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n crystallization phenomena of Si
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In the present study, crystallization of amorphous-Si (a-Si) in Al/a-Si bilayer thin films under thermal

annealing and ion irradiation has been investigated for future solar energy materials applications. In

particular, the effect of thickness ratio (e.g. in Al : a-Si, the ratio of the Al and a-Si layer thickness) and

temperature during irradiation on crystallization of the Si films has been explored for the first time. Two

sets of samples with thickness ratio 1 : 1 (set-A: 50 nm Al/50 nm a-Si) and thickness ratio 1 : 3 (set-B:

50 nm Al/150 nm a-Si) have been prepared on thermally oxidized Si-substrates. In one experiment,

thermal annealing of the as-prepared sample (of both the sets) has been done at different temperatures

of 100 �C, 200 �C, 300 �C, 400 �C, and 500 �C. Significant crystallization was found to initiate at 200 �C
with the help of thermal annealing, which increased further by increasing the temperature. In another

experiment, ion irradiation on both sets of samples has been carried out at 100 �C and 200 �C using 100

MeV Ni7+ ions with fluences of 1 � 1012 ions per cm2, 5 � 1012 ions per cm2, 1 � 1013 ions per cm2, and

5 � 1013 ions per cm2. Significant crystallization of Si was observed at a remarkably low temperature of

100 �C under ion irradiation. The samples irradiated at 100 �C show better crystallization than the

samples irradiated at 200 �C. The maximum crystallization of a-Si has been observed at a fluence of 1 �
1012 ions per cm2, which was found to decrease with increasing ion fluence at both temperatures (i.e.

100 �C & 200 �C). The crystallization of a-Si is found to be better for set-B samples as compared to set-

A samples at all the fluences and irradiation temperatures. The present work is aimed at developing the

understanding of the crystallization process, which may have significant advantages for designing

crystalline layers at lower temperature using appropriate masks for irradiation at the desired location. The

detailed mechanisms behind all the above observations are discussed in this paper.
I. Introduction

Polycrystalline silicon (poly-Si) is an interesting material for
electronic devices such as thin-lm solar cells and thin-lm
transistors.1–4 The crystallization of amorphous-Si (a-Si) offers
the opportunity for using low-temperature and low-cost
substrates to reduce the overall cost of a solar cell. The need
to produce low cost solar cells prompted the research commu-
nity to devise ways andmeans to produce poly-Si via solid-phase
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crystallization (SPC) of a-Si.5,6 SPC by thermal annealing,
however, suffers from long annealing times even when the
annealing temperature is very high; for example, in the case of
Si, this temperature is close to 600 �C.7 The crystallization
temperature has been found to be signicantly lower when the
amorphous phase is put in intimate contact with crystalline
metals such as Aluminum (Al), a process known as aluminum
induced crystallization (AIC). Al is successful in bringing out the
crystallization at very low temperature, as it is a post-transition
metal, which constitutes a simple eutectic binary system with
Si, and is not involved in the formation of any compound
phases via AIC.8–26

The AIC process in various Al/a-Si systems has been exten-
sively investigated in the last decade because of applications of
poly-Si in low-temperature production of high-performance
solar cells, at-panel displays, and high-density data storage
devices. Many groups investigated the impact of different
parameters such as Al and Si layer thicknesses, layer orders,
layer interface types, and Al to Si content ratios on the AIC
process.12–22 These studies were aimed at lowering the
This journal is © The Royal Society of Chemistry 2020
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crystallization temperature, shortening the annealing time
required for the crystallization of a-Si layer, and for obtaining
poly-Si thin lms.9–23 Nast et al.9,27 studied the effect of Al layer
thickness on themorphology of crystalline-silicon (c-Si). In their
study, the AIC samples having a-Si layer one-half of the thick-
ness of the Al layer were found to produce a porous structure
and therefore, no continuous lm was observed. However, in
case of a thicker a-Si layer (as compared to the Al layer),
a continuous c-Si layer was found on the substrate. For a-Si lm
thickness equal to or slightly higher than the Al lm thickness,
continuous c-Si lms were produced.28 Therefore, in order to
reduce the crystallization temperature, shorten the annealing
time, and obtain good crystallinity of Si, swi heavy ion (SHI)
irradiation is employed nowadays. SHI irradiation offers the
advantage of short processing time and spatial selectivity of
substrate (by focusing the beam size) with great precision
(through ion dose) in order to modify materials in a desired
fashion. Moreover, SHI has been extensively used as a unique
tool for the modication materials properties, thin lm surface
nano-structuring, structural phase transformations, and atomic
mixing at interface etc.29–35 Therefore, under SHI irradiation, the
crystallization of amorphous semiconductor is possible in
a controlledmanner because of mixing due to diffusion of metal
and free semiconductor atoms in the bulk as well as to the
interface.33,36–39 In our recent publication,40 SHI irradiation
process has been successfully demonstrated for the rst time on
the crystallization of Si in presence of Al at a very low temper-
ature of 100 �C. However, the impact of different parameters
such as thickness ratio of Al/a-Si bilayer system, temperatures
during ion irradiation, and some others parameters on crys-
tallization of Si in Al/a-Si thin lm using ion irradiation is
lacking.

