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Abstract

Desired modifications of surfaces at the nanoscale may be achieved using energetic ion beams. In the present work, a complete
study of self-assembled ripple pattern fabrication on Si and Ge by 100 keV Ar* ion beam bombardment is discussed. The irradia-
tion was performed in the ion fluence range of =3 x 1017 to 9 x 10!7 jons/cm? and at an incident angle of ® ~ 60° with respect to the
surface normal. The investigation focuses on topographical studies of pattern formation using atomic force microscopy, and in-
duced damage profiles inside Si and Ge by Rutherford backscattering spectrometry and transmission electron microscopy. The
ripple wavelength was found to scale with ion fluence, and energetic ions created more defects inside Si as compared to that of Ge.
Although earlier reports suggested that Ge is resistant to structural changes upon Ar* ion irradiation, in the present case, a ripple
pattern is observed on both Si and Ge. The irradiated Si and Ge targets clearly show visible damage peaks between channel
numbers (1000-1100) for Si and (1500-1600) for Ge. The clustering of defects leads to a subsequent increase of the damage peak

in irradiated samples (for an ion fluence of =9 x 10!7 ions/cm?) compared to that in unirradiated samples.
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Introduction

Scientific research varying from electronics to photonics, home-
land security, high-resolution parallel patterning of magnetic
media, biotechnology, and medicine are based upon nanotech-
nology. These applications require nanopatterning techniques to
fabricate devices or structures. Although these structures may
not be visible to the naked eye, they certainly have a visible
impact on the mentioned applications. Nanopatterning is a very
delicate procedure that is only possible with special techniques
such as ion beam sputtering (IBS), with which one can achieve
nanostructures in a controlled manner on a wide variety of sub-
strates with required dimensions. There are reports from 1960’s,
by Cunningham et al. [1] and Navez et al. [2], on the produc-
tion of submicron and nanoscale patterns by IBS. However,
with the availability of high-resolution tools such as atomic
force microscopy (AFM) [3] and transmission electron micros-
copy (TEM), it is possible to visualize these features. Forma-
tion of dots, ripples, and pits have been well studied using IBS
[4-9]. In the last few decades, numerous efforts have been made
to understand IBS through simulations [10] as well as experi-
mental results [11,12]. Thanks to these efforts, desired nanopat-
tern features with a large degree of control may be achieved, ac-
cording to specific applications, on a wide variety of targets.
Facsko et al. [13] have shown controlled growth of nanodots on
GaSb, and their probable use was demonstrated via photolumi-
nescence spectroscopy. Stupp et al. [14] have explored possible
applications of self-assembly of biomolecules with controlled
stereochemistry in materials technology. However, the funda-
mental reasoning behind how this self-organization process
evolves in terms of defect creation or damage still needs to be
understood.

Despite controlled fabrication of patterns has been achieved,
details that influence the process of self-assembly still remain
open. Ion beam sputtering is an important method for inducing
topographical changes in specific materials. For silicon, self-
organized dots, ripples, and cones have been observed [15],
which may be achieved by altering the ion incidence angle [16].
However, there are some inconsistencies and replicability issues
between the studies, which might mean that other experimental
parameters might be important for the formation of these nano-
structures. Computational studies have provided relevance and
connections between experiments and theoretical modelling
[4,17-24]. Basic models to explain IBS were initially given by
Thompson et al. [25] and Sigmund et al. [26], based on the radi-
ation damage in bulk materials. When an energetic ion strikes a
target surface, it may lose its energy in the following ways. If
the ion has enough energy to cross the repulsive potential
energy barrier of target atoms at the surface, it will pass through
the solid. A collision cascade is created within the target atoms

during the slowing-down course. The impinging ion subse-
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quently transfers its energy to the atoms of the target material in
all the collisions and finally stops. When this energy transfer is
sufficient, a displacement of atoms from their equilibrium posi-
tions creating a vacancy or a recoil occurs. Alternatively, if the
ion energy is high enough such recoils may create additional
displacement of atoms through a cascade effect with subse-
quent decrement in their energy. In due course, the recoil ener-
gies are quenched in short timescales of ~107! seconds. The
modified target volume, which gets affected due to this slowing
down process, depends on the mass and energy of the incoming
ion and on the mass of the target atom. It may be expressed as
the spatial distribution of the energy transferred/deposited
within the target [27,28]. Sometimes the energy distribution on
the target atoms at the surface may be sufficient to overcome
binding energies so as to knock them out of the surfaces
through an outwardly directed momentum. This process is
known as sputtering [26], and the number of ejected atoms per
ion is given by the sputtering yield, Y(0). It is clearly visible that
Y is a function of the incident angle 0, and it maximizes around
6 ~ 60°. Ion—matter interaction in low-energy regimes is well
understood; however, a few empirical additions have been
taking place in the formulism based upon the experimental ob-
servations [29,30]. A large group of theoreticians have contrib-
uted to the already existing classic description given by Bradley
and Harper [31] based on morphological effects of IBS. The
height h(x, y, t) of the sputtered surface can be described by a
linear equation (Equation 1):

