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Abstract
Indium gallium tin oxide (IGTO) thin films have the potential for high mobility and low-
temperature processing, which makes them suitable for applications such as display backplanes
and high-voltage switching devices. However, very few studies have investigated the plasma-
etching characteristics of IGTO and changes in its properties after etching. In this study, the
etching characteristics of IGTO were investigated using Cl2/Ar plasma, and changes in surface
properties were analyzed. Results showed that the etch rate increased with an increase in the
proportion of Cl2, with the highest etch rate observed at 69 nmmin−1 in pure Cl2 plasma with a
gas flow rate of 100 sccm. Furthermore, increased radio-frequency power caused a rise in the
etch rate, while a process pressure of 15 mTorr was optimal. The primary etching mechanism for
IGTO thin films under Cl2 plasma was a chemical reaction, and an increased work function
indicated the occurrence of defects on the surface. In addition, the etching process reduced the
surface roughness of Cl2-containing plasma, whereas the etching process in pure Ar plasma
increased surface roughness. This study contributes to a better understanding of the plasma-
etching characteristics of IGTO and changes in its properties after etching, providing valuable
insights for IGTO-based applications.
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1. Introduction

Amorphous oxide semiconductor thin-film transistors (TFTs)
have attracted interest for their potential applications in dis-
plays and sensors owing to their advantages such as high
optical transparency and high on/off current ratio (Ion/Ioff)
[1–3]. Among the various amorphous oxide semiconductors,
amorphous InGaZnO (IGZO) is the most widely used for

TFTs because of its high mobility, low leakage current, and
scalability for large areas [4–7]. Nevertheless, improving
mobility and reducing the processing temperature for appli-
cations in high-resolution, large-area, and flexible displays
and sensors are still necessary [8–10]. Recently, a new type of
thin film, InGaSnO (IGTO), has been the subject of research
owing to its potential for high mobility and low-temperature
processing [8, 11]. IGTO-based TFTs have demonstrated
higher electron mobility in low-temperature processes com-
pared to IGZO-based TFTs [12, 13]. This means that IGTO-
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based TFTs can deliver current more efficiently, resulting in
higher performance due to faster switching. Additionally,
IGTO films have a wider bandgap than IGZO films, making
them more suitable for high-performance, high-temperature,
and high-power applications such as display backplanes and
high-voltage switching devices [14].

To fabricate TFTs, either an etch-stop layer or a back-
channel etch process is used. The back-channel etching pro-
cess is widely used because it uses less photopatterning and
can shorten the channel length compared to the etch-stop
layer process [15, 16]. However, when a TFT is manufactured
using the back-channel etch method, the channel layer is
exposed to plasma during the patterning process of the source
and drain electrodes [15, 17]. Because the plasma process can
affect the performance or reliability of TFTs, it is a critical
consideration when fabricating TFTs [18–20]. However, there
are few studies on the plasma-etching characteristics of IGTO
thin films and changes in thin-film characteristics after
etching.

In this study, we investigated the etching characteristics
of IGTO thin films using plasma and observed the changes in
their surface characteristics before and after the etching pro-
cess under Cl2/Ar plasma. The plasma-etching tendency was
evaluated according to various variables such as the Cl2/Ar
gas-mixing ratio, upper radio-frequency (RF) power, bottom
RF power, and process pressure. X-ray photoelectron
spectroscopy (XPS) analysis was performed to understand the
etching mechanism and confirm changes in the surface state,
such as the residue on the surface after etching, and ultraviolet
photoelectron spectroscopy (UPS) analysis was performed to
confirm the change in work function accordingly. Further,
changes in surface roughness and wettability according to the
etching process were analyzed through atomic force micro-
scopy (AFM) and a contact angle analyzer.

2. Experiment

A 100 nm thick IGTO thin film was deposited on a Si sub-
strate (100) using direct-current (DC) magnetron sputtering
with a 3 inch IGTO target. The sputtering process was exe-
cuted with a DC power of 150W, an Ar/O2 ratio of 35/15
(sccm/sccm), and a deposition pressure of 3 mTorr. The
substrate was maintained at room temperature during the
sputtering process.

