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In recent times, the metal induced crystallization (MIC) process in amorphous semiconductors (a-Si and a-

Ge) has been extensively investigated by many researchers due to potential applications of crystalline

semiconductors in high-density data storage devices, flat panel displays, and high performance solar

cells. In this context, we have presented a review on different schemes of MIC in metal/a-Si and metal/

a-Ge bilayer films (with stacking change) on various substrates under different annealing conditions. The

parameters, which limit crystallization of a-Si and a-Ge have been analyzed and discussed extensively

keeping in mind their applications in solar cells and flat panel displays. The MIC of a-Si and a-Ge films

under ion beam irradiation has also been discussed in detail. At the end, some suggestions to overcome

the limitations of the MIC process in producing better crystalline semiconductors have been proposed.

We believe that this review article will inspire readers to perform a thorough investigation on various

aspects of MIC for further development of high efficiency solar cells and high quality flat panel displays.
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1. Introduction

It is now evident that silicon (Si) and germanium (Ge) based
devices have dominated the microelectronics industry, which
may be understood from the fact that more than 90% of the
sales in the global semiconductor market account for Si and Ge
based devices.1,2 Polycrystalline silicon and germanium (p-Si
and p-Ge), in particular, have been found to be suitable mate-
rials for high-density data storage devices, thin lm transistors
Prof. Santosh Dubey was born in
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a postdoctoral fellow in Purdue
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Physics, School of Engineering, UPES, Dehradun, India. His
research interests are Mathematical Modeling and Simulation in
Materials, Solar photovoltaics, Reservoir Modeling, Material
modication using ion-beam irradiation. He has published more
than 25 research articles in peer-reviewed journals.
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and solar cells.3,4 However, due to the production cost of p-Si
and p-Ge based solar cells, the cost of electricity production is
higher. Therefore, there is an opportunity for the research
community to produce low cost p-Si and p-Ge as substrates in
solar cells to lower the overall cost of the solar cell production.
In order to address the above, signicant efforts have been
directed towards developing p-Si and p-Ge via solid-phase
crystallization (SPC) of amorphous-Si (a-Si) and amorphous-Ge
(a-Ge).5,6 However, SPC process suffers from long annealing
times even at 600 °C for Si and 550 °C for Ge; these
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temperatures are too high for large-area glass substrates.
Moreover, the bulk amorphous semiconductors crystallize at
higher temperatures (500–600 °C).5–7 It has been reported that a-
Ge and a-Si crystallize at a very low temperatures when they are
in contact with metals such as Al,8–24 Au,25–29 Ag,30–32 Ni,33–40

Cu,41–43 and Pd,44,45 in comparison to their “bulk” crystallization
temperatures. This process is called as metal-induced crystal-
lization (MIC), which was rst observed 50 years before in the
case of a-Ge.46–50 In the last decade, MIC process for different
metal/a-semiconductor bilayer systems has been extensively
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investigated. In this context, we present a detailed review on
different MIC schemes to prepare semiconductors lms of
desired physical properties. The parameters that limit the
crystallization of amorphous-semiconductors are discussed in
detail; some suggestions for further development of these
materials for the solar cell and at panel display have been
proposed. This review should also apprise the readers about the
recent developments in developing crystalline semiconductors
using MIC process, and equip them with the needed informa-
tion to develop materials for efficient inorganic solar cells and
various other applications of interest.
2. Brief history and importance of
MIC of a-Ge and a-Si

Oki et al.46 observed in 1969 that the crystallization of a-Ge
happens at low temperature in the proximity with some
metals such as Au, Al, Ag, Sn or Cu. Bosnel and Voisey51 also
reported similar nding in the case of a-Si. Vacuum evaporation
scheme was used to prepare samples (amorphous semi-
conductor + metal layer) and electron diffraction technique was
used to investigate the crystallization in both the above studies.
The crystallization phenomenon in presence of metals has been
named metal-contact-induced crystallization,52 which is also
popularly known as MIC. Herd et al.52 and Ottaviani et al.53–55

carried out more extensive electron microscopic investigations
on MIC. Based on the observations made in the above investi-
gations, MIC effect was understood to happen broadly in two
steps: (1) dissolution of the semiconductor into the metal along
the metal/semiconductor interface and (2) precipitation of the
semiconductor crystallites out of the metal matrix.53–55 Accord-
ing to Brodsky et al,56 in a bilayer system (where one component
is amorphous), MIC proceeds by the development of a eutectic
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via ion beam irradiation, thermoelectric properties of thin lms,
diluted magnettic semicondcutors, nuclear materials, and perovkite
solar cell. He has published more than 40 research articles in
reputed journals.
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melt produced at low temperature (i.e. binary eutectic temper-
ature). In 1990s, the understanding of MIC process got an
impetus with the use of in situ transmission electron micros-
copy (TEM) techniques. In situ heating high-resolution trans-
mission electron microscopy (HRTEM) was employed to
investigate MIC in metal semiconductor eutectic systems, like
crystalline Al (c-Al)/a-Si,8 c-Ag/a-Si30 and, c-Ag/a-Ge;57 the results
showed it to be a complete solid-state process. Furthermore, in
all the observations discussed so far, no metastable metal
semiconductor compound was observed during MIC.8,30,57,58 In
situ heating HRTEM was also employed to study the MIC
process in Ni/a-Si system; in this study, MIC was observed to
happen by the formation of solid silicide phase (NiSi2) initially,
and its subsequent migration into the a-Si lm to form crys-
talline Si (c-Si) phase.33,59 Aer 1990s, metal-induced layer
exchange (MILE)7,9,10 and metal-induced lateral crystallization
(MILC)35,44,60 mechanism were used to explain amorphous to
crystalline phase transformation. In these mechanisms, Al and
Si sublayers in the c-Al/a-Si system exchange their original
positions to form approximately continuous c-Si layer at the
original position of the Al sublayer at low temperature.7 During
annealing of the bilayer system, the growth of crystalline
semiconductor phase was observed both at the metal contacted
region as well as laterally outside the metal covered region. The
possibility of low temperature synthesis of p-Si and p-Ge makes
MILC a very useful scheme to develop thin-lm transistors (TFT)
and advanced at panel displays. In 2003, Mittemeijer,
explained MIC and MILE processes using interface
thermodynamics.11–22,47,61–64 Auger electron spectroscopy (AES)
depth prole measurements were used to describe the kinetics
of MIC and MILE by quantitatively evaluating inter-diffusion
processes in metal/semiconductor layered systems.16,61,62

Recently, a novel advanced real-time in situ analytic TEM tech-
nique was proposed to understand the atomic-scale mechanism
of MIC and MILE.21,22 With the persistent efforts of the research
community since the year 2000 and even before, it has been now
possible to develop solar cells having efficiencies more than 8%
using c-Si prepared based on Al-induced crystallization.65 A
recent success in developing advanced display devices having
exceptional performance via low-temperature MILC of a-Si is
noteworthy.66 MIC has also been used to develop Blu-ray data
storage devices because very low power and low cost laser irra-
diation is sufficient to attain the needed crystallization
temperature in metal/a-Si (or a-Ge) bilayer systems.67

3. Preparation methods

The amorphous semiconductor (a-Si and a-Ge) thin lms can be
prepared at low temperatures by two methods: chemical and
physical method. Chemical methods such as chemical vapor
deposition (CVD), plasma-enhanced chemical vapor deposition
(PECVD), and hotwire chemical vapor deposition (HWCVD) are
employed to deposit metal/semiconductor layer thin lms.
Sputtering (direct current sputtering and magnetron sputter-
ing), evaporation (thermal evaporation and electron beam
evaporation) andmolecular beam epitaxy (MBE) are some of the
physical methods employed in the preparation of amorphous
RSC Adv., 2022, 12, 33899–33921 | 33901
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semiconductor thin lms. In addition to these methods, low
energy ion irradiation of crystalline semiconductors may also be
used to prepare amorphous semiconductor lms.68,69 The
microstructure of an amorphous semiconductor and its crys-
tallization behaviors (like crystallization temperature, crystalli-
zation energy, etc.) may be very different depending on the
fabrication methods.68,70 The existence of hydrogen and doping
elements may also inuence the crystallization of amorphous
semiconductors.70 In the following section, different processes
of sample preparation have been summarized.
3.1. Chemical methods

