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In this paper, we report the effect of low-energy carbon ion irradiation on the thermally annealed nickel–

silicon bilayer samples. The primary objective is to analyse and interpret the formation of various nickel

silicide phases, their evolution, and stability under ion irradiation. The bilayer samples were fabricated

using magnetron sputtering at room temperature, with a 100 nm nickel top layer and a 100 nm silicon

buffer layer deposited on a silicon substrate. The deposition was carried out under a base pressure of

7.02 × 10−7 mbar and a gas pressure of 4.14 × 10−3 mbar. These samples were then annealed at 500 °C

for one hour in an argon atmosphere to nucleate various nickel–silicide phases. Ion irradiation was

carried out using carbon ions of energy 120 keV for two different fluences 3 × 1015 and 1 × 1016 ions per

cm2. Grazing Incidence X-Ray Diffraction (GIXRD), Transmission Electron Microscopy (TEM), and

Rutherford Backscattering Spectroscopy (RBS) techniques were employed to characterize the resulting

phases in the thin films. The findings indicate that low-energy irradiation of pre-annealed and

unannealed Ni/Si bilayer samples results in significant structural modifications, which are further

confirmed by TEM analysis.
1. Introduction

Metal silicides play an important role in modern technology,
nding applications in microelectronics,1–6 protective
coatings,7–9 and optoelectronic devices.10,11 Among various
materials for similar applications, such as cobalt silicide and
tungsten silicide, nickel silicides have garnered signicant
interest.12–16 Extensive research has been conducted on nickel
lm deposition over silicon substrates, followed by thermal
treatment to induce phase formation.17–19 Nickel and silicon
form a diffusion couple,20 in which interdiffusion of Ni and Si
across the interface results in nucleation of various silicide
phases at different annealing conditions. Interdiffusion of Ni
and Si is also possible via ion irradiation. Therefore, investi-
gating the structural changes in Ni–Si thin lms under both
thermal processing and ion irradiation may open novel path-
ways for understanding phase formation and stability, and
interfacial evolution in such systems.21

Ion beam irradiation has been successfully employed as
a tool to synthesize newmaterials, modify intrinsic properties of
existing materials, initiate phase transformations, introduce
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damage or defects at the atomic level, to study the extreme
effects of radiation environment on a given material,22,23 etc.
Recently, 1 MeV Si+ ions were used to nucleate NiSi phases in
bilayer Si (∼5 nm)/Ni (∼15 nm)/Si thin lms at room tempera-
ture.24 In another investigation, 120 keV Si ions were used on Ni
(∼30 nm)/Si and Ni (∼60 nm)/Si monolayer thin lms to
nucleate different orientations of NiSi phases at room temper-
ature.26 The crystallinity of NiSi phases was observed to depend
on the thickness of the Ni layer: NiSi crystallinity was found to
be better in a 60 nm Ni layer thickness as compared to a 30 nm
Ni layer thickness.26 The characteristics of ions employed in
these experiments (e.g., charge state, size, atomic mass, etc.)
seem to play an important role in the formation of nickel sili-
cide phases. When light ions are used, a non-uniform silicide
growth was observed, while heavy ions are observed to result in
uniform silicide formation.25,26

Thermal annealing has frequently been used to synthesize
silicides in nickel lm deposited on a silicon substrate.13,27,28

The effect of thermal treatment on nickel silicides phases29–31

has also been studied in-depth in numerous experiments, and
its application in many domains has also been
explored.7,15,16,32,33 In all these investigations, a typical sequence
of silicide formation has been observed: Ni2Si forms at
temperatures below 300 °C, NiSi appears between 300–700 °C
(being the phase with the lowest electrical resistance), and NiSi2
starts forming above 700 °C. However, when the deposited lm
thickness is less than 5 nm, this phase sequence is altered due
to changes in the kinetics and dynamics of silicide formation.
RSC Adv., 2025, 15, 28285–28297 | 28285
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This highlights the critical role of lm thickness in the nickel
silicide formation process.34,35 In one such investigation, nickel
silicide phase formation was studied using a rapid thermal
annealing process (RTP) in samples with varying nickel layer
thickness. It was observed that the sample with a thinner Ni
layer tends to form a uniform silicide phase readily than
a thicker layer, which possibly leads to incomplete phase tran-
sition or multiple phase formation.40,41

In the present experimental investigation, the primary
objective is to examine the effect of low-energy ion beam irra-
diation and thermal annealing on the formation of nickel sili-
cide phases. To assess the impact of irradiation on the
structural evolution of the bilayer, both annealed and unan-
nealed samples were exposed to low-energy negative ion irra-
diation. This approach allows for a comparative study of how
ion irradiation inuences the phases formed in annealed and
unannealed samples. Thermal annealing is done at 500 °C for
1 h in an argon atmosphere. At this temperature, an appreciable
number of nickel monosilicide (NiSi) phases is observed to form
and grow with signicant crystallinity. Along with the NiSi
phase, other phases like Ni2Si, SiO2 are also observed. The
ndings from this study will provide valuable insights into the
role of irradiation in modifying interfacial reactions and phase
evolution in bilayer thin lm systems.
2. Materials and methods

