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Today, as GaN-based devices are becoming increasingly smaller, dry etching has been employed, but

it has caused damage, particularly in InGaN/GaN multiple quantum well (MQW) structures exposed

to Cl,-based reactive ion etching (RIE). Attempts to remove this damage with wet etching have had
limitations. Therefore, atomic layer etching (ALE) has emerged as a promising technique to overcome
the sidewall damage issues in GaN-based devices. This study utilized molecular dynamics (MD)
simulations to investigate the optimal ALE process conditions for recovering plasma-induced damage
at the atomic scale. The simulations systematically analyzed the effect of the Ar* ion incidence angle on
etching behavior and recovery efficiency. Three surfaces with initial damage conditions high, middle,
and low were generated and then subjected to the ALE process. As a result, the ALE process was found
to effectively remove both surface and subsurface amorphized regions, with more than ~47% reduction
in damaged atoms observed across all damage levels, and ultimately converging to a comparable

level of residual surface damage. Furthermore, a dual-angle approach using 60°~70° for deep damage
removal followed by 80° for surface smoothing was identified as the most effective strategy for
maximizing recovery while minimizing roughness. These findings highlight the strong potential of

ALE to fundamentally recover MQW sidewall damage regardless of the initial damage level, while also
providing critical physical insights and practical guidelines for optimizing the manufacturing processes
of next-generation vertical GaN-based devices.
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GaN has a wide bandgap and high electron mobility, making it suitable for use in light emitting diodes (LEDs)
and power devices.!~> These inorganic-based devices also boast outstanding brightness, energy efficiency, and a
long lifespan, which fulfills the core requirements of future technology platforms like augmented reality (AR),
virtual reality (VR), ultra-high-resolution displays, and wearable devices.*® While wet etching with solutions
like Potassium Hydroxide (KOH) and Tetramethylammonium hydroxide (TMAH) can be used for GaN
fabrication, dry etching using reactive ion etching (RIE) is generally employed for smaller devices and higher
throughput.'0-12

However, the mesa etching process, which is essential for defining individual pixels, is cited as one of the
biggest obstacles to the commercialization of GaN-based devices.>"15 In particular, the Clz-based RIE process,
widely used for its high patterning precision, causes severe physical and chemical damage to the multiple
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quantum well (MQW) sidewalls due to high-energy ion bombardment and reactive plasma.'®"!® To recover
from etch damage, post-RIE treatments like wet etching using KOH and TMAH have been used, but they have
not been very effective.20-22

An alternative that is emerging to overcome the limitations of recovering from this etch damage is atomic
layer etching (ALE) technology.>*** ALE can be classified into isotropic and anisotropic types depending on the
directionality of ion bombardment and etching reactions. Isotropic ALE, which has been extensively studied in
previous works, enables uniform etching in all directions and is typically applied to planar surfaces. In contrast,
anisotropic ALE utilizes directionally controlled etching, which is essential for vertical device architectures. In
this study, we focus on anisotropic ALE, where a controlled ion incidence angle is employed to achieve vertical
sidewall damage recovery in GaN-based MQW structures.!®?>-27 The core of this technology is the temporal
separation of the chemical reaction and physical removal, allowing for precise control over each step, unlike the
chaotic simultaneous reactions of the RIE process.?® Using ALE, it is possible to precisely and surgically remove
only the damaged atomic layers while minimizing additional damage.!®?° This process reveals a surface with
atomic-level flatness and a perfect crystal structure.?>° Recently, experimental results applying the ALE process
to the sidewalls of uLEDs have been reported, showing improvements in photoluminescence (PL), which proves
the potential of this technology as a next-generation solution for the sidewall damage problem.>!

However, as next-generation processes demand the verticality of GaN-based devices, damage recovery on
vertical structures is necessary after RIE. In conventional ALE processes, ions are incident nearly perpendicular
to the wafer surface, making it difficult to effectively transfer energy to the vertical MQW sidewalls. To address
this issue, equipment capable of precisely controlling the ion ion incidence angle by adjusting the substrate tilt,
such as an ion beam etching (IBE) system, is essential.*»** Consequently, the ion ion incidence angle is the most
critical parameter in determining the efficiency of damaged layer removal and the quality of the final surface.
While some studies have investigated the importance of the angle in GaN etching, no research has systematically
elucidated the effect of the ion ion incidence angle for recovering and optimizing ion damage to the complex,
multilayered MQW sidewalls.