In present paper, mainly the effects of thickness ratio of Al/a-
Si thin lms, temperatures (during thermal annealing and ion
irradiation), and ion uence on crystallization process of Si are
presented. Two sets of samples with thickness ratios 1 : 1 (set-A:
50 nm Al/50 nm a-Si) and 1 : 3 (set-B: 50 nm Al/150 nm a-Si) were
prepared on thermally oxidized Si-substrates. The ion irradia-
tion was carried out with 100MeV Ni7+ ions at 100 �C and 200 �C
with different uences of 1 � 1012 ions per cm2, 5 � 1012 ions
per cm2, 1 � 1013 ions per cm2, and 5 � 1013 ions per cm2. In
order to critically compare the role of swi heavy ions and
annealing in crystallization, another set of both the samples
was thermally annealed at different temperatures of 100 �C,
200 �C, 300 �C, 400 �C, and 500 �C. The detail mechanism and
effect of thickness ratio of Al/a-Si bilayer system, annealing
temperatures and uence on crystallization of a-Si have thor-
oughly been discussed.

In Section II, we present the experimental details followed by
Section III in which the results have been discussed. Conclu-
sions have been drawn in Section IV.

II. Experimental methods

The 50 nm and 150 nm-thick a-Si lms were grown on 500 nm
thermally oxidized Si (100) substrate by means of electron beam
evaporation in high vacuum chamber, with a base pressure of
This journal is © The Royal Society of Chemistry 2020
�10�7 mbar. In order to have metal/a-Si interface, 50 nm thin Al
lm was deposited on the top of the a-Si lm using thermal
evaporation method without disturbing the vacuum in the
chamber. The bilayer lms with congurations Al (50 nm)/a-Si
(50 nm)/SiO2 (i.e. thickness ratio of Al/a-Si�1 : 1, called set-A
sample) and Al (50 nm)/a-Si (150 nm)/SiO2 (i.e. thickness ratio
of Al/a-Si�1 : 3, called set-B) were prepared. One set of both the
bilayer lms was annealed at different temperatures of 100 �C,
200 �C, 300 �C, 400 �C, and 500 �C in N2 ambient for two hours
in tubular furnace with a ramp rate of 20 �C min�1. Another set
of samples was irradiated by 100 MeV Ni7+ ions scanned
uniformly on the sample in a high vacuum chamber (at the
pressure of �1 � 10�6 mbar) at temperatures of 100 �C and
200 �C with different uences of 1 � 1012 ions per cm2, 5 � 1012

ions per cm2, 1 � 1013 ions per cm2, and 5 � 1013 ions per cm2

using 15 UD Pelletron tandem accelerator facility of Inter
University Accelerator Center (IUAC), New Delhi. The electronic
stopping power (Se) and nuclear stopping power (Sn) values for
100 MeV Ni ions were calculated using SRIM simulation code,41

which were found to be 7.19 keV nm�1 and 0.013 keV nm�1 in Si
and 8.27 keV nm�1 and 0.014 keV nm�1 in Al, respectively. In
order to study crystallization, grazing incidence X-ray diffrac-
tion (GIXRD) was performed using D8 Bruker diffractometer
with grazing incidence angle of 0.5� and scan rate of 2� min�1.
The Raman spectra were recorded using a Renishawmicroscope
with 514 nm He–Ne laser excitation. The cross sectional trans-
mission electron microscopy (XTEM) measurements were
carried out using JEM F200 (JEOL) with 200 kV eld emission
gun. Transport and range of ions in matter (TRIM) simulations
were performed to nd out the target displacement due to ion
irradiation.41 In order to understand the role of SHI irradiation
on crystallization, the increase of lattice temperature during ion
irradiation due to inelastic collisions was estimated using
thermal spike calculation code.42
III. Results and discussions
A. AIC under thermal annealing

AIC under thermal annealing may be explained as follows. The
grain boundaries in poly-crystalline Al act as nucleation sites
which lead to the crystal growth. The Si atoms from a-Si side
reach to these nucleation sites by short-ranged atomic trans-
port. According to the classical nucleation theory,43 the rate of

nucleation is proportional to exp
�
� DG

kBT

�
; where DG is the free

energy enthalpy for forming the surface of the expanding
nucleus and the difference in bulk energy between the forming
phase and the earlier phase. The formation of the c-Si phase is
thermodynamically favorable as this process results in reduc-
tion of the overall free energy of the bilayer system. The
subsequent growth of the c-Si nucleus occurs due to the arrival
of more and more Si atoms to the c-Si nuclei. The growth of the
c-Si phase is governed by Kolmogorov–Johnson–Mehl–Avrami
(KJMA) theory,44,45 which relates the fraction of transformed
crystalline phase (ftrans) to the annealing time (t):

ftrans ¼ 1 � exp(�b(tn)) (1)
RSC Adv., 2020, 10, 4414–4426 | 4415
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Fig. 1 Raman spectra of set-A (Al : a-Si �1 : 1), pristine sample and
samples annealed at different temperatures of 100 �C, 200 �C, 300 �C,
400 �C, and 500 �C.

