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Strain engineering using ion beams is a current topic of research interest in semiconductor materials.
Synchrotron-based–high-resolution X-ray diffraction has been utilized for strain-depth analysis in GaAs irra-
diated with 300 keV Ar, and 4H-SiC and GaAs irradiated with 100 MeV Ag ions. The direct displacement-
related defect formation, anticipated from the elastic energy loss of Ar ions, can well explain the irradiation-
induced strain depth profiles. The maximum strain in GaAs is evaluated to be 0.88% after Ar irradiation.
The unique energy loss depth profile of 100 MeV Ag (swift heavy ions; SHIs), and resistance of pristine 4H-
SiC and GaAs to form amorphous/highly disordered ion tracks by ionization energy loss of monatomic ions,
allow us to examine strain buildup due to the concentrated displacement damage by the elastic energy loss
near the end of ion range (∼ 12 µm). Interestingly, for the case of SHIs, the strain-depth evolution requires
consideration of recovery by ionization energy loss component in addition to the elastic displacement damage.
For GaAs, strain builds up throughout the ion range, and the maximum strain increases and then saturates
at 0.37% above an ion fluence of 3 × 1013 Ag/cm2. Whereas, for 4H-SiC, the maximum strain reaches 4.6%
and then starts to recover for fluences above 1 × 1013 Ag/cm2. Finally, the contribution of irradiation defects
and the purely mechanical contribution to the total strain have been considered to understand the response
of different compounds to ion irradiation.

I. INTRODUCTION

Advances in the practical application of ion irradiation
require extensive research to better understand and uti-
lize ion beam-induced effects in materials. Over the past
decades, continuous research using energetic ion beams
has been carried out in various materials1. Ion beam
modification has evolved as a popular method for im-
proving or designing materials for advanced applications,
ranging from ion doping to testing of materials for nuclear
and space environments. In the semiconductor industry,
ion implantation has established itself as the most suit-
able tool to precisely control the dose and depth of the
implanted dopants2. Another ability of ion irradiation
that has attracted research is to generate controlled de-
fects in materials by elastic collisions leading to atomic
displacements1. The energy loss responsible for such
displacement collisions is termed the nuclear stopping
power which dominates for low energy (keVs to a few
MeVs) irradiation. High-energy heavy ions (energy ≥
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1 MeV/amu) are often called ‘Swift heavy ions (SHIs)’,
and the energy loss mechanism for SHIs is dominated
by an inelastic collision between the projectile ion and
the electrons of the target. The energy loss responsi-
ble for such ionization or electronic excitations is called
the electronic stopping power. Thus, for thin film dop-
ing and other physico-chemical surface modifications, low
energy ions are utilized whereas, SHIs find applications
in structural modifications at a sub-surface region or in
replication of extreme conditions like that of fission frag-
ments emitted in nuclear reactors, defense technologies,
and cosmic radiation environment. SHI irradiation has
also emerged as a suitable method for producing uniform
and low defect concentrations within several micrometers
from the surface in certain materials like SiC and GaAs
where ionization energy loss by monatomic ions does not
result in amorphous or highly disordered ion tracks3,4.
Additionally, SHIs have also shown the potential to re-
cover these pre-damaged crystalline materials, allowing
the annealing of undesirable defects5,6.

The traditional silicon-based devices typically do not
achieve high enough breakdown voltages due to the low
critical field strength. Thus, the technological require-
ment for high-performance devices demands a replace-
ment of silicon-based electronics with higher bandgap
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materials like SiC and GaN7. Devices made of GaN or
SiC have a greater critical field strength but suffer from
low electron carrier mobilities, resulting in relatively sig-
nificant resistive losses and a high cost since good quality
large-area substrates are either unavailable or excessively
expensive. Recent advancements demonstrated that us-
ing GaAs technology, comparable outcomes to SiC and
GaN may be obtained at substantially lower component
prices8–10. GaAs, with considerably higher electron mo-
bilities, has been demonstrated to offer lower series re-
sistance and consequently lower power consumptions in
the “on” state than Si, GaN, or SiC. Over the years, SiC
has emerged as a suitable candidate for high-power de-
vices, operating at voltages above 800 V whereas, GaAs
has attracted attention for high-frequency applications,
owing to its superior mobility. Significant experimental
efforts have been made recently to study ion irradiation-
induced–defect-related strain in 4H-SiC and GaAs for
controlled modifications11–13. One of the approaches
that have gained importance for controlled tuning of
the structural strain in semiconductors is ion irradia-
tion/implantation. This in turn allows post-growth mod-
ifications of the optical and transport characteristics of
bulk and epitaxial semiconductors, exploration of which
is beyond the scope of this work.

