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ABSTRACT

Transparent conducting thin films have attracting increasing interest since they have
great importance in a wide range of applications such as solar cells, liquid crystal displays
and photodetectors. We have studied Sn doped indium oxide film (ITO) as a transparent
film produced by the dc reactive magnetron sputtering using a metal target for high
deposition rate. We have optimized the deposition parameters such as reactive gas
concentration and the sputtering pressure to obtain a high transparent and a low resistivity
film. A new technique has been proposed to lower the film resistivity called “Nano-scale
controlled reactive magnetron sputtering” —ITO films with indium tin (IT) modulation
layers. The resistivity of 1000 A ITO film was found to be 5.8X107*Q -cm (transmission >
90%) by this method which is 40% lower than the film produced by conventional reactive
sputtering. We have also proposed highly reactive ozone (Os;) as a reactive gas for
producing ITO film. It was found that the reaction on the substrate of growing surface at
room temperature occurred in the presence of only 4% Os; in O, gas. The film deposition
rate was found as high as 640 A/min whereas it was only 50 A/min to obtained
transparent film in only oxygen environment. Incorporation of ozone gas in oxygen gas was
found to be very effective for producing film at low substrate temperature.

Chapter 1. Introduction

Developement of transparent conducting coatings were discussed in this chapter. We have
discussed the difference between metal and semiconductor films to evaluate film properties.
Figure 1 shows the figure of merit of metal and semiconductor films.

It shows that better transparent conducting films can be obtained from thick
semiconductor films. It also mentioned that good transparent conductor properties should
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occur in semiconductors with high mobilities and a low effective mass. A few
semiconductor film properties are reviewed such as cadmium oxide (CdO), tin oxide (SnO.)
UL A AL A L LR R L and indium oxide (In;Os3). Our purpose of the
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investigation was to study Sn doped In,Os;
(ITO) films which is used variety of fields.
An ITO film is an n-type highly degenerated
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wide band gap semiconductor. Metal alloy
target has been considered for fabricating ITO
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films by dc magnetron sputtering for several
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advantages over the ceramic target. In Chapter
5, the deposition parameters are optimized to
obtain high quality ITO film.

I |

w0 e e A new ITO film fabrication method is
N o} e proposed in Chapter 6 by introducing IT

Figure 1 : The vaeiation of figure df (indium tin) layer in the film and in Chapter
merit with the film thikness for metal

‘ ’ 7, a highly reactive ozone as a reactive gas
and sewmiconductor films.

has been proposed for fabricating film at low
substrate temperature and at high deposistion rate.

Chapter 2. ITO films Characteristics

In this chapter we described the structure of ITO, at normal pressure an In.O;
crystallizes in a cubic structure of the bixbyite Mn,O; (I) type. The coordinate is sixfold for
the In atoms and four folds for the O atoms which are complexly oriented. The effect of
tin (Sn) doping on carrier concentration in the ITO film is described to realize for getting
low resistivity film. It has been shown that maximum carrier concentration in ITO film can
be obtained by introducing 5% ~10% Sn doping.

Chapter 3. ITO Film Fabrication Method

In this section we described a basic sputter deposition principle and mechanisms of
ionization in plasma. Reactive sputtering (RS) phenomena along with hysteresis during
discharge is briefly discussed to understand our fabrication method of ITO films. Reactive
sputtering is a technique to deposit compound films such as oxide, nitride, etc. or
introduced dopant into a metal or alloy. In this process target is sputtered in an atmosphere
of reactive and inert gas mixtures. There are two modes of operation in the reactive
sputtering : “metal” mode and “compound” mode. In metal mode, the target surface is kept
metallic, and metallic films are deposited at high rate. On the other hand, in compound
mode the target surface is covered with compound layers, and compound films are
deposited at low rate. The transition between two modes is generally avalanche-like and
non-linear to reactive gas flow rate, and further a deposition rate and discharge voltage
show hysteresis for increasing and decreasing of the reactive gas flow rate. The main
attractive features of RS are high deposition rate and easy fabrication of the target.

