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Electrical and Optical Properties of
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c-Axis oriented thin films of (ZnO)sIn,O3 of 0.5 um thickness were deposited on glass
substrates by a radio-frequency-sputtering method. The thin films had dense columnar
structures and were highly transparent in the ultraviolet—visible region, simultaneously
showing low electrical resistivity. The refractive index was about 2. The lowest resistivity,
1.3 x 1072 Q cm at room temperature, was obtained by reducing the deposited film at 540
°C in N3 containing 3.4% H,. The corresponding carrier concentration and Hall mobility
were 1.9 x 10%° cm™2 and 25.6 cm?/Vs, respectively. Detailed analyses of the optical
transmittance spectra gave rise to the intrinsic band gap and the reduced mass of carriers

to be 3.12 eV and 0.67 my, respectively.

Introduction

Thin films with low electrical resistivity and optical
transparency in the ultraviolet—visible region have been
applied to transparent electrodes for photoelectric en-
ergy conversion devices, such as solar cells and liquid
crystal display (LCD). The transparent conductive thin
films are usually made of degenerate n-type semicon-
ducting oxides with wide band gaps of 3—4 eV. Some
representative oxide materials include tin-doped indium
oxide (ITO),22 fluoride-doped tin oxide (Sn0O,)® and
aluminum-doped zinc oxide (ZnO).#5 Transparent con-
ductive materials with higher conductivity are, however,
required to develop high-quality LCDs, and various
materials containing ZnO, such as INGaZnO4,°% Zn,-
In,0s,” and ZnSn03,8 and those containing In,O3, such
as Mgln,04,%10 INnGaMgO,,'! and GalnO3,'2 have been
investigated. Recently transparent p-type semiconduct-
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ing CuAlO, has been reported to show high perfor-
mance, and a functional window composed of a trans-
parent p—n junction is proposed.t®

We have reported that the homologous compounds in
the ZnO—1ny03 system, (ZnO)kIn,O3 (k = an integer
>3), show fairly high electrical conductivity and high
electron mobility.1*1> These homologous compounds
have very unique crystal structures belonging to the
space groups R3m (for k = odd) or P6s/mmc (for k =
even) and are composed of the layers of INO3, (INZNO)s2,
and ZnO, which are stacked sequentially along the
c-axis of the hexagonal system.16-18 \We also reported
that c-axis- and (110)-plane-oriented (ZnO)s1n,03 films
prepared by a radio-frquency(rf)-sputtering technique
using a complex target consisting of 50 small pellets of
(ZnO)s1n,03 placed on a large plate of ZnO had shown
different thermoelectric properties, and it was clarified
that the electron mobility along the c-plane is much
larger than along the ab-plane.t®

In the present study, we prepared c-axis-oriented
(Zn0)sIn203 thin films by a rf-sputtering method using
a sintered target of single-phase (ZnO)sIn,03 in order
to accelerate the deposition rate and achieve stable
sputtering conditions, to obtain high crystallinity and
homogeneity. In this paper the electrical and optical
properties of the c-axis-oriented (ZnO)sIn,03 thin films
are reported.
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Experimental Section

Target Preparation. The starting powders of ZnO and
In,03 (purity 99.99%, average particle size of 1 um for both
powders; Kojundo Chemical Laboratory Co.) were mixed in
ethanol and ball-milled for 48 h. The resulting powder was
then filtered and dried. The dried powder was mixed with
binders (10 wt % liquid paraffin and 5 wt % n-heptane),
uniaxially pressed into a disk 95 mm in diameter, and further
pressed isostatically under the pressure of 98 MPa to eliminate
laminations and cracks in the disk. The disk was calcined at
1000 °C for 1 h, to remove binders in a vented electric furnace,
and then cooled to room temperature. The disk was further
reaction-sintered at 1550 °C for 2 h in air and then rapidly
cooled to room temperature. After its surface was polished,
the reaction-sintered single-phase (ZnO)sIn,O3 disk was em-
ployed for the sputtering target. Our preliminary experiment
included an attempt to fabricate single-phase targets of other
compositions, i.e., kK = 3 and 7. However, the starting
composition of k = 3 always gave rise to k = 4 and unreacted
In,03, and a single-phase target could not be obtained by the
reaction-sintering method. The target with k = 7 was suc-
cessfully obtained, but the sputtered films synthesized under
various conditions only showed poor crystallographic orienta-
tions and hence poor electrical properties. Consequently, we
decided that this paper should concentrate on the k = 5
composition for simplicity and clarity.