Chemical vapor deposition (CVD) is a chemical process, useful
for atomic layer deposition. Matsumura et al.71 deposited
hydrogenated amorphous silicon (a-Si:H) lms using SiH4 and
H2 gas mixture without using any plasma or photochemical
excitation, but using only thermal and catalytic reactions
between deposition-gas and a heated tungsten catalyzer. Wang
et al.72 deposited single-crystal germanium nanowires by the
CVD of germane (GeH4) at 275 °C with Au nanocrystals as seed
particles. Low-pressure chemical vapor deposition (LPCVD)
method is used to reduce unwanted gas-phase reaction and
improve lm uniformity across the substrate. The a-Si lms of
different thicknesses (i.e. 50–200 nm) were deposited on
different substrates (i.e. thermally oxidized Si, glass, and quartz)
by LPCVD method at the substrate temperature in the range of
400–600 °C.40,73–79 For example, Miyasaka et al.40 deposited
50 nm a-Si thin lms by LPCVD process on glass substrate at
425 °C and 1.1 torr pressure. Pereira et al.74 prepareda-Si thin
lms (80–125 nm) on a glass substrate by LPCVD method at
550 °C, 30 Pa pressure and with the silane (SiH4) ow of 30
sccm. Ahn et al.75 deposited a-Si (50 nm) on SiO2 by LPCVD
method at 450 °C with a deposition pressure of 200 mTorr and
disilane (Si2H6) as a source gas for Si. Jung et al.76 deposited
100 nm thick a-Si layer with the help of SiH4 gas (with a pressure
of 136 mTorr), at 525–550 °C in a LPCVD system with three
different in situ doping conditions. Gardelis group77 deposited
a-Si lms on quartz substrate at 610 °C with the base pressure of
300 mTorr by LPCVD method. The MIC was then studied by
depositing different types of metals (i.e. Ni, Al, etc.) on amor-
phous semiconductor lms deposited by LPCVD and annealing
the bilayer samples at low temperatures in the range 450–500 °
C.40,73–79 PECVD is also one type of CVD technique used to
enhance the rate of chemical reaction at low temperatures.
Several researchers have used PECVD technique to prepare a-Si
and a-Ge thin lms on different substrates.80–85 Haque et al.80

employed an ultra-high vacuum (UHV) PECVD method with the
base pressure of 8 × 10−7 torr at 250 °C (deposition pressure:
500 mTorr, and power density: 50 mW cm−2) to deposit
phosphorus-doped a-Si:H lms on the oxidized silicon and
glass substrates. Choi et al.81 deposited a-Si:H lm (50 nm) on
glass by PECVDmethod with a RF power density of 0.27 W cm−2

at a temperature of 270 °C using a 25% silane and 75%
hydrogen mixture. Giangregorio et al.82 deposited a-Ge (500 nm)
on p-type c-Si (100) by PECVD method using GeH4 : H2 (∼2 : 38)
mixture at a pressure of 0.28 torr, temperature of 275 °C, and an
33902 | RSC Adv., 2022, 12, 33899–33921
RF power of 3 W. Schmidt et al.83 employed PECVD method to
deposit a-Si on a glass plate using reactant gases like silane
(SiH4), phosphine (PH3, forn-type doping) and diborane (B2H6,
forp-type doping), without hydrogen dilution at a temperature
of 200 °C, at a pressure of 600 mbar and power density of 120
mW cm−2 (frequency 50 MHz). Peng et al.84 used a radio
frequency (13.56 MHz) capacitive-coupled PECVD system in Ar
and GeH4 (H2 dilution) mixture with a total ow of 20 sccm to
deposit a-Ge:H thin lms (∼1 mm thickness) on the surface of Al
lms at 200 °C. The deposition and base pressure were 3.0 ×

10−4 Pa and 150 Pa, respectively. The MIC was studied on
PECVD deposited amorphous semiconductor lms in contact
with different metals by annealing the bilayer systems in the
temperature range of 170–300 °C.80–85 The HWCVD is also
known as catalytic CVD, is a new technology for depositing
amorphous-semiconductors thin lms at low temperatures
without the use of plasma to decompose source gases.86–88 Ebil
et al.86 deposited a-Si lm (of 500–1000 nm thickness) by custom
mode HWCVD system with load lock (base pressure of 6.67 ×

10−5 Pa) at a lament temperature of 430–1850 °C and depo-
sition pressure of 3.33 Pa; silane was used as the source gas
without hydrogen dilution. Chong et al.88 prepared ve sets of a-
Si samples by HWCVD at different temperatures ranging from
200 to 400 °C with an interval of 50 °C at a chamber base
pressure of approximately 2 × 10−5 mbar. The SiH4 gas ow-
rate and deposition pressure were maintained at 5 sccm and
0.18 mbar, respectively. The MIC was observed at temperatures
ranging from 200 to 400 °C.86–88
3.2. Physical methods

Sputtering is used to deposit a-semiconductors and metal thin
lm by sputter out target atom bombarding with ions in a high
vacuum chamber.49,89–98 Zanatta et al.89 deposited hydrogenated
a-Ge:H and Al lms on c-Si substrate by sputtering in a high
vacuum (residual pressure ∼3 × 10−6 mbar, radio frequency
∼13.56 MHz) sputtering system with the substrate held at 220 °
C. Wang et al.90 prepared a-Si and Al bilayer system by magne-
tron sputtering in a high vacuum chamber. Muniz et al.91

deposited a-Ge:H(Al) samples onto polished (air-exposed) crys-
talline silicon (111) and Corning 7059 glass substrates kept at
220 °C in a high-vacuum radio frequency (RF) sputtering system
using argon as the sputtering gas. Knaepen et al.49 deposited a-
Si (200 nm) and Al (30 nm) layer system by RF sputtering at
room temperature on thermally grown SiO2 (100 nm) with the
deposition pressure of 10−4 Pa. Kezzoula et al.93 deposited a-Si
and a-Si:H on Al/glass and glass substrate using DC magne-
tron sputtering at 250 °C with the input power of 100 W (power
density 2.25 W cm−2). Toko et al.95 deposited Al and a-Ge thin
lms each of thickness 50 nm on quartz (SiO2) by RF sputtering
at room temperature. Ou et al.96 prepared a-Ge and Ni layer
system on SiO2 glass and polycarbonate substrate at room
temperature by sputtering (input power 50 W) with a deposition
pressure of 0.67 Pa. Chen et al.98 deposited Al and a-Si lm on
quartz substrate using a RF magnetron sputtering apparatus
with a deposition rate of 17.4 nm min−1 and 19.4 nm min−1,
respectively. Evaporation is a common physical vapor
© 2022 The Author(s). Published by the Royal Society of Chemistry
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deposition (PVD) method to form uniform thin lms. There are
two types of evaporation methods: thermal and electron beam.
Thermal evaporation is suitable for low melting point materials
(such as metals), whereas s electron-beam (e-beam) evaporation
is suitable for high melting point materials (such as
semiconductors).50,99–107 Katsuki et al.99 deposited Al (134 nm)/a-
Ge (108 nm) on SiO2 by vacuum evaporation at the room
temperature with a base pressure of 104 Pa. Alford et al.100 used
e-beam evaporation to deposit a-Si (800 nm)/Al (20 nm) on
thermally oxidized SiO2 (200 nm) at room temperature with the
base pressure of 3 × 10−6 torr. Knaepen et al.50 prepared a-Ge
(200 nm) and 20 transition metals (Ti, Zr, Hf, V, Nb, Ta, Cr,
Mo, W, Mn, Re, Fe, Ru, Co, Rh, Ir, Ni, Pd, Pt, Cu, Ag, Au, and Al)
layer system with a thickness of 30 nm by e-beam evaporation at
a base pressure of 10−4 Pa. Hu et al.101 deposited a-Ge (100 nm)
and Al (50 nm) layer system on fussed silica (SiO2) by e-beam
evaporation at room temperature. Takiguchi et al.102 deposited
a-Si/Au and a-Ge/Au layer system by e-beam evaporation on
sapphire at room temperature and chamber pressure of 5 ×

10−6 Pa. Mohiddon et al.103 deposited a 500 nm a-Si lm fol-
lowed by a 200 nm Ni lm by e-beam evaporation on borosili-
cate glass substrate with the deposition pressure of 5 × 10−6

torr at room temperature. Karaman et al.105 deposited 15 nm Au
lm onto Al-doped ZnO (AZO) lm by e-beam evaporation and
aer the formation of Au nano particles, 1 mm of a-Si layer was
deposited on Au/AZO bilayer system at 200 °C with a vacuum of
5 × 10−7 torr. The crystallization of a-semiconductor thin lms
deposited by sputtering was then studied by annealing of metal/
a-semiconductor systems at the temperature range of 160–600 °
C in different atmosphere.49,89–98 Molecular beam epitaxy (MBE)
has also been used to prepare a-semiconductors thin lms.108–111