Nickel–silicon bilayer lm was deposited using magnetron
sputtering36 under high vacuum conditions (10−7 mbar) at room
temperature (RT), minimizing the contamination. With the
presence of argon gas (for plasma) and an RF power of 40 W for
both nickel and silicon, the deposition rates are set to 36
Å min−1 for nickel and 25.2 Å min−1 for silicon, in order to
deposit 100 nm of each lm. The substrate was cleaned under
the standard procedure before the deposition. The samples
were cut into pieces of 1 cm × 1 cm. The resulting deposition
consisted of a 100 nm nickel layer and a 100 nm silicon layer on
a silicon substrate [c-Si(111)]. Following deposition, some of the
samples were annealed at 500 °C for 1 hour in an argon atmo-
sphere with a temperature ramp of 20 °C min−1 during heating,
followed by natural cooling, in a tubular furnace. The sample
deposited at RT is named as S1, and the sample annealed at
500 °C for 1 hour is named as S2.

The sample details is collectively summarised in the tabular
form given in Table 1.

Both S1 and S2 samples were subjected to low-energy nega-
tive ion beam irradiation (using carbon ions) in the Negative Ion
Implanter beam Facility (NIIBF, IUAC, New Delhi) with 120 keV
Table 1 Sample description and deposition details

Sample Element Thickness, Å

Bi-layer nickel on top Nickel 1000
Silicon 1000

28286 | RSC Adv., 2025, 15, 28285–28297
carbon ions at room temperature under a high vacuum of 5 ×

10−6 torr, at 3 × 1015 and 1 × 1016 ions per cm2
uences.

Detailed crystallographic information about the growth and
evolution of phases in the pristine and irradiated samples was
obtained by Grazing Incidence X-ray Diffraction (GIXRD)
measurements with Cu-Ka radiation (l = 1.54 Å), at room
temperature, using a PANalytical model EMPYREAN X-ray
diffractometer. The Diffractogram was recorded at an inci-
dence angle of 0.5°, in the angular region (2q) ranging from 20°
to 80° and at a scan rate of 0.05° s−1. Rutherford backscattering
spectrometry (RBS) was employed to evaluate elemental
composition and depth proling of pristine and irradiated
samples, using 2 MeV He-ions, from 1.7 MV Tandem Pelletron
(IUAC, New Delhi). The beam was incident at an angle (q) of 3°,
facilitating high-resolution depth proling for intricate
compositional analysis.

Further, the pristine and irradiated S2 sample (at 3 × 1015

ions per cm2) were subjected to high-resolution transmission
electron microscopy (HRTEM) at the user facility TEM Lab of
IUAC, Delhi. Planar TEM samples were prepared with the
powder method using ultra ultra-sonicator, where the thin lm
is set in IP liquid and is sonicated for 10 minutes at the working
frequency of the sonicator, which is 40 Hz. Aer this procedure,
the liquid that contains ne lms of the deposition is drop-cast
onto a 300-mesh carbon grid of 3 mm diameter. For HRTEM
measurements, a JEOL JEM-F200 High-Resolution Trans-
mission Electron Microscope equipped with a Thermal Field
Emission Electron Gun (TFEG) was utilized. All measurements
were conducted at an accelerating voltage of 200 kV. TEM
imaging, along with Selected Area Electron Diffraction (SAED)
techniques, were employed to investigate the structural modi-
cations induced by irradiation. These techniques offered
detailed and comprehensive information regarding the struc-
tural, compositional, and crystallographic alterations resulting
from the irradiation.

3. Results and discussion
3.1 GIXRD diffractogram

Fig. 1 shows the GIXRD pattern of the S1 and S2 samples. The 2q
value obtained from the experimental data was compared with
that of the standard value from the material project,37 an open-
access database. In the as-deposited sample S1, peaks corre-
sponding to Ni(111) at 44.69°, NiSi(103) at 52.13°, and NiSi(203)
at 76.56° are observed. While in the annealed sample S2,
additional peaks in the GIXRD pattern were observed, indi-
cating the formation of new phases including Ni2Si (120) at
43.54° and different orientations of NiSi like (103), (032), (041)
and (203) at 52.20°, 63.18°, 75.68° and 76.68° respectively. The
Power voltage (watt) Deposition rate, Å min−1

40 36
40 25.2

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 XRD patterns of Ni/Si bilayer, S1 and S2 showing nickel silicide
phase formation of and residual Ni after annealing.
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View Article Online
common phases in both samples are Ni(111), NiSi(103) and
NiSi(203). The crystallite sizes corresponding to these phases
have been listed in Table 2. Debye–Scherrer equation,38 given by

D ¼ kl
b cos q

; was used to calculate the crystallite size of the

phases formed. Here, k is the Debye–Scherrer constant, usually
taken as 0.9,39 l is the wavelength of the Cu-Ka (1.54 Å), b is the
FWHM value and q is the half value of Bragg's angle.