Despite decades of research, fundamental problems
involving ion-solid interactions remain unresolved, one
of which is the lattice strain growth kinetics in ion-
irradiated materials. The present study explores two
technologically important materials that differ signifi-
cantly in terms of crystalline structure. The study
compares the radiation-induced strain (i.e. the relative
change in lattice parameter) in GaAs and 4H-SiC sin-
gle crystals after irradiation with low-energy 300 keV
Ar ions and high-energy 100 MeV Ag. For the objec-
tive of analyzing strain depth profiles, a very sensitive
Synchrotron-based high-resolution (HR-XRD) method
has been adopted. Due to the monochromatic high
flux and higher collimation, this experimental probing
approach is more efficient than a standard lab-based
XRD, enabling the detection of otherwise undetectable
signals14. Further, to identify the irradiation-induced
structural and chemical disorders that are responsible
for the observed strain in the crystals, Channeling-
Rutherford backscattering (C-RBS) and Raman scatter-
ing spectroscopy analysis on the same samples have been
taken into consideration.

II. EXPERIMENT

For experiments, the commercially available single-
crystal wafers of GaAs and 4H-SiC were cut in sizes
of 1 × 1 cm2. Before irradiations, TRIM full-cascade
simulations15,16 were performed to predict the experi-
mental parameters such as the ion beam energy, range,
and fluence (ions/cm2). The room temperature irradi-
ations were performed with low energy 300 keV ions

at LEIBF, Inter-University Accelerator Centre in New
Delhi, India. To compare the induced strain, the same
levels of damage were introduced using the TRIM esti-
mated maximum displacements per atom (dpa; 1 dpa =
denotes reaching the state of complete amorphization)
values. In TRIM simulations: (i) the density of 4H-SiC
was taken as 3.21 g/cm3, with threshold displacement
energies of 20 and 35 eV for the C and Si sublattices17,
respectively, and (ii) the density of GaAs was taken as
5.32 g/cm3, with threshold displacement energies of 10
eV for both As and Ga18. The fluences corresponding to
maximum dpa values of 0.1, 0.7, and 1 dpa were chosen
for this experimental work. For high-energy irradiations
involving 100 MeV Ag ions, the 15-UD Pelletron accel-
erator facility in IUAC was utilized. These irradiations
were performed at liquid nitrogen temperature (∼80 K)
to prevent any influence of external heating. Both mate-
rials were subjected to the same Ag fluences ranging from
1 × 1012 to 6 × 1013 Ag/cm2. During the experiment,
ion currents were maintained at 100 particle nanoampere
(pnA; 1pnA= 6.25 × 109 ions/s) for low energy Ar and 1
pnA for high energy Ag to avoid excessive heating of the
targets. The beam was raster scanned on the samples.
The HR-XRD measurements were performed using

the synchrotron X-rays of wavelength 1.2384 Å at 18B
KEK beamline facility, Photon Factory, Japan. For a
proper alignment, multiple loop scans (symmetrical rock-
ing scans) were performed to get the maximum inten-
sity in the detector. Finally, when the alignment was
completed for the desired Bragg reflection, the high-
resolution diffraction data was collected by using cou-
pled 2θ-θ scans with a θ resolution of 0.001◦. The ob-
tained data were simulated using the RaDMaX program
to extract information about the elastic strain depth
profiles19,20. C-RBS spectra were recorded using 2 MeV
He+ ions at the Pelletron Accelerator RBS-AMS Systems
(PARAS) facility at IUAC, New Delhi, India.

III. RESULTS AND ANALYSIS

A. 300 keV Ar irradiations at room temperature

Based on TRIM simulations15,16 and previously
reported21–24 C-RBS results for 300 keV ions in 4H-SiC
and GaAs, the ion range is about 350 nm with the dam-
age peak at around 175 nm. For both of these materials,
the damage builds up in two steps and the onset of the
second step is observed at 0.3 dpa21. The corresponding
irradiation-induced elastic strain has been evaluated by
monitoring the XRD signals near the 004 and 400 Bragg
reflections for 4H-SiC and GaAs, respectively. These re-
flections provide the best balance between scattered in-
tensity and resolution.
Fig. 1(a) presents the HR-XRD profiles of pristine and

Ar-irradiated GaAs crystals. Since the damaged depth
for 300 keV Ar ion irradiation in GaAs is substantially
less than the X-ray penetration depth, contribution from
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FIG. 1. (a) Evolution of the 400 peak in HR-XRD profiles
of GaAs irradiated with fluences of 2.3 × 1013 ions/cm2 (0.1
dpa), 1.6 × 1014 ions/cm2 (0.7 dpa) and 2.3 × 1014 ions/cm2

(1 dpa) using 300 keV Ar ions. The black lines are simulated
curves and the colored lines represent the experimental data.
(b) The corresponding strain profiles obtained after simulat-
ing the HR-XRD data.

