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Abstract: Gallium arsenide (GaAs) (100) samples were irradiated with 1.16 GeV Auions and 30 MeV lions at room temperature. The impact of ion
fluences, ranging from 5 X 10'%t0 2.5 X 10'?> Au ions cm™2 and 7 X 10'! to 1 x 10 I ions cm™2 at a 75° incident angle, on the surface morphology
and structural properties of the irradiated GaAs samples was investigated. Advanced characterization techniques, such as Atomic Force Microscopy
and micro-Raman spectroscopy, were employed for an in-depth analysis. The results indicated no formation of nanostructures on the irradiated
surfaces. Raman analysis at room temperature showed softening of optical phonons due to phonon confinement at the surface, along with a
downward shift in the LO and TO phonon modes for both I and Au-irradiated GaAs samples. These results are essential for understanding the
photonic and optical characteristics of GaAs when subjected to heavy ion irradiation. They are analyzed in the context of ion-matter
interactions in the MeV range, providing valuable insights into the optical responses and phonon behavior in altered semiconductor materials.
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1. Introduction

Ion beam technology constitutes a significant research domain
with broad implications in science and engineering, particularly in
the characterization and modification of materials properties. Its
application spans various areas, and its utilization for altering
material properties was initially introduced by the discovery of
semiconducting materials like silicon [1]. Subsequently, the
microelectronics industry adopted ion beam approach as part of
technological methods and hence evolving it into as a crucial
component across industries requiring precise manufacturing [2].

Over the years, as the demand for new materials for diverse
applications has grown, researchers and scientists have
increasingly explored the use of this technology for material
modifications. Ion beam experiment utilizing SHI represents an
advanced technique in materials science and engineering,
involving the controlled exposure of materials to high-energy
ions, specifically those with high mass and velocity. Swift heavy
ions (SHIs) typically refer to ions with energies in the MeV
(mega-electron Volt) range. This process significantly modifies
the physical properties of materials at the atomic and microscopic
levels. Similarly, a highly charged ion beam can bring about
similar changes without damaging the bulk of the material.

SHIs can induce significant damage in III-V binary and ternary
semiconductors, impacting their structural and electronic properties.
III-V semiconductors are compounds composed of elements from
Group 1III (e.g., Ga, In) and Group V (e.g., As, P) of the periodic
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table. These materials are crucial in the field of electronics and
optoelectronics due to their unique properties. The explanation of
damage in semiconductors caused by SHIs differs from that in
metals or insulators [3]. In semiconductors, impurities play a crucial
role, with defects and dislocations being key driving factors. Unlike
semiconductors, insulators are more susceptible to damage induced
by SHIs [4, 5]. To generate an ion track in a semiconductor, a
specific minimum electronic energy loss is necessary.

In materials such as InP, InAs, InSb, and GaSb, subjected to SHIs
like Xe, Au, and Pb, approximately 19 keV/nm of electronic energy
deposition is needed to make an ion track. However, in the case of
Si, Ge, and gallium arsenide (GaAs) irradiated with carbon clusters
in the MeV range, a significantly higher electronic energy deposition,
typically at least 50 keV/nm, is needed to produce an amorphous
track [6-8]. It is effectively explained the creation of ion track and
damage III-V binary semiconductor. Compared with InP, InSb is
vulnerable to SHI-induced damage. Under SHI irradiation, GaP and
GaAs are undamaged but InAs and GalnAs show little damage. The
first description of Ion-induced damage and amorphization for InP is
described by [9]. Since then, a lot of characterization techniques are
employed, mainly Rutherford back-scattering spectroscopy.

