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The etching characteristics of indium zinc oxide (IZO) in Cl2/Ar plasma were investigated, including the etch rate and 
selectivity of IZO. The IZO etch rate showed non-monotonic behavior with increasing Cl2 fraction in the Cl2/Ar plasma, 
and with increasing source power, bias power, and process pressure. In the Cl2/Ar (75:25%) gas mixture, a maximum 
IZO etch rate of 87.6 nm/min and etch selectivity of 1.09 for IZO to SiO2 were obtained. Owing to the relatively low 
volatility of the by-products formation, ion bombardment was required, in addition to physical sputtering, to obtain 
high IZO etch rates. The chemical state of the etched surfaces was investigated with X-ray photoelectron spectroscopy. 
These data suggested that the IZO etch mechanism was ion-enhanced chemical etching.
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1. INTRODUCTION

Indium zinc oxide (IZO), a wide band gap transparent con-
ducting oxide, has drawn considerable interest recently, because 
of its many potential applications, including transparent con-
ducting electrodes, optoelectronics, photonics, and sensors. 
These devices can be fabricated under low-voltage operations, 
and the designing of such devices will pave the way for the next 
generation of display technologies based on transparent and 
flexible devices. IZO thin films have attracted a great deal of at-
tention, because of their excellent optical transmission, high 
conductivity, chemical stability, thermal stability, and low com-
pressive stress. Of the various patterning techniques for IZO thin 
films, plasma etching is preferred, because it allows high-resolu-
tion pattern transfer for optoelectronic device structures [1-3]. 

Recently, the deposition process of IZO thin films has been 
extensively studied, and various deposition methods, including 
chemical vapor deposition, sputtering, and sol-gel, have been 
reported [4,5]. While the growth characteristics of IZO thin films 
are relatively well optimized, an efficient pattern transfer process 
remains to be developed. Among the various patterning tech-
niques, dry etching processing has advantages over conventional 
wet etching processes, including high resolution and easy pro-
cess automation.

Research to date shows the dependence of the IZO etch rate 
on the operating conditions using Cl2/Ar, Ar/CH4/H2, C2F6/Ar, 
IBr, and BI3 plasmas, but it does not discuss the etch mecha-
nism, the relationships between the process parameters, or the 
chemistry [6-8]. Only a few studies examined IZO dry etching 
using the adaptive coupled plasma sources favored by modern 
microelectronic technology. As a result, the effect of the process 
parameters on the IZO etch rate has not been explored in detail, 
and the IZO etch mechanism is not quite clear. 

In this work, we investigated the etching characteristics of IZO 
thin films using Cl2/Ar mixtures in an adaptive coupled plasma 
(ACP) system. The chemical reactions on the surface of the 
etched IZO thin films were investigated by X-ray photoelectron 
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spectroscopy (XPS). Field emission Auger electron spectroscopy 
(FE-AES) was used for the elemental analysis of the etched sur-
faces. The etch rate for the patterns of the IZO thin film was mea-
sured using field emission scanning electron microscopy (FE-
SEM).

