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Abstract
Amorphous or crystalline indium zinc oxide (IZO) thin films, which are highly transparent and conducting, were deposited by
DC magnetron sputtering. X-Ray diffraction technique was used for analyzing microstructures of the films, and also differential
thermal analysis was performed for observing their crystallization behavior. The IZO thin films prepared were crystallized at
much higher temperature than ITO films were. The crystallized samples showed (222) preferred orientations. By varying process
parameters, the optimum conditions for the highest electrical conductivity and optical transmittance, and the lowest surface
roughness were found. The resistivity of IZO films decreased as the deposition temperature increased until 250 8C, but sharp rise
occurred at or above 300 8C. The extinction coefficients diminished in the films prepared with the conditions of higher deposition
temperature, sputtering gas of light mass, and heat treatment. However, excessive amount of oxygen flow during deposition
brought about the increase of the extinction coefficients. The variations of extinction coefficients mainly influenced the
transmittance of the samples. On the basis of X-ray photoelectron spectroscopy analysis, atomic force microscopy measurement,
spectroscopic ellipsometry and spectrophotometer measurement, several characteristics of IZO thin films were discussed comparing
with those of ITO thin films. Very low surface roughness of IZO thin films could satisfy the requirement for organic lightemitting diode.
䊚 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction
Good transparent conducting oxides (TCOs) should
have wide optical band gap ()3.5 eV), good electrical
conductivity ()103 Vy1 cmy1), high optical transparency ()80% in the visible region), and good etching
property. Impurity-doped indium oxides, tin oxides, and
zinc oxides systems are known to satisfy these conditions well w1–3x. Especially, impurity-doped indium
oxide systems such as tin-doped indium oxide (ITO)
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E-mail address: ysjung@bomun.kaist.ac.kr (Y.S. Jung).

have been most widely used for numerous opto-electronic applications w4,5x.
Recently, several advantages of indium zinc oxide
(IZO) thin film has been reported w6–10x. These are:
good conductivity w7x, high optical transparency w8x, and
low deposition temperature w9x. Moreover, excellent
surface smoothness w10x and high etching rate w9x for
amorphous IZO thin films have been discussed by
researchers. Owing to these good properties, higher
luminescence value than ITO was reported when
employed in organic light-emitting diode (OLED) w10x.
The IZO films have been deposited using variety of
techniques such as sputtering w7,11x, pulsed laser deposition (PLD) w12,13x, metal organic chemical vapor
deposition (MOCVD) w14x and spray pyrolysis w15x.
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The purpose of this paper is to describe a detailed
investigation of the influence of DC magnetron sputtering parameters including deposition temperature, oxygen
flow rate, sputtering power and sputtering gas, on the
structural and physical properties of IZO thin films. To
do so, several analytical tools such as X-ray diffraction
(XRD), differential thermal analysis (DTA), atomic
force microscopy (AFM), X-ray photoelectron spectroscopy (XPS), Hall measurement system, spectroscopic
ellipsometer and spectrophotometer were used for the
characterization of the prepared samples.
2. Experiments
The IZO thin films were sputter-deposited using an
indium zinc oxide target in an in-line magnetron sputter
deposition system equipped with DC power suppliers
(SPL-300, ULVAC) w16x.
The chamber, which was equipped with a load-lock
system and diffusion pumps, had a base pressure of
5=10y6 Torr. The targets (128=450 mm) used were
sintered IZO containing 10 wt.% ZnO (Idemitsu Kosan).
The sputtering was carried out at a pressure of
3=10y3 Torr in pure Ar or AryO2 gas mixture with
varying sputtering parameters such as oxygen flow rate,
deposition temperature and sputtering gas.
The films were deposited on glass substrates (Corning
1737), which were placed 50 mm apart and parallel
from the target surface. The substrates were cleaned in
an ultrasonic bath in 4% Deconex 12PA at 65 8C for 6
min, and then rinsed in deionized water in the ultrasonic
bath for another 15 min. The target was pre-sputtered
for 3 min. Oxygen flow rate was 0–5 sccm, sputtering
power was 1–3 kW, and the substrate temperature varied
from room temperature to 350 8C. The dynamic deposition rates of the samples were approximately 50–150
nm=mymin depending upon deposition conditions.
Heat treatment was performed under different gaseous

