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Abstract

In this study, an anisotropic quasi-atomic layer etching (QALE) process for InGaZnO, (IGZO)
removal was developed and systematically investigated, consisting of alternating unbiased CH,4
plasma adsorption and biased (continuous or pulsed) O, plasma desorption steps. The etching
behavior was examined by independently varying the CH4 plasma time, O, plasma time, surface
temperature, bias voltage, and pulse duty cycle. The total cyclic etch rate was analyzed in terms of
its physical and chemical components, with the two etching contributions examined separately.
The physical cyclic etch rate increased linearly with O, plasma processing time, bias voltage, and
pulse duty cycle, while the chemical cyclic etch rate exhibited a self-limiting behavior with increas-
ing CHy4 and O, plasma processing times. The chemical cyclic etch rate rose from 0.07 nm/cycle
at 0% duty cycle in pulsed biased O, plasma to 0.13 nm/cycle at 10%, remained constant between
10% and 70%, and further increased to 0.20 nm/cycle at 100%. This defined a gALE process win-
dow between 10% and 70% duty cycle at 60 V bias voltage, likely due to the complete removal

of the saturated hydrocarbonated IGZO layer under moderate ion bombardment. ALE synergy
decreased with increasing O, plasma time, higher bias voltage, and higher duty cycle, reflecting
the enhanced physical etching contribution. The cation composition of the IGZO film surface
was analyzed using x-ray photoelectron spectroscopy after the QALE process. The Ga fraction in
amorphous IGZO increased following qALE, due to the stronger Ga—O bond relative to In-O
and Zn-O, resulting in a lower Ga etch rate. However, under higher bias voltage in the O, plasma
step, the Ga enrichment was less pronounced, suggesting the formation and desorption of Ga-
containing etch by-products at elevated ion bombardment. This developed anisotropic qALE pro-
cess was effectively applied to top-gate trench patterning for IGZO channel transistor fabrication,
enabling precise control of channel thickness and yielding an excellent etch profile with high ALE

synergy.

1. Introduction

InGaZnO, (IGZO) has emerged as a promising candidate for next-generation semiconductor channel
materials, offering higher carrier mobility, greater current density, and a wider bandgap compared to
conventional amorphous silicon. IGZO-based transistors demonstrate extremely low off-currents and are
compatible with large-area fabrication at low processing temperatures. Owing to these properties, IGZO
is particularly well suited for applications in DRAM, compute-in-memory architectures, and BEOL integ-
ration in advanced semiconductor fabrication [1-5]. As IGZO devices continue to scale down, precise
control over IGZO patterning during the device fabrication becomes increasingly critical. In particular,
accurate regulation of the IGZO channel recess depth during etching is essential for ensuring reliable
device performance.

© 2026 The Author(s). Published by IOP Publishing Ltd
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Several studies have examined the plasma etching of IGZO thin films using different plasma
chemistries. Halogen-containing plasmas such as CFy, SF¢, and BCl; have been commonly employed,
with etch behavior strongly influenced by process parameters including plasma power, bias power, and
chamber pressure [6—12]. More recently, hydrocarbon-based plasmas have been investigated for IGZO
patterning, as they provide higher etching selectivity over silicon and other contact materials, offering
significant advantages for integration processes [13—15]. While reactive ion etching of IGZO has been
widely reported, studies on atomic layer etching (ALE) remain limited. ALE is considered a more suit-
able technique for nanoscale IGZO patterning because it enables atomic-level precision, improved sur-
face uniformity, reduced etch depth variation, and minimized plasma-induced damage. In our previ-
ous work, an isotropic ALE approach was proposed, involving alternating hydrocarbon plasma exposure
and O radical treatment, where layer-by-layer IGZO removal was achieved through self-limiting surface
hydrocarbonation followed by O radical mediated etching [16]. However, the anisotropic characteristics
of this ALE process have not yet been explored, despite their critical importance for IGZO-based device
fabrication.