Fig. 2 The Xc values of pristine and samples annealed at different
temperatures of 100 �C, 200 �C, 300 �C, 400 �C, and 500 �C.

Fig. 3 The GIXRD patterns of set-A pristine sample and samples
annealed at different temperatures of 100 �C, 200 �C, 300 �C, 400 �C,
and 500 �C.
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where b is Avrami constant and n is Avrami's growth exponent.
Since the whole process of AIC involves inter-diffusion of Si and
Al, this is also named layer exchange process.10–28

1. Effects of temperature. In order to understand the effect
of temperature on crystallization of Si due to thermal annealing,
both sets of the samples (set-A and set-B) have been annealed
for two hours at different temperatures of 100 �C, 200 �C,
300 �C, 400 �C, and 500 �C. Fig. 1 shows the Raman spectra of
set-A (Al : a-Si � 1 : 1) samples. No Raman peak(s) correspond-
ing to c-Si have been observed at 100 �C. However, as annealing
temperature is increased to 200 �C and beyond, crystallization
seems to start in the samples. The Raman peak at 520 cm�1 is
assigned to the transverse optical (TO) mode of c-Si. The Raman
peak intensity is found to increase with increase in the
annealing temperature, showing an improvement in the crys-
tallinity of Si. Exactly similar Raman results have been observed
for set-B (Al : a-Si � 1 : 3) samples as well. The crystalline
volume fraction (Xc, which is similar to ftrans) has been deduced
from the Raman spectra. There are several methods to deter-
mine Xc from the Raman spectra,46–51 apart from the analysis of
polarization Raman scattering.52 In the present manuscript, we
have adapted the method proposed by Okada et al.,48 in which
the measured Raman spectra is resolved into crystalline and
amorphous components and their integrated intensities are
obtained as Ic and Ia. It is assumed that Ic and Ia represent the
contributions from a crystalline component Xc and an amor-
phous component (1 � Xc) in the probed volume. The volume
fraction of crystallinity is determined by the equation

Xc ¼ Ic
Ic þ aIa

where, a is the ratio of the integrated Raman

cross-section for c-Si to a-Si, known as optical absorption
correction factor, Ic ¼

P
c
Xc and Ia ¼

P
a
ð1� XcÞ; and S is the

integrated cross-section over the resolved frequency range. To
calculate Xc, the value of a has been taken as 0.8 from the
literatures.47,50,51 This value of a is reasonable because the
optical properties of the crystalline and amorphous phases are
4416 | RSC Adv., 2020, 10, 4414–4426
similar in a lm coexistent with mc-Si and a-Si.48 Very recently,
Jiang et al.51 used this method to determine Xc of Ge in Al-
induced crystalline Ge system. Fig. 2 shows the calculated
crystalline volume fraction of set-A and set-B samples annealed
at different temperatures. The Xc values are found to be zero for
the pristine sample and the sample annealed at 100 �C in both
set of samples, which shows the absence of crystallization in the
samples. The Xc value is found to be 90.22% when the samples
are annealed at 200 �C; increasing the annealing temperatures
further results in the increase in Xc value, which goes to 92.86%
at 500 �C, for set-A samples. Similarly, the Xc value is found to be
89.12%when the samples are annealed at 200 �C; increasing the
annealing temperatures further results in the increase in Xc

value, which goes to 91.12% at 500 �C, for set-B samples.
The GIXRD measurements have also been carried out on