Sadoh et al.108 deposited a-Ge layers (100 nm thick) on the SiO2

lms (160 nm) using MBE technique (base pressure: 5 × 10−10

torr) at room temperature. Uenuma et al.109 deposited a-Ge lms
with the thickness of 30 nm on SiO2 (100 nm)/Si substrates by
MBE technique. Park et al.110 deposited Au lms (thickness: 100
nm) on quartz substrates at room temperature by electron beam
evaporation. Aer sputter deposited Al2O3 (0–10 nm), the a-Ge
lms (thickness: 100 nm) were deposited using the MBE
system. Ooato et al.111 prepared Sn lms and a-Ge lms each of
100 nm thickness on quartz substrate at room temperature by
MBE technique (base pressure: ∼7 × 10−8 Pa, deposition rate:
0.01 nm s−1). Metal induced lateral crystallization in metal/a-
semiconductors system was studied by annealing the samples
at 200–500 °C.108–111

The modication in the microstructure and internal energy of
the a-semiconductors lms prepared by different methods might
induce a signicant free energy difference between metal and a-
semiconductor networks.82–84 Therefore, nucleation and hence the
crystallization kinetics is inuenced enormously by the local envi-
ronment of a-semiconductors. Among all the deposition methods
to produce a-Si and a-Ge reviewed so far, the presence of hydrogen
atoms in PECVD method increases the density of dangling bonds
in the lm. This generates more structural disorder, in addition to
the existing disorder present in a-Si and a-Ge. The increase in
structural disordermodies the structure and internal energy of the
system, which further modies the activation energy for diffusion
© 2022 The Author(s). Published by the Royal Society of Chemistry
of Si and Ge atoms into the metal. The density of defects (mainly
low-angle grain boundaries) also increases with hydrogen content.
Due to the presence of hydrogen in the lm, the rate of diffusion of
Si and Ge is expected to increase because of additional stress/strain
energy generated at the interface when the precursor lms start to
anneal.82–84 This might be the reason behind the observation that
the crystallization temperature of a-semiconductors thin lm in
contact with metals is lower in case of PECVD than the other CVD
methods. The hydrogenated a-Si/a-Ge usually developed by PECVD,
which may be advantageous for the applications in electronic and
optoelectronic devices.112 Moreover, the sputtering deposition
technique is employed to ensure the uniformity of the lms and it
is also favorable for MIC.
4. Metal-induced crystallization
mechanism

The mechanisms of MIC process have been outlined here. The
MIC precedes with nucleation of crystallites at the metal/a-
semiconductor interface as well as at the grain boundaries of
the metal. The proper location of crystallization and reduction
in the crystallization temperature is controlled by the balance of
change in the interface energy and semiconductor crystalliza-
tion energy.17,18,21 The principal mechanism behind MIC is
divided in four parts such as covalent bond weakening, grain
boundary wetting, layer exchange, and nucleation and growth.

The crystallization of amorphous semiconductors reduces
Gibbs free energy. Crystallization process starts with the formation
of a tiny nucleus of semiconductor atoms at a certain location by
diffusion. However, the presence of strong covalent bonds between
the semiconductor atoms (2.30 eV for Si–Si, 1.95 eV for Ge–Ge)
hampers the formation of nucleus in the bulk amorphous semi-
conductor.113 Hiraki et al.114–117 (since 1970 onwards) explained the
weakening of strong covalent bonds in Ge, Si, InP, InSb, and GaAs
at the interfaces with metals (i.e., Ag, Au, and Pd) by invoking
Coulomb screening effect. The bondweakening induced bymetals
usually leads to interfacial reactions and/or interdiffusion of
semiconductor and metal atoms even at low temperatures.
According to Quantum mechanics, the free electron gas's wave
function of the metal extended into the adjacent semiconductor
layer and screens the covalent bonds between the semiconductor
atoms,118 resulting in weakening/breaking of the bonds.18 This
renders the semiconductor atoms free to diffuse along the grain
boundaries (GBs) of themetal. The free semiconductor atoms (e.g.,
Si or Ge) at the metal/a-semiconductor interface may wet these
GBs. The occurrence of GB wetting requires a decrease in the total
energy of the system and helps in MIC.119 Recently, in situ heating
valence energy ltered transmission electron microscopy (VEF-
TEM) experiment was used to observe metal GBs wetting by
amorphous semiconductor in c-Al/a-Si bilayer system21 and it was
also utilized to differentiate the Plasmon loss characteristics of the
metal (Al) and the semiconductor (Si).Wang et al.21,22have carefully
discussed the GB-wetting process in c-Al/a-Si bilayer system and it
is observed that the GBs in the Al get wetted by a-Si at 140 °C and
crystallization initiates aer reaching a critical thickness of a-Si
lm, and then growth of c-Si occurred. The initial wetting of the
RSC Adv., 2022, 12, 33899–33921 | 33903
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Al GB by Si is conrmed by the increase in the plasmon loss energy
at Al GB near the c-Al/a-Si interface (at 120 °C) and complete
wetting was observed at 140 °C. The growth of a c-Si nucleus in the
Al layer and the formation ofmushroom-shaped Al plume in the a-
Si layer is also observed. The layer exchange is observed to occur
upon heating at 280 °C.21,22,120 Wang et al.18 discussed the diffusion
of free Ge atoms at the Al/a-Ge and a-Ge/Al interfaces. They
observed a positive driving force ∼0.22 J m−2 (at 150 °C) to diffuse
the free Ge atoms into/within the Al layer at the interface during
annealing of all sets of samples.

The layer exchange of Al and Si sublayers as a result of
annealing an a-Si/c-Al bilayer, also known as Al-induced layer
exchange (ALILE), was rst introduced in 1976.9,10 Since then it
has drawn considerable attention even today because, as a result
Fig. 1 A schematic presentation of the mechanism of the Al induced
layer exchange process. [Reproduced/adapted from Wang et al.,16 J.
Appl. Phys., 2007, 102, 113523, with the permission from AIP
Publishing.]

33904 | RSC Adv., 2022, 12, 33899–33921
of ALILE, a continuous c-Si layer may be formed at low temper-
atures,11 which may subsequently be used as a seed layer for
further epitaxial growth.12,14 ALILE may prove to be a promising
method to produce low-cost solar cells and exible thin-lm
transistors (TFTs).17,18 The continual growth of c-Si grain in the
original Al sublayer and the existing development of Al plumes in
the original a-Si layer results in exchange of the original layer
sequence (ALILE mechanism). The MIC mechanism has been
directly visualized by in situ heating TEM experiments.21 The
crystallization and growth of Si at the original Al GBs continues
due to a stress gradient (compressive stress in the c-Al sublayer
and tensile stress in the a-Si sublayer) buildup in the bilayer
system. Because of a diffusion potential gradient for Al atoms in
the Al sublayer, the Al atoms move towards the adjoining free-
volume-rich a-Si sublayer resulting in gradual dissolution of Al
grains in the original c-Al sublayer. These dissolved Al atoms
form Al plumes in the a-Si sublayer. The Al plumes both move
upward with in the solid a-Si layer as well as grow in size by
accumulating Al atoms from the Al bottom layer. Such a solid-
state convection process has been understood to result in layer
exchange.22 The exchange of Ge and metal layers during the
annealing of a-Ge/metal or metal/a-Ge layer was discussed by
many researchers.93,121–123 Toko et al.124 studied the layer exchange
of a-Ge/Al systems by annealing the samples at 325 °C in N2

ambient for 100 hours. Sugawara et al.125 studied the nucleation
and growth dynamics of p-Ge cluster during annealing of a-Ge/Ag
layer system by in situ TEM and Auger electron spectroscopy. In
this study, p-Ge clusters of up to 2 mm in diameter were found to
grow laterally on the lm plane surrounded by Ge-depleted zones
of about 100 nm width. Very recently, Pelati et al.106 have also
studied the nucleation and growth of Al/a-Ge system by in situ
optical microscopy.