%:—vo +YVh+vV2h—DV*h (1)

where vy is the constant erosion velocity, v is the effective sur-
face tension, and D denotes the surface diffusion which is acti-
vated by different physical processes (i.e., thermal diffusion and
ion-induced diffusion) [32]. This approach is based on the linear
cascade model and Gaussian approximation of energy distribu-
tion as developed by Sigmund [26] to describe ion—atom colli-

sions inside the target.

Rutherford backscattering spectrometry (RBS) studies in the
channelling mode have been used to study defects in crystals for
more than a few decades now [33,34]. It imparts the useful
information about the structure and composition of materials
through the damage fraction studies of ion-bombarded crys-
talline samples by detecting the backscattered beam of high-
energy ions (He" ~1-2 MeV). It impinges on the target materi-
al which provides good mass and depth resolution and also
probes smaller radiation damages [35]. The damage produced
by ion implantation in semiconductors consists of randomly dis-

tributed atoms displaced from their regular lattice sites up to a
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depth or range of damage profiles. Single-crystal materials (e.g.
silicon and germanium) are composed of ordered arrays of
atoms. If an ion beam is aligned to the atomic planes, most of
the ions pass through the interplanar space and penetrate deep
into the crystal. This can be used in channelling studies to
analyse the crystal structure and to locate interstitial atoms
within the array of target atoms. The relation between yield and
defect concentration was derived by Bggh [33]. It provides
information about the depth distribution of defects in the first
few microns beneath the crystalline surface. Channelling is an
important process which has been heavily studied by Norlund et
al. [24] and Hobler et al. [36]. Thus, in our studies, RBS-c plays
a significant role in understanding the damage fractions in Si
and Ge due to Ar* ions. In the present work, 100 keV Ar* ion
bombardment was simultaneously performed on Si and Ge sub-
strates. A correlation between ripple morphology and ion beam
parameters was derived to understand the damage incurred by
Ar" ions inside both materials using RBS-¢ measurements.

Experimental Details

Commercially available Si and Ge wafers, procured from Semi-
conductor wafers Inc., were taken and cut into equal pieces of
0.5 cm %X 1 cm. The samples were mounted on an experimental
ladder used for irradiation experiments using double-sided tape.
Pieces of Si were mounted on the left-hand side and of Ge on
the right-hand side of the Cu ladder. This was done to allow
them to be simultaneously irradiated, keeping the experimental
conditions the same. The experiment was performed at high
vacuum ~5 X 107 Torr and at room temperature. Argon ions
(100 keV) have been used to irradiate the samples at an inci-
dent angle of 6 ~ 60° with respect to the surface normal [16].
The area in which the ion beam fell was kept larger (1 x 1) cm?
to allow for the simultaneous irradiation of both samples (Si and

Ge). The time was calculated using Equation 2:

T (sec) =((|)><A)/(]X6.25X109), @

where ¢ is the ion fluence in ions/cm?2, A is the area of the sam-

ple in cm2, and I is the current in particle per nanoampere.

The ion fluence was chosen from the literature [37,38] as 3, 5,
7, and 9 x 10'7 jons/cm? to induce complete amorphization
within the two surfaces up to the ion range. The ion irradiation
experiment was performed in the 90-degree beam line dedi-
cated for materials science experiments in the Low-Energy Ion
Beam (LEIB) facility of the Inter University Accelerator Centre,
New Delhi. The electronic and nuclear energy losses of
100 keV Ar" inside Si and Ge were calculated using the SRIM
software [39]. The electronic energy loss values were found to
be 37.67 and 36.51 eV/A for Si and Ge, respectively, and the
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nuclear energy loss values were found to be 47.75 and
59.61 eV/A for Si and Ge, respectively. The range of Ar ions in
Siis 106.5 nm and that in Ge is 72.2 nm. The pristine and irra-
diated samples were characterized by AFM (Nanoscope Illa
controller, Bruker, USA) using an RTESP tip with radius of
curvature of ~10 nm. The RBS measurements were performed
in channelling mode using 2 MeV He" ions at the PARAS
facility at the Inter University Accelerator Centre (IUAC), New
Delhi, and transmission electron microscopy (TEM) using an
equipment from Jeol, Japan. The samples for TEM were pre-
pared for cross-sectional studies in the TEM sample prepara-
tion lab at IUAC, New Delhi.