The crystallite sizes of all three phases increase signicantly
upon annealing. This suggests improved crystallinity during
thermal treatment.40,41 Moreover, the emergence of additional
NiSi and Ni2Si phases aer annealing implies growing crystal-
linity and conrms interdiffusion and solid-state reactions
between the layers.42–44

To examine the impact of low-energy ion irradiation, both
types of samples, S1 and S2, were irradiated using carbon ions
with an energy of 120 keV for two different uences 3 × 1015

ions per cm2 and 1 × 1016 ions per cm2. The GIXRD pattern of
the pristine and irradiated S1 sample is shown in Fig. 2(a), and
the effect of irradiation on the peak positions, FWHM, and
crystallite sizes has been displayed in Table 4, with corre-
sponding variation in crystallite size in Fig. 2(b).

It can be seen that with increasing uence, a gradual
increase in the crystallite size D is observed. The angle of
Table 2 Comparison of the crystallite size (D) for phases Ni(111),
NiSi(103), and NiSi(203), indicating significant grain growth post-
annealing

Sample type 2q (deg.) Phase (orientation) D (Å)

S1 44.69 Ni(111) 85.77
52.13 NiSi(103) 65.48
76.56 NiSi(203) 68.35

S2 44.76 Ni(111) 189.12
52.2 NiSi(103) 143.72
76.67 NiSi(203) 177.32

© 2025 The Author(s). Published by the Royal Society of Chemistry
diffraction is observed to increase slightly at 3 × 1015 ions per
cm2 indicating compressive strain in the lattice. Angle of
diffraction seems to decrease as ux is increased further (at 1 ×

1016 ions per cm2) due to lattice relaxation. This variation has
been displayed in Fig. 2(a) and Table 4.

The observed growth in crystallite size with ion uence can
be effectively described by a power-law relation45,46 of the form
Dn – D0

n = K4,47–49 where D is the crystallite size (aer irradia-
tion), D0 is the initial crystallite size (unirradiated), 4 is the ion
uence, K is a material-specic growth constant, and n is the
growth exponent which generally ranging between 2 and 4 for
diffusion-driven mechanisms triggered by thermal annealing or
ion irradiation. This trend is attributed to transient thermal
spikes produced during collision cascades, which locally
elevates the temperature and promote atomic mobility.46,50

Simultaneously, radiation-enhanced diffusion facilitated by the
formation of vacancies, interstitials, and other point defects
further supports crystallite coalescence and reordering.

The growth constant K is calculated using K ¼ D2 � D0
2

f
and

indicates the efficiency of crystallite growth and varies across
different phases depending on their atomic packing structure
and defect tolerance.51,52 K is calculated for the phases Ni(111),
NiSi(103), and NiSi(203), assuming diffusion-governed growth
with n = 2.53 Table 3 illustrates the calculated growth constant
and highlights the crystallite evolution. The difference in crys-
tallite size is evaluated by using the crystallite size of the as-
deposited or unirradiated sample as D0, and the nal crystal-
lite size aer irradiation as D. Thus, due to its closely packed
FCC structure, the Ni(111) phase exhibits a higher K value (as
conrmed by the calculations), indicating efficient energy
dissipation and sustained grain coarsening49,54 at elevated u-
ences. In contrast, the NiSi(103) phase, a high-index ortho-
rhombic plane with a more open structure, shows a decreasing
trend in K, suggesting stronger defect trapping and reduced
atomic diffusion. Meanwhile, the NiSi(203) phase, although
also a high-index and loosely packed structure, shows a slight
increase in K with an increase in uence, potentially due to its
irradiation-driven structural stability and reordering of prefer-
ential orientation. However, the increase in K for this phase
remains subtle and not signicantly pronounced.

On the other hand, the S2 lm displays a different behaviour
under ion irradiation, as shown in the GIXRD pattern of pristine
and irradiated S2 samples in Fig. 3. Before performing irradia-
tion, S2 lm was annealed at 500 °C, which resulted in the
formation of various phases like Ni2Si(120), NiSi(103), NiSi(032),
NiSi(041), NiSi(023), in addition to Ni(111) and SiO2(113) (see
Fig. 3). Thereaer, the annealed S2 lm was irradiated with
carbon ions having an energy of 120 keV at different uences 3
× 1015 ions per cm2 and 1 × 1016 ions per cm2. The GIXRD
pattern shows a signicant reduction in the intensity of all the
peaks as uence increases, signifying irradiation-induced
amorphization.55

Table 5 contains the crystallite sizes of various phases at
different uences and their peak positions in the diffractogram.
The crystallite sizes for different phases were calculated using
RSC Adv., 2025, 15, 28285–28297 | 28287
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Fig. 2 (a) GIXRD patterns of unannealed samples under different irradiation conditions. The XRD patterns compare the crystallographic changes
in an un-annealed samples subjected to different ion fluences, (b) crystallite size variation of Ni(111), NiSi(103) and (203), at different irradiation
fluence.