the underlying substrate cannot be eliminated. But on
the other hand, it’s highly useful to evaluate the strain,
as it’s a reference. The 2θ position of 400 Bragg peak
for the pristine crystal is detected at an angle of 52.17◦.
The obtained HR-XRD profile for the 0.1 dpa crystal ex-
hibits no detectable strain-related signal in the diffraction
pattern probably due to the generation of very low defect
concentrations at such low doses. This observation is fur-
ther supported by the corresponding C-RBS and Raman
profiles (presented in Refs.21,22), showing almost negligi-
ble structural and chemical lattice disordering for 0.1 dpa
GaAs. However, an asymmetric broadening of the Bragg
peak, resulting from an additional shoulder peak at a
slightly higher angle of 2θ can be observed in Fig. 1(a),
suggesting that irradiation-induced defects have caused a
structural change by locally shortening the lattice spac-
ings. Since this feature is already present in the pris-
tine crystal, it is most likely due to the intrinsic defects
that are magnified upon irradiation. This points to the
presence of some vacancy-like isolated point defects25,26.
For 0.7 dpa crystal, in addition to the Bragg peak, a
broad feature with some oscillations can be noticed in the

HR-XRD pattern in the lower 2θ angles, indicating the
presence of a dilatation gradient in the interplanar spac-
ings of the crystal lattice perpendicular to the surface.
The dominance of interstitial-like defects26 can be held
responsible for causing some lattice expansion which is
prominently reflected in the XRD data for 0.7 dpa GaAs.
The oscillations observed on the XRD scan arise from in-
terferences between scattered beams emerging from the
damaged part of the crystal, and the fringe spacing is re-
lated to the width of the strained region for a given strain
level. A similar profile can be seen for the 1 dpa crystal
but with no detectable oscillations in the diffraction pat-
tern, most likely because of random strain variations (i.e.
microstrain) which broaden the signal and hence blur out
fine details in the XRD curves. Recently, various studies
showed that as the damage in GaAs increases from 0.7
dpa to 1 dpa, the crystal moves from a highly disordered
state to complete amorphization3,4,21,22.

The strain profiles evaluated after simulation of the
XRD curves with the RaDMaX program19,20 are pre-
sented in Fig. 1(b). The strain is presumably too low
to be detected at 0.1 dpa because no such significant
strain-related signals like oscillations or well-defined dis-
tinct peaks from the damaged region could be recorded.
The strain profiles were determined with a reasonably
good agreement of the simulated profiles for the HR-
XRD data of 0.7 and 1 dpa crystals. The unusual oscil-
lations in the strain profiles beyond 300 nm are because
the (dynamical) theory on which RaDMaX is based does
not account for microstrains that produce the additional
broadening. Another possible reason is that the XRD
data does not have sufficient information as the interfer-
ence fringes are barely visible at 0.7 dpa and absent at 1
dpa. The retrieved strain profiles indicate that the strain
for 0.7 dpa crystal peaks at a value of 0.72% at around
175 nm which increases to 0.88% for 1 dpa crystal. As
shown in supplementary Fig. S1, in the case of 4H-SiC,
as the damage increased from 0.1 to 0.7 dpa, the maxi-
mum strain increased from 1% to 12% but the position of
the strain maximum remained fixed. When the damage
increased from 0.7 to 1 dpa, the lattice strain achieved a
high maximum saturation value of 12% with essentially
identical strain profiles. This suggested that the strain
saturated after the incorporation of extended amorphous
layers in the damaged region in 4H-SiC. However, for
GaAs, the obtained strain does not show any saturation
in contrast to the observations made for Ar irradiated
4H-SiC14. This is expected because it has been recently
reported that the strain saturation for GaAs starts at a
dpa value above 113. For the same dpa values, the ob-
served strain maximum in 4H-SiC is much higher than
in GaAs. It can be concluded that as soon as the amor-
phous extended region builds up in 4H-SiC, the strain
saturates at a value of about 12% whereas in GaAs it
only reaches 0.88%.
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FIG. 2. (a) Evolution of the 400 peak in HR-XRD profiles
of GaAs irradiated with 100 MeV Ag at ∼77K using various
indicated fluences. The black lines are simulated curves and
the colored lines represent the experimental data. (b) The
corresponding strain profiles were obtained from the simula-
tion of HR-XRD data. (c) The variation of TRIM15,16 dpa
with depth.

B. 100 MeV Ag irradiations at ∼80K

In Fig. 2(a), HR-XRD profiles obtained after Ag irra-
diation of GaAs crystals are shown. As the Ag fluence
increases, initially the Bragg peak broadens and another
broad shoulder band appears in the lower 2θ region, indi-
cating strain buildup due to lattice expansion. The sim-
ulation of HR-XRD profiles was not straightforward due
to the complex behavior of the data. The presence of an
additional signal at lower angles in Fig. 2(a), posed a ma-
jor challenge. Similar features have been previously ob-
served after irradiation of GaAs with 100 MeV Ag27. In
the present case, considering that this signal is two orders
of magnitude weaker in intensity and much broader than
the central part of the signal, we hypothesize that it em-
anates from highly strained clusters of nanometric size.
The lack of any information regarding the spatial distri-
bution of such clusters did not allow us to integrate this
feature into the simulations. Therefore, we chose to ne-
glect this part of the signal and focus only on the central