Thin-Film Deposition. Thin films of (ZnO)sIn,O3 were
prepared on Corning #7059 glass substrates in a rf-sputtering
apparatus (ULVAC, SBR-1104). The sputtering chamber was
evacuated by a rotary and diffusion pumping unit (limit
pressure 2 x 107® Torr (2.66 x 107* Pa)). The target-to-
substrate distance was fixed to be 30 mm, and the temperature
of the substrate was maintained at 300 °C during sputtering.
After the target was presputtered for about 15 min, the
deposition of a film was carried out at the rf power of 25—-75
W (13.56 MHz) for 1 h under the chamber pressure of 7.5—50
mTorr (1.0—6.7 Pa). Ar or Ar/O, mixed gas (4.8% O,) was used
as the sputtering gas to find the optimum deposition conditions
to obtain c-axis-oriented films of (ZnO)sIn,O3 stoichiometry.
After optimizing the deposition conditions, the deposition time
was varied from 30 to 90 min, and then the thickness of a film
was determined by using a surface roughness detector with a
stylus (Kosaka Laboratory Co., ET-30) in order to calculate
the deposition rate. Final thicknesses of the thin films for
physical measurement and characterization were controlled
to be ~0.5 um.

Thin-Film Annealing and Reduction. The electrical
resistance of as-deposited (ZnO)sIn,Os films was very large in
all cases. To attain higher conductivity, the films were
annealed under Ar or NJ/H; (the H, concentration was varied
from 0.5 to 4.0%) at 500—600 °C for 1—3 h to relax internal
stress, to increase the crystallinity, and to partially reduce
them.

Characterization. X-ray diffraction (XRD, 26/6 continuous
scan, 20 10°-60°) and pole figure measurements (Shultz
reflection, o' = 20°— 90°, § = 0°— 360°) using Cu Ko radiation
were carried out to identify the crystalline phases and crystal-
lographic orientation (RIGAKU, RINT-2100), respectively.
Metal compositions of the thin films, i.e., Zn/In ratios, were
analyzed by X-ray fluorescence spectrometry (XRF, HORIBA,
EMAX-5770) after gold was dc-sputtered ~5 nm thick on their
surfaces. Microstructures of the surface and the cross section
were observed with a field emission scanning electron micro-
scope (FE-SEM, HITACHI, S-4100). Thin films were very flat,
so all images were taken by tilting them at 45° to obtain
enough contrast.

Properties. The resistivity (p), carrier concentration (n),
and Hall mobility (x) of the thin films were estimated from
Hall effect measurements, conducted at room temperature
with a GP—IB operating system (TOYO TEKUNIKA Co.
RESITEST 8200). A homemade apparatus with four Au
probes (S. E. R. Co., MS0011-10) was employed for Hall
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Figure 1. The dependence of the crystal-axis orientation, the
crystallinity, and the composition of the thin films on the rf
power and the chamber pressure: O, c-axis oriented film; x,
nonoriented film; A, (110)-plane oriented film; ®, poor crystal-
linity. Superscripts, 4 and 5, indicate the composition of the
thin films, k in (ZnO)kIN20s.

measurements by the van der Pauw method?° to obtain ohmic
contact and small contact resistance. The applied current and
magnetic field were 1 mA and 5 kG, respectively, for all the
Hall measurements. The optical transmission spectra of the
thin films were measured at room temperature in the wave-
length range from 300 to 2600 nm (Hitachi, U-3410) using
Corning #7059 glass substrate as a reference.

