 and 0.11. The

oriented In
2
O

3
phase was detected at d"0.20. At around

d"0.33, a biphasic sample of an amorphous phase and
the oriented In

2
O

3
could be obtained. Homologous



FIG. 3. Phases observed for ZnO}In
2
O

3
"lms as functions of d"

I
Z/

/(I
Z/
#I

I/
) and substrate temperature, ¹

4
. (j) Bixbyite-type In

2
O

3
,

(h) oriented In
2
O

3
, (d) amorphous, (w) homologous Zn

k
In

2
O

k`3
, (m)

wurtzite-type ZnO, and (U) mixture (amorphous#oriented In
2
O

3
).
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compounds of Zn
2
In

2
O

5
and Zn

3
In

2
O

6
were observed in

the "lms of d"0.50 and 0.66, respectively. In the d range
above 0.80, we could assign the "lms to the wurtzite-type
ZnO. Considering the X-ray di!raction results, ¹

4
and

d value strongly govern the phases observed in the "lms.
Figure 3 shows the phase(s) observed for the "lms in this
experiment. At the low ¹

4
(41503C), an amorphous phase

appears and the oriented In
2
O

3
phase could not be detec-

ted. The higher ¹
4
leads to the wider In

2
O

3
region (including

the oriented phase region) and the homologous Zn
k
In

2
O

k`3
region.

Figure 4 represents d-value dependence of "lm thickness
deposited at 150 and 3003C, respectively. The thickness
varied with d value. The maximum thickness was noted at
d"0.50 for both substrate temperatures due to the man-
FIG. 4. The d-value dependence of ZnO}In
2
O

3
"lm thickness depos-

ited at 1503C (d) and 3003C (s).
ners in which current was applied (see Experimental
section). The "lm thickness deposited at 3003C is about 30%
thinner than that deposited at 1503C. The deposited atoms
have a higher activity at the higher temperature, resulting in
resputtering and/or rearrangement of atoms to form the
dense structure. SEM images of the "lms deposited at 150
and 3003C, with d"0.20, are shown in Figs. 5a and 5b,
respectively. The amorphous "lm (Fig. 5a) was made up of
spike-like grains of &1000 A_ whereas the oriented-In

2
O

3
"lm (Fig. 5b) was made up of plate-like grains. It can easily
be understood that this "lm should have a preferred orienta-
tion.

Electrical properties for the "lms deposited at RT, 1503C,
and 3003C are shown in Figs. 6a, 6b, and 6c. All the "lms
FIG. 5. SEM images of the "lms deposited at (a) 1503C and (b) 3003C,
with d"0.20.



FIG. 6. Electrical properties for ZnO}In
2
O

3
"lms deposited at (a) RT, (b) 1503C, and (c) 3003C, as a function of the current ratio d. Notations (I), (I@),

(II), (III), and (IV) represent observed phase. (I) Bixbyite-type In
2
O

3
, (I@) oriented In

2
O

3
, (II) amorphous, (III) homologous Zn

k
In

2
O

k`3
, and (IV)

wurtzite-type ZnO.
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showed n-type conductivity. Resistivity, Hall mobility, and
carrier concentration varied in complex ways with the
d value. However, some trends can be observed when these
parameters are classi"ed by the phases formed in the "lms.
The plots of the respective parameters are joined by
a smooth line for each phase in Figs. 6a}6c. Resistivity,
mobility, and carrier concentration were all unchanged in
the d range (I) where the polycrystalline bixbyite-type In

2
O

3
was formed. Resistivity and mobility decreased and carrier
concentration was almost constant with increasing d value
in region I@ where the oriented In

2
O

3
phase was formed.

Resistivity increased, mobility was almost constant, and
carrier concentration decreased in region II where the
amorphous phase was formed. Resistivity increased, while
mobility and carrier concentration decreased in region III
where homologous compounds Zn

k
In

2
O

k`3
were formed.

This trend seen in region III is in good agreement with that
reported in our bulk work (13); resistivity increased as
k number increased because of decreased carrier concentra-
tion as well as decreased mobility. In region IV where the
wurtzite-type ZnO was formed, resistivity was almost con-
stant or slightly decreased, mobility increased, and carrier
concentration decreased. The minimum resistivity of
2.3]10~4 ) cm and the maximum carrier concentration of



FIG. 7. X-ray di!raction patterns for ZnO}ITO "lms deposited at
¹
4
"1503C as a function of d value.

SIMULTANEOUSLY SPUTTERED ZnO}In
2
O

3
AND ZnO}ITO FILMS 317
1.2]1021 cm~3 were obtained for the amorphous "lm
(d"0.20) deposited at 1503C. The resistivity is equal to that
of ITO "lms (16, 17, 21). The atomic ratio of cations
(Zn/[In#Zn]"0.22) in the "lm having the minimum re-
sistivity, which was determined by X-ray #uorescent analy-
sis, was the same as the ratio estimated from the applied
current ratio within experimental errors. We could obtain
a highly conductive material under conditions of lower ¹

4
with a lower amount of expensive indium.