part, from which it was possible to extract a meaning-
ful evolution of the strain profiles. Although imperfect,
this procedure nonetheless allowed us to obtain strain
profiles that are in good agreement with TRIM simula-
tions. Fig. 2(b) shows that the strain increases above
irradiation fluence of 5 × 1012 Ag/cm2 and then begins
to saturate above 3 × 1013 Ag/cm2. For the crystal irra-
diated with the lowest fluence of 1 × 1012 Ag/cm2, the
strain is probably too low to be detected by HR-XRD.
The obtained strain profiles reveal that the lattice is sig-
nificantly strained, starting from the surface to a depth of
about 13 µm. In Fig. 2(c), the TRIM simulated damage
profiles predict that the dpa value at the near-surface re-
gion is much less than 0.1 dpa, for all the samples. Also,
the C-RBS results22 support the absence of detectable
structural disorder in the near-surface (upto ∼1µm) re-
gion of the irradiated samples. Interestingly, for the sam-
ples irradiated with fluences of 5 × 1012 Ag/cm2 and 1
× 1013 Ag/cm2, the dpa values near the end ion’s range
are still less than 0.1 dpa yet considerable strain devel-
ops as shown in Fig. 2(b). The strain developed, on the
other hand, is less than the experimental detection limit
for a comparable dpa value of 0.1 introduced by 300 keV
Ar ions Fig 1(a). Here, it may be argued that heavier
Ag ions cause denser collision cascades, which result in
more complex defects for the same TRIM simulated dpa
and reduce the probability of lattice recovery via defect
recombinations.

The HR-XRD profiles obtained after Ag irradiation of
4H-SiC crystals are shown in Fig. 3(a). With increasing
Ag fluence, additional diffraction signals appear on the
low-angle side of the pristine 4H-SiC Bragg peak, sug-
gesting an increase in interplanar spacing in the direc-
tion perpendicular to the surface. The broad extension
of this signal towards lower angles suggests a very high
level of strain. Interestingly, as the fluence is increased
above 1 × 1013 Ag/cm2, the strain-related signals be-
gin to move towards the direction of the primary Bragg
peak, which is direct evidence of strain relaxation in the
irradiated region. At fluences of 3 × 1013 and 6 × 1013

Ag/cm2, the broad peak progressively transforms into a
well-defined peak close to the Bragg peak, indicating sig-
nificant lattice recovery. This evolution is confirmed by
the evolution of the strain profile in Fig. 3(b). In other
words, some lattice sites are recovering and approaching
the original lattice structure of the crystal. The corre-
sponding strain profiles, presented in Fig. 3(b), show
that the strain maximum is reached at a depth of ∼10
µm after Ag irradiation. From Figs. 3(b) and 3(c), it is
evident that maximum strain is localized near the defec-
tive end of the ion’s range, for 100 MeV Ag in 4H-SiC.
However, damage buildup at such deeper depths (∼10
µm) cannot be studied by other experimental techniques
like Raman and C-RBS. Moreover, a direct comparison
is not straightforward, as different techniques have differ-
ent sensitivities to the damage; for instance, amorphous
pockets induce a significant increase in the backscattering
yield and a typical signal in Raman, but almost nothing
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FIG. 3. (a) Evolution of the 004 peak in HR-XRD profiles of
4H-SiC irradiated with 100 MeV Ag at ∼77K using various
indicated fluences. The black lines are simulated curves and
the colored lines represent the experimental data. (b) The
corresponding strain profiles were obtained from the simula-
tion of HR-XRD data. (c) The variation of TRIM15,16 dpa
with depth.

in XRD.
Finally, maximum total strain (ϵtotal) versus fluence

is plotted for both GaAs and 4H-SiC. For GaAs, the
strain maximum (shown in Fig. 4(a)), observed at a
depth of 11.5 µm, varies from 0.17% to 0.37%. Within
the range of experimental fluences used in this work, the
strain appears to enter saturation at higher irradiation
fluences (above 3 × 1012 Ag/cm2). For 4H-SiC (shown
in Fig.4(b)), initially, the maximum strain increases to
4.6 % with fluence; however, the strain goes on decreas-
ing for fluences above 1 × 1013 Ag/cm2.