The creation of hillocks in ceramics involves the transformation
of the material’s surface and its structure due to the energy transferred
from the ions to the material. This process can lead to the creation of
amorphous or crystalline hillocks, depending on whether the
ceramics are amorphizable or non-amorphizable. In amorphizable
ceramics, both ion tracks and hillocks tend to be amorphous,
indicating a homogeneity along the ion paths and local melting
due to the high-energy transfer. In contrast, non-amorphizable
ceramics exhibit crystalline hillocks, suggesting a recrystallization
process following the initial melting [10—12].
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While ion-induced modifications have been extensively studied
and are well understood in insulating materials, intermetallic
compounds, and certain metals, the exploration of ion-induced
damage in semiconductors remains relatively limited. This gap
underscores the importance of further research in the field
of semiconductor photonics. A detailed and comprehensive
understanding of the mechanisms governing defect creation in
semiconductors following ion irradiation is essential for driving
advancements in semiconductor technology. Such knowledge is
crucial for enhancing the reliability, efficiency, and overall
photonic performance of electronic and optoelectronic devices. It
also paves the way for innovative applications in fields such
as microelectronics, photonics, and optoelectronics. In this study,
we focus on the ion-induced modifications in a single-crystal
GaAs semiconductor, employing various advanced photonic
characterization techniques to unravel the complexities of
ion-induced damage in semiconductor materials.

The number of ion tracks per square centimeter, synonymous
with fluence (ions/cm?) [13], is a key parameter in photonic
studies of ion-matter interactions. In certain semiconductor
materials such as InP, InAs, GaSb, and InSb, the creation of
amorphous ion tracks has been observed, which directly
influences their optical properties. This threshold, critical for
inducing significant photonic changes, may not be achieved with
a single ion in specific semiconductors like Si and GaAs.
However, in materials such as Si, Ge, and GaAs, amorphous
tracks can be readily created by employing SHIs with sufficiently
high electronic energy deposition. These modifications are of
particular interest in photonics, as they can lead to significant
alterations in the material’s optical absorption, scattering, and
luminescence properties, which are essential for the development
of advanced photonic and optoelectronic devices [14, 15].

By implanting ions into GaAs, the refractive index of the
material can be locally modified, enabling the creation of
optical waveguides. Additionally, defects introduced by ion
irradiation can be used for quantum applications, such as
creating single-photon emitters for quantum cryptography. For
photonic applications, precise control over Se is necessary to
create the desired modifications without compromising the
material’s overall performance [16—19].

In addition to defect formation, ion implantation can also
introduce new elements into the material that alter its optical
properties. For example, by implanting dopants such as phosphorus,
nitrogen, or oxygen into a semiconductor or dielectric, the chemical
composition can be modified, resulting in a shift in the refractive
index. This approach is widely used in the fabrication of optical
fibers and integrated photonic circuits, where a controlled gradient
in refractive index is necessary to confine and guide light through
the desired paths [20, 21].

One of the key advantages of ion implantation for refractive
index modification is its ability to create highly localized and
precise changes. Ion implantation allows for sub-micron scale
modifications, which is critical for modern photonic devices that
require miniaturization and integration. This level of control
makes it possible to fabricate complex optical circuits and
photonic crystals with intricate patterns of refractive index
variation, enabling advanced light manipulation and signal
processing capabilities. When high-energy ions penetrate the
surface of a material, they displace atoms and create vacancies,
interstitials, or other defect structures. These structural changes
can lead to variations in the material’s density or electronic band
structure, both of which affect the refractive index. By carefully
controlling the ion species, energy, and dose, engineers can design
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regions with precise refractive index changes, forming the core
and cladding of waveguides or other photonic elements [22, 23].

Ton implantation is a pivotal technique in photonics, enabling
precise control over material properties at the nanoscale for
applications like waveguide creation, quantum emitter
development, and refractive index manipulation. During this
process, ions lose energy through two primary pathways:
electronic energy loss (Se) and nuclear energy loss (Sn). Se occurs
due to interactions with the material’s electrons, such as
ionization, excitation, or electron-hole pair formation, and it
becomes dominant at higher ion velocities or energies.

This mechanism is particularly important for applications such as
generating color centers in materials like diamond or silicon carbide
and modifying the electronic structure for waveguide fabrication.
On the other hand, Sn results from collisions between ions and the
target nuclei, causing atomic displacements and damage cascades. It
is more prominent at lower ion velocities and is essential for
inducing structural changes, such as refractive index modifications
or defect engineering. Achieving the right balance between Se and
Sn is crucial, as it determines the depth and type of material
alterations. A higher Se-to-Sn ratio is ideal for electronic excitation
with minimal lattice disruption, which is beneficial for
semiconductor doping, while a higher Sn-to-Se ratio is suited for
creating structural changes like damage-induced waveguides.