2. EXPERIMENTAL DETAILS

IZO thin films were prepared on a Si (100) substrate, using 
a traveling-wave-type atomic layer deposition (ALD) reactor 
(Evertek, Plus-100). The deposition temperature of the IZO films 
was 15℃, and their final thickness was about 120 nm. The etch-
ing experiments were performed in a planar ACP system (Selex 
200, APTC Co.) [9]. As shown in Fig. 1, the system consists of 
multi-spiral coils and a bushing, and the coil antenna was lo-
cated above a thick horizontal ceramic window. A 12.56-MHz RF 
power generator was connected to the coil antenna to generate 
the plasma. Another 13.56-MHz RF power generator was con-
nected to the electrostatic chuck (ESC), to control the ion energy 
[10,11]. This plasma source shows characteristics of both tradi-
tional sources of inductively coupled plasma and capacitively 
coupled plasma, as well as its own characteristics. The etching 
of the IZO thin film was studied as a function of the Cl2 content 
in the Cl2/Ar plasma. The gas mix ratio and process pressure 
were varied, to determine the etching characteristics. For these 
experiments, the source power, bias power, process pressure, 
and substrate temperature were 400 W, 100 W, 1.3 Pa and 45℃, 
respectively. The etch rate was measured by surface profiler 
(KLA Tencor, α-step 300). The chemical reactions on the surface 
of the etched IZO thin films were investigated by XPS (SIGMA 
PROBE, Thermo VG), with Mg Kα(1,253.6 eV) radiation at 300 
W. The narrow-scan spectra of all of the regions of interest were 
recorded with pass energy of 5 - 320 eV, to quantify the surface 
composition, and identify the chemical binding state. All of the 
XPS samples were bare IZO thin films 1 cm × 1 cm in size, with-
out any photo-resist (PR) patterns. During these measurements, 
the X-ray power was 220 W at 11.1 mA. Using a pass energy of 25 
eV, a spectral resolution of 0.45 eV was obtained. FE-AES (Micro-
lab 310-D, Thermo VG Scientific) used for the elemental analysis 
of the etched samples is a surface-sensitive spectroscopic tech-
nique. The IZO thin films used for the measurement of the etch 
rate and cross section were characterized using FE-SEM (Sirion 
400, FEI). The width and thickness of the PR patterns were 1.5 
and 1.02 μm, respectively. 

3. RESULTS AND DISCUSSION

3.1 The effect of the etch characterization in the 
ACP system

For the etch characterization of the IZO thin film in the ACP 
system, the etch characteristics of the IZO thin film were sys-
tematically investigated as a function of the Cl2/Ar gas mixing 
ratio, source power, bias power, and process pressure. Figure 2(a) 
shows the etch rate of the IZO thin film, and its selectivity to SiO2 
as a function of the Cl2/Ar mixing ratio, at a process pressure of 
1.3 Pa, source power of 400 W, and bias power of 100 W. As the 
Cl2 content in the Cl2/Ar plasma increased, the IZO thin film etch 
rate also increased, and reached a maximum of 87.6 nm/min at a 
Cl2/Ar (75:25%) gas mixture. The etch rates of IZO in pure Ar and 
pure Cl2 were 20 and 43.2 nm/min, respectively. This suggests 
that for a given range of experimental conditions, the chemical 
etching pathway is more effective than the physical one. As the 
Cl2 content in the Cl2/Ar plasma increased from 0 to 75%, the 

selectivity of IZO to SiO2 decreased from 2 to 0.55, respectively. 
There are several possible explanations for the dominance of 
the chemical etching pathway. One is the volatility of the com-
pounds, given that the melting points for InCl, InCl2, InCl3, and 
ZnCl2 are about 211, 235, 583, and 290℃, which allow the Cl at-
oms that form in the plasma to spontaneously react with the IZO 
compounds. Another possible reason is that ion bombardment, 
which breaks the oxide bonds, is required for the chemical reac-
tions. As the Cl2 content was increased in the Cl2/Ar plasma, the 
bias voltage was also increased at a fixed bias power [12]. Figure 
2(b) shows the etch rate of the IZO thin film and the etch selec-
tivity of IZO to SiO2 as a function of the source power, for the Cl2/
Ar (75:25%) plasma. As the source power increased from 200 W 
to 600 W, the IZO etch rate increased from 58.8 nm/min to 115 
nm/min, while the selectivity of IZO to SiO2 increased from 0.82 
to 1.95, respectively. This result is related to the variation in the 
dependence of the etch rate on the material. Such behavior of all 
of the etch rates with increasing source power can be explained 
by the acceleration of both the physical and chemical etching 
pathways, through the increase of the dissociation rate, as well 
as ionization rates, due to the increased source power, and the 

Fig. 1. Schematic diagram of the adaptively coupled plasma system.

Fig. 2. The etch rate of IZO thin film and the selectivity of IZO to SiO2 
as a function of (a) Cl2/Ar gas mixing ratio, (b) source power, (c) bias 
power, and (d) process pressure. 