Table 3 Table for calculated growth constant (K) for distinct Ni(111), NiSi(103), and NiSi(203) phases following ion irradiation at fluences of 3 ×

1015 and 1 × 1016 ions per cm2. The data illustrate phase-dependent growth dynamics and highlight the crystallite evolution

Phase
D0 (initial crystallite size)
un-irradiated (nm)

Irradiation uence
(ions per cm2) (4)

D (nal crystallite size)
irradiated (nm) D2 − D0

2 (nm2) K (growth constant)

Ni (111) 8.65 3 × 1015 9.14 8.717 2.91 × 10−15

1 × 1016 12.27 75.73 7.57 × 10−15

NiSi (103) 6.81 3 × 1015 7.86 15.40 5.14 × 10−15

1 × 1016 8.11 19.39 1.94 × 10−15

NiSi (203) 7.23 3 × 1015 7.34 1.60 5.08 × 10−16

1 × 1016 8.73 23.94 2.39 × 10−15
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the Debye–Scherrer39 formula. From Table 5, we see that the
crystallite size of Ni2Si (120) and NiSi (103) increase when the
sample is irradiated with a uence of 3 × 1015 ions per cm2,
whereas for the other phases, we see a decrease in the crystallite
size. In Fig. 3, the intensity of all the peaks is observed to
decrease. In Ni2Si (120) and NiSi (103) phases, a decrease in the
intensity of the peaks under irradiation shows amorphization of
most of the crystallites of these orientations, except for a few.
However, the increase in the crystallite size of the remaining
Table 4 Crystallite size calculated using Scherrer equation for Ni(111), NiS
fluence 3 × 1015 ions per cm2 and 1 × 1016 ions per cm2

Fluence (ions per cm2) Peak type Peak position 2q

Unirradiated Ni(111) 44.67
NiSi(103) 52.1
NiSi(203) 76.56

3 × 1015 Ni(111) 44.76
NiSi(103) 52.21
NiSi(203) 76.66

1 × 1016 Ni(111) 44.73
NiSi(103) 52.17
NiSi(203) 76.66

28288 | RSC Adv., 2025, 15, 28285–28297
crystallites of these orientations may be due to localized
recombination of vacancy and interstitials (Ni–Ni, Si–Si or Ni–Si
interstials in dumbbell congurations)56 transported there by
radiation-enhanced diffusion. A decrease in the crystallite size
of the remaining phases might be due to irradiation-induced
amorphization.55

The phase-specic tolerance to irradiation is principally
governed by key factors that inuence radiation resistance: (a)
atomic density, (b) bonding energy, and (c) atomic packing of
i(103) and (203), phases in S1 thin films subjected to ion irradiation with

(degree) FWHM, b (degree) Crystallite size, D (Å)

0.993 86.458
1.298 68.098
1.399 72.311
0.94 91.362
1.25 78.607
1.38 73.357
0.7 122.67
1.09 81.117
1.16 87.269

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 The GIXRD diffractogram in the figure shows the phases of
nickel silicides Ni2Si and NiSi of different orientation in the annealed
sample and samples irradiated post annealing under fluence 3 × 1015

ions per cm2 1 × 1016 ions per cm2. The decrease in peak intensities of
the phases is clearly visible as the fluence increases indicating
progressive amorphization of these silicide phases.
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the respective phases.57–59 Additionally, irradiation along
different crystallographic orientations encounters varying
planar atomic densities and channel widths. Planes with higher
atomic density present greater resistance to defect cascades
initiated by ion uence, acting as barriers, while low-density
planes facilitate deeper penetration of defects due to wider
atomic spacing.

Under 120 keV C− irradiation, orientations such as
Ni2Si(120) and NiSi(103) retain or even improve their crystal-
linity. This is attributed to their tightly packed atomic rows and
higher threshold displacement energies, which conne colli-
sion cascades to smaller regions. Such connement promotes
in-cascade recombination of vacancies and interstitials, effec-
tively healing damage before it accumulates. In contrast,
orientations like Ni2Si(211) and NiSi(203) possess more open
channels and lower displacement threshold energies, which
allow collision cascades to spread and enable channelling of
primary knock-on atoms deeper into the lattice. This extended
cascade overlap inhibits efficient dynamic annealing, facilitates
the formation of stable defect clusters, and eventually leads to
orientation-dependent amorphization in these phases.60–62

The Ni2Si phase oriented along (120) adopts an ortho-
rhombic d structure63 with relatively open lattice planes,
Table 5 Crystallite sizes of different phases in S2 film subjected to ion i

Phase (orientation) Peak position, 2q (deg)

Crystallite size D (Å

Annealed lm

Ni2Si(120) 43.55 187.18
NiSi(103) 52.2 151.78
NiSi(032) 63.19 149.4
NiSi(203) 76.68 185.2

© 2025 The Author(s). Published by the Royal Society of Chemistry
resulting in pronounced tensile strain upon irradiation.64 This
strain is readily relieved at the coherent interfaces. By contrast,
monoclinic NiSi(103) possesses a densely packed atomic
framework that promotes texture evolution under irradiation;
the (103) planes thus hinder strain relaxation, leading to
localized strain build-up and defect clustering. The unusual
persistence of NiSi(103) crystallinity likely stems from
orientation-selective recrystallization,65 whereas Ni2Si(120)
amorphizes more uniformly.24