Figure 1 shows a structural diagram of a high-density
plasma (HDP) system for the etching process. This system
uses a combined plasma source with inductively coupled
plasma coil and capacitively coupled plasma flat electrodes. A
source electrode above the main chamber is connected to a
13.56MHz RF generator to induce an HDP. The electrode for
bias voltage located at the bottom is connected to a 2MHz RF
generator to control the energy of ions moving from the
plasma to the substrate.

The IGTO thin film was etched under Cl2-based plasma,
and the standard etching conditions were fixed as follows: gas
flow rate of 100 sccm, source power of 500W, bias power of
100W, and process pressure of 15 mTorr.

The etch rate was measured using a surface profiler
(Alpha-step 500, Tencor). After the etching process, XPS
(NEXSA, Thermo-Fisher Scientific) analysis was performed to
elucidate the etching mechanism by confirming the chemical
bonding state of the surface of the IGTO thin film, and UPS

Figure 1. Structural diagram of the high-density plasma system with
a combined plasma source.

Figure 2. Etch rate of the IGTO thin film and selectivity to
photoresist (PR) and Al depending on the Cl2/Ar gas flow rate.

Table 1. Melting and boiling points of expected etch by-products of
the IGTO thin film under Cl2 plasma.

By-products Melting point (°C) Boiling point (°C)

InCl 225 608
InCl3 586 800
GaCl2 172.4 535
GaCl3 77.9 201
SnCl2 247 623
SnCl4 −34.07 114.15
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(NEXSA, Thermo-Fisher Scientific) analysis was performed to
measure the variation of work function. Additionally, an AFM
(NX-10, Park system) and a contact angle analyzer (Phoenix
300, SEO) were employed to investigate the changes in surface
roughness and surface energy before and after etching.

3. Results and discussion

The process was performed using Cl2/Ar plasma to evaluate
the etch rate of the IGTO thin film. The total gas flow rate was
100 sccm, with a source power of 500W, bias voltage of
100W, and process pressure of 15 mTorr being maintained.
Figure 2 shows the etch rate of the IGTO thin film and the
selectivity to PR and Al according to the flow rate of Cl2 in
Cl2/Ar mixed gas. Figure 2 reveals that as the flow rate of Cl2
increases from 0 to 100 sccm, the etch rate of the IGTO thin
film increases from 9 to 69 nmmin−1. This result indicates
that the chemical reaction with Cl or Cl2 radicals rather than
the physical reaction with Ar ions is the primary etching
mechanism in the etching of the IGTO thin film [21, 22].
When the IGTO thin film is etched using Cl2/Ar mixed gas,
the by-products generated on the surface of the IGTO thin
film are a combination of Cl and metals such as InClx, GaClx,
and SnClx. These by-products are easily removed from the
surface of the thin film owing to its low boiling point [23, 24].
Therefore, as the flow rate of Cl2 increases, the etch rate of the
IGTO thin film increases. Table 1 lists the boiling and melting
points of the by-products. The etching selectivities to PR and
Al were the highest at 0.31 and 0.75, respectively, under the
pure Ar plasma condition. This is considered to be because
PR and Al films also scarcely react with Ar plasma. When Cl2
gas was added, the selectivity dropped drastically to 0.02 and
0.065. Then, the selectivity gradually increased as the amount
of Cl2 gas increased.

Figure 3 shows the etch rate of an IGTO thin film
depending on various process parameters such as upper RF
power, bottom RF power, and process pressure. When the
upper RF power was increased, the etch rate of the IGTO
thin film also increased continuously from 39.25 to 75.75
nmmin−1. Increasing the upper RF power increases the
density of Cl radicals in the plasma, which means more