both set of (set-A and set-B) samples to get more insight into the
This journal is © The Royal Society of Chemistry 2020
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Fig. 4 (a) XTEM image of pristine set-A sample (b) XTEM image of set-
A sample annealed at 200 �C (c) high resolution TEM (HRTEM)
micrograph of set-A sample annealed at 200 �C.
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crystallization of a-Si. The GIXRD pattern of pristine and
annealed at different temperatures of 100 �C, 200 �C, 300 �C,
400 �C, and 500 �C for set-A samples is shown in Fig. 3. A single
diffraction peak at 39.94� corresponding to Al (111) lattice plane
is found for pristine sample. The sample annealed at 100 �C
does not show any new diffraction peak corresponding to c-Si.
When the sample annealing temperature was raised to
200 �C, a small diffraction peak of c-Si originating from (111)
lattice plane18 was observed at about 28�. The diffraction peak
intensity corresponding to c-Si is found to be increases further
with the increase of annealing temperature from 300–500 �C,
which conrms the increase of crystallinity with annealing
temperature. Similar GIXRD results have also been observed for
the set-B sample. Therefore, one can say that the GIXRD results
are in agreement with the Raman results. In order to get further
conrmation of crystallization, XTEMmeasurements have been
carried out on pristine set-A sample and set-A sample annealed
at 200 �C. The pristine set-A reects sharp interface of Al and a-
Si layer, as shown in Fig. 4(a). Fig. 4(b) shows the XTEM image of
set-A sample annealed at 200 �C which clearly depicts the
diffused interface due to diffusion of free a-Si atoms along the Al
grain boundaries near to the interface region during thermal
annealing. Fig. 4(c) shows the high-resolution TEM (HRTEM)
image of a selected region of the interface which clearly reveals
This journal is © The Royal Society of Chemistry 2020
the crystallization of Si at 200 �C. The inter-planar spacing
corresponding to c-Si and c-Al has been found to be 3.13�A and
2.26�A, respectively. It is also observed that the crystallization of
Si at 200 �C occurs at the near interface region. It must be
mentioned here that the thermal annealing at higher temper-
ature (i.e. 500 �C) may lead to the crystallization of Si up to deep
into the Al layer, as the atomic diffusion is faster at higher
temperature. The nucleation and growth of the c-Si phase under
thermal annealing condition can be understood on the basis of
diffusion and sufficient availability of Si atoms along the Al
grain boundaries at different temperatures.12–22,40 In present
investigation, we have observed that the crystallization of a-Si is
initiated at around 200 �C and the crystalline volume fraction
increases further with increasing temperature up to 500 �C due
to increased supply of Si atoms around Al grain boundaries
from the underlying a-Si layer.12–22 These suggest that the
diffusion of Si atoms in Al is activated at around 200 �C because
of very high (many orders of magnitude) diffusion constant of Si
in Al compared to the diffusion constant of Al in Si.53,54 The
continuous diffusion, crystallization and grain growth of Si in Al
builds compressive stress in the Al grains and tensile stress in
the a-Si layer. As a result of both effect, Al tends to migrate into
the underlying a-Si layer and eventually replace the whole Si
layer, known as layer exchange mechanism.10–28 Therefore, the
crystallization of Si for both set of samples (set-A & set-B) has
been found at higher annealing temperature and found to
increase with the increasing of annealing temperatures.

2. Effects of thickness. In order to investigate the effects of
thickness ratio on crystallization of a-Si, Raman spectra of set-A
(i.e. thickness ratio 1 : 1) and set-B (i.e. thickness ratio 1 : 3)
samples have been plotted in Fig. 5. Fig. 5(a) shows the Raman
spectra for set-A and set-B samples annealed at 200 �C. The
Raman peak intensity for the set-A samples with thickness ratio
1 : 1 is found to be higher than the set-B sample with thickness
ratio 1 : 3. As annealing temperature of the samples is increased
beyond 200 �C, the height of the corresponding intensity peaks
is also found to increase, signaling the growth of the crystalline
region (see Fig. 5(b–d)). It is also noted from Fig. 5 that the
crystallization of a-Si is apparently better when the thickness
ratio of the samples is 1 : 1 (set-A) as compared to the sample
with the thickness ratio 1 : 3 (set-B). The crystalline volume
fraction (Xc) for the sample with the thickness ratio 1 : 1 has
been found to be 90.22% and for the sample with thickness
ratio 1 : 3 is 89.12% when both the samples are annealed at
200 �C for the same time duration. This trend continues even at
higher temperatures; for instance, at 500 �C, Xc is 92.86% for the
sample with thickness ratio 1 : 1 and 91.12% for the sample
with thickness ratio 1 : 3. This type of variation in crystalline
volume fraction has also been reported by several other
researchers.10,28,55,56 The main reason behind the lower crystal-
lization in set-B sample in this annealing temperature range
might be due to the lack of enough supply of Si atoms from the
deeper Si layers due to its larger thickness. Therefore, due to
annealing for a particular temperature and time the variation in
crystalline volume fraction for set-A and set-B has been
observed in XRD and Raman analyses.
RSC Adv., 2020, 10, 4414–4426 | 4417
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Fig. 5 The Raman spectra of set-A and set-B samples thermally annealed at different temperatures of (a) 200 �C, (b) 300 �C, (c) 400 �C, and (d)
500 �C. (All figures are plotted in same y-scale range for comparison).

Fig. 6 Raman spectra of set-A samples irradiated at temperature of
100 �C with different fluences of 1 � 1012 ions per cm2, 5 � 1012 ions
per cm2, 1 � 1013 ions per cm2, and 5 � 1013 ions per cm2. The Raman
spectrum of pristine samples has also been displayed for comparison
with irradiated samples.
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B. AIC under ion irradiation

Under irradiation, atomic diffusion results in the transport of Si
atoms across the interface. This results in an increase in the
concentration of Si atoms at the nucleation sites. Increase in the
Si concentration decreases the barrier for c-Si nucleation. This
is why the crystallization of Si may observe even at low
temperature during irradiation. The growth of c-Si happens due
to arrival of Si atoms by atomic diffusion.