ITO films were deposited onto microslide glass substrate using dc reactive magnetron of
a composite 90%In + 10%Sn metal alloy target. The experimental setup is shown in Fig.
2. The typical deposition parameters during film growth are shown in the Table L
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Table 1 : Typical sputtering conditons.

Substrate Microslide glass mFe
76mm X 26mm — ===

Total gas pressure P, 6 mTorr -

Sputtering gas Ar on0ze X0

Reactive gas Oz or W ‘
96%02+4%0; _BJ

Substrate temperature Ts  RT ~ 320°C

Film thickness ¢ ~ 100 om -

Comproasing Coil B

Magnetron Coit By

Figure 2 : Schematic diagram of dc magnetron
sputtering system.
Chapter 5. How to Optimize Deposition Parameters
The property of ITO films produced by the dc reactive magnetron is strongly dependent
on the deposition parameters. Therefore, some of the deposition parameters were optimized.
Figure 3 shows the variation of resistivity with the percent reactive gas. In the low
reactive gas concentration the films were opaque and low resistivity with metallic behavior
and the film transparency increased with increasing the reactive gas concentration and the
resistivity variation behavior is shown in the figure.
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Figured : Dependence of ITO film Figure 4 : dependence of minimum resistivity
vesistivity on Ox concentration at room obtained at particular sputteving pressure
temperature. with sputtering pressure.

It shows that the low resistivity transparent film is delicately dependent on the reactive
gas concentration, i. e., an optimum resistivity is strongly dependent on the percent
reactive gas present in the sputtering gas of Ar. It was found that the percent reactive
gas was also varied with the sputtering pressure and there exists a region of sputtering
pressure to obtain high quality film as shown in Fig. 4.

Chapter 6. Nano-Scale Controlled ITO Film Fabrication
In the experiment it was found that the resistivity of film was decreased with
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decreasing the film thickness as shown in Fig. 5. The decrease in resistivity is governed
by the increase both of the carrier concentration and the Hall mobility as shown in the
figure. Therefore, in-dium tin (IT) layer of layers in the film were suggested to reduce the
film resistivity, so that IT layer was considered to be act as an isolation layer. IT is
considered that the ressistivity of ITO film might be determined from the resistivity of
surface ITO layer. Therefore in this chapter, we proposed a new method of ITO film
fabrication. The schematic sketch of ITO film is shown in Fig. 6.
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Figure 5 : Dependence of ITO film Figure 6 : Schematic skeich of film growth.

vesistivity, carrier cowncenlration and
Hall mobility on film thickness.

The film was grown by the combination of reactive-nonreactive magnetron sputtering.
The effect of inserting IT layer/s in ITO films on resistivity with the variation of
thickness ratio m, IT to ITO layer thicknesses (m=ti/tiro) is shown in Fig. 7. These figure
shows that the resistivity is decreased with increasing the number of IT layer. The
resistivity is high for small and large value of m. Increasing the value of m results in the
decrease of ITO layer thickness, however it does not correspond to a single structured ITO
film resistivity of equal thickness. Therefore, some other factors are considered to be
responsible for the variation of film resistivity.

Fig. 8 shows the variation in carrier concentration and Hall mobility with the thikness
ratio m. The figure shows that the resistivity of ITO film is mainly due to the variation of
carrier concentration that is originated from oxygen vacancies in the film. It is considered
that the IT layers are transformed to ITO layers during subsequent growth of the film due
to oxygen diffusion from ITO layers. Therefore, the total film resistivity is determined by
the nature of oxidation of IT layer. Intermediate oxidation results suboxide film of high
resistivity and fully oxidation results stoichiometric film of high resistivity. Therefore,
there exists a optimum oxidation level of IT layer to get low resistivity film hence a
optimum thickness ratio m. The minimum resistivity of 1000 A ITO film was found to be
58 X107*Q -cm at the substrate temperature of 180°C by inserted four equally spaced 13 A

_52_



IT layers (m=0.07). For this film the nominal thickness of each ITO layer was 189A.
Whereas, the resistivity of single structured ITO film was 9.8X107* Q -cm. Therefore, this
method of fabricating ITO film was found to be effective for reducing film resistivity.
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Figure 8 : Variation in carrier comcentration and
Hall mobility of ITO films with the thickness ratio,