This study aims to address this critical research gap. Utilizing a molecular dynamics (MD) simulation
technique, we will systematically analyze the effect of varying Ar* ion ion incidence angles on the ALE-based
recovery process of plasma-damaged MQW (InGaN/GaN) sidewalls at the atomic level.***> By quantitatively
evaluating the removal rate of damaged atoms, the degree of crystal structure restoration, and the changes in
surface roughness under various ion incidence angle conditions, we will elucidate the optimal ALE process
conditions for sidewall damage recovery. The results of this work are expected to provide fundamental physical
insights and practical process design guidelines necessary for minimizing non-radiative losses and maximizing
the quantum efficiency of GaN-based devices, thereby contributing to the accelerated commercialization of
next-generation display technologies.

Methodology

Simulation structures

The MD simulations in this study were performed using the Large-scale Atomic/Molecular Massively Parallel
Simulator (LAMMPS). The simulation models employed three initial structures shown in Figure 1 (a~c) for GaN,
In,,Ga (N, and a GaN(30 A/ In,,Ga, N (40 A) MQW structure, respectively. The c-plane ([0001] surface) of
the structure was set to be aligned along the z-axis, and the a-plane ([1-100] surface), which represents the
sidewall where ions are incident, was aligned along the y-axis. To independently analyze the damage caused
by the etching process, the initial models were constructed as ideal, defect-free crystal structures, excluding
intrinsic defects that might occur during crystal growth. In addition, periodic boundary conditions were applied
along the x- and z- directions to represent the extended nature of the crystal lattice. The bottommost 5 A was
defined as a fixed layer with fixed atom positions. 20 A thermostat layer was then established on the top of
the fixed layer, where a Langevin thermostat was applied to serve as a heat sink, mimicking the dissipation of
thermal energy from ion collisions into the bulk substrate. The remaining upper portion, where actual etching
reactions occur, was configured as a Newtonian layer, following Newtonian dynamics without artificial control.
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Fig. 1. Three initial structures used for simulation models: (a) GaN, (b) In, ,Ga, N, and (c) an MQW
(In, ,Ga, ,N/GaN).
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Interatomic potentials

The interatomic interactions used in the simulations were described through the hybrid potential function
of LAMMPS, which combined Stillinger-Weber, Ziegler-Biersack-Littmark, and Lennard-Jones potentials
depending on the type of interaction.3*-%

Stillinger-Weber (SW) potential
The many-body interactions between Ga, In, N, and Cl atoms were described using the Stillinger-Weber (SW)

potential***! The SW potential is composed of a sum of two-body and three-body terms, and its form is as
follows:

ESW:Z' w2 (1) + Z w3 (1, Tik, Oujik)
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The potential employed in this study, originally developed by X. W. Zhou et al.*?, was optimized to yield the

lowest energy for both wurtzite and zinc-blende structures of GaN and InN. This potential has undergone
rigorous validation, accurately reproducing key physical properties such as atomic volume, cohesive energy,
and bulk modulus measured in actual experiments. Furthermore, it has demonstrated stable crystal growth
in deposition simulations using molecular dynamics, confirming its reliability. Therefore, this potential can be
considered as a robust model capable of reliably simulating the dynamic phenomena of GaN-based materials.

Parameters for describing the Cl-substrate (Ga, In, N) interactions were newly developed for this study. Figure
2 (a~d) presents the corresponding two-body term force fitting data. The new parameters were determined by
fitting data obtained through density functional theory (DFT) calculations using the Quantum Espresso. These
DFT calculations utilized the Perdew-Burke-Ernzerhof (PBE) exchange-correlation functional and Projector
Augmented-Wave (PAW) pseudopotentials. While the three-body angular term of the SW potential was fitted,
the A and y parameters were mostly kept constant at 32.5 and 12.5, respectively, since these values were also
fixed in the existing In-Ga-N potential. This approach was adopted to preserve consistency with the established
parameterization and ensure compatibility across the potential set. (See the supplementary information Table
S1, Table S2)

Ziegler-Biersack-Littmark (ZBL) potential
The high-energy collision phenomena between Ar* ions and other atoms (Ga, In, N, Cl) were described using the
Ziegler-Biersack-Littmark (ZBL) screened Coulomb potential.*>** The form of the ZBL potential is as follows.