1. Effect of uence. In order to reduce the crystallization
temperature of Si, both sets of samples (set-A and set-B) have
been exposed to ion beam irradiation at 100 �C with different
uences of 1 � 1012 ions per cm2, 5 � 1012 ions per cm2, 1 �
1013 ions per cm2, and 5 � 1013 ions per cm2. Fig. 6 shows the
Raman spectra of set-A samples irradiated at temperature of
100 �C with different uences of 1 � 1012 ions per cm2, 5 � 1012

ions per cm2, 1 � 1013 ions per cm2, and 5 � 1013 ions per cm2,
with respect to the pristine sample. The pristine samples of
both the sets do not show any Raman peak, which conrms the
amorphous nature of Si. A Raman peak at 520 cm�1 is observed
in the samples when they were irradiated with different uences
at temperature of 100 �C. The Raman peak at 520 cm�1
4418 | RSC Adv., 2020, 10, 4414–4426 This journal is © The Royal Society of Chemistry 2020
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Fig. 7 The crystalline volume fraction (Xc) of set-A and set-B samples
irradiated at 100 �C with different fluences of 1 � 1012 ions per cm2, 5
� 1012 ions per cm2, 1 � 1013 ions per cm2, and 5 � 1013 ions per cm2.

Fig. 8 GIXRD pattern of set-A pristine sample and samples irradiated
with different fluences of 1 � 1012 ions per cm2, 5 � 1012 ions per cm2,
1 � 1013 ions per cm2, and 5 � 1013 ions per cm2 at temperature of
100 �C.
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corresponds to transverse optical (TO) phonon mode of c-Si.
The Raman peak intensity is found to decrease with
increasing ion uences, which reveals the decrease in the
crystallinity at higher uences due to disorder and radiation-
induced amorphization.57 These observations are similar in
both sets of the samples (set-A & set-B). The crystalline volume
fraction (Xc) has been calculated from Raman spectra for both
sets of the samples. Fig. 7 shows the Xc value of set-A and set-B
samples irradiated at 100 �C with different uences of 1 � 1012

ions per cm2, 5 � 1012 ions per cm2, 1 � 1013 ions per cm2, and
5 � 1013 ions per cm2. In set-A samples, Xc was found to
decrease from 85.26% to 68.42% when uence was varied from
1� 1012 ions per cm2 to 5� 1013 ions per cm2. In set-B samples,
the Xc values are found to decrease from 91.77% to 74.21% as
This journal is © The Royal Society of Chemistry 2020
the ion uence increases from 1 � 1012 ions per cm2 to 5 � 1013

ions per cm2.
Further investigations on crystallization in both set of

samples have been explored with the help of GIXRD measure-
ments. Fig. 8 shows the GIXRD pattern of pristine and samples
irradiated at 100 �C temperature with different uences of 1 �
1012 ions per cm2, 5 � 1012 ions per cm2, 1 � 1013 ions per cm2,
and 5 � 1013 ions per cm2 for set-A samples. The pristine
sample of set-A shows a single diffraction peak, at 2q of 39.94�,
which corresponds to Al (111) lattice plane and no other
diffraction peak corresponding to c-Si peaks were detected
within the statistical limit of counts. However, aer ion irradi-
ation at 100 �C, two diffraction peaks are visible at 2q about 28�

and 39.94�, which are assigned to the diffraction from Si (111)
and Al (111) lattice planes, respectively, which conrms the
crystallization of a-Si.18 It is interesting to note that the c-Si (111)
diffraction peak is highest at the lowest uence, which
decreases with increasing ion uence. The decrease in silicon
diffraction peak with increasing uence reveals the amorph-
ization of c-Si due to irradiation at higher uence. Similar
results have also been obtained for the set-B samples (with the
thickness ratio of 1 : 3). The peak intensity of Al is also observed
to decrease with increasing ion uence. This observation
reveals the amorphization of Al at higher uence.58,59

2. Effect of elevated temperature during irradiation. In
order to study the effect of temperature during irradiation on
crystallization of both set of the samples (with different thick-
ness), we further performed ion irradiation experiments at
a temperature of 200 �C. Fig. 9(a) and (b) show the Raman
spectra of set-A and set-B samples respectively, irradiated at
200 �C with different uences. The Raman peak intensity for
both set of samples is found to decrease with increase in the ion
uence (similar as in case of sample irradiated at temperature
of 100 �C). Fig. 9 gives a comparative perspective on crystalli-
zation in both the set of samples when the temperature during
irradiation was raised to 200 �C. We see that crystallization in
set-A samples is sluggish as compared to set-B samples under
these conditions.