From the Table 5, we also observed that the response to the
irradiation depends on the orientation of a certain phase. Under
irradiation, phases with certain orientations are affected more
than others. This may be due to differences in atomic structure
and defect tolerance, which dictate how each phase with
a specic orientation responds to the irradiation.66–68 From this
observation, we may say that phases of certain orientations may
be more susceptible to damage, while others may withstand the
effects of irradiation.69 As the ion uence increases, the extent of
damage also rises. At the highest uence of 1 × 1016 ions per
cm2 while all other phases disappear, only SiO2 (113), Ni2Si
(120), and NiSi (032) remain noticeable with very weak intensity.

Phase formation under irradiation is possible only due to the
availability of point defects and defect clusters. The residual
concentration of point defects remaining aer the thermal
spike phase tells about the extent of damage in the material. We
have performed TRIM simulations to get an estimate of the
point defect concentrations using 120 keV carbon ion irradia-
tion with different uences. The concentration of point defects
(vacancy or interstitial) produced using 120 keV carbon ions at
the uence of 3 × 1015 and 1 × 1016 ions per cm2, as estimated
by TRIM simulation, is found to be approx. 2.2 × 1018 and 7.3 ×

1018, respectively. The displacement energies of nickel and
silicon were found to be 25 eV and 15 eV, respectively.

Another effective way of estimating the damage induced by
irradiation is to calculate the change in area under the graph or
the FWHM of the peaks before and aer irradiation. This
measurement provides the radiation-induced damage70 w.r.t
the change in FWHM, which has been calculated using the
equation below.

DFWHM ¼ FWHMPristine � FWHMirradiated

FWHMPristine

� 100 (1)

Fig. 4 shows differences in FWHM of different phases of
nickel silicide in pristine (annealed but unirradiated) and irra-
diated samples. If we compare the FWHM of various phases in
rradiation of fluence 3 × 1015 ions per cm2 1 × 1016 ions per cm2

)

Annealed & irradiated lm
at 3 × 1015 ions per cm2

Annealed & irradiated lm
at 1 × 1016 ions per cm2

192.9 Very small, not possible to calculate
158.32
137.01
138.98
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Fig. 4 FWHM comparison of nickel silicide phases; Ni2Si(120),
NiSi(103), NiSi(032) and NiSi(203), in annealed bilayer sample and
sample irradiated post annealing.
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pristine and irradiated samples, we see that the FWHM is
higher for some phases in pristine (Ni2Si (120) & NiSi (103)) as
compared to irradiated samples, whereas for other phases
(NiSi(032) and NiSi(203)), the FWHM for irradiated samples is
higher than that of pristine.

Under ion irradiation, crystalline materials develop aniso-
tropic strain, evident through variations in peak broadening
and corresponding shis in FWHM across different crystallo-
graphic planes.71 This directional strain originates from non-
uniform energy deposition, leading to localized stress elds,
defect accumulation, and dislocation loop formation that vary
with lattice orientation. These effects are intrinsically governed
by factors such as atomic packing density and bond strength
anisotropy among the crystallographic directions.72,73

Since D f
1

FWHM
; irradiation seems to affect phases of

certain orientations more than the others: for instance, the
crystallite sizes of NiSi (032) and NiSi (203) are reduced, whereas
the crystallite sizes of NiSi (103) and Ni2Si (120) phases are
increased, which we have commented on earlier also. This
biased behaviour of irradiation towards phases of different
orientations has also been captured using eqn (1), which
calculates the percentage of radiation damage (DFWHM) of
Table 6 Impact of ion irradiation on various crystallite phases of Ni–Si t

Scattering angle, 2q (degree) Phase (orientation)
FWHM of annea
at 500 °C (called

37.53 SiO2 (113) 0.55
43.54 Ni2Si (120) 0.45
44.76 Ni (111) 0.44
52.20 NiSi (103) 0.58
63.18 NiSi (032) 0.62
76.68 NiSi (023) 0.54

28290 | RSC Adv., 2025, 15, 28285–28297
different phases (Table 6). From the table, we see positive and
negative values of DFWHM, which may be interpreted as below.