Results and Discussion

Atomic force microscopy studies

Energetic ions, of a few hundreds of kiloelectronvolts, from the
ion implanters modify the surface of the target material to grow
nanopatterns. The surfaces of the pristine and ion-treated sam-
ples were studied via AFM for the surface topography and
change in root-mean-square (RMS) surface roughness. Figure 1
shows AFM images of pristine and 100 keV Ar" ion-irradiated
Si samples. Pristine samples show a smooth surface with a sur-
face roughness of ~0.5 nm as observed in Figure 1A (a).

Figure 1A (b—e) shows the surface topography of the irradiated
samples at respective ion fluences of (b) 3 x 1017, (¢) 5 x 1017,
(d) 7 x 1017 and (e) 9 x 10'7 ions/cm?. The surface roughness
(Rg) is found to be increased with ion fluence from ~1.0 nm to
1.6 nm due to ion-induced sputtering at a 60° incidence angle.
The pattern formation starts on any surface with amorphization
through ion-induced defects resulting from collision cascades
[16]. As shown in the AFM micrographs, the Si surface shows
ripple patterns. These ripples are more organized and become
more regular with ion fluence, with a ripple wavelength ranging
from 400 to 740 nm (Figure 1B). The ripple patterns are more
pronounced and have a preferential orientation perpendicular to
the ion beam direction (shown by an arrow on each of the AFM
images). The wavelength of the ripples obtained for initial
fluences was ~430 nm, and became wider (=740 nm) for an ion
fluence of 9 x 10!7 ions/cm?. Figure 2A shows AFM images of
pristine and 100 keV Ar* ion-irradiated Ge samples. The pris-
tine sample shows a smooth surface with roughness of ~0.5 nm
as observed in Figure 2A (a). Figure 2A (b—e) shows AFM
images of irradiated samples at respective ion fluences of (b) 3
x 1017, (¢) 5 x 1017, (d) 7 x 10!7, and (e) 9 x 10!7 ions/cm?.
The Ge surface shows a slight change in the surface roughness
to 0.6 nm when irradiated with an ion fluence of 3 x 10!7 ions/
cm?2. At a fluence of 5 x 10!7 ions/cm?, ripple patterns start
appearing on the surface perpendicular to the beam direction
(shown by the white arrow in Figure 2) with a roughness of
0.65 nm.
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Figure 1: A. AFM images of pristine and 100 keV Ar* ion-irradiated Si samples. (a) Pristine and irradiated samples with (b) 3 x 1017, (c) 5 x 1017,
(d) 7 x 107, and (e) 9 x 107 ions/cm? (all images are in 5 pm x 5 pm scan size) with corresponding wavelength distribution shown in B.
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Figure 2: A: AFM images of pristine and 100 keV Ar* ion-irradiated Ge samples (a) pristine, (b) 3 x 10'7, (c) 5 x 1017 (d) 7 x 107 and
(e) 9 x 10'7 ions/cm? irradiated samples (all images are in 5 um x 5 um scan size), B shows the corresponding wavelength distribution.

The ripples have an average wavelength of ~370 nm as shown
in Figure 2B, with wavelength plots obtained for various ion
fluences in the case of Ge samples after irradiation. The wave-
length of the ripples obtained for initial fluences was ~350 nm.
The RMS surface roughness of both Si and Ge samples in-
creases with ion fluence. For Si, it changes from 0.5 to 1.2 nm
and for Ge it changes from 0.5 to 0.65 nm. It is observed that
the patterns formed on Si are more prominent than those on Ge,
and this may be due to the choice of Ar* ions. It has been
shown in the literature that the probability of formation of
ripples with Ar* ions is higher for Si (m = 28 amu) than that for

Ge (m = 72 amu) [9]. This may be due to the mass difference
between Si and Ar™ (m = 40 amu), which is smaller compared
to that between Ar™ and Ge. Therefore, when Ar' ions enter the
surface of Si, it amorphizes the near surface by inducing defects
and irregularity in the Si crystal. On the other hand, since Ge is
more massive, it probably requires an ion more massive than Ar
or with more energy, ion fluence, or elevated temperature to in-
duce that type of energy deposition in the Ge lattice. This way,
the defects can be produced and the substrate can be amor-
phized. The roughness and growth exponents have been
deduced from the RMS surface roughness and power spectral
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density data to understand the mechanism of ripple formation
on Si and Ge. From the slope, n, of the linear part of power
spectral density (PSD) curves, one may find the roughness pa-
rameter o using the formula a = (n — 1)/d, where d is the dimen-
sion of PSD [40]. In our case it is 2. Further, from the log plot
of RMS roughness as a function of ion fluence, the slope is ob-
tained as 0.23 £ 0.07 and 0.19 = 0.09 for Si and Ge, respective-
ly. The roughness parameter a and the growth parameter f give
information about the mechanism responsible for creating these
surface structures due to the interplay between roughness in-
duced by sputtering and smoothening due to diffusion pro-
cesses. The values for a and p were found to be o = 0.42 and
0.26 and B = 0.23 and 0.19 for Si and Ge, respectively, indicat-
ing that sputtering dominates in both cases to create ripples on

the two surfaces. However, this process is better for Si.