The above discussed mechanism can be explained with the
help of a schematic diagram, as shown in Fig. 1. From the gure
it can be seen that there are ve steps to formation of c-Si layer:

Step-1: Diffusion of Si atoms along the Al GBs to form a-Si layers
at the Al GBs. Step 2: Nucleation of Si crystallites aer formation of
4 ML (1 ML = 0.22 nm) of a-Si layer at the Al GB. Step 3: Contin-
uous diffusion of Si atoms along the new c-Al/c-Si interfaces. Step
4: Lateral growth of c-Si grains in Al sublayer aer thickness of a-Si
layer becomes 2ML. Step 5: Formation of a continuous c-Si layer at
the original location of Al layer via repetition of steps 3 and 4.

In all the above steps, it can also be observed that the Al
atoms diffuse into the original location of a-Si sublayer due to
the Si atoms diffusion into the original Al sublayer (i.e. along Al
GBs and c-Al/c-Si interfaces). Finally, a mixture of c-Al and c-Si
layer is developed at the original location of a-Si sublayer.16

This mechanism is known as layer exchange mechanism, as has
been mentioned earlier.
5. Effects of growth parameters on
the MIC growth kinetics and
microsctructures

There are several parameters, which play very crucial roles in
microstructural study and growth kinetics in MIC process. The
© 2022 The Author(s). Published by the Royal Society of Chemistry
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effect of some of the important growth parameters such as the
effect of thermal budget (temperature and time), interfacial
oxide layer, different metal, thickness ratio of metal/
semiconductor, and substrates has been discussed here.

In layer exchange, nucleation and growth in MIC process,
annealing temperature and time are very important parame-
ters.3 Pihan et al.126 investigated the formation of Si grains in Al/
Si bilayer system annealed at 450 °C from 40 minutes to 90
minutes on a owable oxide (FOx)-coated alumina substrate.
The crystallization time or the annealing time has an important
role on the shape of Si grains; the Si grains were observed to
grow uniformly in all the lateral directions until their coales-
cence, which nally results in the development of a continuous
lm. The nucleation and conversion time (i.e. time required to
produce the initial nuclei and to make a continuous lm)
decrease with increasing Al-induced crystallization (AIC)
annealing temperature.17 The time needed for completion of
whole layer exchange is known as crystallization time, which
depends strongly on the annealing temperature. The activation
energy changes with the method of deposition and thickness of
interfacial layer. The activation energy for crystallization frac-
tion of 50% in the temperature range of 425–550 °C was found
to be approximately 1.447 eV in Al/Si bilayer system.127,128 At
temperatures more than 450 °C, the growing grains compete
with each other, and the oversaturation between the grains
decreases. At low annealing temperatures, however, there is no
contest between growing grains and the orientations with high
growth rate in parallel direction to the surface. The competition
between rapid lateral growth and (100) vertical growth most
probably leads to the formation of twins in the growing grain.124

When the annealing temperature decreases, a reduction in the
nucleation rate results in the increase in the grain size. At lower
temperatures, the effective diffusion distance is longer, which
may lead to development of larger depletion areas around the
growing grains, opposing further nucleation. Consequently, the
grains grow to a larger size before impingement occurs. The
overall crystallization process, therefore, takes more time at
lower annealing temperatures.9

A thermodynamically stable metal oxide diffusion barrier
such as aluminum oxide (AlOx) layer is necessary to control the
rapid interlayer diffusion and to form a continuous p-Si lm.
This layer acts as a membrane sandwiched between metal and
semiconductor layers, which control the diffusion process
without participating in the layer exchange process. This
interfacial layer does not change its position throughout the
inter-diffusion process of metal and semiconductor atoms.
Several researchers have studied the formation of AlOx and its
effects on crystallization process in detail.129–131 They showed
that when the sample is exposed to oxygen at low temperatures
(#100 °C), an amorphous oxide lm of relatively uniform
thickness is formed. However, at higher temperatures ($200 °
C), initially an amorphous oxide lm is formed, which gradually
transforms into crystalline g-Al2O3. The thickness of the oxide
layer is found to be in 2–4 nm range for a growth temperature
more than 200 °C. Thickness of the oxide layer is a function of
the interval of the air exposure: an exposure of one week, one
day, and three minutes resulted in a thickness of 125 Å, 64 Å,
© 2022 The Author(s). Published by the Royal Society of Chemistry
and 50 Å, respectively. Thickness affects the duration of crys-
tallization process: for one-week samples, the crystallization
was found to be completed by annealing it at 500 °C.132 The
continuous poly-Si lm was obtained with the average grain size
of 10 mm. The grain size was getting smaller by lowering the
thickness of the aluminum oxide layer because of a rapid
nucleation rate. The porous silicon is formed when the AlOx

layer is not present. It may, therefore, be concluded that the
oxidation thickness inuences the nucleation process and its
growth rate. Also it may be noted that this interfacial layer does
not reduce the crystallization temperature and time signi-
cantly in MIC process as this layer acts as a traffic at the inter-
face during diffusion of metal and semiconductor atoms.129–132

Somemetals assist crystallization of a-semiconductors at low
temperature, which are categorized in three groups: (a) post-
transition metals (Al, In, Sn, Pb, Sb, and Bi) (b) transition
metals (Ni, Pd, Pt, Cu, Ag, Au, and Zn) and (c) refractory metals
(Mn, Co, Fe, Cr, V, Rh, Hf, Ti, Ir, Ru, Zr, Nb, Mo, W, Ta, and Re).
The post-transition metals make simple eutectic binary systems
with Si or Ge having very low MIC temperature, and do not form
any compound phases in MIC. The transition metal crystalli-
zation is quite similar to post transition metal crystallization
but in the latter case (e.g. especially in Ni, Pd, Pt and Cu) one or
multiple compound phases with Si or Ge are formed in MIC. In
case of refractory metals, the crystallization temperature of a-Si
or a-Ge is high, but slightly lower than that of corresponding
bulk crystallization temperatures. These metals form
compounds before initiation of MIC. The crystallization of
amorphous semiconductors have never been reported by using
few metals such as Na, Mg, Y due to high reactivity of these
metals in air. Therefore, it is an open problem for the scientic
community to crystallize amorphous semiconductor using such
metals. Gaudet et al.133 studied 20 transition metals (Ti, Zr,
Hf, V, Nb, Ta, Cr, Mo, W, Mn, Re, Fe, Ru, Co, Rh, Ir, Ni, Pd, Pt,
and Cu) and their effect on a-Ge crystallization. It was found
that the rst group of metals (Ti, Zr, Hf, V, Nb, and Ta) reacted
with Ge only at temperatures well above 450 °C and another set
(Cr, Mo, Mn, Re, Rh, Ru, and Ir) did not form low resistivity
phases even when the system was annealed at up to 1000 °C.
During the investigation, it was also found that Fe, Co, Ni, Pd,
Pt, and Cu were the most interesting candidates for micro-
electronic applications as they reacted at relatively low
temperatures (150–360 °C).

Nast et al.10 studied the effect of metal layer thickness on
morphology of crystalline-semiconductors. It was shown that
the porous structure in the AIC sample may be obtained if the Al
layer was only twice the thickness of the a-Si layer. When the
thickness of Si grains becomes equal to that of the Al lm
thickness, the growth of Si is conned to the plane bounded by
the interface between the two layers and the substrate. This
results in the lateral growth of the grains in the absence of
sufficient amount of a-Si (as source). As the Si source is fully
utilized before the nearer grains met, porosity develops in the
layers.127 Therefore, the lack of Si prevents the development of
a non-porous p-Si layer. If the a-Si layer is thicker than the Al
layer, non-porous p-Si layer may be obtained on the substrate.
Wang et al.134 discussed the effect of Al and a-Ge ratio in MIC
RSC Adv., 2022, 12, 33899–33921 | 33905
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process. Three sets of samples with congurations a-Ge (40
nm)/Al (80 nm), a-Ge (60 nm)/Al (60 nm), and a-Ge (60 nm)/Al
(55 nm) were annealed to show that the average grain size of
p-Ge are 20 mm, 50 mm, and 100 mm respectively. From above
research contributions, it may be concluded that in order to
form continuous p-Si and p-Ge lms under steady temperature
conditions, the a-Si and a-Ge layer must be at least as thick as
the metal layer.

