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ABSTRACT

Indium tin oxide (ITO) films have been deposited onto glass substrates by rf magnetron sputtering withoat in-
situ substrate heating. The as-deposited films have an electrical resistivity of ~5x1074 Q-cm, visible transmittance of
about 85%, and infrared (IR) reflectance of above 80% at 5 um. The effect of sputtering parameters on the deposition
rate and the electrical and optical properties of ITO films are investigated. Loss of transmittance or blackening for ITO
films prepared at high sputtering power are observed and explored.

1. INTRODUCTION

In recent years, transparent conductive indium tin oxide (ITO) films have been extensively used in a variety of
electronic and optoelectronic industries due to their high transmission in visible range, high infrared reflection, and low
electrical resistivity [1-5]. The need for ITO films that have both low electrical resistivity and high transparency in the
visible part of the solar spectrum has led to the development of various deposition techniques. Both vacuum techn:ques,
e.g., sputtering [1-3,6-18] and evaporation [19,20], and non-vacuum techniques, e.g., spray pyrolysis [4,5] and screen-
printing [21], have been used. Magnetron sputtering can deposit films over large areas at rates comparable to electron-
beam evaporation without the degree of radiation heating typical of thermal sources. The deposition rates of magnetron
sputtering are higher than those for conventional radio frequency sputtering and a wide range of materials can be
deposited [22]. Magnetron sputtering is considered to be one of the best methods for preparing ITO films. High qaality
ITO films prepared by magnetron sputtering have been reported [1,6-16].

The properties of rf sputtered ITO films are quite sensitive to sputtering parameters, such as substrate
temperature [1,3,14,15], target-to-substrate distance [17], and post-deposition heat treatment [6,11,14]. Although ITO
films with both high electrical conductivity and high visible transmittance have been repeatedly obtained. it is
necessary to prepare them at a high temperature (above 350°C) during deposition. Very few authors have discussed
high quality ITO films deposited at low substrate temperatures (below 90°C). This paper describes the electrical and
optical properties of ITO films deposited on unheated substrates by an rf magnetron sputtering apparatus. The eflect of
sputtering parameters on the deposition rate and the optical and electrical properties of ITO films are investigated.

2. EXPERIMENTAL DETAILS

ITO films were prepared by using a commercial rf magnetron sputtering system (ION TECH, England) Two
sorts of target were used for the deposition of ITO thin films. One is the self-made target (target A) which was prepared
by mixed and pressing reagent-grade InyO3 and SnO, powders (90wt% InyO3-10wt% SnOjy) to obtain a sputtering
target of 1 inch in diameter and 0.125 inch in thickness. Another sputtering target (target B) was a 1-in. hot-pressed
oxide ceramics (90wt% InyO3-10wt% SnO,) supplied by Superconductive Components, Inc., U.S.A. The substrates
employed were Corning 0211 or 7059 glass, which were degreased ultrasonically in a diluent detergent solution, rinsed
ultrasonically in deionized water, and blown dry in N, gas before they were introduced into the chamber.

The substrate was fixed above the target with a target-to-substrate distance of 5 cm and a mechanical shutter
was attached to the target. High purity Ar (99.999%) was introduced through a mass flow controller after the vacuum

chamber was evacuated to about 2x10-6 Torr. The 1f power was introduced through an rf power supply (RF Plasma
Products, Inc., USA) with an automatic matching network which could be tuned for minimum reflected power. Before
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deposition, the target was usually presputtered for 20-30 minutes to remove any contaminants and eliminate any
differential sputtering effects. Some specimens were annealing in air at 350 to 550°C for 2 hours after sputtering.

Film thickness was measured with a stylus profiler. The sheet resistance of the samples was measured with a
four point probe and the resistivity of the film was calculated. Carrier concentration and Hall mobility were obtained
from Hall effect measurement by the Van der Pauw technique. The optical transmittance and reflectance of the films
were measured with an ultra violet-visible-near infrared spectrophotometer (Hitachi U-3410, Japan) and a Fourier
transform infrared (FTIR) spectrophotometer.