Transmission electron microscopy studies

The TEM analysis of Si and Ge samples irradiated with a
fluence of 9 x 10!7 ions/cm? was performed in cross-sectional
mode. The TEM image clearly reveals the surface modification

occurred due to Ar ion irradiation.

At fewer places, Ar bubbles of ~15 nm were also visible
(marked with a dotted section) in Si. It was found that the sam-
ples were still crystalline as seen in Figure 3A and Figure 3B
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for Si and Ge, respectively with corresponding d-spacing and
selected area electron diffraction (SAED) pattern. It was ob-
served that Ge exhibits higher crystallinity as compared to that
of Si, even after irradiation at 9 x 10'7 ions/cm?. Due to a
higher mass difference between Si and Ge, Ge being a heavier
target, there was not too much damage as a result of Ar ion irra-
diation. Therefore, most of the region remained unaltered
beyond the ion penetration depths for both cases. This may be
due to the high penetration depth of the electron beam rather
than the range of the ion beam. The d-spacing found for Si was
0.31 nm and for Ge was 0.34 nm. The SAED pattern clearly
shows a good diffraction pattern for Ge indicating that crys-
tallinity remained intact for Ge even after irradiation at a higher
ion fluence than that observed for Si. This further confirms that
the near surface region of Si, amorphized to form better ripple
patterns in Si as compared to Ge, may be due to the overlap of
the collision cascade which led to more defect formation [41].

Rutherford backscattering results

The RBS technique was used to determine the structure and
composition of the materials by measuring the backscattering of
a beam of high-energy ions (He") impinging on a sample. The
RBS-channelling spectra of deep ion implants in Si and Ge
were analysed to extract the depth profiles of the displaced
atoms. Figure 4 shows the aligned spectra for Ge(111) and

Figure 3: TEM images of A. Si and B. Ge samples irradiated with 9 x 1017 ions/cm?, with corresponding SAED patterns.

371



Energy (MeV)

Beilstein J. Nanotechnol. 2024, 15, 367-375.

A B Energy (MeV)
1.0 1.2 1.4 1.6 1.8 0.6 0.8 1.0 1.2 1.4
140 L B e S e s e e e I ma 40 e L s e e S e s ey e e
——— Random - Random
120 Channeled - | Channeled
7el7 [ Sel5s
5e17 30 7el17 .
= 1= T
2 2 L
>~ P .
o 1= - Si
8 2 20} 1 ]
= = Al
bt 4 = [ !
o S " !
Z. 172 Yorp, |
. : “‘r‘]‘“‘T'ﬂ¢M .
] 10 v i *\'M..w | 7
i ey 0T,
3 3 ‘ Ar
sy \ Jid
L _ AR o TSP N J\
e S S A S B A B U e e e ——— e b SR PR
800 1000 1200 1400 1600 1800 400 600 800 1000 1200 1400
Channel Channel

Figure 4: Aligned spectra for (A) Ge and (B) Si targets before and after ion irradiation with 100 keV Ar* ions at ion fluences varying from 3 to

9 x 1017 jons/cm?.

Si(111) targets before and after ion irradiation with 100 keV
Ar” ions at various ion fluences from 3 to 9 x 10'7 ions/cm?.
The crystallinity of the investigated target was determined by
the comparison of the aligned spectrum with the random spec-
tra (black). For the pristine Si and Ge samples, the backscat-
tered (BS) yield in an aligned direction reduces to 5% and 7%,
respectively. In defect analysis through ion implantation [42],
the category-I damage is the subthreshold damage (i.e., partially
damaged region) before it completely turns amorphous. On a
complete amorphization, an amorphous/crystalline (a/c) inter-
face is formed and further incoming ions create damage beyond
this interface or end-range (ER) defects are produced. The irra-
diated Ge and Si targets clearly show visible damage peaks be-
tween channel numbers (1000-1100) for Si and (1500-1600)
for Ge. The clustering of defects leads to the subsequent
increase of the damage peak in irradiated samples (for an ion
fluence of =9 x 107 jons/cm?) compared to that of unirradiated
samples. Typically, an obtained Xp,;, value of 4 to 5% indicates
good quality of Si and Ge pristine crystals. The increase of
de-channelling is attributed to the accumulation of defects pro-
duced by Ar irradiation.

