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Sputtering yields and surface chemical compositions of tin-doped indium oxide (or indium tin ox-

ide, ITO) by CHþ, CH3
þ, and inert-gas ion (Heþ, Neþ, and Arþ) incidence have been obtained

experimentally with the use of a mass-selected ion beam system and in-situ x-ray photoelectron

spectroscopy. It has been found that etching of ITO is chemically enhanced by energetic incidence

of hydrocarbon (CHx
þ) ions. At high incident energy incidence, it appears that carbon of incident

ions predominantly reduce indium (In) of ITO and the ITO sputtering yields by CHþ and CH3
þ

ions are found to be essentially equal. At lower incident energy (less than 500 eV or so), however, a

hydrogen effect on ITO reduction is more pronounced and the ITO surface is more reduced by

CH3
þ ions than CHþ ions. Although the surface is covered more with metallic In by low-energy

incident CH3
þ ions than CHþ ions and metallic In is in general less resistant against physical sput-

tering than its oxide, the ITO sputtering yield by incident CH3
þ ions is found to be lower than that

by incident CHþ ions in this energy range. A postulation to account for the relation between the

observed sputtering yield and reduction of the ITO surface is also presented. The results presented

here offer a better understanding of elementary surface reactions observed in reactive ion etching

processes of ITO by hydrocarbon plasmas. VC 2015 American Vacuum Society.

[http://dx.doi.org/10.1116/1.4927125]

I. INTRODUCTION

Tin-doped indium oxide (or indium tin oxide, ITO) is a

transparent conducting oxide (TCO), which has been widely

used as transparent electrodes in various optoelectronic

applications such as liquid crystal displays and solar panels

due to its superior characteristics of electrical conductivity

and optical transparency.1,2 As the market demand for high-

resolution optoelectronic devices such as head-mounted dis-

plays increases, technologies for micropattern formation by

TCOs with a pattern resolution of submicrons or even nano-

meters are also highly demanded.

Surface patterning of ITO may be achieved by wet etch-

ing3–5 or dry etching.6–20 Reactive ion etching (RIE), which

is a plasma-based dry etching technology, is especially

suited for fine patterning of thin films. For RIE of ITO, halo-

gen or hydrocarbon gases have been widely used as source

gases for plasmas. Unlike halogen based gases, however,

hydrocarbon gasses such as methane (CH4) or methanol

(CH3OH) are noncorrosive and hydrocarbon-based plasmas

are postulated to cause ion induced chemical reactions on

ITO film surfaces to produce volatile metal organic com-

pounds such as In(CH3)3 and Sn(CH3)4 (Refs. 7, 9, and 10)

that may result in RIE of ITO. Such plasmas may also de-

posit carbon film on ITO.18

Whereas many earlier studies have examined various

etching properties of ITO by hydrocarbon plasmas, the exact

etching mechanisms of ITO, including surface chemical

reactions between incident gaseous species and ITO, have

been still unclear. In this study, therefore, as the first step to-

ward a better understanding of the etching mechanisms of

ITO by hydrocarbon plasmas, we attempt to clarify elemen-

tary surface interactions of ITO films with incident CHþ and

CH3
þ ions with various incident energies.

II. EXPERIMENT

To examine interaction of incident CHx
þ ions with an

ITO sample surface, we have used a mass selected ion beam

system, in which mass-selected ions with specific incident

energy can be injected into a sample surface with a specified

angle of incidence and the sample surface can be analyzed in
situ by x-ray photoelectron spectroscopy (XPS). In the ion

source of the system, a plasma is generated by arc discharge

from a supplied gas. To generate hydrocarbon ions such as

CHþ and CH3
þ, we typically use a gas mixture of CH4 and

Ar for plasma generation. During the experiments of this

study, the vacuum chamber was kept in an ultrahigh vacuum

(UHV) condition with a pressure less than 10�8 Torr. More

detailed information on this ion beam system may be found

in Refs. 21–29.

A sample ITO, which contains about 3% of Sn, is a

2000 Å thick film on a 16 mm� 16 mm square silicon (Si)

chip formed by sputtering deposition. Surface chemical com-

positions of an ITO sample set in the UHV reaction chamber

of the beam system may be measured by XPS (using Mg Kaa)Electronic mail: hamaguch@ppl.eng.osaka-u.ac.jp
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x-ray radiation) in situ, i.e., without being exposed to outside

air.