Results and Discussion

Optimization of the Deposition Conditions. The
first experiments were carried out with Ar for the
sputtering gas, changing mainly the rf power and the
chamber pressure, while the deposition time was fixed
at 1 h, to search for the optimum sputtering conditions
to obtain c-axis-oriented thin films of (ZnO)sIn,0s3.
Figure 1 shows the orientation, the crystallinity, and
the composition of the as-deposited thin film depending
on rf power and chamber pressure. The manner of
orientation and composition can be divided into three
categories (A, B, and C) in the rf power — chamber
pressure diagram as shown in Figure 1. The A group
thin films revealed c-axis orientation with the c-planes
aligned parallel to the film surfaces, but they were
inferior to the others in crystallinity, and their composi-
tions were poor in Zn, i.e., kK =4. The B group thin films
also revealed c-axis orientation and they were superior
to the others in crystallinity, but they were also poor in
Zn. The C group thin films did not show c-axis orienta-
tion, but the compositions of the films were nearly the
same with that of the target, i.e., k = 5.

Second experiments were carried out with Ar/O; (4.8%
O,) as the sputtering gas, changing mainly the chamber
pressure, while the deposition time was again fixed to
be 1 h. Figure 2 shows the XRD patterns of (ZnO)xIn,O3
thin films deposited at the rf power of 50 W. Under
the chamber pressure of 10—30 mTorr (1.3—4.0 Pa), the
compositions appeared to be poor in Zn. In contrast,
under the chamber pressure of 35—50 mTorr (4.7—6.7
Pa) the composition became similar to that of the target,
and those deposited under a chamber pressure of 35
mTorr (4.7 Pa) revealed the highest crystallinity and
c-axis orientation (perpendicular to substrate). How-

(20) van der Pauw, L. J. Philips Res. Rep. 1958, 13, 1.
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Figure 2. XRD patterns of the thin films of (ZnO)kIn,O3

deposited at the rf power of 50 W for 1h under Ar/O, mixture
gas.

Table 1. Optimized Deposition Conditions for
c-Axis-Oriented Thin Films of (ZnO)sIn,03

rf power 50 W

substrate temperature 300 °C

sputtering gas composition 95.2% Ar, 4.8% O,
chamber pressure 35 mTorr (4.7 Pa)
deposition rate 12 nm/min

ever, XRD patterns of (ZnO)xIn,O3 thin films deposited
at the rf power of 75 W all showed no specific orienta-
tion, though the reason is not well-known; one possible
reason is that the rf power was so high that the back-
sputtered particles might have inhibited the oriented
growth of a film.

The final optimized sputtering conditions for the
deposition of the c-axis-oriented thin films of stoichi-
ometry (ZnO)sIn,0O3 with 0.5 um thickness are shown
in Table 1.

Optimized Thin Film. The XRD pattern of the film
deposited under the optimized conditions exhibited
sharp reflection from (0021) planes as shown in Figure
3. The peak position of (0021) of the as-deposited film
was shifted to the lower angle side compared to that of
a bulk polycrystal.?r However, the peak was shifted
back to the standard bulk position after the film was
annealed under Ar or N, containing H, as shown in
Figure 3. This result indicates that the shift was caused
by internal stress, possibly induced by thermal expan-
sion mismatch between the film and the substrate. The
X-ray pole figure of the thin film from (0021) for {0111}
planes was a concentric circle at about o' = 32°, as

(21) JCPDS card No. 20-1440, 1967.
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Figure 3. XRD patterns of c-axis-oriented thin films of
(Zn0)sIn,03 deposited under the optimized conditions. The
inset shows the X-ray pole figure of the annealed film from
(0021) for {0111} planes.

shown in the inset of Figure 3, indicating that the
optimized film consists of polycrystals with their c-axes
oriented perpendicular to the substrate and their a-axes
randomly oriented.

Microstructure. Figure 4 shows typical FE-SEM
images of the surface and the cross section of an as-
deposited thin film. It is seen that the thin film has
dense columnar structure with the column diameter
ranging from 20 to 70 nm. These columns are densely
packed to form a film (Figure 4a), while the average
length of the single column appears to be smaller than
the film thickness, indicating that the film is composed
of a few columnar particles in the thickness direction
(Figure 4b).

Crystallographically oriented columnar structures can
often be observed in sputtered thin films.122223 Accord-
ing to the model suggested by Thornton,?® dense colum-
nar structures are formed in a film when the substrate
temperature is lower than about a half of the melting
point of the film. The substrate temperature employed
in the present study (300 °C) was far lower than a half
of the melting point of (ZnO)sIN,03 (>1600 °C).