The RBS-c spectra recorded for Si and Ge single-crystal sam-
ples pre-damaged with 100 keV Ar* ions at RT are presented in
Figure 5A and Figure 5B, respectively. The RBS spectrum re-
corded for the pristine sample in random orientation displays
two steps corresponding to the backscattering from Si and Ar
for channel numbers #1050 and ~1275, respectively. Defect
clustering may lead to a subsequent increase of the damage
peak in irradiated samples as compared to that of pristine Si and

Ge samples. To understand the evolution of the lattice disorder

with ion irradiation conditions, the RBS-c data were analyzed
and the damage depth distribution (i.e., finite-difference fre-
quency-domain, FDFD, as a function of depth) was extracted by
using the simulation code “De-channelling In Crystals And
Defect Analysis (DICADA)” [35]. The RBS-c results show Ar
in Si spectra, however, due to a lower mass, it is not observed in
Ge spectra. The Ar" estimated fluence matches the implanted
fluence ruling out the possibility of sputtering for Ge. However,
Si shows the damage peak around 80 nm with some sputtering
of Si atoms. Ar is a period III element, thus, it generates a lower
stress field. The depth distribution of defects for pre-damaged
crystals before and after Ar* irradiation is shown in Figure 5
for Si and Ge. As the Ar* fluence is increased, the damage
level increases by different amounts towards both the crystal
surface up to the depths of 158 nm (A) and 170 nm (B) with
an integral density of point defects of ~0.17 x 108 per cm?
and 0.38 x 10'7 per cm? for Ge and Si, respectively, as calcu-
lated by DICADA. This may be due to the tailing effects
where an incoming ion comes to rest after travelling a certain
distance inside the target material, taking into account the ion
straggling.

For Si and Ge, a damage peak is exhibited around ~75 nm , and
the damaged layer extends up to a depth of ~110 nm, which is
consistent with the range of ions calculated with the SRIM code
[39,43]. Here, the low-energy part of the spectrum continuous-
ly increases, which shows that both samples comprised of
in-depth defects even before irradiation, and these defects are
high in number in the case of Si (Figure 5C) in comparison to
Ge. The area of the damage peak indicates that there are defect

accumulations in the irradiated region as shown in Figure 5C,
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which confirms the near surface amorphization in Si in compar-
ison to Ge.

The main defects are the point defects such as interstitials and
vacancies produced due to energy transfer between the incom-
ing ions and the target atoms (Figure 6). The range of defect
depths calculated from RBS-c spectra for Ar* ions irradiated on
Ge is 3 to 4% which is lower than that for Si, having 10 to 11%
due to differences in mass values of the crystal atoms. However,
the damage distribution within the amorphous layer is greater
for Ge in comparison with Si implanted samples, and it in-
creases with ion fluence.

Conclusion

The RBS-c is an effective characterization technique for the
estimation of amorphous depth and defect concentration in
implanted single crystals. The RBS-c analysis for point defects
shows a linear behaviour in defect density with ion fluence. The
formation of highly dense dislocation loops beyond the a/c
interface results in an increase in the BS yield towards lower

channel numbers. The RBS is effective and accurate in deter-

lonization event
Sputtered

— =_/ target atom

Ejected 0 / E

electron
® 6 & 0.0 Q/._.Q @
O

.../.C\.C.QO

N\
® 6 0 O ® O
(Si/Ge) Sample Collisional cascade

Figure 6: Schematic representation of various defects produced due to
low-energy ion interaction with target atoms.

mining the sputtering yield for Si and Ge upon incident Ar™ at
60°. It can be concluded that Ar is creating more defects in Si as
compared to that in Ge, resulting in near surface amorphization.
Thus, it promotes ripple formation as observed from AFM
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images. The ripple wavelength increases with ion fluence in
both cases. We observed better ripples in Si in comparison to
those in Ge, and the Ge surface shows shallow ripples at fewer
spots which were irregular, thus, the ripple formation on Ge is

also confirmed.

Supporting Information

Supporting Information File 1

Supplementary files.

[https://www beilstein-journals.org/bjnano/content/
supplementary/2190-4286-15-33-S1.pdf]

Acknowledgements

The authors would like to acknowledge Inter University Accel-
erator Centre, New Delhi, India, for the beam time and ion
beam irradiation facilities.

Funding

IS is grateful for the SIRE fellowship (SIR/2022/001573)
awarded to her from SERB, Department of Science and Tech-
nology. The authors would like to acknowledge the Department
of Science and Technology, India, for funding the SPM facility
at JUAC, New Delhi under the Intensification of Research in
High Priority Areas (IRHPA) project.

Competing Interests
The authors declare that they have no known competing finan-
cial interests or personal relationships that could have appeared

to influence the work reported in this paper.