1 Z1Z2€? T
Vapr (r) = 41eg 1 7’2 P! (E)

This potential effectively models the strong repulsive forces that arise at very short interatomic distances and is
thus employed to accurately represent physical sputtering phenomena.

Lennard-Jones (L]) potential

The interactions between Ar* ions were described using the Lennard-Jones (L]) potential.®>~%” This potential
was chosen because Argon, as a noble gas, is spherically symmetric and electrically neutral. Consequently, the
interactions between Ar* ions are well-described by the short-range attractive (van der Waals) and repulsive
(Pauli repulsion) forces that the Lennard-Jones potential effectively models. And incident Ar* ions were assumed
to be neutralized through the Auger effect near the surface and were therefore modeled as neutral Ar atoms in
the simulations. The form of the L] potential is given as follows.

i) e |(5) "= ()]

The L] parameters used in this simulation (¢ = 0.0103 ¢V, o = 3.4 A) were adopted from the study by Sun et al.**

Molecular dynamics procedure

Prior to the main simulations, the etch amount per cycles (EPCs) of the ALE process for blanket GaN and
In, ,Ga, N structures were calibrated to match the experimental values reported in a previous study from our
laboratory, as shown in Figure 3 (a). The Ar* ion energy was set to 50 eV, representing the nominal incident
energy used in the simulations without considering the additional plasma potential. In practical plasma systems,
the actual ion energy may be slightly higher due to the plasma potential, but this difference does not affect
the comparative trends discussed in this study. In this calibration step, not only the Ar* ion parameters but
also the removal rate of volatile byproducts such as GaCl, and N, during the desorption stage was adjusted,
ensuring that the resulting EPC values matched with the experimental measurements. Based on this calibration,
simulation parameters were established to reproduce EPC values of ~2.4 A/cycle for GaN and ~2.9 A/cycle for
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Fig. 2. Force fitting data developed for simulation of (a) CI-Cl, (b) Cl-In, (¢) Cl-Ga, and (d) CI-N
interactions.
In, ,Ga N structures. The key process parameters determined during this calibration include a chemisorption
duration of 7.5 ps, an Ar* jon energy of 50 eV during the desorption step, and a dose of 350 Ar* ions per
cycle. These parameters were consistently applied in all subsequent simulations of the MQW structures.!%?
Moreover, to enhance the robustness of model validation beyond EPC alone, we compared our simulation
results with literature-reported experimental trends in atomic layer etching. Specifically, the evolution of surface
roughness, the decrease in amorphous atom counts, and the angle-dependent behavior of damage recovery
showed qualitative agreement with findings in previous experimental ALE studies on GaN and InGaN.
Although exact quantitative comparisons are limited by the lack of atomic-scale experimental resolution, the
observed trend similarities support the physical validity and process relevance of the simulation framework.
Figure 3(b) illustrates the etching depth per cycle for GaN and In  ,Ga, (N at an ion incidence angle of 80°. The
ion ion incidence angle was defined as the angle measured from the sample surface, such that normal incidence
corresponds to 0°
Subsequently, to evaluate the damage recovery capability of the ALE process, three types of initially damaged
surfaces, which are generally formed during mesa etching using RIE, were prepared by irradiating with Ar* ion
beams under different conditions. As summarized in Table 1, a high damage surface was generated by irradiating
5,000 Ar* ions with 1,000 eV, a middle damage surface by irradiating 800 Ar* ions with 700 eV and a low damage
surface by irradiating 2,000 Ar* ions with 300 eV, with the incidence angles of the Ar* ions set to follow a diverse
distribution. These ion energy and dose conditions were selected to reflect realistic plasma etching scenarios
encountered in GaN device fabrication. The 1000 eV case represents aggressive etching with high DC bias, the
700 eV condition reflects typical RIE processing, and the 300 eV case simulates milder plasma exposure with
minimal damage. The doses were chosen to yield damage depths and amorphization levels in the simulation that
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Fig. 3. (a) Angle-dependent EPC and (b) thickness change with etch cycles for GaN and In,, ,Ga (N at an ion
ion incidence angle of 80°.

Irradiation setup | High damage | Middle damage | Low damage
Ion dose 1.0402e*1%/cm? | 1.7428e*15/cm? | 4.0918e*15/cm?
Ion energy 1000eV 700eV 300eV

Table 1. Information on Ar* ion dose and ion energy irradiated to three types of surfaces for initial damage
formation.