DFWHM > 0. A positive value of DFWHM (FWHMpristine >
FWHMirradiated) suggests growth in the crystallite size aer
irradiation compared to the crystallite size in the annealed lm
(pristine). The growth in the crystallite size might be due to the
recombination of irradiation-induced defects (vacancy +
dumbbell interstitials) transported via radiation-enhanced
diffusion. Additionally, a decrease in internal stress during
irradiation leads to lower strain-induced broadening. The
process can also enhance the orderliness within the crystal
structure.74–76

DFWHM < 0. A negative DFWHM (FWHMpristine <
FWHMirradiated) value indicates radiation-induced amorphiza-
tion of the phases. This could result from the accumulation of
radiation damage in the form of radiation-induced defects such
as vacancies, interstitials, etc., or increased lattice strain. In this
case, the possibility of recombination is very low, either due to
large spatial separation between vacancies and interstitials or
due to sustained irradiation, the lattice is not getting enough
time for recovery (via recombination process).74–76

The recombination of irradiation-induced defects is a ther-
mally activated process governed by the availability of mobile
point defects and sufficient activation energy77 for their diffu-
sion. The onset of recombination is highly material-dependent
but typically occurs at intermediate temperatures where defects
can migrate. Observations of anisotropic strain relaxation or
FWHM narrowing upon annealing and irradiation are consis-
tent with such recombination dynamics. Numerous
studies71,78–80 have validated this behavior across metals and
semiconductors, making it a universal phenomenon in ion-
irradiated materials.

Microstrain in Ni–Si thin lms. Microstrain may help us to
understand the degree of relaxation or compression in the
material due to irradiation-induced or thermal-induced
damage. The strain calculation is done for three prominent
peaks Ni (111), NiSi (103), and NiSi (203) that appear in all
sample types. We have used the following expression to calcu-
late strain:

3 ¼
�

l

D cos q
� b

�
� 1

tan q
(2)

where, l is the wavelength of the Cu-Ka used in the GIXRD, D is
the crystallite size calculated via Debye–Scherrer equation, and
hin films (damage calculation)

led sample
pristine)

FWHM of irradiated sample
at uence of 3 × 1015 ions per cm2 DFWHM (%)

0.54 2.38
0.44 2.96
0.47 −5.78
0.55 4.12
0.68 −9.03
0.72 −33.25

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Strain in (a) as deposited and irradiated samples, and (b) annealed and irradiated post annealing sample in phases Ni (111), NiSi (103) and
NiSi (203). The annealing value taken is 3 × 1015 ions per cm2.
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b is the FWHM value, q is the half value of Braggs angle where
the phase is formed.81 The irradiation uence considered is 3 ×

1015 ions per cm2. Fig. 5 and Table 7 show that the compressive
strain is greater in as-deposited samples (S1) compared to
annealed samples (S2). A higher strain in S1 may be due to high
interfacial stress as a result of lattice mismatch during deposi-
tion (Ni on top of Si layer), which is reduced by annealing.
Annealing leads to strain relaxation by allowing atoms to rear-
range and settle into lower-energy, equilibrium positions,
reducing lattice distortions, and it simply relieves the residual
stress built up during deposition. From the gure, we see that
the strain value in S2 seems to decrease by more than half from
that observed in S1.

During irradiation, there is not much variation in the strain
value w.r.t the pristine sample in sample S1. This can be
conrmed by comparing the value of S1 & S1_irradiated. A
similar inference may be drawn for sample S2 also. However, for
the NiSi (203) phase, the strain value seems to increase
marginally under irradiation (see Fig. 5 and Table 7). This could
be because the irradiation conditions used may be insufficient
to relieve or induce lattice strain. Thus, it can be concluded
from the values in Table 6, that any observed difference in strain
between S1 and S1_irradiated, as well as S2 and S2_irradiated, is
residual in nature and not an effect of irradiation. Simply put,
thermal treatment is the dominant mechanism for strain
relaxation in the studied thin lms, while the irradiation
Table 7 Strain values calculated from XRD peak positions for various cr
diated and S2_irradiated samples

2q Phase (orientation)

Strain

S1

44.67 Ni (111) −0.002
52.10 NiSi(103) −0.005
76.56 NiSi(203) −0.010

© 2025 The Author(s). Published by the Royal Society of Chemistry
conditions employed do not induce measurable structural
modications in terms of lattice strain.
3.2 Rutherford backscattering spectroscopy (RBS)

The Rutherford backscattering method is a non-destructive
method which is widely used for the near-surface analysis of
elemental composition and depth proling of solid samples. In
this scheme, high-energy proton or He ions is used for the
analysis.

Fig. 6 shows the RBS spectra of pristine and irradiated S1 and
S2 samples: (a) S1 and S2, (b) S1 and S1_irradiated under 3 ×

1015 ions per cm2
uence, (c) S2 and S2_irradiated under 3 ×

1015 ions per cm2
uence. In Fig. 6(a), it is clear from the RBS

spectrum that, due to annealing, there is a noticeable alteration
in the Ni and Si peaks. The width and height of the Ni peak for
S2 is less as compared to those in S1, implying a lower back-
scattering yield for Ni and Si. Also, interdiffusion between Si
and Ni layers can be seen near the interface in the RBS spectrum
of the S2 sample. In the RBS spectrum, the peak yield denes
the areal density of the element. Therefore, the reduced Ni peak
in S2 means a small concentration of Ni on the surface, which
seems consistent with the fact that under thermal annealing, Ni
atoms diffuse into the Si layer and react there with Si to form
silicide phases. The amount by which Ni is reduced on the
surface it gets consumed or redistributed tomake various nickel
ystallographic orientations of Ni and NiSi phases in S1 and S2, S1_irra-

S2 S1_irradiated S2_irradiated

−0.001 −0.002 −0.001
−0.002 −0.005 −0.002
−0.004 −0.010 −0.005

RSC Adv., 2025, 15, 28285–28297 | 28291
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Fig. 6 Comparative RBS spectrum for bilayer sample (a) as deposited and annealed (b) as deposited and irradiated, (c) annealed and irradiated
post annealing.
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silicide phases. Also, the merging of Ni/Si signals (overlap of Ni
low-energy edge and Si high-energy onset) is more apparent in
S2, reecting silicide formation at the interface. And, with the
oxygen peak remaining unchanged in both S1 and S2, it denotes
no signicant new oxidation during the annealing.