In this work, the anisotropic etching characteristics of an ALE process combining cyclic unbiased
CH, plasma and biased (both continuous and pulsed) O, plasma were investigated. The total etch rate
was analyzed in terms of its physical and chemical components, and a self-limiting cyclic chemical etch
rate was observed with increasing CH, plasma and O, plasma processing times. The effects of surface
temperature, bias voltage, and pulse duty cycle on the physical and chemical etch characteristics, as well
as the IGZO cation composition, were also examined. ALE synergy was evaluated under various pro-
cess conditions, and the ALE process window was defined at specific bias conditions. Furthermore, this
anisotropic ALE process was applied to the top gate trench patterning for IGZO channel transistor fab-
rication, achieving an excellent etch profile and precise control of the IGZO channel thickness with high
ALE synergy.

2. Experimental section

Amorphous IGZO thin films, 50 nm thick, were deposited on 300 mm Si wafers via a physical vapor
deposition (PVD) process. Prior to deposition, the substrates were degassed at 350 °C in an Ar atmo-
sphere to remove residual moisture. Deposition was performed using an Ar/O, mixture plasma and

a polycrystalline IGZO target (In:Ga:Zn = 1:1:1) in a PVD chamber (Applied Materials, Clover). The
films were subsequently annealed at 350 °C in an O,/N, atmosphere for 1 h to enhance film density.
The cation composition of In:Ga:Zn in the films, determined by x-ray photoelectron spectroscopy (XPS),
was 46%:30%:24%. The IGZO/Si bilayers were diced into 20 x 20 mm? samples, mounted at the center
of 300 mm Si carrier wafers, and introduced into an inductively coupled plasma reactor (Lam Research,
2300 Kiyo GX) for the anisotropic quasi-ALE (qQALE) process. This process consists of alternating CHy4
plasma adsorption and O, plasma desorption steps, as summarized in figure 1. During the adsorption
step, CHy plasmas were generated with a source power of 800 W, bias power of 0 W, total flow rate

of 100 sccm, and process pressure of 20 mTorr, with processing times ranging from 5 to 120 s. In the
desorption step, O, plasmas were generated with a source power of 800 W, total flow rate of 200 sccm,
and process pressure of 10 mTorr, with processing times between 10 and 300 s. Both continuous (0—
150 V) and pulsed bias power (60 V, 1 kHz, duty cycle 0%—100%) were applied during desorption. The
substrate surface temperature was varied from 20 °C to 140 °C. These steps were repeated for up to 50
cycles to etch the IGZO thin films.

The thickness of the IGZO films was measured using an ellipsometer (KLA Tencor, SpectraCD)
before and after the qALE processes to determine the cyclic etch rate. The film surface was characterized
by XPS following qALE processes. XPS measurements were performed using a spectrometer (Physical
Electronics, Quantes) with a monochromatic Al-Ka (1486.6 eV) x-ray source, and binding energies were
calibrated using the C 1s peak at 284.8 eV. The qALE process was further applied to pattern trenches for
top-gate formation in IGZO-based DRAM device fabrication, and the resulting etch profile was charac-
terized by transmission electron microscopy (TEM).

3. Results and discussion

The cyclic etch rate of IGZO thin films was evaluated as functions of CH, plasma processing time in
the adsorption step and O, plasma processing time in the desorption step, as shown in figure 2. The
physical etch rate was determined from O, plasma etching without CH, plasma modification, and the
chemical contribution was obtained by subtracting the physical etch rate from the total etch rate. The
physical, chemical, and total cyclic etch rates are presented in figure 1. As shown in figure 2(a), with
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Figure 1. Sequence of one anisotropic quasi-ALE cycle for IGZO etching.
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Figure 2. (a) IGZO cyclic etch rates (total, physical, and chemical) as a function of CHy4 plasma processing time, with continuous
O, plasma step fixed at a 60 V bias voltage and a 150 s processing time. (b) IGZO cyclic etch rates (total, physical, and chemical)
as a function of continuous O, plasma processing time at a 60 V bias voltage, with the CH4 plasma step fixed at 30 s. (c) ALE
synergy as a function of O, plasma processing time. The surface temperature was maintained at 140 °C in (a)—(c).