Author Contributions

Indra Sulania: conceptualization; data curation; formal analysis;
investigation; methodology; project administration; supervision;
validation; writing — original draft; writing — review & editing.
Harpreet Sondhi: methodology; software. Tanuj Kumar:
resources. Sunil Ojha: data curation; formal analysis. G R
Umapathy: formal analysis; software. Ambuj Mishra: data cura-
tion. Ambuj Tripathi: data curation. Richa Krishna: data cura-
tion. Devesh Kumar Avasthi: resources; supervision. Yogendra
Kumar Mishra: funding acquisition; validation.

ORCID® iDs

Indra Sulania - https://orcid.org/0000-0002-4833-1656
Richa Krishna - https://orcid.org/0000-0001-6755-9974

Data Availability Statement

The data that supports the findings of this study is available from the corre-
sponding author upon reasonable request.

Beilstein J. Nanotechnol. 2024, 15, 367-375.

References

1. Cunningham, R. L.; Haymann, P.; Lecomte, C.; Moore, W. J.;

Trillat, J. J. J. Appl. Phys. 1960, 31, 839-842. doi:10.1063/1.1735705

2. Navez, M.; Sella, C.; Chaperot, D. C. R. Hebd. Seances Acad. Sci.
1962, 254, 240-242.

3. Sulania, |.; Yadav, R. P.; Karn, R. K. Atomic and Magnetic Force
Studies of Co Thin Films and Nanoparticles: Understanding the
Surface Correlation Using Fractal Studies. In Handbook of Materials
Characterization;, Sharma, S. K., Ed.; Springer International Publishing:
Cham, Switzerland, 2018; pp 263—-291.
doi:10.1007/978-3-319-92955-2_7

4. Panchal, V.; Kumar, T.; Sulania, I.; Kumar, S. Vacuum 2021, 183,
109795. doi:10.1016/j.vacuum.2020.109795

5. Sulania, |.; Tripathi, A.; Kabiraj, D.; Varma, S.; Avasthi, D. K.

J. Nanosci. Nanotechnol. 2008, 8, 4163—-4167.
doi:10.1166/jnn.2008.an13

6. Sulania, I.; Agarwal, D.; Husain, M.; Avasthi, D. K.

Nanoscale Res. Lett. 2015, 10, 88. doi:10.1186/s11671-015-0751-4

7. Ziberi, B.; Cornejo, M.; Frost, F.; Rauschenbach, B.

J. Phys.: Condens. Matter 2009, 21, 224003.
doi:10.1088/0953-8984/21/22/224003

8. Ziberi, B.; Frost, F.; Rauschenbach, B. J. Vac. Sci. Technol., A 2006,
24, 1344-1348. doi:10.1116/1.2188415

9. Sulania, |.; Agarwal, D. C.; Kumar, M.; Kumar, S.; Kumar, P.

Phys. Chem. Chem. Phys. 2016, 18, 20363—-20370.
doi:10.1039/c6cp03409h

10.Bradley, R. M.; Hofsass, H. J. Appl. Phys. 2016, 120, 074302.

doi:10.1063/1.4960807

.Maity, G.; Ojha, S.; Sulania, |.; Devrani, K.; Patel, S. P.

Surf. Interface Anal. 2019, 51, 817-825. doi:10.1002/sia.6655

12. Sulania, I.; Kumar, P.; Priya, P. K.; Bhasker, H. P.; Singh, U. B.;
Karn, R. K.; Tyagi, C.; Yadav, R. P. Radiat. Phys. Chem. 2022, 199,
110353. doi:10.1016/j.radphyschem.2022.110353

13.Facsko, S.; Dekorsy, T.; Koerdt, C.; Trappe, C.; Kurz, H.; Vogt, A.;
Hartnagel, H. L. Science 1999, 285, 1551-1553.
doi:10.1126/science.285.5433.1551

14.Stupp, S. |.; Braun, P. V. Science 1997, 277, 1242—1248.
doi:10.1126/science.277.5330.1242

15. Termini, N. C.; Tripathi, J. K.; Hassanein, A. Thin Solid Films 2023,
785, 140094. doi:10.1016/j.tsf.2023.140094

16. Sulania, I.; Avasthi, D. K.; Tripathi, A.; Hussain, M. ECS Trans. 2022,
107 (1), 3107-3116. doi:10.1149/10701.3107ecst

17.Hofséss, H. Appl. Phys. A: Mater. Sci. Process. 2014, 114, 401-422.
doi:10.1007/s00339-013-8170-9

18.Hofséss, H.; Zhang, K.; Gehrke, H. G.; Brusewitz, C. Phys. Rev. B
2013, 88, 075426. doi:10.1103/physrevb.88.075426