In order to understand the effect of temperature on the
samples under irradiation, Raman spectra of set-B samples
have been displayed in Fig. 10(a–d). In this gure, Raman
spectra of set-B samples irradiated at 100 �C and 200 �C with
different uences have been shown.

From Fig. 10, it is evident that at all the uences, the Raman
intensity peak corresponding to c-Si is always higher at 100 �C
than at 200 �C. In other words, irrespective of the irradiation
uence, the crystallinity is always better in the samples irradi-
ated at 100 �C as compared to the samples irradiated at higher
temperatures. The Raman results of the set-A samples follow
similar trend as those of set-B samples. The crystalline volume
fraction (Xc) of set-B samples irradiated with a uence of 1 �
1012 ions per cm2 at 100 �C and 200 �C has been found to be
91.77% and 90.53%, respectively. The crystalline volume frac-
tion (Xc) has also been calculated at 100 �C and 200 �C for
a higher uence of 5 � 1013 ions per cm2; the Xc values were
found to be 74.21% and 69.07%, respectively corresponding to
the temperatures of 100 �C and 200 �C. Similarly, the crystalline
RSC Adv., 2020, 10, 4414–4426 | 4419
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Fig. 9 Raman spectra of (a) set-A and (b) set-B samples, irradiated at 200 �Cwith the different fluences of 1� 1012 ions per cm2, 5� 1012 ions per
cm2, 1 � 1013 ions per cm2, and 5 � 1013 ions per cm2 with respect to pristine.
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volume fraction (Xc) of set-A samples irradiated with a uence of
1� 1012 ions per cm2 at 100 �C and 200 �C has been found to be
85.26% and 54.69%, respectively. At a higher uence of 5� 1013
Fig. 10 Raman spectra of set-B sample irradiated at 100 �C and 200 �C w
per cm2, (c) 1 � 1013 ions per cm2, and (d) 5 � 1013 ions per cm2. (All fig

4420 | RSC Adv., 2020, 10, 4414–4426
ions per cm2, the crystalline volume fraction (Xc) values were
found to be 68.42% and 45.31%, respectively, corresponding to
100 �C and 200 �C temperatures, conrming the consistent
ith the different fluences of (a) 1 � 1012 ions per cm2, (b) 5 � 1012 ions
ures are plotted in same y-scale range for comparison).

This journal is © The Royal Society of Chemistry 2020
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Table 1 The crystalline volume fractions of set-A and set-B irradiated
with different temperatures

Ion uence

Crystalline volume
fraction of set-A
(%)

Crystalline volume
fraction of set-B
(%)

100 �C 200 �C 100 �C 200 �C

1 � 1012 ions per cm2 85.26 54.69 91.77 90.53
5 � 1012 ions per cm2 82.75 51.80 88.85 87.01
1 � 1013 ions per cm2 78.46 49.15 84.41 82.39
5 � 1013 ions per cm2 68.42 45.31 74.21 69.07
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trend of decreasing crystallinity of irradiated samples at higher
temperatures, irrespective of the uence. The all Xc values of set-
A and set-B irradiated with 100 �C and 200 �C are summarized
in Table 1.

3. Effect of thickness ratio. In order to study the effect of
thickness ratio on crystallization in the samples irradiated at
100 �C, Raman spectra of both set of samples were recorded
under the same laser excitation (see Fig. 11(a–d)). At all the
uences, the Raman peak intensities for the irradiated samples
Fig. 11 Raman spectra of set-A and set-B samples irradiated at 100 �C w
cm2, (c) 1 � 1013 ions per cm2, and (d) 5 � 1013 ions per cm2. (All figures

This journal is © The Royal Society of Chemistry 2020
with thickness ratio 1 : 1 are observed to be lower than the
samples with the thickness ratio 1 : 3. Therefore, contrary to
thermally annealed samples, irradiated samples with thickness
ratio of 1 : 3 seem to show better crystallization than the
samples with thickness ratio 1 : 1.

The effect of thickness on crystallization of Si has also been
investigated with the help of GIXRD measurement and shown
in Fig. 12(a–d). In Fig. 12(a–d), two diffraction peaks are visible
at 2q about 28� and 39.94� which correspond to diffractions
from Si (111) and Al (111), lattice planes, respectively. The
diffraction peak intensities for the samples with thickness ratio
1 : 1 are found to be smaller than the samples with thickness
ratio 1 : 3. This result depicts that the growth of c-Si along the
direction of (111) is favorable in the samples with thickness
ratio 1 : 3 at all the uences. We also see reduction in the
Raman peak intensities as the uence increases.

In order to conrm the crystallization of a-Si at a tempera-
ture of 100 �C under SHI irradiation further, XTEM measure-
ments of both sets of pristine and samples irradiated at
a uence of 5 � 1012 ions per cm2 were carried out, which have
been shown in Fig. 13(a–f). Fig. 13(a) and (d) show the XTEM
micrograph of pristine samples of set-A and set-B, respectively.
ith different fluences of (a) 1 � 1012 ions per cm2, (b) 5 � 1012 ions per
are plotted in same y-scale range for comparison).