radicals can reach the IGTO thin film, thereby increasing the
chemical reaction with the thin film [25, 26]. Figure 3(b)
shows the correlation between the bottom RF power and the
etch rate of the IGTO thin film, which was measured by
increasing the bias power from 0 to 200W while keeping the
Cl2/Ar ratio at 100/0 (sccm/sccm), RF power at 500W, and
process pressure at 15 mTorr. The etch rate was found to
rapidly increase with the bottom RF power and reached its
highest value of 106.25 nmmin−1 at a bottom RF power of
200W. In Cl2 plasma, the Cl2 molecules are dissociated into
Cl radicals and Cl+ ions. The Cl+ ions are positively charged
and can be attracted to the substrate negatively charged by
the bottom RF power, where they can chemically react with
and bombard the IGTO surface [27, 28]. In addition,
increasing the RF bias power increase the amplitude of the
oscillating electric field and can lead to a higher self-bias
voltage, resulting in an improved etch rate [29]. The com-
bination of these effects can cause a rapid increase in the
etch rate. Figure 3(c) presents the correlation between pro-
cess pressure and etch rate. The etch rate was evaluated by
varying the process pressure from 10 to 20 mTorr while
maintaining the Cl2/Ar flow rate at 100/0 (sccm/sccm), RF
power at 500W, and bias power at 100W. The results
revealed an increase in the etch rate with increasing pressure
up to a maximum value of 62 nmmin−1 at a process pressure
of 10 mTorr, followed by a decrease at higher pressures. At
extremely low pressures, the etch rate is limited owing to a
reduced concentration of ions and radicals in the plasma,
which results in limited surface reaction. At certain inter-
mediate pressures, the plasma is dominated by high-energy
ions and radicals that can cause significant physical and
chemical damage to the substrate surface, leading to high
etch rates. However, at high pressures, ion and radical spe-
cies as well as gas molecules undergo frequent collisions
with each other and with the chamber walls, resulting in a
shortened mean free path and reduction in collision energy
and reactivity [30, 31]. This can lead to a reduction in the
etch rate owing to reduced surface reaction between the
species and the substrate, as the ion and radical species
become less energetic and less likely to react with the
substrate.

Figure 3. Effects of process input parameters on etch rate: (a) upper RF power, (b) bottom RF power, and (c) process pressure.
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XPS analysis was conducted to investigate the etching
mechanism of IGTO thin films on their surface. Figure 4(a)
shows the O 1s peak of the IGTO thin film before etching,
while figures 4(b) and (c) show the O 1s peak of the IGTO
thin film after etching in Cl2 and Ar plasmas, respectively,
under standard etching conditions. The raw data of the O 1s
peak were deconvoluted into two components, OI and OII,
which represent the metal–oxygen bond and oxygen-defi-
cient and O–H bonds, respectively [32, 33]. Upon etching
with pure Cl2 plasma, the OI peak decreased in comparison
to the pre-etched state, as observed in figure 4(b). This
indicates that Cl or Cl2 radicals and ions react with the
metals in IGTO films to generate volatile by-products such
as InClx, GaClx, and SnClx, leading to etching. Additionally,
the OII peak increased, as the Cl radicals combined with
oxygen (Clx–Oy) and were volatilized. By contrast, the O 1s
peak did not significantly change upon etching with pure Ar
plasma as shown in figure 4(c). The OI peak was reduced

and OII peak slightly increased compared to the pre-etched
state, indicating that the oxygen atoms in metal oxide bonds
are removed as the bond is broken because of the influence
of Ar ion sputtering. However, the peak change of OI and OII

is quite insignificant compared to the etching result in Cl2
plasma. Thus, chemical reactions have a greater effect on the
etching of IGTO thin films than the physical sputtering of Ar
ions. Overall, the results suggest that the etching of IGTO
thin films under Cl2/Ar mixed gas is primarily driven by
chemical reactions. In particular, the Cl-based radicals and
ions combine with the metal and oxygen to induce etching,
as highlighted in figure 2.

Figure 5 shows the peak shift and differences in In 3d,
Ga 2p, and Sn 3d spectra before and after the Cl2 plasma
etching as well as after the Ar plasma etching. The largest
shift in all three spectra (In 3d, Ga 2p, and Sn 3d) occurred
after etching in pure Cl2 plasma. In 3d exhibited a shift to a
higher binding energy of ∼0.5 eV for pure Cl2 and ∼0.3 eV

Figure 4. O 1s x-ray photoelectron spectroscopy (XPS) spectra with fitting results. (a) As-deposited, (b) pure Cl2, (c) pure Ar. The ranges of
the x and y axes are the same for all data.