increasing CH,4 plasma time from 5 to 120 s, the total etch rate remained nearly constant at about

0.45 nm/cycle, which can be attributed to the self-limiting thickness of the hydrocarbonated IGZO layer,
as demonstrated in our previous study [16]. During the CH4 plasma step, hydrocarbon and hydrogen
radicals penetrate the IGZO film and modify the pristine IGZO surface. The penetration depth increases
with plasma exposure time but eventually saturates. In the subsequent O, plasma step, O radicals select-
ively remove only the modified IGZO layer, which leads to a self-limiting chemical cyclic etch rate.

The slightly higher etch rates observed at CH4 plasma processing times of 5 and 10 s are likely due to
reduced hydrocarbon deposition on the IGZO surface, as excessive hydrocarbon deposition suppresses
etching [15]. The physical and chemical cyclic etch rates were 0.25 nm/cycle and 0.20 nm/cycle, respect-
ively, under continuous O, plasma with a 60 V bias voltage and a 150 s processing time in desorption
step. The cyclic etch rate was investigated as a function of continuous O, plasma processing time, as
shown in figure 2(b). The physical cyclic etch rate increased linearly with O, plasma time, while the

3
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Figure 3. (a) IGZO total cyclic etch rate as a function of bias voltage in the continuous O, plasma step with a 150 s processing
time. The substrate temperature and CH, plasma step processing time were varied. (b) IGZO etch rate in continuous O, plasma
without the CHy plasma step. The surface temperature was maintained at 140 °C. (c) IGZO cyclic etch rates (physical and chem-
ical) as a function of bias voltage in the O, plasma step with a 150 s processing time. (d) ALE synergy as a function of bias voltage
in the O, plasma step. CHy4 plasma time was 30 s, O, plasma time was 150 s, and the surface temperature was maintained at

140 °C.

chemical cyclic etch rate rose to 0.19 nm/cycle at 60 s before saturating with further O, plasma expos-
ure. This self-limiting behavior of the chemical cyclic etch rate is likely due to the complete removal
of the hydrocarbonated IGZO layer. To evaluate the fraction of self-limiting etching in the total etching
process, the ALE synergy was introduced and defined as follows [17]:

_EPC—(a+§)

S EPC

(1)
where EPC represents the total etch rate per cycle, o denotes the amount of unintended etching dur-

ing the adsorption step, 3 corresponds to the sputtering of unmodified material during the desorption
step. In this study, « was set to 0 because the unbiased CH, plasma induced hydrocarbon deposition

on the IGZO surface instead of material removal, and 8 was taken as the physical etch rate; thus, the
ALE synergy (S) represents the ratio of the chemical etch rate to the total etch rate. The ALE synergies
under different O, plasma processing times are shown in figure 2(c). ALE synergy decreased from 0.81
at 10 s to 0.27 at 300 s, due to the continued physical etching of unmodified IGZO after the hydrocar-
bonated IGZO layer had been chemically removed as metal-, carbon-, hydrogen-, and oxygen-containing
by-products in O, plasmas [16].