] m for different number of IT layers.
Chapter 7. Ozone as a Reactive Gas

From the above experimental results, it was impossible to get a high quality film at low
substrate temperature. Because it was considered that diffusion of oxygen atoms from ITO
layers to IT layers were not possible at low substrate temperature. Moreover, the target
was operated in the compound (oxide) mode hence low deposition of films. Therefore, we
have tried to deposit film at the metallic mode by the aperture on the target surface to
reduce the target oxidation and thereby increasing the oxygen partial pressure near the
substrate. However, our attempt was failed. Therefore, we introduced O, near the substrate
but failed to obtain transparent film even by increasing the substrate temperature in the
metal mode i. e, at high deposition rate. This is because of less reactive nature of IT
metal alloy target to oxygen.

Therefore, highly reactive ozone (Os) as a reactive gas has been proposed. The effects of
(0s) for producing transparent ITO film at room temperature were visualized through
observation of transparent circular region near the inlet of nozzle for reactive gas as shown
in Fig. 9. The transparent region was increased with increasing the oxygen added ozone
gas concentration. Only 4% (Os) in volume concentration in (Q) (checked the Os content by
titration method) gas was effective to produce such transparent regions. However, no such
transparent regions were observed for only oxygen as a reactive gas. Therefore, transparent
oxide film was obtained at the deposition rate as high as 640 A /min in the presence of
(0s) in (O2) gas. Whereas, transparent film was obtained in only (Q:) environment at 50
A/min for the deposition power of 45 W. The low deposition rate was due to oxide
coverage on the target surface.

The effect of (Os) on ITO film property was not clearly observed when the reactive gas
was introduced trough the same inlet of Ar. This was due to decomposition of ozone by
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C Oxygen added Ozone (96%02+4%O3)> Only Oxygen (02)

6.1% 8.8% 11.4% . 13.9% 16.2% 11.4% 13.9% 16.2% 17.3%

Figure9 : Film deposited in various concentrations of reactive gases (indicated
below the photographs) of O: and 96%0.+4%0; introduced through the
nozzle placed on the substrate.

plasma radiation. Therefore, to avoid plasma decomposition, the reactive gas was introduced
near the substrate by using a enclosure. The resistivity of the film produced in different
substrate temperature for both reactive gases are shown in Fig. 10. The value of resistivity
shown in the figure was the minimum resistivity obtained after the optimization as
discussed in Chapter 5 and the optimum reactive gases concentration are mentioned in the
figure. This figure shows that the ozone added environment results a low resistivity
transparent film at low substrate temperature. The reason for lowering resistivity was
explained by the creation of oxygen vacancies in the film due to reaction of sputtered
metal particles. At high substrate temperature the effect of ozone was not observed for the
decomposition of ozone at the temperature.

The optical properties of films were observed and Burstein-Moss shift was observed.
The absorption edge shifted towards higher energy at increased substrate temperature that
was due to increase in carrier concentration at high substrate temperature. The intrinsic
bandgap and the reduced effective mass (1/m}=1/m¥+m}) were found Eg=3.52 eV and m}=
(.46m,, respectively. These results are in good agreement with other researchers.

Chapter 8. Conclusions.

On the basis of our results, we can conclude the following :

1) High transparent and low resistivity film is critically dependent on the reactive gas
concentration during deposition.

2) High quality films were obtained within the range of sputtering pressure from 3 to 6
mTorr.

3) Inserting IT layer/s in the ITO film was found to be very effective for reducing film
resistivity. The lowest resistivity of 1000 A’ film was found to be 58X107*Q -cm with
inserting 4 equally spaced 13 A IT layers which was 40% lower than the film without
IT layers at the substrate temperature of 180°C. The transparency of the film was
greater than 90% in the visible region.

4) Ozone as a reactive gas was found very effective for producing low resistivity
transparent film at high deposition rate and at low substrate temperature. The
resistivity of 1000 A film as deposition was found to be 1.5X107°Q -cm at room
temperature in the presence of only 49 Os in O, gas, whereas only Q. results 6.5x1073
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