IV. DISCUSSION

A. Strain saturation/recovery due to SHI - ’Ultrafast
Thermal Spike’

The inelastic energy loss, also referred to as electronic
stopping power (Se), is the principal energy dissipation

FIG. 4. Variation of maximum total strain (ϵtotal) and the
strain due to defects (ϵdef ) in 100 MeV Ag irradiated (a) GaAs
and (b) 4H-SiC with irradiation fluence. The TRIM15,16 dpa
values are indicated on top x-axis.

process that occurs during SHI irradiation; however, near
the end of the ion range, the nuclear-stopping power (Sn)
that causes direct elastic displacement damage, becomes
significantly dominating. Thus, evaluation of the sur-
face, as well as the sub-surface strain for SHI irradia-
tion, sometimes requires consideration of both the energy
loss processes. The synergistic effects due to the cou-
pling of displacement cascades and ionization can lead to
incascade-annealing via ionization-activated–thermally-
assisted–defect-annealing (IATADA) process which can
lead to dynamic recovery beyond certain Se threshold
values3,28,29. The TRIM simulated energy loss profiles
for 100 MeV in 4H-SiC and GaAs are shown in Figs.
5(a) and 5(b). The value of Se at the position of maxi-
mum strain is 2.25 keV/nm for 4H-SiC and 1.57 keV/nm
for GaAs. As determined by Xue et. al.29 and Zang
et. al.28, the threshold for IATADA in SiC is Se ∼1.0
keV/nm. The IATADA can be considered as the mech-
anism to justify the observed strain reduction for higher
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FIG. 5. TRIM simulated energy loss profiles for 100 MeV Ag
in (a) GaAs and (b) 4H-SiC. Inset presents the thermal spike
model outputs at 0.2 ps after ion impact in (c) GaAs and (b)
4H-SiC.

fluences in 4H-SiC. To our knowledge, for the case of
GaAs, extensive research has not been conducted focused
on studying the IATADA mechanism. However, in a re-
cent work using dual-beam irradiation of GaAs, there
was a defect annihilation effect by Se

4. Also, our work
on SHI irradiation of pre-damaged GaAs showed a signif-
icant ionization stimulated damage recovery22. Since, in
the present study, there is no strain recovery observed for
GaAs, it can be stated that the Se value of 1.57 keV/nm
(at the depth of max. strain) is not large enough to re-
sult in IATADA. The present work demonstrates that
100 MeV Ag ions are efficient in preventing higher strain
development in GaAs, and strain recovery in 4H-SiC be-
yond a certain fluence.

At considerably higher ion energies (MeVs to GeVs)
where Se dominates, an inelastic thermal spike model
(TSM) can represent the connection between Se mecha-
nisms and atomic processes30. The Se of the incoming
ion causes significant electronic excitations and electron-
electron scattering along its path. In the TSM, it is
assumed that Se is deposited instantaneously in a very
small region, producing a localized increase in the elec-

tronic temperature which is then transferred by electron-
phonon interactions from the electronic subsystem to
the atomic subsystem of the target atoms. This energy
spreads and dissipates according to the laws of classical
heat conduction in a continuum, leading to a localized
thermal spike. A thermal spike is a high-temperature re-
gion, along the ion trajectory, inside the material. The
TSM gives a detailed description of the coupled electronic
and atomic subsystems by a set of two heat diffusion
equations. The coupled heat diffusion equations that de-
scribe the spatial and temporal evolution of the atomic
temperature (Ta) and electronic temperature (Te) are
given as:

Ce
∂Te

∂t
=

1

r

∂

∂r

[
rKe

∂Te

∂r

]
− g(Te − Ta) +A(r⃗, t) (1)

Ca
∂Ta

∂t
=

1

r

∂

∂r

[
rKa

∂Ta

∂r

]
+ g(Te − Ta) (2)

where, Te : electronic temperature (K)
Ta : atomic temperature (K)
Ce : heat capacity of the electronic system (J g−1 K−1)
Ca : heat capacity of the atomic system (J g−1 K−1)
Ke : electronic thermal conductivity (W cm−3 K−1)
Ke : lattice thermal conductivity (W cm−3 K−1)
A(r⃗,t) : this term describes the energy deposition from
the incident SHI to the electronic subsystem (W cm−3)
g: electron-phonon coupling parameter which controls
the flux of heat or energy from the electrons to the
phonons per unit time and volume (W cm−3 K−1)
Amorphization or drastic lattice disordering of 4H-

SiC and GaAs has not been observed using monatomic
SHI irradiation. However, in the case of existing pre-
damage, these materials have been experimentally ob-
served to show recovery effects22–24. This suggests that
the IATADA process is capable of annealing some of the
lattice defects created by nuclear-stopping power (Sn)
of a single SHI in these materials. The local thermal
spikes caused by SHI encourage lattice recovery, which
leads to a competition between annealing by Se and de-
fect formation by Sn. Often, damage annealing is more
pronounced than damage creation during SHI irradia-
tion. This might result in saturation of the disorder or
allow the disorder to be reduced. The TSM equations
are solved to generate the local heating profiles from Se
at various depths. The thermodynamical parameters for
solving the TSM equations for crystalline GaAs and 4H-
SiC are taken from Refs.[22,23]. Thermal spike-generated
outputs, 0.2 ps after ion impact, showing maximum ra-
dial temperature profiles at various depths, are presented
as inset to Figs. 5(a) and 5(b). For both GaAs (1513 K)
and 4H-SiC (3500 K) the temperature spikes do not ex-
ceed the melting temperature at the depth of maximum
strain. Thus, the possibility of recovery at the crystalline-
disorder interface via melting and rapid re-solidification,
which is typically given as the explanation for thermal
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FIG. 6. Rutherford backscattering spectra recorded in a chan-
neled condition on (a) GaAs and (b) 4H-SiC irradiated with
100 MeV Ag ions. The units of indicated ion fluences are in
ions/cm2.