atmospheres (vacuum, CO, O2) for an hour, and cooled
to room temperature in the ambient.
Most of the samples characterized were 140 nm thick.
XRD studies on the films were carried out in a Philips
PW1710 diffractometer using Cu Ka radiation (ls
154.05 pm) at 30 kV and 20 mA. The root-mean-square
roughness (Rrms) was determined, and surface images
were taken by atomic force microscopy (AFM, Autoprobe M5, PSIA company), and the scan area was
20=20 mm2. For differential thermal analysis (DTA,
DSC2920, TA Instruments), the IZO thin film of the
thickness of 1 mm was coated on a p-type (100) Si
wafer. X-Ray photoelectron spectroscopy (XPS) measurements were performed using a VG ESCALAB 200
R electron spectrometer. The pressure in the analysis
chamber was approximately 1=10y10 Torr. The surface
XPS data were collected using monochromatic Mg Ka
radiation (1253.6 eV) operating at 250 W. The concentration and the mobility of electrons were measured
using Hall effect and Van der Pauw’s technique with
magnetic field of 0.320 T. The indices of refraction as
well as the extinction coefficients of the films were
determined in the wavelength range of 300–1000 nm
by using a spectroscopic ellipsometer (VASE, J.A.
Woollam Co., Inc.). The optical transmittance was measured in the wavelength range of 300–800 nm by UVy
VISyNIR spectrophotometer (Lambda19, PERKIN–
ELMER).
3. Results and discussions
3.1. Structural and morphological properties
Fig. 1a shows the change of XRD pattern in the range
of 2us10–808 as the substrate temperature increased.
The IZO films deposited at temperatures below 350 8C
were amorphous, whereas the XRD profile of the sample
deposited at 350 8C showed a sharp (222) peak at 2us

Table 1
Process conditions for depositing IZO thin films (Unspecified units are sccm)
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531
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Fig. 1. XRD spectra taken from IZO thin films deposited on glass
substrates depending upon (a) deposition temperature and (b) heat
treatment temperature.

30.58, indicating that the film was polycrystalline. Polycrystalline ITO thin films have been reported, which
were deposited at slightly higher than 150 8C w17x or
even at room temperature under low pressure w18x.
However, for obtaining crystallized IZO thin films,
temperatures over 300 8C were required. ITO thin films,
which are deposited at higher deposition temperatures
than 300 8C with low oxygen partial pressure, are known
to have a strong (400) XRD peak at approximately
2us35.58 w19x. However, Fig. 1a indicates that (222)
orientation is highly dominant for the IZO thin film.
Some papers about IZO thin films deposited by sputtering w11x, PLD w13x and MOCVD w14x also reported
dominance of the (222) orientation. Fig. 1b shows the
change of XRD profiles as the heat treatment temperature increased. Heat treatment was performed in a
vacuum chamber for 60 min. No XRD peak was found
below the temperature of 500 8C, while a strong (222)
XRD peak was observed in the sample annealed at 600
8C. Usually, amorphous ITO thin films are crystallized
with the preferred (222) orientation after heat treatment
w17,20x. Depending upon their wettability on the substrate, nuclei are classified into two types, wetting mode
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and non-wetting mode. The wetting-mode nuclei have a
preferred orientation that minimizes the surface energy
of the film, whereas the non-wetting mode nuclei have
random orientations and spherical shapes w21x. {111}
planes, which are the mostly dense-packed planes in
In2O3 of c-type rare-earth structure, have the lowest
surface energy. That can explain the formation mechanism of the (222) preferred orientation of heat-treated
IZO or ITO thin films. Song et al. reported that pure
In2O3 amorphous thin films were crystallized by annealing at 150–160 8C, but the crystallization of ITO thin
films needed the temperature of 180–190 8C, which
was approximately 30 8C higher than that for pure
In2O3 amorphous thin films w17x. They assumed that
this might be due to the substitution of Sn4q ions for
In3q ions. Minami et al. reported that the peak intensity
of XRD pattern decreased as the Zn concentration
increased w11x, which means the decline of crystallinity.
The Zn2q ions in the IZO thin films seem to increase
the energy barrier for the diffusion of atoms in the film,
and hence disturb the rearrangement of atoms. Fig. 2
shows the DTA curves for a bare and an IZO-coated
silicon wafer. No peak was found for the bare wafer but
a small exthothermic peak was observed in the range of
500–600 8C for the IZO-coated sample. So the crystallization temperature (Tc) of amorphous IZO thin film
seems to be between 500 and 600 8C, which confirms
the XRD results. The reason of the small height of the
peak seems to be that the IZO thin film was as thin as
1 mm, whereas the thickness of the wafer was as large
as 450 mm.
The change of surface roughness of IZO samples
deposited on silicon wafers without additional oxygen
gas is shown in Fig. 3a. The roughness values and
images were measured with AFM. The Rrms values were
not changed sharply for the RT-200 8C samples, but
increased significantly for the sample deposited at 350