(b) Middle damage surface (c) Low damage surface

Yy
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Fig. 4. Structural imagesof MQW obtained after irradiation of Ar* ion beams from the conditions in Table 1.
(a) High damage, (b) Middle damage, and (c) Low damage.

align with experimental observations, thus enabling a systematic study of ALE-based damage recovery across a
realistic damage spectrum. Figure 4 (a~c) shows the corresponding structural images for MQW.

The ALE process was applied to the three types of damaged surfaces to simulate the etching and damage
recovery behavior. While the ideal ALE aims to precisely remove only a single atomic layer from the surface
without causing any damage, in practical simulations such as this one where physical collision with Ar* ions are
involved, some degree of damage on surface and subsurface is inevitable. Since the primary objective of this study
is to analyze etch-induced damage in MQW structures and explore the potential for damage recovery through
ALE, it was necessary to use conditions that more closely resemble actual processing, rather than perfectly
idealized scenarios. The Ar* ion dose employed in this simulation was intentionally set slightly higher than the
idealized ALE conditions. This was done to replicate the extent of ion-induced damage typically observed in
real plasma processes, such as RIE. A higher ion dose introduces a more realistic level of surface and subsurface
amorphization, which is necessary to evaluate the damage recovery behavior and efficiency of the ALE process
under practically relevant conditions. This approach allows the simulation to capture both the initiation and
progression of structural healing across different damage levels.

A single ALE cycle consists of two steps: chemisorption and desorption. A time step of 0.5 fs was used
throughout all simulation steps to ensure numerical stability, and unless otherwise specified, all simulations were
performed under the NVE ensemble. In the chemisorption step, as shown in Figure 5 (a), 1,600 CI atoms were
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(a) Adsorption Step (b) Desorption Step

19

ry
|abe

r=vy

%3
= -9
8 Y
- o v
-2
= & : S
> -~ — 7 800
9
— .
+~9
- > b
~—9
- b > o -
- =
53383 3
> >
L
::: 13353
> >

Qca ON@n Qa @

Fig. 5. Side view images from molecular dynamics simulations showing (a) the surface before and after Cl
adsorption and (b) before and after Ar desorption for MQW.

randomly introduced onto the surface over a duration of 7.5 ps at a velocity of 0.1 A/ps, directed perpendicularly
to the surface (along the Y-axis). During this process, the substrate temperature was maintained at 300°K using
a thermal control layer with Langevin thermostat. This step resulted in the formation of a self-limiting chlorine
monolayer. During the desorption step, as shown in Figure 5 (b), an Ar* ion beam with a kinetic energy of 50 eV
was irradiated. The Ar* ion beam was simulated by generating ions randomly 10 A above the surface and then
directing them towards it, with their initial velocity components in the y and z directions converted to match the
given energy and ion incidence angle. To prevent an abrupt rise in surface temperature and unrealistic dynamics,
the total Ar* ion dose was divided into seven sub-cycles and introduced sequentially. Each sub-cycle consisted
of a 1.5ps collision process, during which 50 Ar* ions (for a total of 350 ions) were introduced, followed by a
1.1 ps intermediate stabilization and cooling period. During this intermediate stabilization, isolated atoms or
byproducts far from the surface (e.g., GaCl,, N,) were periodically removed, and a Langevin thermostat was
applied to the thermostat layer to cool the system to 300 °K. After all seven sub-cycles were completed, a final
stabilization step was performed. This involved removing the main thermal energy for 1.1 ps with the Langevin
thermostat, followed by using a Berendsen thermostat to gently bring the system to a smooth convergence at
300 °K. A single ALE cycle, which includes the chemical adsorption (7.5 ps) and desorption (19.3 ps) steps, had
a total duration of 26.8 ps and was repeated until the substrate was sufficiently etched.