The sputtering yield of ITO in this study is defined as the

number of desorbed In atoms per incident ion. The sputtering

yield reported in this study is derived from the etched depth

of the ITO surface measured by a surface profiler

(Dektak3ST) and the ion dose, which is estimated from the

ion current and the beam irradiation time. The ion current is

measured by a Faraday cup prior to each ion irradiation

experiment.

III. RESULTS AND DISCUSSION

Figure 1 shows the sputtering yields of ITO by CH3
þ and

CHþ ions as well as inert-gas ions, i.e., Heþ, Neþ, and Arþ

ions, as functions of incident ion energy. As expected, the

sputtering yield is an increasing function of the incident

energy in each case. In Fig. 1(a), the solid curves represent

fitting curves to observed sputtering yields of ITO by Arþ,

Neþ, and Heþ ions, following the square-root dependence

of the incident energy proposed by Steinbr€uchel.30 Using

the known masses of Ar, Ne, and He atoms, we have inter-

polated the yield data by Heþ, Neþ, and Arþ ions given in

Fig. 1(a) to obtain the sputtering yield curves by ions of

imaginary inert elements with atomic masses of 13 and 15

(which correspond to CHþ and CH3
þ), which are plotted by

dashed curves in Fig. 1(b). A formula for the fitting curves

as well as a method to obtain the physical sputtering yield

of ITO by ions of an imaginary inert element with an arbi-

trary mass are given in the Appendix.

If there were no chemical reaction between incident CHþ

or CH3
þ ions with the sample ITO surface (i.e., if the sput-

tering were purely physical), the ITO sputtering yield by

CHþ or CH3
þ ions would be represented by the correspond-

ing dashed curve as a function of the incident energy. In Fig.

1(b), the ITO sputtering yield by CHþ or CH3
þ ions is

shown to be higher than the corresponding physical sputter-

ing yield in general, especially when the incident energy is

relatively high. The sputtering yields of Fig. 1(b) therefore

indicate that the etching of ITO by CHþ or CH3
þ ions is

chemically enhanced etching (i.e., RIE), especially in the

high energy range.

It should be also noted that, in Fig. 1(b), the ITO sputter-

ing yields by CH3
þ and CHþ ions take similar values when

the incident energy is around 500 eV or higher. On the other

hand, when the incident energy is lower, it is seen that the

sputtering yield of ITO by CH3
þ ions is lower than that by

CHþ.

Figure 2 illustrates photoelectron spectra of the In (3d5/2)

and Sn (3d5/2) core levels from in-situ XPS for ITO surfaces

obtained after Arþ or CHx
þ ion irradiation. Here, the back-

ground spectra were subtracted by the Shirley method and

the Gaussian–Lorentzian functions with tail modifiers were

used for curve fitting.29 Prior to each beam experiment, the

ITO sample surface was cleaned by 500 eV Arþ ions. It is

seen that the XPS spectra of the initial ITO sample (prior to

CHx
þ ion injection) exhibits clear peaks for In-O and Sn-O

bonds at 444.5 and 486.2 eV, which indicates that no metal

is formed (i.e., no preferential sputtering of oxygen occurs)

on the ITO surface by Arþ ion cleaning and the ITO consists

of two separate phases of In2O3 and SnO2.

In this study, a typical dose of CHþ or CH3
þ ions was in

the range of (3–5)� 1016 ions/cm2, at which the etching pro-

cess reach steady state. It is seen that, after CHþ or CH3
þ

ion injection, the spectra shifts toward the lower binding

energy side, where new metallic bond peaks of In-In and Sn-

Sn appear at 443.4 and 484.4 eV.

It is seen that, at 1000 eV incident energy, the both cases

of CHþ and CH3
þ ion injections exhibit similar photoelec-

tron spectra for In (3d5/2) or Sn (3d5/2) peak. However, at

300 eV, it is seen that the ITO surface becomes more metal-

lic (i.e., more oxygen are preferentially desorbed) by CH3
þ

ions than CHþ ions.

Percentages of different phases (i.e., metal and oxide

phases) for In and Sn after ion beam injections are summar-

ized in Table I. It is seen that, at 1000 eV irradiation by CHþ

or CH3
þ ions, about a half of In2O3 loses its oxygen to form

metal In on its surface whereas only about 20% of SnO2

becomes metal Sn. In other words, oxygen of In2O3 is more

preferentially sputtered than that of SnO2. Indeed, it is

FIG. 1. (Color online) Sputtering yields of ITO by incident (a) Heþ, Neþ, and Arþ, and (b) CHþ or CH3
þ ions, as functions of the incident ion energy.