(a) (b)

(c) (d)



Trans. Electr. Electron. Mater. 14(4) 216 (2013): J.-C. Woo et al.218

volume densities and fluxes of chlorine atoms, Cl radicals and 
positive ions increased as the results. Figure 2(c) shows the etch 
rate of the IZO thin films and the etch selectivity of IZO to SiO2, 
as a function of the bias power for the Cl2/Ar (75:25%) plasma. 
As the bias power increased from 10 to 200 W, the etch rate in-
creased from 32.5 to 151 nm/min, while the selectivity of IZO to 
SiO2 increased linearly. This result is also related to the variation 
in etch rate dependent on the material. In general, the induced 
self-bias voltage to the wafer increases with the increasing bias 
power. The etch rate will be increased with high bias voltage in 
reactive ion etching mechanism. However, in our experiment, 
we obtained a decreasing tendency of the IZO etch rate with in-
creasing bias power. Therefore, it is not the reactive ion etching 
mechanism, and the increase in the etch rate is thought to be 
associated with the increase in the mean ion energy, resulting in 
an increase in the sputtering yields for both IZO and the reac-
tion products. This can be explained by the adsorbed Clx radical 
and C atoms being removed, before the chemical reaction with 
IZO film, at the high bias power [12]. Figure 2(d) shows the etch 
rate of the IZO thin film, and its selectivity to SiO2 as a function 
of the process pressure for a Cl2/Ar (75:25%) gas mixture. As the 
process pressure increased from 0.8 to 1.9 Pa, the IZO etch rate 
decreased from 104.8 to 23.4 nm/min, while the selectivity of 
IZO to SiO2 decreased from 1.78 to 0.32, respectively. This result 
is also related to the variation in the etch rate dependent on the 
material. We consider that the effect of the process pressure is as 
follows. An increase in the process pressure enhances the density 
of the neutral chemically active species, but lowers the ion mean 
free path and ion energy. Even if the mean ion energy and the 
sputtering yield were decreased, we achieved higher etch rate 
at high pressure. This effect can be explained by the fact that it 
needs some residency time for etchant in IZO etching with Cl2/Ar 
plasma. When the pressure is low, the etchant is easily evacuated 
without chemical reaction with the IZO thin film. However, the 
etchant can reside for high pressure, and the chemical reaction 
time is sufficient to form etch by-products. As a result of the ef-
fect of the process pressure on the IZO etch rate and the volume 
densities of Cl atoms and radicals, the etch rate of the IZO thin 
films is decreased, because of the decreasing physical effects. 

3.2 XPS analysis

The chemical states of the etched surfaces of the IZO thin 
films were investigated by XPS analysis. Figure 3 shows the XPS 
narrow-scan spectra for In 3d5/2 taken at a 90o angle. These spec-
tra of the IZO film surface were taken before and after etching in 
pure Cl2 and a Cl2/Ar (75:25%) gas mixture. The peaks obtained 
from the as-deposited IZO film were used as a reference. The 
peak at 445.25 eV corresponds to the In 3d5/2 bond. When the IZO 
thin films were exposed to the Cl2/Ar (75:25%) plasma and the 
pure Cl2 plasma, the core peak of In 3d5/2 was shifted from 445.85 
eV to a higher binding energy of 446.45 eV and 446.25 eV. As 
shown in Fig. 3(a), a chemical shift occurred in the plasma, but 
the shape of the In 3d peak was broadened. For the as-deposited 
film, as shown in Fig. 3(b), the In 3d5/2 peak can be decomposed 
into two peaks corresponding to the In-Metal bond (444.9 eV) 
and In-O bond (446.7 eV). The intensity of this peak decreased 
with increasing Cl2 and Ar mixing ratio, as shown in Figs. 3(c)-
(d), and the In 3d5/2 peak can be decomposed into three peaks 
corresponding to the In-Metal bond (the same as 444.9 eV) and 
In-O bond (the same as 446.7 eV), and we can therefore associate 
it with the signal from In-Clx (445.7 eV). The etching processes in 
the Cl2/Ar (75:25%) plasma and pure Cl2 plasma caused a notice-
able decrease in the In 3d5/2 peak, which can be attributed to the 
destruction of the oxide bonds by ion bombardment. This chem-
ical shift indicated that a chemical reaction occurred between In 

and Cl, resulting in the formation of In-Cl bonds on the surface 
[13].