Analysis methods

For the qualitative analysis and three-dimensional visualization of the simulation results, Open Visualization
Tool (OVITO) was employed. For quantitative analysis, the EPC was calculated from the change in the average
surface height before and after each cycle, while the surface roughness was quantified by the root-mean-square
(RMS) deviation of the y-coordinates of the surface atoms. Crystal damage induced by Ar* ion collisions
was analyzed using the Dislocation Analysis (DXA) method, through which the number and distribution of
amorphized atoms as well as the depth of the damaged layer were evaluated.
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Results and discussion

Figure 6 (a) shows the variation in atomic density with depth during Cl adsorption and desorption on GaN with
the methods shown in II-3. During the adsorption, a Cl peak appears near the surface, and although Cl is largely
removed after the desorption, a small residual amount remains. This clearly demonstrates that the Cl monolayer
is self-limiting during the adsorption and subsequently removed in the desorption process. The distributions
of Ga and N remain largely unchanged after the desorption, except for slight variations near the surface region
(0~0.5 nm), which indicates the removal of a small number of surface atoms during the ALE process. Figure 6
(c) presents the atomic density variation with depth for In ,Ga, N during Cl adsorption and desorption. Like
GaN, the Cl monolayer was self-limiting during the adsorption and removed during the desorption, while the
atomic composition remained essentially unchanged after the desorption.

Figure 6 demonstrates that the Cl monolayer is self-limiting during the adsorption and subsequently removed
during the desorption process, while the bulk compositions of GaN and In,,Ga, N layers remain essentially
unchanged after the desorption. These behaviors along with the observed trends in surface smoothness recovery
and damage depth reduction mirror those seen in experimental ALE studies. This qualitative agreement reinforces
the accuracy and relevance of the simulation model beyond EPC alone. Atomic densities were calculated by
dividing the structure into 2 A depth intervals along the y-axis and counting the number of atoms per species
in each bin. Since the interlayer spacing of Ga-N (or In-Ga-N) is comparable to or smaller than the bin size,
atoms from adjacent atomic planes are grouped into the same bin, though minor discrepancies in atom counts
may occur if atoms positioned near the bin boundaries cross over due to thermal vibrations. While these results
confirm the distinct etch behaviors of each material when considered separately, the situation changes notably
in the case of a MQW structure. In our molecular dynamics simulations, we initially calibrated etch parameters
to match the experimental EPC values for separate In ,Ga, ;N and GaN layers, which showed distinct etch rates
and characteristics. However, when simulating an integrated MQW structure, the differences between the layers,
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Fig. 6. Atomic density graphs as a function of depth for GaN during (a) adsorption and (b) desorption, and
for In, ,Ga, (N during (c) adsorption and (d) desorption.
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not only in their own EPCs but also in other physical properties such as surface roughness and defect generation,
became negligible. This discrepancy is attributed to a physically valid phenomenon captured in the simulation:
the shallow-angle Ar* ion bombardment induces lateral indium migration from the In,Ga, N layer into the
adjacent GaN sidewall. This behavior is driven by two primary mechanisms: (1) lateral momentum transfer
due to the oblique ion incidence, and (2) localized thermal spikes that transiently raise atomic mobility near
the surface. Although indium atoms are more weakly bound than gallium in the lattice, under such energetic
conditions they become more mobile and tend to migrate toward regions of lower potential energy particularly
into the slightly damaged but thermally activated GaN layer. Our simulation results show that after several
ALE cycles at high ion incidence angles (e.g., 70°), the relative indium concentration at the interface increased
by approximately 10-15% compared to the initial distribution, even without additional indium input. This
redistribution alters the effective surface composition and leads to more uniform etch characteristics across
the multi-layer MQW structure. This result suggests that interfacial atomic migration plays a critical role in
damage recovery behavior and must be considered in the process design of anisotropic ALE for heterostructures.
This elemental redistribution, driven by a combination of efficient lateral momentum transfer and localized
thermal spikes that increase atomic mobility, alters the surface composition at the interface and consequently
homogenizes the overall etch behavior and results in similar surface characteristics across the multi-layer stack.
These finding highlights that etch characteristics in heterostructures are critically influenced by interfacial
atomic migration, a dynamic not observable in single-layer simulations. This phenomenon is further illustrated
in Figure 7, which directly visualizes indium migration from the In ,Ga N layer to the GaN surface under Ar*
ion bombardment. As a consequence of this indium migration and the resulting surface homogenization, the
remainder of the damage recovery analysis considers the MQW sidewall as a unified structure and evaluates the
collective changes in its characteristics.