The surface of a thin film annealed under Ar was
flatter than that of the as-deposited thin film, though
the columnar structure remained unchanged and the
grain growth did not apparently take place. Figure 5
shows typical FE-SEM images of the surface of a thin
film reduced by N> containing H,. It is obvious that the
pores with diameter from 30 to 80 nm were produced
only in the surface region of the thin film by the
reduction treatment. An as-deposited film must have
contained some regions with inhomogeneous composi-
tions which can be easily decomposed by reduction. This
may be the reason annealing in a reducing atmosphere
resulted in pore formation.

Electrical Properties. Ar-Annealed Thin Films.
Figure 6 shows the electrical resistivity (p), carrier
concentration (n), and Hall mobility («) of c-axis-oriented
(Zn0O)51n,03 thin films annealed under Ar. The Hall
coefficients were always negative, indicating that all the
specimens were n-type semiconductors. It can be seen

(22) Patten, J. W.; McClanahan, E. D. J. Appl. Phys. 1972, 43, 4811.
(23) Thornton, J. A. J. Vac. Sci. Technol. 1974, 11, 666.
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Figure 4. Typical FE-SEM photographs of (a) the surface and
(b) the cross section of the as-deposited thin film (tilted at 45°).

in the figure that carrier concentration, n, increased
with increasing annealing temperature and resistivity,
p, decreased with increasing n, while the mobility, u,
showed the maximum at the annealing temperature of
~550 °C.

Carrier electrons must have been generated by the
following reaction taking place during annealing under
Ar,

ZngIn,Og — ZngIn,Oq_, + *,0,(g) + xVo™ + 2xe’ (1)

where Vo* denotes an oxide ion vacancy and e' denotes
an electron. This reaction indicates basically the reduc-
tion of a film, and it can be explained by taking into
account the lower oxygen partial pressure of Ar [esti-
mated to be 10~* atm (10 Pa)] than the sputtering gas
(Ar/O2 mixture).

The result that the Hall mobility of carrier electrons
showed the maximum at certain annealing temperature
is rather interesting, and it can be explained by assum-
ing that the mobility is associated with the internal
stress. It is known that the internal stress (ostress) and

Hiramatsu et al.
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Figure 5. Typical FE-SEM photograph of the surface of the
thin film reduced by H, (tilted at 45°).
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Figure 6. Resistivity (p), carrier concentration (n), and Hall

mobility (u) of c-axis-oriented thin films of (ZnO)sIn,O3 as
functions of annealing temperature under Ar.

strain (¢) for the thin film are respectively given by the
following equations,?*

E
Outress = 5 0
€ = (donir — Ania)/ i (3

where E, v, donk, and dnpi are Young’'s modulus of the
substrate, Poisson’s ratio of the substrate, the stress-
free interplanar distance of (hkl) planes, and the
measured interplanar distance, respectively. Figure 7
shows the internal stress of the c-axis-oriented (ZnO)s-
In,O3 films as a function of annealing temperature
calculated using egs 1 and 2, and the temperature
dependence of Hall mobility u is shown for comparison.
The osress decreased with increasing annealing temper-
ature and showed the minimum value of 135 MPa at
~500 °C. The annealing temperature dependence of
Ostress 1S Opposite to that of «, though not completely,
strongly suggesting that the internal stress suppresses
the electronic conduction in the film and its removal by
annealing at an appropriate temperature enhances the
mobility of electrons.

(24) Light, T. B.; Wagner, C. N. J. J. Vac. Sci. Technol. 1966, 3, 1.
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Figure 8. Resistivity (p), carrier concentration (n), and Hall

mobility («) of c-axis-oriented thin films of (ZnO)sIn,O3 an-

nealed at 540 °C for 1 h under N, containing various amounts
of H,.

The lowest p value of the thin film annealed under
Ar was 1.5 x 1073 Q c¢cm, and the corresponding n and
u were about 1.9 x 102 cm=3 and 22.0 cm?\V s,
respectively.