GaAs with ion-implanted modifications are crucial in the
development of integrated photonic circuits, where light generation,
manipulation, and detection occur on a single chip. The ability to
tailor the optical and electronic properties of GaAs through ion
implantation allows for the integration of lasers, modulators,
detectors, and waveguides into a compact and efficient photonic
platform. Additionally, GaAs’s high electron mobility and direct
bandgap make it ideal for high-speed and high-frequency
applications, such as in optical communication systems and
optoelectronic devices. The precision and flexibility offered by ion
implantation enable the development of photonic circuits with high
performance, scalability, and functionality [24, 25].

2. Experimental Method

In our study, we employed a 10 mm X 10 mm, 0.5 mm thick
GaAs single crystal from MTI Corporation. The irradiations were
conducted at room temperature with the ion beam directed
normally. The SHI bombardment involved 197 Au and 126.90 I
ions with a specific kinetic energy of 5.9 MeV/nucleon and 30
MeV/nucleon, respectively, and was performed at the Universal
Linear Accelerator at GSI Darmstadt, Germany. The ion fluence
ranged from 5 X 10'° ions/cm? to 2.5 x 10'2 ions/cm?, with precise
monitoring through the measurement of the electronic signal from
an Al-foil detector placed in front of the crystals was meticulously
calibrated using a Faraday cup, a critical step to ensure accurate
fluence determination for photonic applications. Additionally, the
ion fluence was cross-verified offline through ion track etching in
polycarbonate films irradiated under identical beam parameters,
providing a reliable benchmark for photonic material studies.

The ion beam maintained a homogeneity of 10% to 20% across
the sample holder region (40 X 40 mm?), ensuring uniform
ion distribution critical for consistent photonic property
measurements. Post-irradiation, the samples were meticulously
analyzed using atomic force microscopy to map nanoscale surface
modifications, which directly influence the material’s photonic
characteristics. Furthermore, Raman spectroscopy, a pivotal
photonic tool, was employed to investigate the optical phonon
modes, providing insights into the ion-induced modifications at
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Table 1
Ion beam parameter calculated using SRIM 2013 code
Electronic Nuclear Mean
Kinetic  energy loss energy loss  Ion energy
Ion energy dE/dx (keV/ dE/dx range loss E/R
species E(MeV) nm) (keV/nm)  (pm) (MeV/pm)
AU 11623 34.1 4.94 458 25.4
1126 30 7.095 0.37 6.56 4.57

the phonon level. These techniques together offer a comprehensive
photonic characterization of the irradiated GaAs, essential for
understanding the interplay between ion irradiation and photonic
material properties. Table 1 shows the ion beam parameters
calculated using the SRIM 2013 code for a kinetic energy of
1162.3 MeV revealing significant details about the ion’s
interactions with the material. The electronic energy loss (dE/dx)
is 34.1 keV/nm, reflecting the amount of energy the ion loses due
to electron interactions within the material. The nuclear energy
loss is 4.94 keV/nm, representing energy transfer to the atomic
nuclei. The ion’s range, or the distance it travels before coming to
rest, is 45.8 pm. The mean energy loss (E/R) is calculated to be
25.4 MeV/pm, which provides an average measure of energy loss
per unit distance traveled. For an ion with a kinetic energy of 30
MeV, the electronic energy loss decreases to 7.095 keV/nm, while
the nuclear energy loss is significantly lower at 0.37 keV/nm. The
ion range in this case is reduced to 6.56 pm, and the mean energy
loss is 4.57 MeV/um. These parameters collectively illustrate how
the ion’s energy deposition varies with its kinetic energy and
provide insight into its penetration depth and interaction
mechanisms within the material.