In Fig. 6(b), i.e., the RBS spectra of pristine and irradiated S1
lms, the nickel peak in the irradiated set becomes narrow and
the silicon plateau becomes extended. Reduction in the area
under the curve of nickel simply implies that they're in the
interface or the mixed Ni/Si region, are diffused or possibly even
sputtered!82–84 Si peak becoming broader and shiing towards
the higher channel number could imply that the silicon atoms
are exposed more than in the case of S1 or are now closer to the
surface. Thus, due to the irradiation by negative carbon ions,
the distinct Ni becomes narrower (reduced width), Si appears
closer to the surface, probably due to reduced Ni shielding, and
the interface of nickel and silicon becomes compositionally
graded, due to the silicide formation.

Finally, the RBS spectra of pristine and irradiated S2 samples
shown in Fig. 6(c) show the disappearance of the intermixed
layer at the interface due to irradiation. This is consistent with
the GIXRD results of Fig. 3. Irradiation is known not to always
enhance mixing, but in some cases, phase dissolution could
also happen.85,86 This is possible when the irradiation energy is
sufficient to redistribute atoms of the phase (phase dissolution)
in the matrix either ballistically or via defects. So, a slight
enhanced peak in the nickel could indicate Ni atoms moving
back to the surface, or the system might go under relaxation
from amixed silicide state (multiple orientation) into distinct or
lowered variation of the phases.

Thus, to conclude, RBS analysis was duly done to investigate
the interfacial behavior of Ni(100 nm)/Si(100 nm) bilayers under
thermal annealing and carbon ion irradiation. The as-deposited
bilayer exhibited a sharp Ni peak and a well-dened Ni–Si
interface. Upon annealing at 500 °C for 1 hour, the Ni peak
broadened and the Si signal became more graded, indicating
interdiffusion and potential formation of nickel silicide. Irra-
diation of the as-deposited sample led to interface broadening
and thinning of the Ni layer, consistent with ion-beam-induced
mixing. In contrast, irradiation of the pre-annealed sample
28292 | RSC Adv., 2025, 15, 28285–28297
resulted in a slight increase and sharpening of the Ni peak,
along with a reduced intermixing zone. This suggests a radia-
tion-driven resegregation or interface-sharpening effect, likely
inuenced by the initial silicide phase stability and preferential
atomic displacements under irradiation.

These results highlight the contrasting roles of thermal and
irradiation processes in controlling the Ni/Si interface, with
implications for controlled silicide formation and interface
engineering in thin lm systems.
3.3 High resolution transmission electron microscopy
(HRTEM)

Electron microscopy is used for its capability to attain
a diffraction pattern, which, on analysis, gives in-depth infor-
mation about the structural avenues of the crystal lattice in
a thin lm. HRTEM is used to perform a high-denition
structural analysis of thin lms. Selected Area Electron
Diffraction (SAED) uses a selective area or limited area diffrac-
tion pattern to get overall information about the crystal planes
in the specimen.

Sample preparation for HRTEM measurements of thin lms
is a signicant, intricate, and delicate process requiring
meticulous effort. However, among many other methods of
sample preparation, we here used the sonication method,
where the thin lm is sonicated in the IP for ten minutes, which
was then drop-cast onto the 300 mesh TEM grid for the analysis.

Fig. 7 shows the SAED patterns for (a) pristine and (b) irra-
diated S2 samples. The concentric rings with bright spots in
Fig. 7(a) are indicative of the fact that the sample contains
a polycrystalline structure, which can also be seen in the XRD
diffractogram pattern in Fig. 3. Fig. 7(c). The diffused concentric
rings for the irradiated samples manifest reduced crystallinity
due to ion irradiation, which is in agreement with the GIXRD
results of Fig. 3. Reduction in the crystallinity suggests possible
damage induced upon the silicide phase or the formation of
a disordered Ni–Si structure. The adverse effect of low-energy
irradiation of a given uence is justied from the GIXRD and
SAED patterns. Thus, we can safely say that the amorphization
of the phases that appeared in the annealed samples has taken
place as they were subjected to the irradiation. Also, the
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 SAED pattern for (a) annealed sample, (b) irradiated with 3 × 1015 ions per cm2 post annealing sample, (c) diffractogram comparison of
annealed sample and irradiated post annealing sample.
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irradiation is seen to cause lattice distortion, reducing the long-
range crystallinity. Thus, carbon ion irradiation likely induces
Ni–Si interfacial defects, reducing the integrity of the silicide
phases.