The dependence of IGZO cyclic etch rate on bias voltage in continuous O, plasmas (desorption step)
was investigated, as shown in figure 3. Under CH, plasma processing for 30 s and a substrate temper-
ature of 140 °C, the total cyclic etch rate increased from 0.07 nm/cycle at a bias voltage of 0 V in O,
plasma to 0.45 nm/cycle at 60 V, and further to 4.5 nm/cycle at 150 V, as shown in figure 3(a). The
gALE process window for IGZO thin films, where the cyclic etch rate remains constant and independent
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of bias voltage, is expected to lie between ion energies of 0 V and 60 V in O, plasmas. The slightly
higher etch rate observed with a CH, processing time of 5 s is attributed to reduced hydrocarbon depos-
ition, whereas the slightly lower etch rate at a substrate temperature of 60 °C is likely due to decreased
surface reactivity and less efficient desorption of volatile etch by-products. IGZO physical etch rates in
O, plasmas without CH, plasma pretreatment are shown in figure 3(b), and the physical and chem-

ical cyclic etch rates are presented in figure 3(c). The physical cyclic etch rate was linearly proportional
to bias voltage, consistent with previous studies [18], while the chemical cyclic etch rate increased with
bias voltage, potentially due to enhanced formation and desorption of chemical etch by-products at
higher ion energy. The ALE synergy decreased from 1.0 at 0 V to 0.21 at 100 V and remained nearly
unchanged over the range from 100 V to 150 V, as shown in figure 3(d).

IGZO thin films were characterized by XPS measurements both prior to and after the qALE process,
as summarized in figure 4(a). Core-level signals corresponding to O 1s (530.8 eV), In 3ds;, (445.2 eV),
Zn 2psp; (1022.0 eV), and Ga 2ps;; (1118.0 eV) were detected [19, 20], and their corresponding high-
resolution spectra are shown in figures 4(b)—(e). The O 1s spectrum (figure 4(b)) shows three distinct
features: a low-binding-energy peak at 530.3 eV (Op), an intermediate component at 531.2 eV (Oy),
and a high-binding-energy feature at 532.4 eV (Oy). The Oy, peak is commonly attributed to O*~ ions
in a fully coordinated metal-oxygen network, whereas the Oy component is associated with O*~ ions
in oxygen-deficient environments [21-31]. The Oy contribution is generally linked to surface hydroxyl
species [21-25, 32]. However, some studies have reported that the Oy component can also originate
from hydroxyl groups, carbonates, and adsorbed water [33-36]. In this manuscript, the O 1s peak shift
is therefore treated only as a qualitative indicator of changes in oxygen-related defect states, rather than
a quantitative measure of oxygen vacancy concentration. After the qALE treatment, the O 1s spectrum
shifts from the Op, component toward higher binding energies, indicating an increase in oxygen-deficient
sites within the IGZO film. This behavior is likely caused by interactions between lattice oxygen and
hydrocarbon species during the CH, plasma adsorption step. As the O, plasma bias voltage increases
during the desorption step, the extent of this shift is reduced, suggesting partial replenishment of oxygen
vacancies through bombardment by energetic O, ions. In addition, the shift toward Oy region implies
the formation of hydroxyl-related bonds on the IGZO surface during the qALE process.

Shifts of the metal peaks toward higher binding energies after the QALE process were observed in
the In 3ds/;, Zn 2psp, and Ga 2psj, spectra, as shown in figures 4(c)—(e). These shifts suggest possible
structural changes of the metal-oxygen network induced by the etch process. After etching with higher
O, bias voltages (100 V and 150 V), the metal peaks appear closer to those of the as-deposited IGZO
thin films than after etching at lower O, bias voltages (0 V and 60 V). This reduced impact on the metal
network at higher O, bias voltages is likely due to energetic O3 ions partially replenishing oxygen vacan-
cies, consistent with the changes observed in the O 1s spectrum.