3. Results and Discussions

According to SRIM simulations, as presented in Figure 1, the
electronic energy loss (Se) in GaAs irradiated with 1162.3 MeV
Au ions is estimated at 34.1 keV/nm. Over 90% of the ion track is
dominated by electronic energy loss, whereas nuclear energy loss
(Sn) becomes important only close to the end of the ion
penetration depth. Figure 2 depicts the relationship between ion
kinetic energy and energy losses, clearly demonstrating that
nuclear energy losses dominate at the beginning of the ion track,
reaching a maximum known as the Bragg peak, before electronic

Figure 1
Energy loss as a function of penetration depth for GaAs
irradiated with swift Au ion
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energy losses take over. Similarly, Figure 3 shows the electronic
and nuclear energy losses for GaAs irradiated with I ions, with Se
recorded at 7.09 keV/nm and Sn at 0.37 keV/nm. Finally,
Figure 4 illustrates the variation of ion kinetic energy with energy
losses for I ions, again highlighting that nuclear energy losses
dominate near the beginning of the ion track at the Bragg peak,
after which electronic energy losses gradually become predominant.

The reason behind nuclear energy losses is dominant for
Figures 1 and 4 because the velocity of the ion is relatively slow as
it initially interacts with the target material. In this phase, the ion
has a higher probability of colliding with atomic nuclei in the
target, leading to significant energy transfer through elastic
collisions. As the ion continues to penetrate deeper, its velocity
increases due to acceleration, and electronic energy losses begin to
dominate. In this later phase, the ion interacts primarily with the
target’s electrons, leading to processes like excitation and

Figure 2
Energy loss as a function of Ion kinetic energy for GaAs
irradiated with swift Au ion
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Energy loss as a function of penetration depth for GaAs
irradiated with swift I ion
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Figure 4
Energy loss as a function of Ion kinetic energy for GaAs
irradiated with swift I ion
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ionization. Therefore, the dominance of nuclear energy losses at the
start of the track is attributed to the low initial ion velocity and the
resulting higher efficiency of energy transfer to nuclei. Moreover,
the electronic and nuclear energy losses intersection point signifies
the transition between these two dominant energy loss mechanisms.

When the electronic energy loss is around 20 keV/nm, the
development of tracks based on the ion fluence, meaning that not
every incident ion creates a visible track, and some pre-damage may
be required for track formation [16]. Unlike other semiconductors,
GaAs did not exhibit amorphous tracks under irradiation with
monoatomic ion beams. However, such tracks were readily created
when MeV cluster ions with higher electronic energy loss were used
[17-19]. To create the visible track the value of electronic energy

losses should be high about (50 keV/nm). In our study, the value of
electronic energy losses Se of 1.16 GeV Au ion in GaAs is 34.1
keV/nm, while the nuclear energy losses Sn is 4.94 keV/nm.

Thus, the Se value is 6.9 times higher than Sn. High electronic energy
often results in the energy being quickly dissipated through electron-
electron interactions and electron-phonon interactions, which do not
significantly contribute to the localized modification of the GaAs
surface [20] which is shown in Figure 5. Moreover, the roughness
value for the fluence 2.5 x 10'2, 1 x 10" and 5 x 10' is found to be
6.712 nm, 5.016 nm, and 3.166 nm respectively. And the roughness
value is increased with the ion fluence. Similarly in Figure 6, I-
irradiated GaAs sample has a roughness value of 5.42 nm, 5.98 nm,
and 7.82 nm for the fluency 1 x 10'2, 7 x 10!}, 1 x 10'* respectively.

Utilizing the TRIM-2013 software, the path of I ions within the
GaAs material is depicted in Figure 7 and its pentation depth is 6.56
pm. Similarly, the Au ion path within the GaAs material is presented
in Figure 8. The penetration depth for the AU ion is 45.8 pm.

Figures 9 and 10 show vacancy distributions and energy loss for
GaAs irradiated with 1162.3 MeV AU and 30 MeV I ions.