RSC Adv., 2020, 10, 4414–4426 | 4421
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Fig. 12 GIXRD pattern shows the effect of thickness ratio in crystallization due to ion beam irradiation with different fluences of (a) 1 � 1012 ions
per cm2, (b) 5 � 1012 ions per cm2, (c) 1 � 1013 ions per cm2, and (d) 5 � 1013 ions per cm2, at temperature of 100 �C. (All figures are plotted in
same y-scale range for comparison).
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The layers are distinct and there is no sign of interface diffusion
(i.e. almost sharp interface) in both the sets of pristine samples.
Fig. 13(b) and (e) clearly depict that the ion beam irradiation
leads to diffused interface in both the sets of samples. The
atomic transport viamixing from both the sides of the interface
might be the possible cause for the diffused interface.60

Fig. 13(c) and (f) show high-resolution TEM (HRTEM) images of
a selected region of the interface (for the both sets of samples),
which clearly shows crystallization of a-Si. The inter-planar
spacing corresponding to c-Si and c-Al (in both the sets of
samples) has been found to be 3.13�A and 2.26�A, respectively. In
the case of set-B samples (Fig. 13(f)), the crystallization of a-Si is
observed to occur near the interface region; amixture of c-Si and
c-Al phases has also been observed at various places near the
interface. Although, the crystallization in both types of the
samples (set-A and set-B) is observed to happen at the interface,
the details of the crystallization are a bit different: in the case of
set-B sample, most of the portion at the interface is crystalline,
whereas most of the portion is amorphous in the case of set-A
samples.
4422 | RSC Adv., 2020, 10, 4414–4426
Our investigation clearly indicates that the SHI irradiation
leads to the crystallization of a-Si in contact with c-Al at signif-
icantly low temperatures (as compared to the annealing
temperature). In order to understand the possible mechanism
of crystallization at a-Si/c-Al interface, let us rst discuss the
interaction of SHI with materials. When an energetic ion
penetrates through a material, it loses energy through inelastic
collisions with the target electrons (i.e. electronic energy loss)
and elastic collision with nucleus of the target (i.e. nuclear
energy loss).61 In the low energy regime, nuclear energy loss (Sn)
results in atomic displacements, which ultimately results in
generation of residual proportional of point defects/defect
clusters in the crystalline solids. The electronic excitation/
ionization leads to the sudden rise of the temperature in the
cylindrical zone along the ion track, and creates local agitation
in the lattice. There are two theoretical models, namely
Coulomb explosion and thermal spike,39,42 which are used to
explain the local transient lattice temperature due to rapid
energy transferred from highly excited electron system to the
atom. According to the thermal spike model, the generated free
This journal is © The Royal Society of Chemistry 2020
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Fig. 13 XTEM and high resolution TEM (HRTEM) micrograph of both bilayer system (set-A & set-B) with pristine and irradiated with 5 � 1012 ions
per cm2 at temperature of 100 �C. For the set-A sample (a) XTEM image of pristine sample (b) XTEM image of irradiated sample (c) HRTEM image
of the interface for irradiated sample. For the set-B sample (d) XTEM image of pristine (e) XTEM image of irradiated sample (f) HRTEM image of the
interface for irradiated sample.
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electrons are conned within a narrow cylindrical target zone
around the ion path called the ion track. The connement of
these electrons depends on electron diffusion length and thus
modies electron-phonon coupling (g). The coupling term ‘g’
governs the efficiency with which energy deposited in the elec-
tronic subsystem is subsequently transferred to the lattice sub-
system per unit volume and the time to increase lattice
temperature. In order to estimate the rise of local temperature
due to ion irradiation, thermal spike calculation, as proposed by
Toulemonde,42,62 has been employed for the set-A sample irra-
diated at 100 �C and 200 �C. In present experiment, the Se (7.19
keV nm�1) value in Si is less than the threshold value Seth (�15
keV nm�1)63–67 for the formation of latent track in a-Si. There-
fore, the track formation is not possible in present study which
is clearly conrmed by TEM measurement. Therefore, in order
to estimate the lattice temperature in a very narrow region (i.e.
center of the ion path) using thermal spike model, r ¼ 0 nm has
been taken.65 Fig. 14(a) and (b) show the lattice temperature in
a-Si and c-Al, respectively at the center of the ion track (i.e. radii
r¼ 0 nm), when samples were irradiated at 100 �C and 200 �C. It
should be noted here that the lattice temperature of both c-Al
and a-Si does not exceed the melting temperature. It is also
observed that the lattice temperature of the sample (consisting
of c-Al and a-Si) is higher when it is irradiated at 200 �C as
This journal is © The Royal Society of Chemistry 2020
compared to the lattice temperature of the sample when it is
irradiated at 100 �C. However, the crystallization mechanism
can be understood by means of defect annihilation process. In
the present experiment, the as-deposited a-Si has inherent
defects and excess number of defects may be incorporated by
swi heavy ion irradiation. The short-ranged thermal diffusion
of Si and Al atoms might takes place via annealing of these
defects due to elevated temperature. In addition, the atomic
displacement occurs due to ion irradiation. Due to these two
effects, an enhancement of diffusion might take place at the
interface of the bilayer system during irradiation.68 Therefore,
the estimated temperature via thermal spike model and the
elevated temperature during irradiation are sufficient for
interdiffusion of the atoms at the interface which leads to the
crystallization of Si.