The distorting and softening points of Corning #7059
glass substrate are respectively 593 and 844 °C, indicat-
ing that 600 °C is about the highest annealing temper-
ature to yield films with low internal stress and yet
inhibit alkaline metals in the substrate from diffusing
into the films.

H,-Annealed Thin Films. The c-axis-oriented (ZnO)s-
In,03 thin films were annealed in N containing 1.2—
4.0% H; at various temperatures for 1 h. A preliminary
experiment revealed that the thin films annealed above
550 °C were lacking Zn and became less transparent,
so that the optimum reduction temperature was deter-
mined to be 540 °C. Figure 8 shows p, n, and u as a
function of the hydrogen concentration, 1.0 < H,/(N, +
H,) < 4.0. The lowest p value, 1.3 x 1072 Q cm, was
obtained when the film was annealed under Hy/(N, +
H,) = 3.4%. This condition gave rise to n and u values
of about 1.9 x 10%2° cm~3 and 25.6 cm?/V s, respectively,
similar to those obtained for Ar-annealed films. In this
case, carrier electrons must have been generated by
partial reduction according to the following reaction:

ZngIn,Og + xH, —
Zngln,O4_, + xH,0(g) + xVo™ + 2xe' (4)
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Figure 9. Typical transmittance spectra for c-axis-oriented
thin films of (ZnO)sIn,O3 with various carrier concentrations.
The inset shows the shift in the absorption edge.

Comparison of Figures 6 and 8 clearly indicates that
Ar annealing at 600 °C and H; annealing at 540 °C have
a similar effect on generating carrier electrons. Al-
though the pores were formed in the thin film by H,
annealing, as shown in Figure 5, the Hall mobility
obtained was larger than that of the film annealed at
600 °C under Ar. This fact would be due to the
relaxation of internal stress in the thin film annealed
at 540 °C under H,. Even though the pores were
formed, their effect on the Hall mobility was negligible,
possibly because they existed only in the surface of the
film; the average ratio of pore depth to film thickness
can be estimated to be less than /4.

Optical Properties. Figure 9 shows the typical
transmittance spectra for c-axis-oriented (ZnO)sIn,03
thin films with various carrier concentrations. The
inset shows the magnified portions of these spectra. The
average transmittance of the as-deposited thin film was
over 90% in the visible region, but it decreased to 85%
with increasing carrier concentration. Slight absorption
of the as-deposited thin film at about 450—500 nm,
shown by an arrow in the figure, is due to the yellow
color of the specimen. This absorption disappeared after
annealing the film under Ar or N, + Hj, though the
reason for this is not clear at present.

The refractive index (nf) of the thin film in the
wavelength region with only weak optical absorption is
given by the following equations,?®

ne =[N + (N* — n,2)"*]? (5)

_ 2ns(Tmax - Tmin) + n32 +1 )
T X T min 2

max

where ns is the refractive index of the substrate (1.530
for the Corning #7059 glass substrate) and Tmax and Tmin
are the comprehensive lines drawn through the maxi-
mum transmittance and the minimum transmittance,
respectively, which appeared owing to the optical in-
terference. Figure 10 shows the wavelength dependence
of the refractive index n¢ for the c-axis-oriented (ZnO)s-

(25) Swanepoel, R. J. Phys. E: Sci. Instrum. 1983, 16, 1214.
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Figure 10. Wavelength dependence of the refractive index
n¢ for the c-axis-oriented thin films of (ZnO)sIn,O3 with various
carrier concentrations.

In,0O3 thin films. The nf value slightly decreased with
increasing carrier concentration, i.e., by annealing,
which should be related to the relaxation of the internal
stress of the thin film. The ns values obtained at about
600 nm are 2.0 (as-deposited) and 1.9 (n = 1.9 x 10%°
cm~3), which were similar to that of 1TO.126

An abrupt decrease in transmittance observed at the
wavelength shorter than 500 nm is due to the funda-
mental absorption edge, which appears to be shifted
toward the shorter wavelength side as the carrier
concentrations increases. This shift, AEgwm, caused by
the filling of the electronic states near the bottom of the
conduction band, is well-known as the Burstein—Moss
shift and is expressed by the following equation,2”

AEg, =E

h? (3—n)2/3=h—2(3nn2)2/3 @)

gopt ©  8m,\xm 2m,,
where Egopt, Ego, h, and my. are the direct allowed optical
band gap, the intrinsic band gap, Planck’s constant, and
the reduced mass (my.~! = me™t + mp~1, where me is
the effective mass of an electron and my, is the effective
mass of a hole), respectively. At wavelength above 1.2
um, the transmittance decreases abruptly because of the
plasma absorption resulting from the high concentration
of mobile electrons.?® The increase in carrier concentra-
tion, owing to annealing and reduction, also shifts the
plasma edge to shorter wavelength.