Raman spectroscopy, known for its sensitivity to atomic-scale
disorder, can offer valuable insights into the structural changes
occurring on ion-irradiated surfaces. In III-V semiconductors like
GaAs, the first-order Raman spectrum usually features two
distinct Raman modes, associated with the longitudinal optical
(LO) and transverse optical (TO) phonons, which correspond to
the center of the Brillouin zone. Figure § presents the Raman
spectra for both unirradiated and AU-irradiated GaAs samples. In
pristine GaAs spectrum, the LO mode appears at 292.401 cm™!,
while the TO mode is observed at 268.479 cm™".

The Raman spectra of AU-irradiated GaAs samples exhibit a
downward shift in both the LO and TO phonon peaks. For
example, as illustrated in Figure 11, at ion fluences of 5 x 10'2
ions cm™2 and 1 x 10'? ions cm™2, the LO and TO peaks shifted
to 281.45 cm™! and 258.60 cm™', respectively, representing a

Figure 5
Atomic force microscopy images of GaAs surface irradiated by 1.16 GeV Au ions at various
Ton fluences: (a) 2.5%10'%, (b) 1¥10'1, (c) 5+10'°
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Figure 6
Atomic force microscopy images of GaAs surface irradiated by 30 MeV I ions at various Ion fluences: (a) 1¥10'2, (b) 7410, (c) 1¥10'
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decrease of approximately 11 ecm™ and 10 cm™'. Similarly,
Figure 12 shows the Raman spectra for pristine and I-irradiated
GaAs samples, with the LO and TO modes in the pristine sample
observed at 291.401 cm™' and 268.479 cm~!. The downward
shifts for ion fluences of 5 x 10'% jons cm™2 and 1 x 10'? ions cm™
were 10 cm™! and 11 cm™!, respectively. This phonon softening
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Figure 8
1.16 GeV AU Ion trajectory in GaAs single crystal
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and broadening are attributed to the reduction in correlation
length in semiconductor, which can be linked to phonon
confinement in GaAs nanostructures [3]. A downward shift in
Raman spectra of GaAs irradiated by I and Au ions has
significant implications for photonics, as it reflects changes in
the lattice dynamics and structural properties of the material
induced by ion implantation.
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Figure 9

TRIM simulation for the distribution of vacancies (left) and energy loss (right) of GaAs irradiated with 1162.3 MeV AU ion
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Raman spectra of GaAs samples before and after irradiation with 1162.3 MeV Au ions at room temperature at varying fluence
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Figure 12
Raman spectra of GaAs samples before and after irradiation with 30 MeV I ions at room temperature, analyzed at varying fluence
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4. Conclusions

The surface modifications of GaAs irradiated with 1.16 GeV Au
ions and 30 MeV lions were analyzed using cutting-edge photonic and
optical techniques, including atomic force microscopy and micro-
Raman spectroscopy, across different ion fluence. The results
demonstrate Au irradiation induced minimal nanostructure creation
on the GaAs surface. However, the surface exhibited slight
roughening due to ion irradiation, with a fluence-dependent increase
in nanoscale surface roughness. Photonically-driven Raman
spectroscopy revealed significant optical phonon softening,
attributed to Phonon localization within the surface nanostructures.
This confinement led to a pronounced downward shift in the LO
and TO phonon modes in both I and Au-irradiated GaAs samples.
These observations underscore the critical role of photonics in
grasping the impact of ion irradiation, providing deep insights into
the modulation of photonic characteristics through ion-induced
surface modifications in semiconductor materials. Irradiating
GaAs(100) with I and Au ions is crucial for tailoring its structural,
electronic, and optical properties for advanced applications. One
advantage includes the ability to create localized lattice defects and
strain, enabling controlled modification of refractive indices for
photonic devices such as waveguides. High-energy ions can also
alter electronic properties, making GaAs suitable for quantum
emitters and optoelectronic applications. And its drawback involves
potential over-damage to the crystal lattice, leading to
amorphization and a loss of useful optical or electronic properties.
Additionally, excessive ion implantation can introduce unwanted
scattering centers, reducing carrier mobility and device efficiency.
Balancing ion energy and fluence is key to optimizing results.
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