Figure 4 shows the XPS narrow-scan spectra for Zn 2p3/2 taken 
at a 90o angle. These spectra of the IZO film surface were taken 
before and after etching in pure Cl2 and a Cl2/Ar (75:25%) gas 
mixture. The peaks obtained from the as-deposited IZO film 
were used as a reference. The peak at 1021.9 eV corresponds to 
the Zn 2p3/2 bond. When the IZO thin film was exposed to the 
Cl2/Ar (75:25%) plasma and the pure Cl2 plasma, the core peak of 
Zn 2p3/2 was shifted to a higher binding energy of 1024.1 eV and 
1023.95 eV. As shown in Fig. 4(a), a few chemical shifts occurred 
in the plasma, but the shape of the Zn 2p3/2 peak was broadened. 
For the as-deposited film, as shown in Fig. 4(b), the Zn 2p3/2 peak 
can be decomposed into two peaks, corresponding to the Zn-O 
bond (1021.64 eV) and Zn-Zn bond (1022.54 eV). As shown in 
Figs. 4 (c)-(d), the Zn 2p3/2 peak can be decomposed into three 
peaks, corresponding to the Zn-O bond (1022.49 eV, 1021.69 eV) 
and Zn-Zn bond (1024.3 eV, 1023.45 eV); and the etching process 
in the Cl2/Ar (75:25%) plasma in the Zn-Cl bond (1023.3 eV) and 
pure Cl2 plasma causes a noticeable decrease in the Zn-Cl bond 
(1022.54 eV) peak, which can be attributed to the destruction 
of the oxide bonds by ion bombardment. This chemical shift 
indicates that a chemical reaction occurred between Zn and Cl, 
resulting in the formation of Zn-Cl bonds on the surface [14].

Figure 5 shows the XPS narrow-scan spectra for O 1s taken 
at a 90o angle. These spectra of the IZO film surface were taken 
before and after etching in pure Cl2 and a Cl2/Ar (75:25%) gas 
mixture. The peaks obtained from the as-deposited IZO film 
were used as a reference. The peak at 531.55 eV corresponds to 
the O 1s bond. When the IZO thin film was exposed to the Cl2/
Ar (75:25%) plasma and the pure Cl2 plasma, the core peak of 
O 1s was moved to a higher binding energy of 533.55 eV and 
533.1 eV. As shown in Fig. 5(a), a few chemical shifts occurred 
in the plasma, but the shape of the O 1s peak was broadened. 
For the as-deposited film, as shown in Fig. 5(b), the O 1s peak 
can be decomposed into three peaks, corresponding to the O-

Fig. 3. The In 3d5/2 XPS spectra with peak deconvolution results on 
the surface of the etched IZO thin films as a function of gas mixing 
ratio. (a) Narrow-scan spectra, (b) As-deposited, (c) Cl2/Ar (75:25%), 
and (d) pure Cl2.

(c) (d)

(b)(a)
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Metal (530.45 eV), O-O (531.5 eV) and O-Si (532.45 eV) bonds. 
As shown in Figs. 5(c)-(d) for O 1s, the O 1s peak can be decom-
posed into four peaks, corresponding to the O-Metal (530.6 eV, 
530.4 eV), O-O (531.5 eV, 531.35 eV) and O-Si (533.4 eV, 533.15 
eV) bonds; and after etching the IZO thin film in the plasma, the 
shoulder peak of O-Cl (532.5 eV) decreased significantly, and the 

core O 1s peak at 531.55 eV was shifted to 532.55 eV, as a result 
of the preferential removal of the adsorbed molecules. However, 
in the spectra of the IZO thin films that were etched in the Cl2/
Ar (75:25%) and pure Cl2 plasmas, the O 1s peak intensities cor-
responding to the O-Metal (530.7 eV), O-O (531.5 eV), O-Cl (532.5 
eV) and O-Si (535.5 eV) bonds decreased, owing to the formation 
of O-Cl bonds [15]. The intensity of the O 1s peak for the IZO 
thin films etched in Cl2/Ar plasma is higher than that for the film 
etched in the pure Cl2 plasma, which demonstrates that there 
was a dramatic increase in the number of O-Cl bonds, such as 
Cl2O3, owing to the dissociation of the In-Zn-O bonds by the ion 
bombardment. It is also possible that O-Cl bonds were formed, 
although this was not demonstrated here. The XPS results reveal 
that In, Zn, and O were removed by chemical reactions with Cl 
radicals, and by the physical bombardment of Ar ions [16].