Fig. 2. DTA curves of a bare Si wafer and an IZO thin film deposited
on Si wafer.
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3.2. XPS analysis
Fig. 4a–c show the XPS peaks of In3d, Zn2p and
O1s, respectively. The samples were deposited with
different oxygen flow rates at room temperature. The
detailed deposition conditions (sample numbers: 1, 3, 4
and 5) are specified in Table 1. Fig. 4a,b indicates no

Fig. 3. (a) Surface roughness change depending upon deposition temperature and three-dimensional images of IZO films deposited at (b)
RT and (c) 350 8C.

8C, The AFM images illustrated in Fig. 3b,c support
these values. The surface of the samples deposited at
relatively low temperatures was so flat that their Rrms
˚ This might be due to the fact that
was as low as 2 A.
the IZO thin films were amorphous containing no
crystalline phases. But the sample deposited at 350 8C
was of polycrystalline phase, so it had a rough surface.
OLEDs demand ultra-flat TCOs, and hence IZO needs
to be deposited at temperatures below 250 8C to obtain
satisfactory flatness for OLED applications. There was
no significant change of roughness in the samples
deposited at room temperature depending upon O2 flow
rate (Table 1).

Fig. 4. Changes of (a) In3d, (b) Zn2p and (c) O1s XPS spectra of
IZO thin films as a function of oxygen flow rate.
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Fig. 5. Variations of the resistivity, the carrier concentration and the mobility of IZO films depending upon (a) oxygen flow rate, (b) sputtering
power, (c) substrate temperature and (d) heat treatment atmosphere.

noticeable change for the In3d and Zn2p peaks, however,
the O1s peaks evolved to one peak with increasing
oxygen flow rate. John et al. distinguished the two peaks
in O1s XPS results of ITO films w22x. They assumed
that the peak with larger binding energy and smaller
height was originated from the oxygen in oxygendeficient region. Namely, they explained that smaller
electron charge density in the region of oxygen vacancy
reduced the screening effect, thus raising the effective
nuclear charge w22x. Fig. 4c shows that the O1s peaks
with higher and lower binding energy are at 531 eV and
529.5 eV, respectively. The intensity of the peak with
higher binding energy decreased as the oxygen flow rate
increased, and the higher-energy peak was not detected
for the sample of oxygen flow rate of 5 sccm. These
results agree well with the report of John et al. Because
the number of oxygen vacancy decreased as the oxygen
flow rate increased, the intensity of higher-energy peak
decreased.
3.3. Electrical properties
N-type conductivity of IZO has been reported by
many authors w7,8,11,13,23x. Naghavi et al. explained
that the n-type conduction is due to free electrons from
oxygen vacancies. Moreover, they reported that electrical