The solid curves represent fitting curves to observed sputtering yields. The functional form for the fitting curves is given by Eq. (A1). The dashed curves in

Fig. 1(b) represent the estimated sputtering yield by ions of imaginary inert elements with atomic masses of 13 and 15 (which correspond to CHþ and CH3
þ),

obtained from the interpolation of the observed sputtering yields by Heþ, Neþ, and Arþ ions.
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known in earlier experiments31,32 that SnO2 is more con-

gruently sputtered. These phenomena may be explained by

the difference in bond strength between the In-O and Sn-O

bonds; the bond energies of In-O and Sn-O are 346 and

528 kJ/mol.33 As to the metallic phases, the bond energies of

In-In and Sn-Sn are 82.0 and 187 kJ/mol.33 Based on these

bond energy values, we surmise that SnO2 is more resistant

against physical sputtering than In2O3 and the oxides are

harder to etch physically than metal, as in the case of Ta.29

Since the ITO film that we have examined in this study con-

tains only a small amount of Sn, the sputtering yields of

In2O3 by Heþ, Neþ, and Arþ are likely to be close to those

given in Fig. 1. The sputtering yields of metallic In and Sn

by inert gas ions are listed as functions of the incident energy

in Refs. 34–36, which are higher than those of ITO given

in Fig. 1 under the corresponding conditions. The sputtering

yield data of ITO of this article and physical sputtering

yields of In and Sn estimated in Refs. 35 and 36 are consist-

ent with our surmise that the physical sputtering yields of

metallic In and Sn are higher than those of In2O3 and SnO2.

In the case of 300 eV injection of CH3
þ ions, metallic

components of In and Sn of ITO are shown to increase sig-

nificantly; metallic Sn and In increase up to 50% and 70% in

this case. In contrast, in the case of a 300 eV injection of

CHþ ions, the surface chemical states are essentially the

same as those in the case of a 1000 eV injection of CHþ or

CH3
þ ions. We have also confirmed by XPS that no carbon

deposition occurred in any case examined in this study, even

in the case of a 300 eV injection of CHþ or CH3
þ ions,

although data are not shown here for the sake of brevity.

These results indicate that, at low incident energy, the reduc-

tion of ITO is enhanced by the presence of hydrogen.

When the incident energy is sufficiently high (i.e., at

1000 eV in this study), the sputtering yields of ITO by CHþ

and CH3
þ ions are nearly the same, as shown in Fig. 1, and

the surface chemical compositions of the ITO sample surfa-

ces are also nearly the same, as shown in Fig. 2. Since the

masses of CHþ and CH3
þ ions are almost the same, physical

sputtering effects by these two ionic species must be also

almost the same. These facts indicate that the additional

hydrogen supplied by the CH3
þ ion beam has little additional

chemical effects on the ITO surface. We postulate that C

atoms of incident ions form CO and/or CO2 molecules by

reacting with O atoms of the ITO surface, which resulting in

the depletion of oxygen and the formation of metallic In.

Since the sputtering yield of metallic In is likely to be much

higher than ITO, as we discussed above, the observed sputter-

ing yield of ITO is significantly higher than its corresponding

physical sputtering yield value, as shown in Fig. 1(b).

At lower incident energy below 500 eV, a chemical effect

of hydrogen is more pronounced. In the case of CH3
þ ion

incidence, more metallic In and Sn are formed on the ITO

surface. This may be understood because, at low incident

energy, hydrogen atoms provided by the incident ions tend

to remain near the top surface24,26,37,38 and participate in the

reduction of ITO on the surface. However, as we have

observed in Fig. 1, despite the fact that more metallic In,

which is considered to be less etch resistant, covers the sam-

ple surface, the sputtering yield by CH3
þ ions is lower than

that by CHþ ions.

Although we do not know exactly why the ITO sputtering

yield is lower with more incident hydrogen at low incident

TABLE I. Percentages of different phases (i.e., metal and oxide phases) for In

and Sn after ion beam injections.