spike-induced recovery, is ruled out. However, defects
can undergo thermal annealing when there is enough en-
ergy to cause migration and permit different recombina-
tion processes between pairs of defects31. The observed
strain saturation for GaAs and strain recovery for 4H-SiC
suggest that there is some defect recombination mecha-
nism in action. The obtained thermal spikes are possibly
allowing some solid-state defect migration for achieving
lattice recovery. This explains the underlying mechanism
behind IATADA. While strain recovery can be observed
for 4H-SiC throughout the entire ion range, surface strain
for GaAs does not saturate; rather, it grows almost lin-
early. This indicates that the thermal spike does not sig-
nificantly impact the surface region even though it has a
higher temperature peak.

B. Understanding surface strain

SHI irradiation uses its unique energy loss to induce
deeper elastic displacement damage without adversely
damaging the near-surface region. The Sn vs. depth
in Figs. 5(a) and 5(b), and the corresponding dpa vs.

FIG. 7. Strain per dpa (dpa is the estimated damage fraction
using TRIM simulations) (a) GaAs and (b) 4H-SiC irradiated
with 100 MeV Ag ions. The units of indicated ion fluences
are in ions/cm2.

depth profiles in Figs. 2(c) and 3(c) indicate that most
of the lattice damage is confined near the end of the ion
range and the near-surface dpa levels are negligibly small
to account for any considerable lattice strain. To moni-
tor the surface damage, C-RBS spectra were obtained on
GaAs and 4H-SiC after irradiation with 100 MeV Ag as
shown in Figs. 6(a) and 6(b). It can be concluded that
the C-RBS spectra obtained following Ag ion irradiation
at different fluences effectively overlap for higher energy
channels, indicating that SHI did not cause any appre-
ciable surface damage. The slight rise in the channeling
yield, especially at low energy channels can be due to
the generation of radiation defects at deeper depths. To
further understand this, we derived strain per dpa pro-
files for samples after Ag irradiation of GaAs and 4H-SiC
(presented in Figs. 7(a) and 7(b)). Strain per dpa means
that the strain level is normalized to the dpa level along
the damaged thickness. For 4H-SiC, the strain per dpa
evolves according to the Sn vs. depth profiles, implying
that the higher the dpa, the higher the elastic strain.
However, for GaAs, the strain per dpa does not follow
the same trend. As the corresponding curve is similar to
the dpa profile for SiC and not for GaAs, one can infer
that the strain is related to Sn essentially in SiC and that
the elastic response to defect creation in GaAs is much
more subtle, depending more widely on both Sn and Se.
It can also be suggested that GaAs is less resistant to Se
(with regard to defect creation). The response of both
the materials in terms of strain is different for several rea-
sons. First, the difference in elastic properties but this is
expected to play only an effect on the magnitude. Sec-
ond, the type of defects created upon Sn irradiation. If
there is a difference between the defects created in the
two materials, then the associated strain will be differ-
ent as well. Third, the recovery by Se depends on the
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FIG. 8. Strain per dpa (dpa is the estimated damage fraction
using TRIM simulations) in (a) GaAs and (b) 4H-SiC irradi-
ated with indicated fluences using 300 keV Ar ions.

local damage state, and this latter is different for the two
materials at the same dpa.

To better understand strain evolution owing to dis-
placement damage in the Sn regime by low energy ions,
the strain per dpa profiles produced by 300 keV Ar ions
have been also analyzed and displayed in Figs. 8(a) and
8(b). The TRIM dpa vs. depth profiles are presented
in supplementary Fig. S2. For both the materials un-
der study, the strain per dpa plots is almost flat up to
∼250 nm, demonstrating that strain increases almost lin-
early as damage increases. However, near the end of the
ion range, right before the strain decreases to zero (i.e.
relaxed lattice values), the strain increases sharply. The
implantation of the incident ions in the target lattice and
the contribution of the substrate reaction, as explained in
the next section, may be the causes of this strain buildup.