19. Lopez-Cazalilla, A.; Chowdhury, D.; llinov, A.; Mondal, S.; Barman, P.;
Bhattacharyya, S. R.; Ghose, D.; Djurabekova, F.; Nordlund, K.;
Norris, S. J. Appl. Phys. 2018, 123, 235108. doi:10.1063/1.5026447

20. Lopez-Cazalilla, A.; llinov, A.; Nordlund, K.; Djurabekova, F.

J. Phys.: Condens. Matter 2019, 31, 075302.
doi:10.1088/1361-648x/aaf59f

21.Lopez-Cazalilla, A.; Djurabekova, F.; llinov, A.; Fridlund, C.;
Nordlund, K. Mater. Res. Lett. 2020, 8, 110-116.
doi:10.1080/21663831.2019.1711458

22.Lopez-Cazalilla, A.; Nordlund, K.; Djurabekova, F. Phys. Rev. Mater.
2023, 7, 036002. doi:10.1103/physrevmaterials.7.036002

1

—_

374


https://www.beilstein-journals.org/bjnano/content/supplementary/2190-4286-15-33-S1.pdf
https://www.beilstein-journals.org/bjnano/content/supplementary/2190-4286-15-33-S1.pdf
https://orcid.org/0000-0002-4833-1656
https://orcid.org/0000-0001-6755-9974
https://doi.org/10.1063%2F1.1735705
https://doi.org/10.1007%2F978-3-319-92955-2_7
https://doi.org/10.1016%2Fj.vacuum.2020.109795
https://doi.org/10.1166%2Fjnn.2008.an13
https://doi.org/10.1186%2Fs11671-015-0751-4
https://doi.org/10.1088%2F0953-8984%2F21%2F22%2F224003
https://doi.org/10.1116%2F1.2188415
https://doi.org/10.1039%2Fc6cp03409h
https://doi.org/10.1063%2F1.4960807
https://doi.org/10.1002%2Fsia.6655
https://doi.org/10.1016%2Fj.radphyschem.2022.110353
https://doi.org/10.1126%2Fscience.285.5433.1551
https://doi.org/10.1126%2Fscience.277.5330.1242
https://doi.org/10.1016%2Fj.tsf.2023.140094
https://doi.org/10.1149%2F10701.3107ecst
https://doi.org/10.1007%2Fs00339-013-8170-9
https://doi.org/10.1103%2Fphysrevb.88.075426
https://doi.org/10.1063%2F1.5026447
https://doi.org/10.1088%2F1361-648x%2Faaf59f
https://doi.org/10.1080%2F21663831.2019.1711458
https://doi.org/10.1103%2Fphysrevmaterials.7.036002

23.Norris, S. A.; Samela, J.; Bukonte, L.; Backman, M.; Djurabekova, F.;
Nordlund, K.; Madi, C. S.; Brenner, M. P.; Aziz, M. J. Nat. Commun.
2011, 2, 276. doi:10.1038/ncomms1280

24.Nordlund, K.; Djurabekova, F.; Hobler, G. Phys. Rev. B 2016, 94,
214109. doi:10.1103/physrevb.94.214109

25.Thompson, M. W.; Nelson, R. S. Philos. Mag. (1798-1977) 1962, 7,
2015-2026. doi:10.1080/14786436208214470

26.Sigmund, P. Phys. Rev. 1969, 184, 383—-416.
doi:10.1103/physrev.184.383

27. Winterbon, K. B.; Sigmund, P.; Sanders, J.

Mat.-Fys. Medd. - K. Dan. Vidensk. Selsk. 1970, 37, 5-73.
https://www.researchgate.net/publication/236353890_Spatial_distributi

on_of_energy_deposited_by_atomic_particles_in_elastic_collisions

28.Carter, G. J. Phys. D: Appl. Phys. 2001, 34, R1.
doi:10.1088/0022-3727/34/3/201

29.Sulania, I.; Tripathi, A.; Kabiraj, D.; Lequeux, M.; Avasthi, D.
Adv. Mater. Lett. 2010, 7, 118—122. doi:10.5185/amlett.2010.5128

30.Keller, A.; Facsko, S.; Cuerno, R. Numerical Integrator for Continuum
Equations of Surface Growth and Erosion. In Computational
Nanotechnology Modeling and Applications with MATLAB®; Musa, S.,
Ed.; CRC Press: Boca Raton, FL, U.S.A., 2012; pp 189-216.
doi:10.1201/9781315217567-5

31.Bradley, R. M.; Harper, J. M. E. J. Vac. Sci. Technol., A 1988, 6,
2390-2395. doi:10.1116/1.575561