Component percentages (%)

Ion species Arþ CHþ CHþ3 CHþ CHþ3
Energy (eV) 500 1000 1000 300 300

In–In 0 51 58 59 72

In–O 100 49 42 41 28

Sn–Sn 0 18 23 20 49

Sn–O 100 82 77 80 51

FIG. 2. (Color online) XPS spectra for (a) In 3d5/2 and (b) Sn d5/2 of ITO surfaces after 500 eV Arþ ion cleaning, or CHþ or CH3
þ ion injection at 300 or

1000 eV.
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energy, we postulate the following, based on an argument of

energetics: When an incident hydrocarbon ion interacts with

an ITO surface, part of its kinetic energy is used to reduce the

ITO to form metallic In (and also Sn although the amount of

Sn in the sample is small in this study) by carbon or hydro-

gen, which is an endothermic reaction [as the standard en-

thalpy of formation of In2O3 is �923 kJ/mol (Ref. 39)] and

the remaining incident energy is used to sputter the surface

material. In the case of low-energy incidence of CH3
þ ions,

more hydrogen is available on the ITO surface than in the

case of CHþ ions. Therefore, more reduction of ITO takes

place and consequently less energy is available for sputtering

of the surface material, which may result in the low sputter-

ing yield in the case of CH3
þ ion incidence observed in our

beam study. At high incident energy (e.g., energy higher than

500 eV in Fig. 1), on the other hand, energy needed for reduc-

tion constitutes only a small portion of the total incident

energy and therefore the difference in sputtering yield

between the two cases of CHþ and CH3
þ is less pronounced.

However, the mechanisms discussed above are just specula-

tions and more detailed studies are required to clarify the

mechanisms of ITO etching by incident hydrocarbon ions.

IV. SUMMARY AND CONCLUSIONS

We have examined sputtering yields and resulting

changes in surface chemical composition for RIE of ITO by

CHþ, CH3
þ, and inert gas ions (Heþ, Neþ, and Arþ). It has

been found that etching of ITO is chemically enhanced by

energetic incidence of hydrocarbon (CHx
þ) ions. At high

incident energy, the sputtering yields by CHþ and CH3
þ ions

are equal, indicating that the contribution by hydrogen to the

etching chemistry is not significant in this energy range.

Furthermore, the ITO surface is partially reduced in a similar

manner by either CHþ or CH3
þ ion incidence, so we expect

that carbon of incident ions predominantly reduce In of the

sample ITO by preferentially removing oxygen from In2O3

of the surface. However, at lower incident energy (less than

500 eV or so), a hydrogen effect on ITO reduction is more

pronounced. The ITO surface is more reduced by CH3
þ ions

than CHþ ions, resulting in the formation of more metallic

In and Sn on the ITO surface. It has been observed that,

under such low-energy incident conditions, the sputtering

yield of ITO by CH3
þ ions is lower than that by CHþ ions

despite the fact that incident CH3
þ ions reduce ITO more

than CHþ ions, covering the surface with more metallic In,

which is typically less resistant against physical sputtering.

The results presented here offer a better understanding of el-

ementary surface reactions observed in RIE processes of

ITO by hydrocarbon plasmas.

APPENDIX

In this Appendix, a formula for the physical sputtering

yield of ITO by ions of an imaginary inert element with an

arbitrary mass is proposed as a function of the ion incident

energy. The yield should agree with the actual physical sput-

tering yield by inert gas ions such as Heþ, Neþ, and Arþ if

the incident ions are such actual ions. Following

Steinbr€uchel,30 we propose that the physical sputtering yield

Y of ITO by ions of an inert element with mass m is given by

the following formula;

Y ¼ AðmÞðE1=2 � EthðmÞ1=2Þ; (A1)

where E is the ion incident energy, A is a proportional con-

stant, and Eth represents the threshold energy. The parame-

ters A and Eth depend on the mass m in general, especially

for elements lighter than Ar.40,41 The solid curves of Fig.

1(a) follow the formula above, from which we obtain the

values of AðmÞ and EthðmÞ for m¼ 4 (for He), 20 (Ne), and

40 (Ar). The interpolated functions AðmÞ and EthðmÞ for an

imaginary inert element with mass m in the range of 4 �
m � 40 that we have used in this study are given in Fig. 3

and Table II.

FIG. 3. Interpolated dependence of parameters E
1=2
th and A of Eq. (A1) on the atomic mass m, obtained from the yield data for Heþ, Neþ, and Arþ ions given in

Fig. 1(a).

TABLE II. Fitting formulae with their parameter values for E
1=2
th and A of

Eq. (A1) as functions of the atomic mass m.

EthðmÞ1=2
AðmÞ

Formula amb am2 þ bm

a 36:68 �1:39� 10�5

b �1:00 1:25� 10�3
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