3. RESULTS AND DISCUSSION

Table I shows the sputtering power dependence of the deposition rate for ITO films prepared at two various
sputtering pressures. In rf sputtering, the deposition rate of the films strongly depends on the energy of the sputtered
particles arriving at the substrate. The ejected target atoms or molecules undergo collisions with the ambient gas atoms
and other sputtered atoms and lose a part of their energy during their transit to the substrate. As the energy of the
sputtered atoms or molecules is reduced to the thermal energy of the gas kT at a distance /# from the target after a finite
number of collisions, the sputtered atoms or molecules are said to be thermalized [17,23]. The distance an atom
traveling before being thermalized increases with the increase in the energy of the sputtered atom and with decreasing
gas pressure. Nyaiesh [24] suggested that a virtual source is expected to form at this distance /. The deposition rzte on
any surface is lowered as the distance between the virtual source and the surface increases.

For a given argon pressure, the deposition rate increases with increasing rf power, as shown in Table L
Similar results were reported in previous works [14,17]. The high deposition rate at large sputtering power is attributed
to the high energy of the sputtered neutrals. The higher sputtering power causes an increase in the density and av:rage
energy of the sputtered neutrals, which would be subjected to a larger number of collisions before they are thermalized.
Hence, the position of the virtual source shifts toward the substrate with increasing sputtering power, the deposition
rate is enhanced at high sputtering power, as observed. The deposition rate at an argon pressure of 10 mTorr is smaller
than that of 6.5 mTorr as indicated in Table I. At higher argon pressures, there are more collisions between sputtered
particles and argon atoms and the energy of the sputtered particles is lowered, resulting in the virtual source moving
further away from the substrate. Hence, the deposition rate decreases at higher argon pressures.

Table II exhibits the variation of resistivity, carrier concentration, and Hall mobility with rf power for the as-
deposited ITO films prepared at 6.5-mTorr argon pressure. At an rf power of 50-watt, a resistivity of ~5x 10'4 Q-cm is
obtained. Karasawa and Miyata deposited ITO films on unheated substrates by dc reactive sputtering. A resistivity of
about 7x10~4 Q-cm is reported [18]. Film resistivity decreases as the sputtering power increases. A similar trend have
been reported by other researchers [3,17]. The decrease in resistivity is due to the combined effect of changes in currier
concentration and Hall mobility. The change in carrier concentration is the dominant factor in this study.

The carrier concentration increases and Hall mobility decreases with increasing rf power, as shown in Table
II. The increase in sputtering power increases the self-bias at the target, which causes an increase in the density of
sputtered neutrals and their average energy. The high energy particles may knock out oxygen atoms, resulting in a
reduction in the oxygen content. It is observed that the atomic ratio O/In of the films is lower than that of the nominal
composition and the ratio decreases as the sputtering power increases [9]. The decrease in the oxygen content enhances
the presence of oxygen vacancies in the films. The oxygen vacancies act as doubly-ionized donors and contribut: two
electrons to electrical conduction. Hence, the carrier concentration increases with increasing sputtering power The
increase in oxygen vacancies also enhances the scattering of the charge carriers and hence the mobility of the cartier is
lowered at high sputtering power.

Table III shows the resistivity of as-deposited and annealed ITO films. The as-deposited films were prepared
at 25-watt rf power, 20-mTorr argon pressure. Some specimens were annealing in air at 350-550°C for 2 hours after
sputtering. The as-deposited film has a resistivity of ~3 Q-cm as compared to that of ~10'2 Q-cm of the 550°C-anr.ealed
specimen. The resistivity of the film decreases as the annealing temperature raises. Similar trend is reported o1 ITO
films annealed in vacuum [16]. The annealing process causes a diffusion of tin atoms from grain boundaries and
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interstitial lattice locations to regular InyO3 lattice locations, as tin atom has a higher valency than indium atom does,
they behave as donors [1]. In addition, the amorphous structure generally contains levels of localized states lying near
the forbidden gap edges in energetic band structure model. These states would act as electron traps. The annealing
process causes an increase in the degree of internal order via crystallization. Consequently, the localized states disappear
and a decrease in resistivity is observed, as shown in Table III.

Figure 1 shows the optical transmittance of the as-deposited ITO films prepared at various rf power levels. In
the visible region of the spectrum, a transmittance of about 85% is obtained and the absorption of the films is enhanced
as the sputtering power increases. The surface of the film appears grayish at high sputtering power. The oxygen
deficiency in the films is used to explain the loss of transmittance or blackening of ITO films deposited at high
sputtering power. It is observed that the oxygen deficiency has contributed to lattice contraction of the film and the film
becomes more nonstoichiometric at high sputtering power [10].