Figure 5. XPS spectra according to Cl2/Ar gas flow. (a) In 3d, (b) Ga 2p, and (c) Sn 3d.
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for pure Ar plasma. Similarly, Ga 2p shifted to a higher
binding energy of ∼0.6 eV for pure Cl2 and ∼0.4 eV for
pure Ar. Further, Sn 3d shifted to a higher binding energy of
∼0.5 eV for Cl2 and ∼0.3 eV for pure Ar. Peak shifts in XPS
spectra indicate changes in the binding energy of the emitted
electrons, which may occur when the element is in a dif-
ferent chemical or structural state than the initial state. The
XPS peak shift of the thin film surface etched in pure Cl
plasma was higher than that of the sample etched in pure Ar
plasma, possibly because Cl-based radicals and ions com-
bined with the metals (In, Ga, and Sn) during the etching
process, with some remaining as residues. This is expected
to result in a larger peak shift.

The surface composition of the IGTO thin film
was changed by the plasma process used during etching,
as shown in figures 4 and 5. A change in the surface com-
position of the thin film changes the various physical prop-
erties of the thin film, e.g. the work function, which is
an essential parameter in the design of devices and
systems. Therefore, the change in the work function of
the IGTO thin film according to the type of etching gas
was investigated. Figure 6 shows the difference in the
work function of the IGTO thin film according to the Cl
and Ar plasma etching determined by UPS analysis. The work
function was calculated using the following formula

Æ = - -∣ ∣hv E E ,cutoff F

where Æ is the work function and hv is the photon energy
equal to 21.2 eV, which is the wavelength of the ultraviolet
source. Ecutoff and EF are the cutoff energy and Fermi level
energy, respectively.

The corresponding work function of the as-deposited
IGTO thin film was 4.19 eV. The work functions of the IGTO
thin film increased to 4.65 and 4.63 eV after pure Cl and pure
Ar plasma etching, respectively. Although significant changes
in the work function were observed before and after etching, a
difference of only ∼0.02 eV could be observed under dif-
ferent plasmas. This could be attributed to the fact that
the plasma-etching process causes defects on the surface
of the thin film, and the presence of these defects increases the
energy required to capture electrons and remove them from
the surface [34, 35].

In figure 7, the surface roughness of the IGTO thin film is
shown as a function of the Cl2/Ar gas ratio. The as-deposited
IGTO thin film had a surface roughness of 6.91 nm, which
significantly increased to 13.23 nm after etching in pure Ar
plasma. However, when Cl2 gas was introduced, the surface
roughness immediately decreased to 3.92 nm. This is attributed
to the excessive physical collisions between Ar ions and the
thin-film surface, which resulted in surface roughening. As Cl2
gas is added, the physical energy of the plasma decreases,
while the chemical reaction between Cl-based radicals and
ions and the surface of the IGTO thin film increases. Conse-
quently, the surface roughness decreases owing to the forma-
tion of a more uniform and smoother surface.

4. Conclusion

In conclusion, we investigated the etching characteristics of
IGTO thin films using Cl2/Ar plasma and analyzed the
changes in surface properties before and after etching. The
results indicated that the etch rate of the IGTO thin films
increased with an increase in the ratio of Cl2 in the Cl2/Ar
mixture gas, with the highest etch rate observed at
69 nmmin−1 in pure Cl2 plasma with a gas flow rate of
100 sccm. Additionally, an increase in upper and bottom RF
power led to an increase in the etch rate, and a process
pressure of 15 mTorr was optimal. From etch rate

Figure 6. Work function of the IGTO thin film according to Cl2/Ar
gas flow.

Figure 7. RMS roughness of IGTO thin films according to the gas-
mixing ratio.
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measurements and XPS surface analysis, we could conclude
that the primary etching mechanism for IGTO thin films
under Cl2 plasma is a chemical reaction, and a significantly
increased work function indicates the occurrence of defects
on the surface. The etching process reduced surface rough-
ness in Cl2-containing plasma, whereas the etching process in
pure Ar plasma increased surface roughness. This indicates
that etching conditions significantly affect the surface prop-
erties of IGTO thin films.

Overall, our results provide important data for the prac-
tical application of IGTO thin films in TFT devices. As there
are limited studies on the plasma-etching characteristics of
IGTO thin films and changes in their properties after etching,
these results offer valuable insights for various IGTO-based
applications.
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