It has been observed that the rate of nucleation and the
crystallographic quality of the p-Si and p-Ge seed layer obtained
by MIC are controlled by the surface roughness of the substrate.
Tuzun et al.135 studied the effect of FOx-coated alumina (surface
roughness 160 nm) and SiN coated Corning glass (GC)
substrates (surface roughness 8.2 nm) on crystallization of
silicon. The distribution of the grain size in case of GC
substrates was found to be more homogeneous, implying the
constancy of the nucleation rate during the crystallization
process.136,137 The average grain size of the AIC layer formed on
GC substrate reached 25.2 mm, while it was close to 8 mm in case
of alumina substrates. Oya et al.138 showed that a-Ge thin lms
were directly crystallized on exible plastic substrates at 325 °C
using Al-induced crystallization. The plastic substrate thickness
strongly inuenced the crystal quality of the resulting p-Ge
layers. The reason behind this observation given was that
when a thicker substrate is used, the stress on the a-Ge layer
reduces during annealing, which increases the grain size and
fraction of (111)-oriented grains within the Ge layer.
6. Ion mater interactions

Ion beam irradiation is a multipurpose tool to synthesize and
modify the materials at nanometres scale. When an energetic
ion passes through a material, it deposit huge amount of energy
locally. The lighter ions with high energies (i.e. several
hundreds of MeV per amu) lose their energy via Cherenkov,
bremsstrahlung radiation, and nuclear reactions along with
elastic collisions and ionizations.139 However, when heavy ions
Fig. 2 Variation of energy loss of Ni ions in Si using SRIM-2008
simulation code.

33906 | RSC Adv., 2022, 12, 33899–33921
passes through the materials, they lose energy via inelastic
collisions with target electrons (i.e. electronic energy loss: Se)
and elastic collision with nucleus (i.e. nuclear energy loss:
Sn).140,141 The rate of energy loss per differential path length (dE/

dx), can be dened by the relation:
�
dE
dx

�
¼

�
dE
dx

�
n
þ
�
dE
dx

�
e
,

where ‘e’ and ‘n’ denote the electronic and nuclear collisions,
respectively. The energy loss of ions can also be represented by

the stopping cross section ¼ ðdE=dxÞ
N

¼ Sn þ Se, where N, Se

and Sn, denote the atomic density of target materials, stopping
cross section for electronic energy loss and stopping cross
section for nuclear energy loss, respectively. The basic ion
matter interaction process is coulombic. Nevertheless, pure
coulomb potential predominates in electronic interaction case,
whereas screened coulomb potential predominates in nuclear
interaction case.142–144 Fig. 2 shows the variation of energy loss of
Ni ions traversing through the Si target. The domination of
nuclear energy loss and electronic energy loss are marked in the
graph. The ions with low energy (i.e. few keV per amu) lose their
energy dominantly by nuclear collision process resulting in
atomic displacements. Swi heavy ions (i.e. when the ion
velocity is greater than equals to the Bohr velocity of target
electrons), however, lose their energy rst by interacting with
target electrons, ionizing them, and aer slowing down they
interact with screened target nuclei producing recoils/direct
displacements. The electronic energy loss is dominated up to
a certain depth and nuclear energy loss is overriding effect at
the end of the range of ions. The maximum of electronic energy
loss at certain depth is known as Bragg's peak.142
6.1. Range of the ions in materials

The total distance travelled by the ion inside the material is
known as ion range (R), dened by the relation:

R ¼ Ð 0
E0

1
½dE=dx�total

dE. Here E0 is incident ion energy and [dE/

dx]total is the sum of total electronic and nuclear stopping
powers of the material. The projected range

Rp y
R

1þ ðM2=3M1Þ is dened as the projection of range along

the axis of incidence ion. The statistical uctuation in the pro-
jected range along the axis of incidence ion is called ‘projected
range straggle sp or longitudinal straggling’ and the uctua-
tions along perpendicular axis is known as ‘lateral straggle st

or transversal straggling’.142
6.2. Nuclear energy loss in materials

In nuclear collisions, a large amount of discrete energy is
transferred to the target materials resulting in signicant
angular deection of the ions from their trajectory. The
deposited energy through nuclear collisions produces lattice
disorder via atomic displacements. Sometimes, these displaced
atoms have sufficient energy to cause secondary displacements
of the atoms, which form a tree of disorder along the ion path,
known as collision cascade. Generally, the yield of disorder/
defect formation depends on ion/target atomic mass ratio,
© 2022 The Author(s). Published by the Royal Society of Chemistry
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and numbers of ions falling per unit area on target material
known as ion uence or ion dose. The disordered zones
produced by different ions remain well separated from each
other at low uences. At the high uence, disordered zones start
to overlap and leads to the complete/partial amorphization of
the material. The nuclear stopping process may be understood
in terms of a binary classical elastic collision event between the
incoming ions and the target atom.142–144
6.3. Electronic energy loss in materials

In electronic energy loss process, the ion loses its energy
through inelastic scattering by target electrons. This scattering
leads to the electronic excitation and/or ionization of the target
atoms and excited electrons transfer their energy to lattice. The
electronic energy loss process mainly depends on the charge of
the ion and target atoms and the relative velocity. Therefore, the
electronic energy loss regime may be divided in two parts:145 in
the rst part, the ion velocity isv < v0Z

2/3
1 and in the second part

the ion velocity is v$ v0Z
2/3
1 (i.e. for fast collision case), where v0

is Bohr velocity and Z1 is the atomic number of the ion. For the
high energy regime, the velocity of the incident ion is greater
than the mean orbital velocity of the target electrons (i.e. v $

v0Z
2/3
1 ). In this case, the ions are fully stripped and behaves like

a positive point charge. According to Bethe and Bloch, if the
electronic energy loss is in the non-relativistic limits, the stop-
ping cross-section decreases with increasing ion velocity.145,146
6.4. Coulomb explosion model

The Coulomb explosion model was proposed to explain the
formation of ion track in insulators due to the ionization along
the ion path.147,148 When ion passes through a material, the
energy of ions is transferred to the electrons of target materials
via inelastic collisions, resulting in the ejection of electrons
from a cylindrical volume (i.e. track core in target material), as
Fig. 3 Schematic of (a) cylindrical positive ion core after passage of ion

© 2022 The Author(s). Published by the Royal Society of Chemistry
shown in Fig. 3(a and b). The ejected electrons are called delta
electrons. The ejection process lasts only for 10−17 second aer
the passing of ions. These delta electrons may further generate
secondary electrons by excitation and ionization in track halo
region. Then, the ions in the core move away from the core
within 10−13 to 10−15 second due to the repulsive Coulomb
force. This phenomenon is known as Coulomb explosion,
which leads to a localized destruction in lattice structure via the
production of vacancies and interstitials. However, the delta
electrons nally move back towards the core aer losing their
energy via inelastic collisions. Generally, the track core diam-
eter is only a few nanometres (nm), while the halo diameter is in
the range of 100 nm to 1000 nm. The track core is important for
modication of Alkali halides, whereas track halo has more
importance in modication of semiconductor, polymers, and
biological objects.142,149
6.5. Thermal spike model

In thermal spike model, the free electrons generated due to
excitation and/or ionization are trapped within a narrow cylin-
drical zone around the ion path known as the ion track. The
electron connement depends on electron diffusion length,
which modies the electron–phonon coupling (g). The coupling
term ‘g’ governs the efficiency by which the energy is deposited
in the electronic subsystem and subsequently transferred to the
lattice subsystem per unit volume. The coupling term also
decides the rate of increase of the lattice temperature. The two-
temperature model can be used to describe the rise in
temperature of the lattice, and is given as a set of two coupled
heat diffusion equations:150,151

CeðTeÞ vTe

vt
¼ 1

r

v

vr

�
rKeðTeÞ vTe

vr

�
� gðTe � TaÞ þ Aðr; tÞ
s through mater and (b) generation of delta electrons.
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CaðTaÞ vTa

vt
¼ 1

r

v

vr

�
rKaðTaÞ vTa

vr

�
þ gðTe � TaÞ þ Bðr; tÞ

Here, r is the radial distance from the path of ion or track
radius; Te, Ta, Ce, Ca, Ke, Ka represent temperature, specic heat
and thermal conductivity for the electronic and atomic
subsystems, respectively. Numerical solution of these coupled
partial differential equations give time evolution of the
temperature along the ion track. If the local temperature inside
the cylindrical zone is found to be above the critical tempera-
ture of phase transformation (i.e. evaporation, crystallization
etc.), then material will transform accordingly. Aer completion
of Coulomb explosion process (10−15 to 10−13 s), the thermal
spike takes place in the interval 10−14 to 10−12 s. The time span
of thermal spike is very short, therefore the materials modi-
cation due to ion irradiation is a very fast process. This model
has been widely used to describe the track formation, defect
annealing, recrystallization in semiconductors and metal
modications etc.150–157
Fig. 4 (a) Raman spectra (b) XRD pattern of set-A irradiated by 100 MeV N
ions per cm2, 1× 1013 ions per cm2, and 5× 1013 ions per cm2. And (c) Ram
at 100 °C with different fluence of 1 × 1012 ions per cm2, 5 × 1012 ions pe
adapted from Maity et al.,157 RSC Adv., 2020, 10, 4414, with permission f