32. Carter, G.; Vishnyakov, V. Phys. Rev. B 1996, 54, 17647—17653.
doi:10.1103/physrevb.54.17647

33.Bogh, E. Can. J. Phys. 1968, 46, 653—-662. doi:10.1139/p68-081

34.Quéré, Y. Phys. Status Solidi 1968, 30, 713-722.
doi:10.1002/pssb.19680300231

35. Gartner, K. Nucl. Instrum. Methods Phys. Res., Sect. B 2005, 227,
522-530. doi:10.1016/j.nimb.2004.10.087

36. Hobler, G.; Nordlund, K. Nucl. Instrum. Methods Phys. Res., Sect. B
2019, 449, 17-21. doi:10.1016/j.nimb.2019.04.029

37.Chini, T. K.; Okuyama, F.; Tanemura, M.; Nordlund, K. Phys. Rev. B
2003, 67, 205403. doi:10.1103/physrevb.67.205403

38.Kumar, P. Semicond. Sci. Technol. 2016, 31, 035014.
doi:10.1088/0268-1242/31/3/035014

39.Ziegler, J. F.; Ziegler, M. D.; Biersack, J. P.
Nucl. Instrum. Methods Phys. Res., Sect. B 2010, 268, 1818—1823.
doi:10.1016/j.nimb.2010.02.091

40.Kumar, M.; Pandey, R. K.; Pathak, S.; Vandana; Ojha, S.; Kumar, T.;
Kumar, R. Appl. Surf. Sci. 2021, 540, 148338.
doi:10.1016/j.apsusc.2020.148338

41.Ruault, M. O.; Chaumont, J.; Bernas, H.
Nucl. Instrum. Methods Phys. Res. 1983, 209-210, 351-356.
doi:10.1016/0167-5087(83)90822-0

42.Jones, K. S.; Prussin, S.; Weber, E. R. Appl. Phys. A: Solids Surf.
1988, 45, 1-34. doi:10.1007/bf00618760

43. Thompson, M. W. Philos. Trans. R. Soc., A 2004, 362, 5-28.
doi:10.1098/rsta.2003.1309

Beilstein J. Nanotechnol. 2024, 15, 367-375.

License and Terms

This is an open access article licensed under the terms of
the Beilstein-Institut Open Access License Agreement
(https://www.beilstein-journals.org/bjnano/terms), which is

identical to the Creative Commons Attribution 4.0
International License

(https://creativecommons.org/licenses/by/4.0). The reuse of

material under this license requires that the author(s),
source and license are credited. Third-party material in this
article could be subject to other licenses (typically indicated
in the credit line), and in this case, users are required to
obtain permission from the license holder to reuse the

material.

The definitive version of this article is the electronic one
which can be found at:
https://doi.org/10.3762/bjnano.15.33

375


https://doi.org/10.1038%2Fncomms1280
https://doi.org/10.1103%2Fphysrevb.94.214109
https://doi.org/10.1080%2F14786436208214470
https://doi.org/10.1103%2Fphysrev.184.383
https://www.researchgate.net/publication/236353890_Spatial_distribution_of_energy_deposited_by_atomic_particles_in_elastic_collisions
https://www.researchgate.net/publication/236353890_Spatial_distribution_of_energy_deposited_by_atomic_particles_in_elastic_collisions
https://doi.org/10.1088%2F0022-3727%2F34%2F3%2F201
https://doi.org/10.5185%2Famlett.2010.5128
https://doi.org/10.1201%2F9781315217567-5
https://doi.org/10.1116%2F1.575561
https://doi.org/10.1103%2Fphysrevb.54.17647
https://doi.org/10.1139%2Fp68-081
https://doi.org/10.1002%2Fpssb.19680300231
https://doi.org/10.1016%2Fj.nimb.2004.10.087
https://doi.org/10.1016%2Fj.nimb.2019.04.029
https://doi.org/10.1103%2Fphysrevb.67.205403
https://doi.org/10.1088%2F0268-1242%2F31%2F3%2F035014
https://doi.org/10.1016%2Fj.nimb.2010.02.091
https://doi.org/10.1016%2Fj.apsusc.2020.148338
https://doi.org/10.1016%2F0167-5087%2883%2990822-0
https://doi.org/10.1007%2Fbf00618760
https://doi.org/10.1098%2Frsta.2003.1309
https://www.beilstein-journals.org/bjnano/terms
https://creativecommons.org/licenses/by/4.0
https://doi.org/10.3762/bjnano.15.33

	Abstract
	Introduction
	Experimental Details
	Results and Discussion
	Atomic force microscopy studies
	Transmission electron microscopy studies
	Rutherford backscattering results

	Conclusion
	Supporting Information
	Acknowledgements
	Funding
	Competing Interests
	Author Contributions
	ORCID iDs
	Data Availability Statement
	References