3.3 AES analysis

To investigate the chemical states, the as-deposited IZO thin 
film was used as a reference, and compared with the etched IZO 
surfaces. Figure 6 shows the raw AES data that were acquired 
from the IZO surfaces of the as-deposited IZO thin film, and 
the film etched in the Cl2/Ar (75:25%) and pure Cl2 plasmas. As 
shown in Fig. 6, the components of IZO (In, Zn, O), under layer 
(Si) and carbon adsorbed from the air were detected. The etching 
time was 10 sec. The surfaces of all of the samples were contami-
nated with carbon and oxygen, owing to their exposure to the air, 
as shown in Fig. 6(a). Small amounts of F were detected in the 
fluorine coating, after etching in the plasma. No F element was 
detected on the etched surface, owing to the limited sensitivity of 
the FE-AES equipment. The existence of F element in the FE-AES 
analysis was confirmed by the detection of titanium chlorine 
bonds in the XPS analysis [15]. In Fig. 6(b), after etching in the 
Cl2/Ar plasma, the intensities for In, Zn, and O were decreased, 
and those for Cl were increased. This indicates that the IZO thin 
film chemically reacted with Cl from the C12/Ar plasma, and that 
Cl was removed from the surface. This means that more Cl atoms 
remained in the surface reaction layer for the film etched by Cl2/
Ar plasma than that by pure Cl2 plasma. The increase of the O 
peaks is due to the fact that the adsorbed C has a high chemical 
reaction energy which attracts O from the atmosphere when the 

Fig. 4. The Zn 2p3/2 XPS spectra with peak deconvolution results on 
the surface of the etched IZO thin films as a function of gas mixing 
ratio. (a) Narrow-scan spectra, (b) As-deposited, (c) Cl2/Ar (75:25%), 
and (d) pure Cl2.

Fig. 5. The O 1s XPS spectra with peak deconvolution results on the 
surface of the etched IZO thin films as a function of gas mixing ratio. 
(a) Narrow-scan spectra, (b) As-deposited, (c) Cl2/Ar (75:25%), and (d) 
pure Cl2.

Fig. 6. AES analysis of the IZO surface, after etching in Cl2/Ar plasma 
using different gas mixtures: (a) As-deposited, (b) Cl2/Ar (75:25%), 
and (c) pure Cl2.

(c)

(a) (b)

(c) (d)

(b)(a)

(c) (d)

(b)(a)
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sample is exposed to air for the measurement. In Fig. 6(c), we ob-
tained a high accumulation of C peaks, which is reduced by the 
plasma etching on the IZO surfaces. Therefore, weak intensities 
were observed for the In, Zn and O peaks.

4. CONCLUSIONS

In this work, we experimentally investigated the indium zinc 
oxide (IZO) etching mechanism in Cl2/Ar plasma. We found 
that increasing the Cl2 content in the Cl2/Ar plasma leads to an 
increase in the IZO etch rate, up to a maximum value of 87.6 
nm/min at a concentration of 75% Cl2. This suggests that the 
mean ion energy decreased, while the ion current and Cl atom 
flux should increase. So, it is hard to conclude with the physical 
effects increasing due to the relatively low volatility of the by-
products formed during Cl2/Ar plasma etching, that ion bom-
bardment was required, in addition to physical sputtering, to 
obtain these high IZO etch rates. The reason for the existence of 
a maximum etch rate was found to be the concurrence of both 
physical and chemical pathways in the ion-assisted chemical 
reaction. The volatile oxygen compounds identified by XPS sug-
gests that the composition of the sample etched in the Cl2/Ar 
plasma was identical to that of the as-deposited sample. These 
tendencies were very similar to the etch characteristics. This re-
sult is in agreement with the universal energy dependence of the 
ion-enhanced chemical etching yield. 
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