33908 | RSC Adv., 2022, 12, 33899–33921
7. Ion beam induced crystallization of
amorphous semiconductors thin films

As discussed above that the as-grown crystalline-Si (c-Si) and
crystalline-Ge (c-Ge) lms are found to have higher or lower
density of electrically active microstructural defects (depends
on annealing temperature). These defects move forward to the
epitaxial layer, resulting in the lowering of electronic quality of
the absorber layer. On the other hand, the high-temperature-
deposited epitaxial lms have lower defect density than the
low-temperature-deposited lms. The solar cell, which uses the
MIC seed layer, has been observed to show a photovoltaic
conversion efficiency of 8% due to the bad grains quality and
diffusion of impurities atoms from the substrates in high-
temperature annealing. In spite of the above, the use of p-Si
and p-Ge seed layers formed by MIC in thin-lm solar cells
has been considerable. However, basic physical characteristics
of MIC grown polycrystalline semiconductors lms still
required to be improved signicantly in order to use it as an
effective solar cell material. The previous explorations showed
i ions at 100 °C with different fluence of 1× 1012 ions per cm2, 5× 1012

an spectra (d) XRD of set-B irradiated at 100 °C with different fluences
r cm2, 1 × 1013 ions per cm2, and 5 × 1013 ions per cm2. [Reproduced/
rom The Royal Society of Chemistry.]

© 2022 The Author(s). Published by the Royal Society of Chemistry
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that p-Si and p-Ge produced by MIC process are the potential
candidate for photovoltaic applications. However, further
advancement in this process is still needed for synthesizing
highly efficient solar cells and high quality at panel displays.
There are several limitations of MIC process. The most obvious
limitation is that the crystallization temperature in MIC is high.
In addition, since the whole substrate is heated almost
uniformly, it is not possible to crystallize the amorphous
material in spatially selective way. In conventional MIC (using
thermal annealing), it is not possible to control the depth of
crystallization. In this respect, swi heavy ion irradiation offers
the possibilities for metal-induced crystallization of a-
semiconductors in a controlled way with great precision
(through ion dose), spatial selectivity (either by focusing or high
energies) and depth (through energy). Swi heavy ion (SHI)
irradiation is an innovative, valuable and very powerful tool in
investigating various elds of modern technology, e.g. synthesis
of nanoclusters in thin lms, phase transformations, surface
and interface modication etc.157 Swi heavy ion, when passing
through a material creates a high yield of electronic excitations
over a small cylindrical zone of a few nanometers in diameter
around its path, termed as ion track. Presently, two theoretical
models, Coulomb explosion model and thermal spike model157
Fig. 5 XTEM and high resolution TEM (HRTEM) micrograph of both bilay
per cm2 at temperature of 100 °C. For set-A sample (a) XTEM image of p
the interface for irradiated sample. For set-B sample (d) XTEM image of
interface for irradiated sample. [Reproduced/adapted from Maity et al.,15

Chemistry.]

© 2022 The Author(s). Published by the Royal Society of Chemistry
have been proposed to explain the local excitation of the lattice
by energy transfer from the electronic system.
7.1. Metal induced crystallization of a-Si under ion beam
irradiation

Recently, Maity et al.,157–159 used thermal annealing and ion
irradiation to investigate the crystallization of a-Si in Al/a-Si
bilayer thin lms. The effect of all parameters affecting the
crystallization like thickness ratio of Al and a-Si layers,
annealing temperature, ion uence, and temperature during
ion irradiation was explored in detail. Two sets of samples were
prepared on oxidized Si-substrates by thermal evaporation (Al
deposition) and e-beam techniques (a-Si deposition): set-A
samples with thickness ratio 1 : 1 (50 nm Al/50 nm a-Si) and
set-B samples with thickness ratio 1 : 3 (50 nm Al/150 nm a-Si).
Both the sets of samples were irradiated by 100 MeV Ni7+ ions
with uences of 1 × 1012 ions per cm2, 5 × 1012 ions per cm2, 1
× 1013 ions per cm2, and 5 × 1013 ions per cm2 at 100 °C and
200 °C. In Fig. 4(a)–(c), Raman spectra of pristine and irradiated
set-A and set-B samples (at 100 °C with different uence) have
been displayed. In both the pristine sample sets, a broad and
weak hump of a-Si at lower wavenumber (∼480 cm−1) is
observed, which conrms the amorphous nature of Si. In the
irradiated sample sets, a Raman peak at 520 cm−1 is observed,
er system (set-A & set-B) with pristine and irradiated with 5 × 1012 ions
ristine sample (b) XTEM image of irradiated sample (c) HRTEM image of
pristine (e) XTEM image of irradiated sample (f) HRTEM image of the

7 RSC Adv., 2020, 10, 4414, with permission from The Royal Society of
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which corresponds to the transverse optical (TO) phonon mode
of c-Si. The intensity of the peak is observed to decrease with
increasing ion uence, which conrms a reduction in the
crystallinity due to irradiation-induced amorphization. Similar
results were also observed for the samples irradiated at 200 °C.
Fig. 4(b)–(d) show the grazing incidence X-ray diffraction
(GIXRD) pattern of pristine and samples of set-A and set-B,
respectively, irradiated at 100 °C temperature with different
uences. In the pristine samples of both the sets, only a single
diffraction peak at 2q of 39.94° corresponding to Al (111) lattice
plane is observed. No other peak corresponding to c-Si is
observed in the pristine samples. However, aer ion irradiation
at 100 °C, another peak is observed at 2q of 28° (in addition to
the Al (111) peak) assigned to the diffraction from Si (111) lattice
plane. The intensity of the peak is observed to be higher at the
lowest uence. This indicates that the crystallization of Si
decreases with increasing ion uence. Similar results were also
observed for the samples irradiated at 200 °C. XTEM measure-
ments of pristine and irradiated samples (at a uence of 5 ×

1012 ions per cm2 and temperature 100 °C) further conrms the
crystallization process in the irradiated samples, as shown in
Fig. 5. From the XTEM micrographs of both the sets of pristine
samples, no sign of interface diffusion was noticed (see
Fig. 6 Raman spectra of set-B sample irradiated at 100 °C and 200 °Cwit
cm2, (c) 1× 1013 ions per cm2, and (d) 5× 1013 ions per cm2. (All figures ar
from Maity et al.,157 RSC Adv., 2020, 10, 4414, with permission from The

33910 | RSC Adv., 2022, 12, 33899–33921
Fig. 5(a)–(d)). However, in case of irradiated samples, interface
diffusion (i.e. due to atomic transport across the interface) was
observed, which has been shown in Fig. 5(b)–(e). High-
resolution TEM (HRTEM) images of the interface clearly
shows the crystallization of a-Si for both the sets of samples (see
Fig. 5(c)–(f)).157–159

The effect of irradiation temperature (i.e. 100 °C and 200 °C)
on crystallization has been understood by Raman spectra of set-
B samples as has been displayed in in Fig. 6(a–d). It is observed
that the Raman peak intensity corresponding to c-Si at all u-
ences is higher at 100 °C than that of 200 °C. This represents
that the crystallinity in the samples irradiated at 100 °C is better
as compared to the sample irradiated at 200 °C. Similar obser-
vation has also been recorded for set-A samples also.157–159

The effect of thickness ratio on crystallization in irradiated
samples has also been studied by Raman and GIXRD
measurements. Raman peak intensities for irradiated samples
at 100 °C having thickness ratio 1 : 1 (Fig. 7(a–d)) are observed to
be lower than the samples with thickness ratio 1 : 3, indicating
higher crystallization in samples having thickness ratio 1 : 3.
Similar observations have also been recorded with the GIXRD
pattern (Fig. 8(a–d)) of the irradiated samples: irradiated
samples with thickness ratio 1 : 3 have high peak intensities as
h the different fluences of (a) 1× 1012 ions per cm2, (b) 5× 1012 ions per
e plotted in same y-scale range for comparison). [Reproduced/adapted
Royal Society of Chemistry.]