Sn-Doping Ewects for the Films Deposited at 1503C
(ZnO}ITO System)

As mentioned in the Introduction, Sn doping is e!ective
for improving electrical properties of the bixbyite-type
In

2
O

3
, which is well known as ITO. Phillips et al. reported

that sputtered amorphous-like Zn
x
In

y
O

z
: Sn "lms with

compositions of [Zn]/([In]#[Sn])"0.5}0.6 (i.e., [Zn]/
([Zn]#[In])K0.33}0.375) showed a resistivity of
3.8]10~4 ) cm (22). Though they did not refer to the
amount of tin present in the "lms, they inferred that the Sn is
an e!ective dopant to such amorphous "lms. In this section,
we examine the doping e!ect in thin "lms, especially
amorphous "lms, by comparing the "lms in the ZnO}In

2
O

3
system with those in the ZnO}ITO system.

Figure 7 shows X-ray di!raction patterns for ZnO}ITO
"lms deposited at ¹

4
"1503C as a function of d value. The

features of di!raction patterns did not change much com-
pared with the case of the ZnO}In

2
O

3
"lms. The region of

amorphous phase became a bit narrower. At d"0.57, the
homologous compound Zn

3
In

2
O

6
appeared. Figure 8

shows the variation of electrical properties for ZnO-ITO
"lms deposited at ¹

4
"1503C. Carrier concentration de-

creased with increasing zinc concentration over the entire
amorphous region, whereas Hall mobility was unchanged,
so that resistivity was increased. A resistivity of
4.5]10~4 ) cm was obtained for the "lm at d"0.2 for the
ZnO}ITO system, which is two times larger than that for
the ZnO}In

2
O

3
system. The electrical characteristics of the

amorphous "lms did not increase with Sn doping as ex-
pected. While low-level doping with aliovalent cations often
results in remarkable increases in conductivity (23, 24), the
electrical data suggest that oxygen vacancies are the
primary electron donors in the amorphous "lms. The char-
acteristic d-value dependence of these electrical properties in
the ZnO}ITO "lms, which has been seen in the amorphous,
the homologous Zn

k
In

2
O

k`3
, and the wurtzite-type ZnO

regions, was virtually identical to that of the ZnO}In
2
O

3
"lms. However, the trend changed in the bixbyite-type
In

2
O

3
region. The "lm at d"0.0, i.e., pure ITO "lm, had

a resistivity of 3.5]10~4 ) cm. This value is compatible
with the values reported in the previous papers (16, 17, 21).
Sn-doping caused increased carrier concentration and de-
creased Hall mobility. Though the Sn doping lowered the
values of resistivity, the magnitude of lowered resistivity
decreased with increasing d value.

The di!erence in carrier concentrations could also be seen
in the optical properties. Figure 9 shows optical transmis-
sion spectra for the "lms deposited at ¹

4
"1503C. First, we

consider the optical properties of the "lms with the bix-
byite-type structure. The ITO "lm (d"0.0; indium source,
ITO) had the widest band gap of &4.1 eV. This value is
compatible with the values reported in the previous papers
(16, 17, 21). The "lm of d"0.11 deposited using the ITO
target as an indium source showed a lower band gap
(&3.9 eV) and a higher transmittance in the high
wavelength region (above 600 nm) than the ITO "lm. In-
creased resistivity correlates with lower band gap. Burstein
showed that in degenerate semiconductors with curved
bands, "lling of states caused a widening of the direct optical
band gap (Burstein}Moss shift) (25). This explanation sup-
ports our electrical data. Palmer et al., proposed that
donor}acceptor pairs formed from Zn2` and Sn4` caused
band gap narrowing in bulk ZnO/SnO

2
-cosubstituted

In
2
O

3
(26). Our "lms also contain Zn2` and Sn4` ions. The

Zn2`/Sn4` pairs would o!set the e!ect of conduction
carriers, so that the carrier concentration of the "lm of
d"0.11 decreased compared with that of the ITO "lm.



FIG. 8. Electrical properties for ZnO}ITO "lms deposited at 1503C, as
a function of the current ratio d. Notations (I), (I@), (II), (III), and (IV) are the
same as in Fig. 6.
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Concerning the amorphous "lms (d"0.20), the observed
band gaps (3.6 eV for the ZnO}In

2
O

3
system and 3.5 eV for

the ZnO}ITO system) and the transmittance seemed to be
almost identical despite the di!erence of the indium source.
Carrier concentration by Hall measurements for the
ZnO}ITO "lm was larger by two times than that for the
ZnO}In

2
O

3
"lm (see Figs. 6b and 6c). Granqvist et al.,

showed that the calculated Burstein}Moss shift band gap
widening was partially o!set by band gap narrowing from
many-body interactions in some TCOs (27}29). Shimakawa
et al., found that in amorphous TCO "lms in the
CdO}GeO

2
system the number of carriers participating in
FIG. 9. Optical transmission spectra for the "lms deposited at
¹
4
"1503C. (Solid line) ZnO}In

2
O

3
with d"0.20, (d) ITO, (h) ZnO}ITO

with d"0.11, and (s) ZnO}ITO with d"0.20.
the free carrier absorption is larger than the number parti-
cipating in the Hall e!ect (24). This e!ect was explained by
macroscopic potential #uctuation (modulated band edges)
introduced by impurity doping. However, the origin of the
band gaps in the amorphous "lms in the ZnO}In

2
O

3
}SnO

2
system is unclear.

In the ZnO}In
2
O

3
system, it can be clari"ed that the Sn

doping was e!ective only in the region where the In
2
O

3
bixbyite-type phase appeared and was less e!ective in the
amorphous and homologous Zn

k
In

2
O

k`3
regions. The ele-

ctrical properties of the amorphous and the homologous
Zn

k
In

2
O

k`3
phases would be improved by oxygen va-

cancies donating carriers.
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