TRIM Monte-Carlo computer simulation code41 has been
used to estimate the number of target displacements. Fig. 15(a)
and (b) show the distribution of the number of target
displacement produced due to 100 MeV Ni ion irradiation for
set-A and set-B sample, respectively. The number of target
displacement at the interface for set-A sample is found to be
around 0.010 number/Å-ion and for set-B sample is around
0.020 number/Å-ion.
RSC Adv., 2020, 10, 4414–4426 | 4423
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Fig. 14 Thermal spike calculation for the estimation of lattice
temperature due to 100 MeV Ni ion irradiation (a) a-Si and, (b) c-Al
irradiated for the track radii r ¼ 0 nm (i.e. at the center of the track),
when samples irradiated at 100 �C and 200 �C.

Fig. 15 The number of target displacement/vacancies generated due
100MeVNi ion beam irradiation estimated using TRIM simulation code
(a) for Al/a-Si thickness ratio 1 : 1 (i.e. set-A) samples and (b) for Al/a-Si
thickness ratio 1 : 3 (i.e. set-B) sample.
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It has been observed that the crystallization of Si is better in
set-B sample (i.e. Al/a-Si thickness ratio 1 : 3) than in set-A (i.e.
Al/a-Si thickness ratio 1 : 1) samples. This observation may be
explained on the basis of larger number of atomic displacement
in set-B samples than set-A samples produced near the Al/Si
interface under ion irradiation as is evident from the TRIM
calculations shown in Fig. 15. At some point, the interdiffusion
due to stress will set in. In addition to this and as discussed
before, the diffusion of Si in Al builds much more compressive
stress in Al grains and tensile stress in a-Si layer. Due to these
two enhanced effects, more Al tends to migrate into the
underlying a-Si layer at a larger depth. Therefore, the supply of
more Si atoms from the larger depth will be much higher at the
interface in the case of set-B samples than in set-A samples. This
would lead to faster growth of the c-Si phase in set-B samples
than in set-A samples. In other words, the availability of Si
atoms (i.e. concentration of Si) at the interface will be much
higher in the case of set-B samples than in set-A samples, which
would lead to nucleation and faster growth (i.e. crystallization)
of the c-Si phase in set-B samples than in the set-A samples. The
results are manifested in the higher Raman peaks in samples
4424 | RSC Adv., 2020, 10, 4414–4426
with thickness ratio 1 : 3. We also see that crystallinity is
a function of temperature (see Fig. 10), which may be explained
by back-diffusion of Si atoms to the matrix from the c-Si phase
via vacancy mechanism. When crystallization occurs, the
impurity atoms, such as Al, seem to be expelled out from the
recrystallized region and accumulate at the defect sites.69 This
makes recrystallized Si nearly free from Al, which has been
observed at some regions near the interface, as conrmed by the
XTEM image.
IV. Conclusion

In the present work, it has been shown that a-Si layer may be
crystallized at lower temperature (as compared to the thermal
annealing process) under irradiation using 100 MeV nickel ion
This journal is © The Royal Society of Chemistry 2020
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beam. The effect of thickness ratio on crystallization has also
been investigated. The c-Al/a-Si sample with thickness ratio of
1 : 3 (named as set-B) has been found to show better crystalli-
zation than the sample with thickness ratio of 1 : 1 (named as
set-A) under ion irradiation. The crystallinity is found to
decrease with increase in the ion uence for both the set of
samples. The irradiated samples at 100 �C were found to show
better crystallinity than the samples at 200 �C. On the contrary,
in the case of thermal annealing, the crystallization was found
to start at 200 �C, and crystallinity was observed to increase with
increasing temperature. Moreover, in case of thermal anneal-
ing, the c-Al/a-Si sample with thickness ratio of 1 : 1 (set-A) was
found to show better crystallization than the sample with
thickness ratio of 1 : 3 (set-B). The observed results have been
explained in terms of defect concentration and defect dynamics
under irradiation in the sample, and in particular near the
interface. The results presented in this paper may have signi-
cant advantage in developing the crystalline layer at lower
temperature using appropriate mask for irradiation at desired
location for the future advancement in optoelectronic device
application.
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