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Raman spectra of set-A and set-B samples irradiated at 100 °C 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. (All figures are plotted in same y-scale range for comparison). [Reproduced/adapted
from Maity et al.,157 RSC Adv., 2020, 10, 4414, with permission from The Royal Society of Chemistry.]
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compared to the samples with thickness ratio 1 : 1. These
observations indicate the preferential growth of c-Si along (111)
direction at all uences in both the sets of samples. Similar
results have also been observed for both sets of samples irra-
diated at 200 °C.157–159

The results conclude that the crystallization of Si happens at
surprisingly low temperature of 100 °C under ion irradiation for
both the set of samples at all ion uences. The samples irradi-
ated at 100 °C were found to show better crystallization than the
samples irradiated at 200 °C at all ion uences. At a uence of 1
× 1012 ions per cm2, maximum crystallization has been
observed for both the set of samples. Crystallization was
observed to decrease with increasing ion uence at both the
temperatures of 100 °C & 200 °C. The crystallization of set-B
samples was found to be better as compared to set-A samples
at all the irradiation temperatures and uences.

The possible mechanisms behind crystallization in all the
cases have been discussed in detail with the help of various
theoretical formulations.157–159 In the current investigation,
irradiation is carried out at higher temperature (100 °C and 200
°C). Irradiation produces non-equilibrium concentration of
defects as well as local lattice heating, which may be estimated
via thermal spike model (see Fig. 9(a–f)). Therefore, due to the
© 2022 The Author(s). Published by the Royal Society of Chemistry
thermal spike temperature, irradiation temperature and avail-
ability of non-equilibrium concentration of defects, the kinetics
of defects is enhanced many folds. Additionally, since Si inter-
stitials are faster diffusing species than Al interstitials,160 Si
interstitials may reach the interface faster and recombine with
the vacant sites available there to become the lattice atoms,
which might be the reason behind the crystallization of Si near
the interface region. The crystallinity of Si is found better in set-
B samples than in set-A samples, which might have been due to
availability of more Si interstitials for crystallization in set-B
(thickness of Si lm is 150 nm) than set-A (thickness if Si lm
is 50 nm) samples. High-energy irradiation in set-B samples
leads to more atomic displacements and hence more Si inter-
stitials than in set-A samples. In addition to the defect-mediated
diffusion, the mechanical and thermal stresses developed
during irradiation may also enhance the kinetics of the defects.
It is also observed that the crystallinity in Si is better when the
samples are irradiated at 100 °C than at 200 °C. The lattice
temperature of the sample (consisting of c-Al and a-Si) is found
to be higher when it is irradiated at 200 °C than that of 100 °C
(see in Fig. 9(e and f)). At high lattice temperature (irradiated at
200 °C), back-diffusion of Si atoms to the matrix from the c-Si
RSC Adv., 2022, 12, 33899–33921 | 33911
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phase via vacancy mechanism might be the reason behind
lower crystallinity at 200 °C.157–159

Very recently, Maity et al.161 have successfully developed p-Si
thin lms at room temperature (RT) using 500 keV Xe+ ion
irradiation. In order to do this, c-Al (50 nm/a-Si (150 nm)) bilayer
thin lms have been used for ion irradiation experiments. The
structural studies showed that the crystallization of Si started at
a threshold uence of 3 × 1015 ions per cm2 and crystallinity
was found to increase with increasing ion uence. Fig. 10(a and
b) conrmed the results. The results were explained in terms of
displacement spike and thermal spike due to the interaction of
energetic ions with target atoms.
7.2. Metal induced crystallization of a-Ge under ion beam
irradiation

Maity et al. have reported Au induced crystallization of a-Ge via
ion irradiation followed by thermal annealing.162 The a-Ge (50
nm)/Au (50 nm) bilayer thin lms (i.e. a-Ge/Au) on quartz
substrate were deposited by means of e-beam (a-Ge deposition)
and thermal (Au deposition) evaporation techniques in a high
vacuum (∼6 × 10−7 mbar) chamber without interrupting the
Fig. 8 GIXRD pattern of set-A and set-B samples irradiated at 100 °C with
(c) 1× 1013 ions per cm2, and (d) 5× 1013 ions per cm2. (All figures are plot
Maity et al.,157 RSC Adv., 2020, 10, 4, 414, with permission from The Roy

33912 | RSC Adv., 2022, 12, 33899–33921
vacuum. The as-prepared samples were irradiated with 100 MeV
Ni7+ ions at different uences of 1 × 1012 ions per cm2, 5 × 1012

ions per cm2, 1 × 1013 ions per cm2 and 5 × 1013 ions per cm2.
The ion irradiation does not show any crystallization of Ge;
instead, an increase in ion uence decreases the Au crystallite
size. The smaller crystallite size of Au, leads to higher grain
boundary (GB) density (i.e. high defect sink density) at higher
ion uence. Under ion irradiation, inter-diffusion of Ge and Au
atoms across the interface region has been observed. The
results are conrmed by XRD, transport of ions in matter
(TRIM) simulation and Rutherford back scattering spectro-
scopic (RBS) data, as shown in Fig. 11. The higher GB density
has been observed to result in better crystallization of a-Ge, as
the free Ge atoms get more space to diffuse into the GB of Au
during thermal annealing. In order to crystallize the Ge, the ion
irradiated samples were post-annealed at a xed temperature of
300 °C for 4 h in N2 atmosphere. The crystallization was studied
by XRD and Raman measurements. The XRD and Raman data
are shown in Fig. 12. The crystallization of Ge is found better for
the samples irradiated at higher uence; Ge is found to be poly-
crystalline in nature for all uences. This may be due to the
higher grain boundary density (i.e. for higher ion uence) in Au
different fluences of (a) 1× 1012 ions per cm2, (b) 5× 1012 ions per cm2,
ted in same y-scale range for comparison). [Reproduced/adapted from
al Society of Chemistry.]

© 2022 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra06096e


Fig. 9 Thermal spike calculation for the estimation of lattice temperature in (a) a-Si and (b) c-Al due to 100 MeV Ni ion irradiation and for the
track radii r= 0, 1, 2 nmwhen samples irradiated at 100 °C. Lattice temperature in (c) a-Si and (d) c-Al due to 100MeVNi ion irradiation and for the
track radii r = 0, 1, 2 nmwhen samples irradiated at 200 °C. (e) Lattice temperature of a-Si at 100 °C and 200 °C. (f) Lattice temperature of c-Al at
100 °C and 200 °C. [Reproduced/adapted from Maity et al.,157 RSC Adv., 2020, 10, 4414, with permission from The Royal Society of Chemistry.]
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aer irradiation, which might have been helpful in accumu-
lating free Ge atoms near the grain boundaries. The detailed
mechanism has been discussed through MIC process and band
theory.162

However, from the above discussion in Sections 7.1 and 7.2 it
is observed that a-Si lm in contact with Al is crystallized at
surprisingly low temperature of 100 °C under 100 MeV Ni ions
irradiation. Further, a-Si thin lms is crystallized at room
temperature (RT) using 500 keV Xe+ ion irradiation. But in a-Ge/
Au system, a-Ge is crystallized via ion irradiation followed by
thermal annealing at 300 °C. In several studies, Al-induced
crystallization (AIC) of a-Si and a-Ge via thermal annealing is
© 2022 The Author(s). Published by the Royal Society of Chemistry
observed to take place at comparatively lower temperature than
Au-induced crystallization (GIC).8–29 Under ion beam irradia-
tion, however, it is still unclear why a-Ge is not crystallized at
low temperatures. Therefore, rigorous investigations are needed
to understand metal-induced crystallization (using Al, Au, Cu
etc.) of a-Ge via ion beam irradiations.
7.3. Application of metal induced crystallized Si and Ge
under ion irradiation