C. Defect strain and rigid substrate contribution

It is worth noting that only a shallow layer (between a
few tens of nanometers and a few tens of micrometers) at
the specimen surface is affected by the irradiation pro-
cess when extremely energetic ions (usually with a few
MeV/nucleon) are utilized. As a result, it makes sense
to think of the material as a thin (irradiated) layer on
a substrate, with the undamaged portion of the crystal
serving as the substrate. In this instance, it has been
proven that a two-step model may adequately charac-
terize the mechanical response of the sample32,33. The
mechanical properties of the thick substrate beneath the
irradiated layer prevent any lateral macroscopic dimen-
sional change and the thin irradiated layer is subjected to
an in-plane biaxial compressive stress. This completely

cancels out the in-plane components of the strain ϵdef(hkl),

which is caused by irradiation defects. Due to the rigid

substrate contribution (RSC) caused by the Poisson ef-
fect, the growth of stress causes an extra tensile-strain
contribution ϵRSC

(hkl) in the direction normal to the surface

(out-of-plane strain). This contribution depends upon
the elastic constants of the material and is proportional

to ϵdef(hkl). As a result, the RSC can change depending

on the (i) elastic constants of two distinct materials and
(ii) crystallographic orientation of a crystal that is elas-
tically anisotropic. Therefore, as the total strain is what
is experimentally measured, it is necessary to take into
account this purely mechanical contribution to compare
the reaction of various materials to irradiation. Rao and
Houska developed a model in the early 1990s to separate
the two strain contributions in ion-irradiated materials33.
Debelle et al. have updated this model utilizing modeling
that was created for sputtered thin films34. It is impor-
tant to remember that the strain which results from the
RSC (ϵRSC

(hkl)) and the strain that results from irradiation

defects (ϵtotal(hkl)) make up the total strain. The two strain

components are related by the following equation using
the model that is extensively discussed in Refs.[32–34]:

ϵtotal(hkl) = ϵdef(hkl)(1 + αRSC
(hkl)) (3)

where αRSC
(hkl) is a parameter that depends entirely on

the material’s elastic constants to characterize the RSC.
Using the equations for anisotropic elasticity shown in
Refs.33,34, αRSC

(hkl) for cubic crystals can be specified as:

αRSC
(hkl) =

2C12 − CanΩ(hkl)

C11 + CanΩ(hkl)
(4)

where,

Can = C44 −
1

2
(C11 − C12)

Ω(hkl) = 4(α2β2 + α2γ2 + β2γ2)

α =
h

(h2 + k2 + l2)1/2

β =
k

(h2 + k2 + l2)1/2

γ =
l

(h2 + k2 + l2)1/2

where ΩRSC
(hkl) geometric component equal to 0 for the (1

0 0) planes34 and Cij are the stiffness constants. To find

the true strain ϵdef(hkl) in the damaged zone and separate

it from the “substrate strain” ϵRSC
(hkl) (a result of Poisson

expansion), adjusted to hexagonal <0001> oriented sys-
tem, we use the following relation35:
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αRSC =
C11 + C12 + C13

C11 + C12 − C13
− 1 (5)

From Eq. (3), it is possible to distinguish between
the strain brought on by the RSC (resulting from purely
elastic processes) and the strain imposed by the creation
of irradiation defects. One of the main purposes of using
the model is to separate the strain due to the defects
and RSC, and to directly compare two different materials
upon the same irradiation experiment. Using Eq. (4) for
GaAs and Eq. (5) for 4H-SiC, the RSC factor (αRSC)
is calculated as ∼0.89 for GaAs and ∼0.19 for 4H-SiC,
using stiffness constants given in Ref.[36]. It should be
observed that the contribution of the RSC to GaAs is
roughly 5 times more than its contribution to 4H-SiC.

Observations show that the maximum strain level in
GaAs is much lower than that in 4H-SiC for the same
introduced displacement damage by 300 keV Ar, quanti-
fied in terms of dpa. Further, based on the defect-strain
and rigid substrate contribution model, an attempt is
made to understand the response of irradiated surface
layers of (upto ∼350 nm) 4H-SiC and GaAs crystals sub-
mitted to 300 keV Ar. Considering the difference in the
RSC factors, it can be suggested that the strain due to
the purely mechanical contribution after the creation of
radiation-induced defects in GaAs is more than in 4H-
SiC. For samples irradiated with 100 MeV Ag, Figs. 4(a)
and 4(b) show how the total elastic strain maximum and
defect-strain varies with the irradiation fluence. With in-
creasing irradiation fluence, the strain for both materials
increases until it falls for 4H-SiC and reaches saturation
for GaAs.

V. CONCLUSION

The response of crystalline 4H-SiC and GaAs to ion
irradiation has been studied using synchrotron HR-XRD
in two separate energy regimes, and the elastic strain
depth profiles have been evaluated using a dedicated
XRD-pattern simulation computer code. First, the strain
growth as a consequence of direct displacement damage
after 300 keV Ar irradiation has been monitored. Re-
sults demonstrate that as soon as the amorphous regions
build in 4H-SiC, the lattice strain saturates at a value of
about 12% whereas, in GaAs, it reaches 0.88% but does
not saturate within the experimental range of ion flu-
ences. Additionally, for the same TRIM simulation-code
estimated dpa values, the observed strain maximum in
4H-SiC is much higher than that observed in GaAs. It
is demonstrated using proper modeling that the macro-
scopic mechanical behavior of GaAs exposed to ion irradi-
ation contributes significantly to the local strain, whereas
irradiation-produced defects can account for the majority
of the local strain in 4H-SiC. Second, a comparison of the
irradiation-induced strain in the high energy regime using
100 MeV Ag swift heavy ions has been carried out. The