Figure 2 shows the IR reflectance of the as-deposited ITO films at 5 pm as a function of sputtering power. As
shown in Fig. 2, the IR reflectance of the films prepared at a sputtering power of greater than 25 watts increases to
more than 80%. The IR reflectance of the ITO films increases at high sputtering power. Frank et al. [3] showed that
the IR reflectance can be expressed by

4egoco 1
R=1-—"——r 1
e Ndu M

where R is the reflectance, N is the carrier concentration, d is the film thickness, and u is the mobility of the. free
carriers. According to eq. (1), the IR reflectance increases with the product of carrier concentration N and carrier
mobility u. As discussed previously, films deposited at high sputtering power have lower resistivity and larger value of
the product than those deposited at low sputtering power. Hence the IR reflectance of the film increases with increasing
sputtering power, as observed.

Figure 3 shows the IR reflectance of ITO films at 5 um as a function of annealing temperature. The IR
reflectance of the 550°C-annealed film at 5 pm increases to about 20% higher than that of the as-deposited one. The
infrared reflectance of the 550°C-annealed film approaches 60% at 5 pm. The annealed film has smaller resistivity and
larger value of the product of carrier concentration N and carrier mobility # than the as-deposited film does. Hence,
infrared reflectance of the annealed film is higher than that of the as-deposited film as observed.

4. CONCLUSIONS

Transparent conductive ITO films have been deposited on unheated glass substrates by rf magnetron
sputtering. The deposition rate increases with increasing sputtering power and with decreasing sputtering argon
pressure. This finding is related to the energy of the sputtered particles and the position of the virtual sourcc. The
deposition rate on any surface is lowered as the distance between the virtual source and the surface increases. The
energy of sputtered particles is high at high sputtering power and low argon pressure. The virtual source thus moves
further toward the substrate and hence the deposition rate increases.

The mobility of the carriers decreases and carrier concentration increases with increasing sputtering power.
This can be attributed to the decrease in oxygen content of the film as the sputtering power increases. The decrease in
the oxygen content of the films enhances the formation of oxygen vacancies, which contribute two electrons to
electrical conduction and enhance the scattering of the charge carriers. Hence, the mobility of the carriers decreases and
carrier concentration increases at high sputtering power. Loss of transmittance and blackening of ITO films prepared at
high sputtering power are observed. It is believed that the oxygen deficiency in the film contributes to this effect. The
increase of charge carriers causes the IR reflectance to increase as well. High IR reflectance is obtained for films
deposited at a sputtering power of higher than 25 watts.

Annealing of ITO-coated substrates at a temperature of 350-550°C for two hours in air causes the tin atoms to
be activated and behave as effective donors. The electrical resistivity of ITO film decreases by more than two orders of
the magnitude after annealing. The infrared reflectance increases as the annealing temperature is raised.
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TableI. Dependence of depositibn rate on sputtering power for ITO films prepared at two various

sputtering pressures.
Sputtering Power Deposition rate (A/min.)
(watts) 6.5 mtorr 10 mtorr
15 53.7 23.1
50 271.6 190.7
100 458.3 312

Table II.  Electrical properties of the as-deposited ITO films prepared at various sputtering powers.
The sputtering source is target B.

Sputtering Power resistivity mobility carrier concentration
(watts) (Q-cm) (cm2/V-sec) (1/cm3)
15 1.06x10-3 52.04 1.23x1020
50 4.79%x10 36.43 2.07x1020
125 3.73x104 11.02 3.99x1020

Table III. Resistivity of as-deposited and annealed ITO films.
The sputtering source is target A.

resistivity
(Q-cm)
as-deposited film 3.127
350°C-annealed film 5.1x102
550°C-annealed film 9.3x103
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Fig. 1 Transmittance of the as-deposited ITO films prepared at various sputtering
powers.
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Fig.2 IR reflectance of the as-deposited ITO films at 5 um as a function of sputtering
power.
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Fig. 3 IR reflectance at 5 pm of ITO films as a function of annealing temperature.
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