Figure 8 (a-c) show the variation of RMS surface roughness as ALE damage recovery for high, middle, and
low damage cases, respectively, for the MQW structure. In the case of high damage, the RMS surface roughness
was initially large, but the damage was mitigated after approximately ~45 ALE cycles. Moreover, higher ion
incidence angles required a greater number of cycles for recovery. In the middle-damage case, the initial RMS
was lower than that of the high-damage case, and the damage was similarly recovered after about ~25 cycles,
again with slower recovery observed at higher angles. In the low-damage case, the recovery was achieved after
approximately ~15 cycles, and the final RMS values were comparable across all three cases. Figure 8 (d~f) shows
the high, middle, and low damage models after damage recovery at an ion incidence angle of 80°, respectively.
In the case of low damage, recovery required the fewest cycles, and therefore the largest portion of the structure
remained. Notably, the final RMS surface roughness exhibited a clear angular dependence, with the smallest
values observed at 80°, gradually increasing as the angle decreased toward 60°. To provide a clear summary
of this trend, Table 2 has been added below. It outlines the optimal process window for each ion incidence
angle based on recovery efficiency, surface quality, and etching behavior. Furthermore, the final RMS surface
roughness values after the recovery became comparable across all cases. Analysis of RMS surface roughness
variation as the ALE recovery of single-layer GaN and In ,Ga N revealed that In; ,Ga, ;N underwent recovery
over a more number of cycles than GaN. (See the supplementary information Figure S3)

Figure 9 (a~c) shows damage depth recovery with ALE cycles for high, middle, and low damage cases,
respectively for MQW structure. In the case of high damage, higher ion incidence angles required more cycles
for recovery, with approximately ~45 cycles needed at 80°. For the middle-damage case, recovery was achieved in
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Fig. 7. Visualization of indium migration from the In, ,Ga, ,N layer into the GaN surface under Ar* ion
bombardment: (a) side view and (b) front view
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Fig. 8. Ion incidence angle data of damage recovery by ALE cycle for (a) high damage, (b) middle damage, and
(c) low damage for MQW structure. Simulation models of ALE damage recovery for MQW structure(at an ion
incidence angle of 80° are shown for (d) high damage, (e) middle damage, and (f) low damage.

Ion incidence angle (°)

Damage recovery efficiency

Surface roughness

Etch depth control

Recommended usage

60°

High (rapid damage removal)

Higher (rougher surface)

Deeper material removal

Initial cycles for bulk damage removal

70°

Moderate

Balanced

Moderate control

Intermediate phase in ALE

80°

Slower recovery

Lowest (smoothest surface)

Shallow, precise etching

Final phase for surface refinement

Table 2. Summary of optimal ALE process conditions as a function of ion incidence angle. The table compares
damage recovery efficiency, surface roughness, etch depth behavior, and the recommended usage in multi-step
atomic layer etching strategies for GaN-based MQW structures.

about ~25 cycles, while in the low-damage case, full recovery occurred within ~15 cycles. Despite the differences
in required cycles, the final residual damage depth values converged to similar levels, demonstrating that ALE
can effectively recover damage across different initial conditions Figure 9 (d~f) shows the structural evolution
at representative ALE cycles for high, middle, and low damage cases at an ion incidence angle of 80°. In the
high-damage case, a larger ion dose and more cycles were required for recovery, resulting in a greater material
removal and thus a thinner remaining surface layer. Conversely, the low-damage case required fewer cycles
for full recovery. Despite these differences, the final residual damage depths converged to similar levels across
all cases, confirming the effective recovery capability of ALE. This can be attributed to the relatively small
variation in incidence angles (60°-80°) and the low Ar* ion energy (~50 eV), which together limit the angular
dependence of damage formation. However, when the range of incidence angles was further extended to include
near-normal incidence, the difference in residual damage depth became more pronounced, indicating that the
angular dependence of surface damage increases significantly under such conditions. (See the supplementary
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Fig. 9. Recovery of damage depth with ALE cycles for MQW structure: (a) high damage, (b) middle damage,
and (c) low damage. MD simulation models of damage recovery at an ion incidence angle of 80° for MQW
structure: (d) high damage, (e) middle damage, and (f) low damage.

information Figure $4) A comparison between GaN and Ing,Ga, N revealed that In ,Ga, N recovered its
damage depth over a more number of cycles than GaN. (See the supplementary information Figure S4)