conductivity decreased as the temperature increased,
which is typical of degenerate semiconductor materials
w23x. The concentration and Hall mobility of electrons
increased by increasing Zn content until ZnyIns0.33
w24x. N. Naghavi explained that electronic localized
levels introduced by Zn2q impurities might overlap the
bottom of the conduction band, thus the Hall mobility
could be enhanced by the addition of Zn to In2O3 w13x.
The Hall measurement results of the IZO samples
prepared with varying sputtering parameters are shown
in Fig. 5. Fig. 5a presents the change of carrier concentration, the mobility and the resistivity of the samples
with different oxygen flow rate. The resistivity did not
change much by increasing oxygen flow rate until 1
sccm, but increased very sharply above 1 sccm. The
sample with the oxygen flow rate of 5 sccm was not
conducting (Table 1). Hall mobility increased slightly
by increasing oxygen flow rate, but the concentration of
electrons decreased significantly by increasing oxygen
flow rate over 1 sccm. Hence, a large change in
resistivity occurs at )1sccm. This is the similar tendency to other TCOs such as ITO w19x. Thus, the lowest
resistivity was obtained for the samples without adding
oxygen gas. However, most of the published papers
dealing with ITO or IZO reported that the lowest
resistivity was obtained by adding small amount of
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oxygen gas w13x. This may be due to the differences in
the sputtering systems or the oxydation status of target
materials. It could also be stem from the background
gas level from out gassing. Fig. 5b shows that the
resistivity values of the samples increased with sputtering power by the decrease of the carrier concentration.
Shigesato et al. also reported the same tendency of
resistivity of ITO thin films w25x. It was proposed that
the kinetic energy of negatively charged Oy ions
increases as sputtering power, so higher sputtering power
can enhance the lattice damage by the high-energy ions.
That might deteriorate the crystallinity of the films, and
reduce the concentration of electrically active donor
sites.
Fig. 5c shows that the resistivity decreases as the
deposition temperature increased until approximately
250 8C, but sharp rise appears at above 300 8C. The
electron density increased until approximately 250 8C,
but decreased at higher temperatures. These may be
caused by two opposite factors in the electron density
of the films. Firstly, as the deposition temperature
increased from RT, absorbed oxygen atoms on the film
surface may be more easily desorbed than indium or
zinc atoms since oxygen have much lower boiling point
and higher vapor pressure than indium or zinc metals
w26x. This will lead to decreased oxygen content and
increased number of oxygen vacancies in the films as
the substrate temperature increases. Secondly, Zn2q ions
may acquire sufficient activation energy for occupying
In3q sites at high deposition temperatures, which results
in higher solubility of Zn. It was reported that the
solubility of Sn increased as the deposition temperature
of ITO increased w27x. Increased amount of the n-dopant
Sn4q ions produces more free electrons, but the pdopant Zn2q ions supply holes because of the difference
in valences of Zn (q2), In (q3) and Sn (q4). This
effect will result in the decrease of electron density in
the films with high deposition temperatures. The
increased scattering events of electrons with the supplied
holes at high deposition temperatures may be responsible
for the decrease of carrier mobility. The dominance of
the first mechanism seems to cause the increase of
electron density in the range of RT-250 8C. In this
range, the increase of carrier mobility is attributed to
the improvement of crystallinity. In contrast, above 250
8C, Zn-doping on indium sites may be promoted by
sufficient activation energy. It could be a possible
explanation for the decrease of resistivity at or above
250 8C.
Meanwhile, it was reported that the conductivity of
the IZO films, deposited by PLD technique with
Zn3In2O6 targets which contain more zinc than indium,
increased until over the deposition temperature of 500
8C w8x. The IZO film of this Zn composition has
different crystallographic structure of ZnkIn2Okq3 from
In2O3 structure w24x. In this case, Inq3 ions can occupy

Zn2q sites, so more free electrons can be generated in
this way. The Hall measurement results of the heattreated samples are shown in Fig. 5d. The as-deposited
sample was deposited at room temperature without
additional oxygen gas. The deposition power was 2 kW.
The heat treatment was carried out at 300 8C for 1 h
under different gaseous atmospheres. The mobility values of all the samples increased after the heat treatment,
and it seemed to be due to the improvement of crystallinity especially for the sample heat-treated under oxygen atmosphere where oxygen can be supplied to the
inside of amorphous IZO films. The decreased n-type
carrier density after heat-treatment may be the evidence
of p-type doping by Zn. More significant decrease in
electron concentration of the sample annealed under
oxygen gas may be due to lowered number of oxygen
vacancies. Furthermore, decrease of electron density in
the presence of CO gas than in vacuum may be due to
undesirable chemical reaction between the gas and the
sample. The decreased amount of carrier density after
heat treatment at 300 8C was lowest for vacuum condition. Consequently, vacuum was the best for low resistivity at 300 8C.
3.4. Optical properties
The indices of refraction (n) and extinction coefficients (k) of IZO thin films, which were deposited under
varied sputtering conditions, were determined from spectroscopic ellipsometry data applying a model combining
Drude and Lorentz terms. Fig. 6a,b present the increase
of n, k values as the oxygen flow rate increased. The
samples were deposited at room temperature with the
power of 2 kW. Some authors reported that the n, k
values of ITO samples were decreased by supplying
more oxygen gas during deposition w28x, but other
authors reported the opposite results w29x. The content
of zinc increased as the oxygen flow rate increased w8x.
The refractive index of ZnO film (ns1.95–2.1 in visible
range) is known to be higher than that of In2O3 film
(ns1.6–2.0 in visible range) w30–32x. Moreover, the
increase of the Zn in the films might raise the degree
of disorder in the films and produce more optical
scattering centers. This might be a possible explanation
for the increase of n, k values, but further analyses
should be performed to account for these results more
clearly. Fig. 6c,d shows the change of n, k values as the
substrate temperature increased. The samples were
deposited at 2 kW without additional oxygen. The
electrical properties of the samples were shown in Fig.
5c. The k values of the samples showed more change
by varying deposition temperature than the change of n
values. The differences of n values in UV or IR range
may be due to the variation of dielectric functions of
the films depending upon the deposition parameters.
The change of k values depending upon deposition
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Fig. 6. Variations of indices of refraction and extinction coefficients depending upon (a), (b) oxygen flow rate, (c), (d) deposition temperature
and (e), (f) sputtering gas, respectively.