In the fundamental absorption region, the transmit-
tance, Tyans, IS given by the following equation,?®

T

trans (8)

Y exp(—4m<t)

A

where «, t, and A; are the extinction coefficient, the
thickness of the thin film, and a constant, respectively.
The preexponential term of eq 8 is negligibly small in
this case, so that the absorption coefficient (o) can be
defined as follows:

a=%=(lnTl )% )

trans

(26) Wu, W. F.; Chiou, B. S.; Hsieh, S. T. Semicond. Sci. Technol.
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Figure 11. (hva)? vs hv plots for the c-axi-oriented thin films
of (ZnO)sIn,03 with various carrier concentrations.
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Figure 12. Dependence of the optical band gap on the carrier
concentration.

On the other hand, when the optical transition
probability is not zero, i.e., there exists an allowable
transition, the optical energy dependence of the absorp-
tion coefficient for a direct allowed semiconductor is
given by the following equation,3°

(v = Egop)™?

hy (20)

o=A,
where Egopt and A, are the optical band gap and a
constant, respectively. Therefore, if the plots of (hva)?
against hv give rise to a straight line, the film can be
regarded as a direct, allowed semiconductor and the
optical band gap is given by extrapolating the straight
line to the hv axis. Figure 11 shows the representative
plots of (hvo)? against hy for c-axis-oriented (ZnO)sIN,03
thin films with various carrier concentrations. The
straight line can be drawn through the data points in
all cases, indicating firmly that (ZnO)sIn,03 is a direct,
allowed semiconductor.

The observed optical band gap increased from 3.15
to 3.31 eV with increasing carrier concentration. Ac-
cording to eq 7, the optical band gap depends linearly
on n?? and such dependence is clearly shown in Figure
12 when the experimental data for all the c-axis-
oriented films prepared in the present study are plotted.
The intrinsic band gap, Ego, of (ZnO)sIn,O3 estimated
from Figure 12 is 3.12 eV, and the reduced mass, myc,
estimated from the slope of the straight line is 0.67my,
mo being the mass of a free electron.

The band gap of (ZnO)s1n,03 is smaller than that of
either ZnO (3.3 eV)® or Iny03 (3.75 eV), and the

(30) Weiher, R. L.; Ley, R. P. J. Appl. Phys. 1966, 37, 299.
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reduced mass is close to that of ITO (0.65 mg).231 These
findings indicate that the Hall mobility of c-axis-
oriented (ZnO)sIn,03 thin films can be increased up to
that of ITO, from 30 to 180 cm?/Vs,12 if carrier scattering
could be suppressed, for instance by decreasing the
number of grain boundaries, i.e., by grain growth.

Conclusions

c-Axis-oriented thin films of (ZnO)s1n,03 with 0.5 um
thickness were deposited on Corning #7059 glass sub-
strates by rf-sputtering. The optical transmittance of
thin films was about 85% in the ultraviolet—visible

(31) Ohhata, Y.; Shinoki, F.; Yoshida, S. Thin Solid Films 1979,
59, 255.
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region. The lowest resistivity obtained by annealing at
540 °C in N3 containing 3.4% H, was as low as 1.3 x
1073 Q cm, and the corresponding carrier concentration
and Hall mobility were 1.9 x 10%° cm~3 and 25.6 cm?/V
s, respectively. The results indicate that this material
can be applied to transparent electrodes. The intrinsic
band gap (3.12 eV) and the reduced mass (0.67mg) were
found to be comparable to those of ITO. Increase in the
carrier mobility may be possible through better micro-
structure control.
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