To evaluate the recovery of amorphized regions as an additional damage recovery method, Figure 10 (a~c)
show simulations performed for high, middle, and low damage conditions at ion incidence angles of 60° ~ 80°,
respectively. In all three cases, the damage was eventually removed after sufficient ALE cycles. However, the
percentage of damage removal decreased from the high damage to the low damage case. This indicates that
surfaces with greater initial damage require a larger number of ALE recovery cycles but ultimately achieve the
highest removal percentage, whereas less damaged surfaces recover more quickly but with a lower removal
percentage. Furthermore, the final residual amorphous atoms values converged to similar levels across all
conditions, suggesting that ALE can effectively restore crystallinity regardless of the initial damage level,
provided that the Ar* ion energy used in the ALE process is sufficiently low (~50 eV) to minimize physical
damage to the lattice atoms, although the recovery dynamics vary depending on the extent of damage. When
examining each material, In; ,Ga, ;N and GaN, the results are consistent with the trends observed in Figure 10,
confirming that the ALE process effectively removes amorphous regions regardless of the initial damage level.
(See the supplementary information Figure S5)

Conclusions

This study employed molecular dynamics (MD) simulations to identify the optimal conditions of the ALE process
for damage recovery on the sidewalls of GaN-based devices. In particular, the effect of ion incidence angle on the
damage recovery of (In,,Ga;,N/GaN) multiple quantum well (MQW) structures was systematically analyzed

Scientific Reports |

(2026) 16:7110

| https://doi.org/10.1038/s41598-026-38333-w

nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

(a)

(b) (c)

High Damage Surface Middle Damage Surface Low Damage Surface
18000 18000 18000
V///] Before V7] Before V///] Before

15000 | [ After | 15000} /]| After , 15000 7] After
S 12000 S 12000 S 12000}
£ £ £
] 2 2
< 9000 < 9000 < go00
(] ("] [
3 =] 3
2 2 2
S 6000 S 6000 S 6000 |
o o o
E 5 E

3000 3000 3000

0

70° 60°
Angle

Angle

Fig. 10. Differences in the recovery of amorphized regions before and after damage recovery by the ALE
process for (a) high damage, (b) middle damage, and (c) low damage in the MQW structure. The number of
ALE cycles used to achieve sufficient recovery was approximately ~45 cycles for high damage, ~25 cycles for
middle damage, and ~15 cycles for low damage, respectively.

at the atomic scale. The simulation results revealed that the ALE process effectively removes both surface and
subsurface damaged regions induced by RIE. For all three types of initially damaged surfaces (high, middle,
and low damage), ALE consistently reduced amorphized atoms by over ~47%, ultimately leaving a similar level
of residual surface damage across cases. This indicates that ALE possesses strong potential to fundamentally
recover damaged regions regardless of the initial extent of damage. Furthermore, the ion incidence angle was
found to be a key parameter in determining the efficiency of ALE-based damage recovery. When the ion beam
approaches normal incidence, the EPC increases, which facilitates faster removal of damaged layers. Based
on these characteristics, we propose a two-step strategy: initially utilizing 60°-70° for bulk damage removal,
and subsequently switching to a shallower angle of 80° to minimize surface roughness. Although the dynamic
transition was not explicitly simulated, this strategy is derived from the complementary benefits observed at each
fixed angle. This stepwise approach reflects a practical process scenario where the substrate tilt is mechanically
controlled in ion beam systems. Consequently, this dual-angle concept is expected to improve the balance
between etch efficiency and surface smoothing, minimizing both damage depth and roughness effectively.
More comprehensive strategy comparisons, including the dynamic effects of angle transition, are suggested
as subjects for future investigation. The results shown in Figures 8 and 9 provide a comparative perspective
among individual fixed angles (60°, 70°, 80°). These results demonstrate that lower angles accelerate damage
removal but yield rougher surfaces, while 80° results in the smoothest finish with slower removal. Therefore, the
proposed two-step strategy was derived by combining the complementary benefits of each angle. This rationale
has been clarified in the text, and more comprehensive strategy comparisons are suggested as a subject for
future investigation. This strategy was shown to be the most effective. Therefore, to create vertical, damage-
free GaN-based devices, it is suggested that an ion beam ALE system with a tilting substrate would be effective
after RIE and wet etching. Finally, by demonstrating the utility of molecular dynamics simulations in designing
and optimizing processes at the atomic level, this work provides both critical physical insights and practical
guidelines for advancing semiconductor and display processing technologies.

Data availability
Data will be made available on request to Geun Young Yeom. (gyyeom@skku.edu).
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