temperature can be associated with the differences in
the microstructure and electrical property. When the
TCOs of In2O3 system are deposited at low temperature,
sub-oxide phases act as optical scattering centers w33x.
In this study, In2O3yx or ZnO1yx phases in the IZO
films deposited at low temperature seem to lead to the
increase of k value. Thus, the IZO sample deposited at
350 8C showed much lower k values than other samples.
However, the sample deposited at 250 8C had higher k
values than the sample deposited at RT especially in the
IR region. The adsorption of transparent conducting ITO

films in the IR range is known to be due to free carriers
in the materials (Drude Edge) w34x. The electron concentration was highest in the sample deposited at 250
8C as shown in Fig. 5d.
Fig. 6e,f shows the variation of n, k values when the
deposition was performed using different sputtering
gases. The samples were deposited at room temperature
without additional oxygen. When Ne gas was used,
higher n values and lower k values were measured than
with Ar and Xe. When sputtering gases of higher mass
such as Xe are used for depositing ITO thin film, indium
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Fig. 7. Transmittance curves depending upon (a) oxygen flow rate, (b) deposition temperature, (c) sputtering gas and (d) heat treatment
atmosphere.

atoms or other ion species from the sputtering target
lose more energy by collisions occurring among ions or
gas molecules than in the case using the gases of smaller
mass such as He w35x. Employing the explanation to
this study, in the case of using Ne gas, which has smaller
mass, sputtered species directed to the substrate lose
less energy during collisions, and hence the films have
better crystallinity and higher density. This might lead
to the increase of n and the decrease of k.
Usually, transmittance depends on n, k values. In this
study, k values were influenced much more than n
values by varying process conditions. The variation of
transmittance with different oxygen flow rate is shown
in Fig. 7a. The samples were deposited at room temperature with the power of 2 kW. The lower transmittance
with higher oxygen flow rate can be expected from the
measured optical constants of the samples, as shown in
Fig. 6b. As proposed in Section 3.3, lower transmittance
with higher oxygen flow rate seems to be due to more
disorder in the films. Fig. 7b shows increased transmittance as the deposition temperature increased. The samples were deposited at 2 kW without supplying oxygen
gas. Fig. 7c presents the sputtering gas of lower mass
led to better transmittance. The samples were deposited

at room temperature without additional oxygen gas.
Those results in Fig. 7b,c are also expected from the
measured extinction coefficients of the samples, as
shown in Fig. 6d,f. The variation of transmittance with
different atmosphere during thermal treatment is shown
in Fig. 7d. The as-deposited sample was deposited at
room temperature without additional oxygen gas. The
deposition power was 2 kW. The optical constants of
the samples were not measured, but higher electron
concentration may result in higher extinction coefficient
and adsorption. Actually, the sample annealed under
oxygen atmosphere had the lowest carrier density and
the highest transmittance.
4. Conclusions
In this work, amorphous or crystalline indium zinc
oxide (IZO) thin films were deposited on glass or Si
wafer substrates using DC magnetron sputtering technique. The IZO films deposited below 350 8C were of
amorphous phase, whereas the sample deposited at 350
8C was crystalline. For crystallization, the amorphous
IZO samples needed to be heat-treated at temperatures
over 600 8C, which is much more than the Tc of ITO.
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The crystallized samples showed the (222) preferred
orientations. The surface of the samples deposited at
temperatures below 350 8C were so flat that their Rrms
˚ which could satisfy the
values were as low as 2 A,
requirement for organic light-emitting diode (OLED).
The samples of the lowest resistivity were deposited
at 250 8C without supplying additional oxygen gas, but
higher deposition temperature resulted in the increase of
resistivity because of the decrease of carrier concentration and Hall mobility. The refractive indices and extinction coefficients were changed depending upon process
conditions such as oxygen flow rate, deposition temperature, and sputtering gas. Also, the conditions for higher
optical transmittance were discussed. Higher deposition
temperature, sputtering gas of light mass and heat
treatment resulted in decreased extinction coefficients
and increased transmittance. However, excessive amount
of oxygen flow during deposition brought about the
decrease of transmittance.
In conclusion, the IZO films deposited at 250 8C
without additional oxygen gas showed best electrical
properties, maintaining smooth morphology and fairly
high optical transmittance.
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