Recently Maity et al.,159 explored the surface properties of c-Si
and c-Ge developed by ion beam irradiation for solar cell
application. As discussed above, the best crystallization of Si
RSC Adv., 2022, 12, 33899–33921 | 33913
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Fig. 10 (a) XRD pattern (b) Raman spectra of pristine sample and the samples irradiated with different ion fluence of 7 × 1014 ions per cm2,
1 × 1015 ions per cm2, 3 × 1015 ions per cm2, 7 × 1015, and 1 × 1016 ions per cm2. [Reproduced/adapted from Maity et al.,161 J. Appl. Phys.,
2022, 132, 095303, with the permission from AIP Publishing.]
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was achieved at an ion uence of 1 × 1012 ions per cm2; crys-
tallinity was found to decrease with increasing ion uence. The
contact angle (CA) of the absorber surfaces (i.e. Al incorporated
c-Si and/or homogeneous c-Si layer, obtained aer selective
Fig. 11 (a) XRD pattern of a-Ge/Au pristine and ion irradiated thin films a
1013 ions per cm2, and 5 × 1013 ions per cm2 (b) variation of FWHM of Au
Z-axis) a-Ge (i.e. layer 1 colored by green) and Au (i.e. layer 2 colored by b
transvers view of the TRIM simulation (d) RBS spectra of pristine and i
[Reproduced/adapted from Maity et al.,162 CrystEngComm, 2020, 22, 66

33914 | RSC Adv., 2022, 12, 33899–33921
chemical etching of top unreacted Al) was found to decrease
with increasing ion uence and the surfaces were hydrophobic
in nature. The hydrophobicity was found to decrease with
increasing ion uence. The dependence of wettability and
t different fluence of 1 × 1012 ions per cm2, 5 × 1012 ions per cm2, 1 ×
(111) diffraction peak with ion fluences. (c) TRIM simulation of (depth vs.
lue) at the interface (mixing region shown by ring). The inset shows the
on irradiated a-Ge/Au thin film at fluence of 5 × 1013 ions per cm2.
6, with permission from The Royal Society of Chemistry.]

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 12 (a) XRD pattern and (b) Raman spectra of pristine sample and samples post-annealed (after ion irradiation at different fluences) at 300 °C.
The XRD and Raman results clearly show the crystallization of Ge due to thermal annealing treatment after ion irradiation. [Reproduced/adapted
from Maity et al.,162 CrystEngComm, 2020, 22, 666, with permission from The Royal Society of Chemistry.]
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optical properties on various statistical, fractal, and multifractal
parameters was critically and carefully investigated via atomic
force microscopy (AFM) images along with system energy/unit
cell and the related Laplace pressure calculations. Further, the
calculation of multiple scattering cross-sections of light
together with optical reectivity analyses suggest that the
absorber surface of the best crystalline lm has the lowest
Fig. 13 The schematic of experimental details where (a) ion beam irradiat
Al from the top layer of sample (d) absorber surface after Al etching. [Rep
with the permission from AIP Publishing.]

© 2022 The Author(s). Published by the Royal Society of Chemistry
optical reectance. These results were conrmed by the ana-
lysing different data, as shown in Fig. 13–15. Therefore, the
results suggest that such surfaces with low optical reectance
and hydrophobic nature may be used as a photon absorber
layers for advanced solar cell devices besides its self-cleaning
nature.159
ion of bilayer sample (b) sample after irradiation (c) etching of unreacted
roduced/adapted from Maity et al.,159 J. Appl. Phys., 2021, 129, 045301,

RSC Adv., 2022, 12, 33899–33921 | 33915
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Fig. 14 Contact angles (CA) of (a) pristine film, and absorber films developed at different fluences of (b) 1× 1012 ions per cm2, (c) 5× 1012 ions per
cm2, (d) 1× 1013 ions per cm2, and (e) 5× 1013 ions per cm2. (f) Variation of CA with ion fluence. [Reproduced/adapted fromMaity et al.,159 J. Appl.
Phys., 2021, 129, 045301, with the permission from AIP Publishing.]
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Maity et al. in their other work,162 obtained polycrystalline Ge
lms by ion irradiation followed by thermal annealing. The
energy band gap of polycrystalline Ge was determined by
reectance and transmittance spectra, and was observed to be
low (∼0.64 eV) at higher uence. The eld emission scanning
electron microscopy (FESEM) and AFM analyses showed that
the surface microstructure changes for post-annealed samples
irradiated at different uences. The importance of fractal like
surfacemicrostructure inmultiple scattering of light on the lm
surface has been discussed in detail. These results were
conrmed by the analysis of different characterization data, as
shown in Fig. 16 and 17. Poly-Ge is a promising material for
solar cell applications due to lower value of resistivity, sheet
resistance and good optical properties.162

8. Suggestions for future researches,
challenges, and applications

According to above discussed results, the MIC via ion beam
irradiation needs to be explored in more detail to nd out the
critical parameters of crystallization such as thin lms
33916 | RSC Adv., 2022, 12, 33899–33921
parameters (i.e. lm thickness, ratio of metal to semiconductor
lm thickness, and deposition rate etc.), ion beam parameters
(i.e. ion mass, ion energy, and ion uence), and elevated
temperature (i.e. less than the reported one). In addition, there
are challenges in synthesizing poly-crystalline semiconductor
thin lms with metal contact via ion beam irradiation at very
low temperature (i.e. room temperature). One can also study the
effects of growth parameters such as different metal layer,
thickness ratio of metal/semiconductor, interfacial oxide layer,
stacking change of metal and semiconductors layer etc on the
crystallization process. Researchers can also explore MIC of
compound semiconductors (i.e. SiGe, TiO2, InP, CdS etc.) and
other elemental semiconductor (i.e. C) thin lms in addition to
Si and Ge via ion beam irradiation as a new tool. These aspects
of MIC may be helpful for further development of compound
and elemental semiconductors based high efficiency solar cells,
which could address the green energy demand and supply chain
issues, and develop high quality at panel displays.
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 15 (a) Variation of laplace pressure of the absorber film surfaces with ion fluence. The inset figure is the schematic diagram of interaction
betweenwater droplet and conical surface array. (b) Variation of system energy/unit cell (Ec) with the ion fluence. Insert figure shows the variation
of contact angle with the system energy/unit cell (Ec). (c) Scattering cross section (ssca) as a function of number of constituent particle (N) on
absorber film surface. Inset figure demonstrate the schematic of multiple scattering of light. (d) Reflectance spectra of pristine film, and absorber
films developed at different fluences. [Reproduced/adapted from Maity et al.,159 J. Appl. Phys., 2021, 129, 045301, with the permission from AIP
Publishing.]

Fig. 16 (a) Scattering cross section (ssca) as a function of number of constituent grain (N) on film surface (b) three-dimensional AFM image of
post-annealed (at 300 °C) sample irradiated at fluence of 5 × 1013 ions per cm2 to demonstrate the schematic of multiple scattering of light.
[Reproduced/adapted from Maity et al.,162 CrystEngComm., 2020, 22, 666, with permission from The Royal Society of Chemistry.]

© 2022 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2022, 12, 33899–33921 | 33917
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Fig. 17 (a) Reflectance, and (b) transmittance spectra of pristine sample and post-annealed (at 300 °C) samples after ion irradiation at different
fluences. (c) Absorption coefficient and (d) plot of (ahn)1/2 vs. photon energy (hn) for pristine sample and post annealed (at 300 °C) samples after
ion irradiation at different fluences. [Reproduced/adapted from Maity et al.,162 CrystEngComm., 2020, 22, 666, with permission from The Royal
Society of Chemistry.]
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9. Conclusion

This article presents a comprehensive account of all the
synthesis methods that have been employed so far to prepare p-
Si and p-Ge lms with the help of metals. In addition, an
outlook on the state of the art of p-Si and p-Ge devices along
with the analysis of different factors that limit the efficiency of
a solar cell and quality of the at panel displays has also been
presented. Finally, few suggestions have been included for
development of c-Si, c-Ge, compound semiconductors (i.e. SiGe,
TiO2, InP, CdS etc.) and other elemental semiconductor (i.e. C)
thin lms for solar cells, at panel displays and other applica-
tions at very low temperature via ion beam irradiation as a new
tool. Therefore, a systematic research methodology is necessary
to address all the complexities/challenges in ensuring better
crystallization of amorphous materials. We believe that this
review article will inspire the readers to perform a thorough
investigation on various aspects of MIC for further development
of materials for efficient green energy harvesting via solar cells,
which could be instrumental in addressing the green energy
demand and supply chain. The MIC scheme may also help in
developing materials for high quality at panel displays.
33918 | RSC Adv., 2022, 12, 33899–33921
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