The cation compositions of In, Ga, and Zn were quantified from peak areas and elemental sens-
itivity factors, as shown in figure 4(f). After the gALE process without bias voltage, the Ga fraction
increased markedly from 29.8% to 62.3%, likely due to the higher Ga—O bond energy (2.0 eV) and its
correspondingly lower etch rate compared with In-O (1.7 eV) and Zn-O (1.5 eV) in amorphous IGZO
[37]. However, at higher O, bias voltages the Ga enrichment was less pronounced, suggesting that ion
bombardment enhances the formation and desorption of Ga-containing etch by-products, likely volat-
ile organometallic compounds such as Ga(CH3),, as reported in the literature [38]. The In fraction
decreased from 45.7% to 23.9% after the QALE process without bias voltage but rose to 53.8% at 150 V.
The slower In etching at higher bias voltages indicates that its removal is primarily driven by radical
reactions and less influenced by ion bombardment. The Zn fraction decreased steadily from 24.5% to
13.8% after qALE without bias voltage and further to 7.8% at 150 V, indicating an accelerated Zn etch
rate with increasing ion bombardment.

The IGZO cyclic etch rate was also examined as a function of surface temperature, as shown in
figure 5(a). With a 60 V bias voltage applied during the O, plasma desorption step, the total etch rate
remained nearly constant at 0.32 nm/cycle from 20 °C to 60 °C, but increased to 0.41 nm/cycle at
80 °C. This increase at 80 °C is likely associated with the formation and desorption of additional volatile
by-products, possibly dominated by In-containing species. Previous studies have reported that the InP
etch rate increases at elevated substrate temperatures [39, 40], indicating the enhanced volatility of In-
containing etch by-products at higher temperatures. Notably, the rate increase observed at 80 °C occurs
at a lower temperature than the 120 °C reported in our previous study, without bias voltage [16], sug-
gesting that ion bombardment supplies additional energy that reduces the thermal activation required
for higher etch rates. The IGZO film cation composition was analyzed by XPS after the gALE process at
different temperatures, as shown in figure 5(b). The Ga fraction remained stable from 20 °C to 60 °C,
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Figure 4. (a) XPS spectra of IGZO thin films before and after the quasi-ALE process, with the continuous O, plasma step fixed
at a 60 V bias voltage. XPS spectra of (b) O 1s, (¢) In 3d, (d) Zn 2p, and (e) Ga 2p at different bias voltages in the continuous O,
plasma step. (f) IGZO cation composition before and after quasi-ALE processes at varying O, plasma bias voltages. The CHy4
plasma step was fixed at 30 s, the O, plasma step at 150 s, and the surface temperature at 140 °C in (a)—(f). The quasi-ALE pro-
cess was repeated up to 20 cycles.

then increased slightly from 64.1% to 66.2% at 80 °C before stabilizing again up to 140 °C. The In frac-
tion was stable from 20 °C to 60 °C, decreased from 24.2% to 22.7% at 80 °C, and then remained con-
stant thereafter. The Zn fraction showed negligible change over the entire temperature range. The cation
composition variations observed at 80 °C align with the etch rate increase at the same temperature and
suggest an enhanced In etch rate at higher surface temperature, likely due to a stronger chemical etching
contribution to In removal, which is consistent with our previous observations in figure 4(f).

Pulsed O, plasmas were applied during the desorption step to define a process window for the qALE
process. The total, physical, and chemical cyclic etch rates were determined for different CH, plasma
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Figure 6. (a) IGZO cyclic etch rates (total, physical, and chemical) as a function of CHy4 plasma processing time, with the pulsed
biased O plasma step fixed at 60 V bias voltage, 45% duty cycle, and 150 s processing time. (b) IGZO cyclic etch rates (total,
physical, and chemical) as a function of pulsed O, plasma processing time at 60 V bias voltage and 45% duty cycle, with the CH,
plasma step fixed at 30 s. (c) ALE synergy as a function of pulsed biased O plasma processing time. The surface temperature was
maintained at 140 °C in (a)—(c).

times in the adsorption step and O, plasma times in the desorption step, as shown in figures 6(a)

and 6(b). In figure 6(a), with CH4 plasma time increasing from 5 to 120 s and a fixed 150 s pulsed