The high-resolution images obtained from TEM are utilized
to identify the crystalline structure and its transformation aer
irradiation. The HRTEM images in Fig. 8(i) and (ii) depict the
annealed bilayer samples and those subjected to irradiation at
a uence of 3 × 1015 ions per cm2 post-annealing, respectively.
Fig. 8 HRTEM image of (i) annealed bilayer sample, (ii) irradiated at 3 ×

© 2025 The Author(s). Published by the Royal Society of Chemistry
ImageJ soware was used to analyse these images and deter-
mine the lattice parameter (d-spacing).

Fig. 8(i) presents distinct lattice planes corresponding to
crystallites formed during annealing. Bragg's equation is used
to calculate the d-spacing, keeping the order n = 1. Measure-
ment of the d-spacing reveals that the fringes in Fig. 8(i)
correspond to (a) Ni2Si (120), (b & c) NiSi (103) with lattice
parameter d equivalent to 0.202 nm and 0.174 correspondingly.
Similarly, Fig. 8(ii) presents distinct lattice planes
1015 ions per cm2 post annealing sample.

RSC Adv., 2025, 15, 28285–28297 | 28293
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corresponding to crystallites present during irradiation post-
annealing. In Fig. 8(ii), the calculated d spacing corresponds
to (a & c) to NiSi (103) plane and (b) to Ni2Si(120) plane.

The presence of these phases in both the annealed and post-
irradiation samples indicates that the crystallinity remains
largely unaffected; however, the number of formed planes
decreases signicantly aer irradiation. This reduction is
further supported by the SAED and GIXRD patterns.

4. Conclusion

In conclusion, this experimental study investigates the inu-
ence of low-energy, 120 keV negative ion (carbon) beam irradi-
ation on nickel-silicon bilayer thin lms deposited via
magnetron sputtering. The study is further complemented by
a comparative analysis with samples that underwent irradiation
post-thermal annealing, which is carried out in a tubular
furnace at 500 °C under an argon atmosphere. The annealing
process was found to play a pivotal role in initiating phase
formation within the nickel–silicon system. Several nickel sili-
cide phases were observed to form with high crystallinity, in
various orientations, leading to a polycrystalline structure. This
polycrystalline nature was distinctly conrmed through the
characteristic concentric circle patterns in Selected Area Elec-
tron Diffraction (SAED) images, which underscore the diverse
grain orientations in the system.

The analysis, conducted using GIXRD and TEM, revealed
signicant effects of irradiation on the crystallinity of the pha-
ses. Specically, the irradiation disrupted the integrity of the
crystalline structure, causing notable damage and inducing
alterations in the number of crystallites of silicide phases. The
decrease in the intensity of the peaks with increased uence
implies that the growth in the number of crystalline planes is
effectively hampered along with the crystallite size; in one of the
cases, we observed a reduction in the polycrystallinity but
growth in crystallite size (see Fig. 3 and Table 4). The results
were strikingly different when the samples were irradiated
without any annealing (see Fig. 2). There were no new phases
formed; however, the crystallinity is seen to increase as the
uence of the beam increases. These ndings underscore the
susceptibility of the nickel–silicon system to ion beam-induced
structural alterations, highlighting the contrasting outcomes of
thermal annealing and ion beam irradiation on phase stability
and crystallinity.

RBS analysis conrms nickel–silicon interdiffusion during
annealing, forming various nickel silicide phases. Oxygen
contamination affects silicide kinetics. Post-irradiation, altered
silicide formation suggests phase amorphization or damage.
The study highlights how thermal processing and ion irradia-
tion inuence lm composition, requiring precise control for
desired material properties.

HRTEM and SAED analyses reveal structural changes in Ni–
Si bilayer lms aer annealing at 500 °C and subsequent irra-
diation at a uence of 3 × 1015 ions per cm2. SAED shows sharp
diffraction spots in annealed samples, which become diffused
post-irradiation, indicating lattice distortion and reduced crys-
tallinity. HRTEM images identify lattice planes corresponding
28294 | RSC Adv., 2025, 15, 28285–28297
to Ni2Si and NiSi phases, with fewer formed planes post-
irradiation. The d-spacing analysis using Bragg's equation,
further supports these ndings. Overall, irradiation disrupts
crystallinity, reduces phase integrity, and induces structural
disorder, conrming the adverse effects of low-energy carbon
ion irradiation on the silicide phases. These ndings offer
a comprehensive understanding of dose-dependent defect
recovery mechanisms and highlight the critical role of crystal-
lographic orientation in inuencing defect dynamics. By
employing in situ characterization techniques under controlled
and varying irradiation conditions, this study elucidates the
complex interplay between defect formation and recovery
processes. Such insights are instrumental for guiding the
design and optimization of future advanced materials and
devices, particularly those that require precise control over
defect-driven phase recovery to achieve enhanced performance
and reliability.
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