unique energy loss mechanism of 100 MeV Ag leaves sev-
eral microns of the sub-surface region sparsely damaged.
This makes it possible to study the role of elastic prop-
erty on strain buildup due to the heavily damaged end
of the ion range region, which is separated by several mi-
crons from the surface. After 100 MeV Ag irradiations in
GaAs, the maximum strain increases from 0.17 to 0.37%
with increasing fluence and then saturates. Whereas,
the maximum lattice strain (4.6%) reduces for irradia-
tion with fluences above 1 × 1013 Ag/cm2 in 4H-SiC.
. The coupling of displacement cascades and ionization-
activated–thermally-assisted– The response of crystalline
4H-SiC and GaAs to ion irradiation has been studied us-
ing synchrotron HR-XRD in two separate energy regimes,
and the elastic strain depth profiles have been evalu-
ated using a dedicated XRD-pattern simulation com-
puter code. First, the strain growth as a consequence
of direct displacement damage after 300 keV Ar irradi-
ation has been monitored. Results demonstrate that as
soon as the amorphous regions build in 4H-SiC, the lat-
tice strain saturates at a value of about 12% whereas,
in GaAs, it reaches 0.88% but does not saturate within
the experimental range of ion fluences. Additionally, for
the same TRIM simulation-code estimated dpa values,
the observed strain maximum in 4H-SiC is much higher
than that observed in GaAs. It is demonstrated using
proper modeling that the macroscopic mechanical behav-
ior of GaAs exposed to ion irradiation contributes signif-
icantly to the local strain, whereas irradiation-produced
defects can account for the majority of the local strain in
4H-SiC. Second, a comparison of the irradiation-induced
strain in the high energy regime using 100 MeV Ag swift
heavy ions has been carried out. The unique energy
loss mechanism of 100 MeV Ag leaves several microns
of the sub-surface region sparsely damaged. This makes
it possible to study the role of elastic property on strain
buildup due to the heavily damaged end of the ion range
region, which is separated by several microns from the
surface. After 100 MeV Ag irradiations in GaAs, the
maximum strain increases from 0.17 to 0.37% with in-
creasing fluence and then saturates. Whereas, the max-
imum lattice strain (4.6%) reduces for irradiation with
fluences above 1 × 1013 Ag/cm2 in 4H-SiC. . The cou-
pling of displacement cascades and ionization-activated–
thermally-assisted– The response of crystalline 4H-SiC
and GaAs to ion irradiation has been studied using syn-
chrotron HR-XRD in two separate energy regimes, and
the elastic strain depth profiles have been evaluated us-
ing a dedicated XRD-pattern simulation computer code.
First, the strain growth as a consequence of direct dis-
placement damage after 300 keV Ar irradiation has been
monitored. Results demonstrate that as soon as the
amorphous regions build in 4H-SiC, the lattice strain
saturates at a value of about 12% whereas, in GaAs,
it reaches 0.88% but does not saturate within the ex-
perimental range of ion fluences. Additionally, for the
same TRIM simulation-code estimated dpa values, the
observed strain maximum in 4H-SiC is much higher than
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that observed in GaAs. It is demonstrated using proper
modeling that the macroscopic mechanical behavior of
GaAs exposed to ion irradiation contributes significantly
to the local strain, whereas irradiation-produced defects
can account for the majority of the local strain in 4H-SiC.
Second, a comparison of the irradiation-induced strain in
the high energy regime using 100 MeV Ag swift heavy
ions has been carried out. The unique energy loss mech-
anism of 100 MeV Ag leaves several microns of the sub-
surface region sparsely damaged. This makes it possible
to study the role of elastic property on strain buildup due
to the heavily damaged end of the ion range region, which
is separated by several microns from the surface. After
100 MeV Ag irradiations in GaAs, the maximum strain
increases from 0.17 to 0.37% with increasing fluence and
then saturates. Whereas, the maximum lattice strain
(4.6%) reduces for irradiation with fluences above 1 ×
1013 Ag/cm2 in 4H-SiC. When materials are exposed to
swift heavy ions (SHIs), the strain in those materials can-
not be sufficiently explained by considering only the elas-
tic displacement damage. The coupling of displacement
cascades and ionization leading to ionization-activated–
thermally-assisted–defect-annealing (IATADA) has been
proposed as the mechanism for the observed strain satu-
ration/recovery behavior.

VI. SUPPLEMENTARY MATERIAL

The supplemental material contains figures showing
the variation of TRIM dpa with depth for GaAs and 4H-
SiC irradiated with 300 keV Ar. A figure supporting the
claims about the strain in Ar irradiated 4H-SiC is also
provided. Figures showing the depth dependence of the
DW factors used in the RaDMaX program to simulate
XRD curves are also included.
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