O, plasma time with a 45% duty cycle, the total etch rate remained nearly constant at 0.25 nm/cycle.
The constant etch rate is a result of the saturated thickness of the hydrocarbonated IGZO layer, which is
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Figure 7. (a) IGZO etch rate in pulsed biased O, plasma at 60 V bias voltage, without the CHy4 plasma step. (b) IGZO cyclic etch
rates (total, physical, and chemical) as a function of duty cycle in the pulsed biased O, plasma step, with the CHy4 plasma step
fixed at 30 s and the O, plasma step fixed at 60 V bias voltage and 150 s processing time. (c) ALE synergy as a function of duty
cycle in the O, plasma step. (d) IGZO cation composition before and after quasi-ALE processes at varying duty cycles in the O,
plasma step. The surface temperature was maintained at 140 °C in (a)—(d).

selectively removed by O radicals during the O, plasma step. This value is higher than the proportionally
calculated 0.20 nm/cycle from the continuous O, plasma etch rate (0.45 nm/cycle, figure 2(a)), due
to the constant chemical etch rate within the gALE process window, discussed in the next paragraph.
Slightly higher etch rates were observed at CHy4 plasma times of 5 and 10 s, similar to those under con-
tinuous O, plasma (figure 2(a)), which is likely due to reduced hydrocarbon deposition on the IGZO
surface. The corresponding physical and chemical cyclic etch rates were 0.12 nm/cycle and 0.13 nm/cycle,
respectively. The cyclic etch rate as a function of pulsed O, plasma time is shown in figure 6(b). As with
continuous O, plasma, the physical cyclic etch rate increased linearly with pulsed O, plasma time, while
the chemical cyclic etch rate rose to 0.11 nm/cycle at 30 s before saturating with further exposure. The
ALE synergies under different O, plasma times are presented in figure 6(c). ALE synergy decreased from
0.82 at 30 s to 0.33 at 300 s, both values being higher than those observed under continuous O, plasma
(figure 2(c)), due to the shorter plasma-on time and reduced physical sputtering in pulsed O, plasmas.
The dependence of IGZO cyclic etch rate, ALE synergy, and cation composition on the duty cycle
of pulsed biased O, plasmas (desorption step) was investigated, as shown in figure 7. The IGZO etch
rate increased linearly with the duty cycle of pulsed 60 V O, plasma without CH4 plasma pretreat-
ment (figure 7(a)), and correspondingly, the physical cyclic etch rate in the QALE process also scaled
linearly with duty cycle (figure 7(b)). The chemical cyclic etch rate increased from 0.07 nm/cycle at
0% duty cycle to 0.13 nm/cycle at 10%, remained constant from 10%-70%, and further increased to
0.20 nm/cycle at 100%. The qALE chemical etch process window was defined between 10% and 70%
duty cycle, likely corresponding to the complete removal of the saturated hydrocarbonated IGZO layer
under moderate ion bombardment. The ALE synergy decreased from 1.0 at 0% duty cycle to 0.45 at
60% and remained nearly constant up to 100% (figure 7(c)). The IGZO cation composition as a func-
tion of pulsed O, plasma duty cycle is shown in figure 7(d). The Ga fraction increased from 62.3% at
0% duty cycle to 68.6% at 30% before stabilizing up to 100%. The Zn fraction decreased from 13.8%
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Figure 8. A simplified schematic of the IGZO gALE process in the biased O, plasma step.

at 0% duty cycle to 8.9% at 30% and then remained constant, while the In fraction showed negligible
change across the full range.

The potential IGZO etch mechanism underlying this ALE process is proposed based on the pre-
ceding analyses. During the unbiased CH, plasma step, a hydrocarbon layer is deposited on the IGZO
surface, while hydrocarbon and hydrogen radicals penetrate into the IGZO film. Oxygen atoms in the
IGZO matrix with low bond energies can be removed in the form of H,O and CO, creating oxygen
vacancies that promote the incorporation of hydrocarbons into the IGZO matrix. The thickness of this
hydrocarbonated IGZO layer increases with CH,4 plasma processing time and eventually saturates [16],
leading to the self-limiting behavior of the chemical etch component in this QALE process. Subsequently,
during the biased O, plasma step, O radicals remove excess hydrocarbons and facilitate the forma-
tion of etch by-products such as M(C,H,0;) (where M represents In, Ga, or Zn) or M(CH,) [16], as
illustrated in a simplified schematic in figure 8. These etch by-products are desorbed from the surface
through energy supplied by ion bombardment and substrate heating. The formation and desorption
of Ga- and Zn-containing etch by-products are enhanced by increased ion bombardment, whereas In-
containing etch by-products are more readily formed and desorbed at elevated substrate temperatures.
Once the hydrocarbonated IGZO layer is completely removed, continued exposure to O, plasma can etch
the underlying pristine IGZO layer via the physical component of this qALE process if the ion bombard-
ment is not sufficiently moderated.

The etch profiles of the top gate trench in IGZO-based devices were examined by TEM after pro-
cessing with the qALE technique, as shown in figure 9. After 15 cycles of this anisotropic qALE process,
the 4 nm In, 03 layer and part of the 7 nm IGZO layer were etched. The etch profile obtained under a
gALE process with low ALE synergy (figure 9(a)) exhibited substantial sidewall residues, a sloped etch
front and noticeable rounding at the top of the patterned structure, attributed to strong physical sputter-
ing under low-synergy conditions. The etch by-products produced by physical sputtering are non-volatile
and redeposit on the sidewalls. These residues hinder further etching, resulting in a sloped etch front.
Moreover, a process with a strong physical etch component typically shows low etch selectivity, which
can cause SiO, etch and lead to the rounded top of the patterned structure. To improve the etch profile,
a high synergy qALE process was applied. With a dominant chemical etch component and volatile etch
by-products, the high synergy process produces clean sidewalls, a straight etch front, and minimal top
rounding, as shown in figure 9(b). Furthermore, the IGZO channel thickness can be precisely controlled
by adjusting the number of qALE cycles, meeting the critical requirement for accurate channel thickness
tuning in scaled device fabrication and thereby ensuring consistent and reliable electrical performance of
IGZO-based devices.
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Figure 9. Cross-sectional TEM images of the gate trench in the IGZO channel device using quasi-ALE processes with (a) a low
ALE synergy and (b) a high ALE synergy. The 4 nm In, O3 layer and part of the 7 nm IGZO layer were etched using the aniso-
tropic quasi-ALE process.

4. Conclusion

In this study, an anisotropic qALE process for IGZO removal was developed, combining alternating
unbiased CH,4 plasma adsorption and biased (continuous or pulsed) O, plasma desorption steps. The
total cyclic etch rate was analyzed in terms of its physical and chemical components. The physical com-
ponent increased linearly with O, plasma processing time, bias voltage, and pulse duty cycle, while

the chemical component was observed to be self-limiting as the CH, and O, plasma processing times
increased. The chemical cyclic etch rate increased from 0.07 nm/cycle at 0% duty cycle in pulsed biased
O, plasma to 0.13 nm/cycle at 10%, remained constant from 10% to 70%, and further increased to

0.20 nm/cycle at 100%, defining a qALE process window between 10% and 70% duty cycle at a 60 V
bias voltage. ALE synergy decreased with increasing O, plasma time, higher bias voltage, and higher duty
cycle, due to the enhanced physical etching. XPS analysis of the IGZO film surface revealed that the Ga
fraction increased following the qALE process, whereas at higher O, plasma bias voltages, the Ga enrich-
ment was less pronounced, indicating the formation and desorption of Ga-containing etch by-products
under stronger ion bombardment. This anisotropic QALE process was successfully applied to top-gate
trench patterning for IGZO channel transistor fabrication, enabling precise control of the channel thick-
ness and achieving excellent etch profiles with high ALE synergy.
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