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Perspectives on metal induced crystallization of a-
Si and a-Ge thin films
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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
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aspects of MIC for further development of high efficiency solar cells and high quality flat panel displays.

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.»” 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 film transistors
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and solar cells.>* 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, significant 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).>® 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).>” 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®?>* Au,*?° Ag,3*% Nj,**°
Cu,"* and Pd,**** in comparison to their “bulk” crystallization
temperatures. This process is called as metal-induced crystal-
lization (MIC), which was first observed 50 years before in the
case of a-Ge.*** 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 films 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 flat 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.*® 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 Voisey** also
reported similar finding 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,* which is also
popularly known as MIC. Herd et al.>> and Ottaviani et al.>**
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.**>** Accord-
ing to Brodsky et al,*® in a bilayer system (where one component
is amorphous), MIC proceeds by the development of a eutectic
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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,® c-Ag/a-Si*® and, c-Ag/a-Ge;*” 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.**%>"% n
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 (NiSi,) initially,
and its subsequent migration into the a-Si film to form crys-
talline Si (c-Si) phase.***® After 1990s, metal-induced layer
exchange (MILE)”** and metal-induced lateral crystallization
(MILC)****%* 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.” 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-film transistors (TFT)
and advanced flat panel displays. In 2003, Mittemeijer,
explained MIC and MILE processes using interface
thermodynamics.'>>#761-% Auger electron spectroscopy (AES)
depth profile measurements were used to describe the kinetics
of MIC and MILE by quantitatively evaluating inter-diffusion
processes in metal/semiconductor layered systems.'®*">
Recently, a novel advanced real-time in situ analytic TEM tech-
nique was proposed to understand the atomic-scale mechanism
of MIC and MILE.*** 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.®® A
recent success in developing advanced display devices having
exceptional performance via low-temperature MILC of a-Si is
noteworthy.®® 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.®’

3. Preparation methods

The amorphous semiconductor (a-Si and a-Ge) thin films 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 films.
Sputtering (direct current sputtering and magnetron sputter-
ing), evaporation (thermal evaporation and electron beam
evaporation) and molecular beam epitaxy (MBE) are some of the
physical methods employed in the preparation of amorphous
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semiconductor thin films. In addition to these methods, low
energy ion irradiation of crystalline semiconductors may also be
used to prepare amorphous semiconductor films.***® 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.®®” The existence of hydrogen and doping
elements may also influence the crystallization of amorphous
semiconductors.” 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.”* deposited
hydrogenated amorphous silicon (a-Si:H) films using SiH, and
H, 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.”” deposited single-crystal germanium nanowires by the
CVD of germane (GeH,) 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 film uniformity across the substrate. The a-Si films 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.**”*7 For example, Miyasaka et al.** deposited
50 nm a-Si thin films by LPCVD process on glass substrate at
425 °C and 1.1 torr pressure. Pereira et al.”* prepareda-Si thin
films (80-125 nm) on a glass substrate by LPCVD method at
550 °C, 30 Pa pressure and with the silane (SiH,) flow of 30
sccm. Ahn et al.” deposited a-Si (50 nm) on SiO, by LPCVD
method at 450 °C with a deposition pressure of 200 mTorr and
disilane (Si,Hg) as a source gas for Si. Jung et al.”® deposited
100 nm thick a-Si layer with the help of SiH, gas (with a pressure
of 136 mTorr), at 525-550 °C in a LPCVD system with three
different in situ doping conditions. Gardelis group’” deposited
a-Si films 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 films deposited by LPCVD and annealing
the bilayer samples at low temperatures in the range 450-500 ©
C.**7%7% 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 films on different substrates.**** Haque et al.*
employed an ultra-high vacuum (UHV) PECVD method with the
base pressure of 8 x 10~ torr at 250 °C (deposition pressure:
500 mTorr, and power density: 50 mW cm 2) to deposit
phosphorus-doped a-Si:H films on the oxidized silicon and
glass substrates. Choi et al.** deposited a-Si:H film (50 nm) on
glass by PECVD method with a RF power density of 0.27 W cm >
at a temperature of 270 °C using a 25% silane and 75%
hydrogen mixture. Giangregorio et al.** deposited a-Ge (500 nm)
on p-type c¢-Si (100) by PECVD method using GeH, : H, (~2 : 38)
mixture at a pressure of 0.28 torr, temperature of 275 °C, and an
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RF power of 3 W. Schmidt et al.** employed PECVD method to
deposit a-Si on a glass plate using reactant gases like silane
(SiH,), phosphine (PHj3, forn-type doping) and diborane (B,Hs,
forp-type doping), without hydrogen dilution at a temperature
of 200 °C, at a pressure of 600 pubar and power density of 120
mW cm ™ (frequency 50 MHz). Peng et al.** used a radio
frequency (13.56 MHz) capacitive-coupled PECVD system in Ar
and GeH, (H, dilution) mixture with a total flow of 20 sccm to
deposit a-Ge:H thin films (~1 um thickness) on the surface of Al
films at 200 °C. The deposition and base pressure were 3.0 X
10~* Pa and 150 Pa, respectively. The MIC was studied on
PECVD deposited amorphous semiconductor films in contact
with different metals by annealing the bilayer systems in the
temperature range of 170-300 °C.*** The HWCVD is also
known as catalytic CVD, is a new technology for depositing
amorphous-semiconductors thin films at low temperatures
without the use of plasma to decompose source gases.**® Ebil
et al.*® deposited a-Si film (of 500-1000 nm thickness) by custom
mode HWCVD system with load lock (base pressure of 6.67 x
107" Pa) at a filament 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.*® prepared five 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 x 10~° mbar. The SiH, gas flow-
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.%¢%®

3.2. Physical methods

Sputtering is used to deposit a-semiconductors and metal thin
film by sputter out target atom bombarding with ions in a high
vacuum chamber.****® Zanatta et al.** deposited hydrogenated
a-Ge:H and Al films on c-Si substrate by sputtering in a high
vacuum (residual pressure ~3 x 10~° mbar, radio frequency
~13.56 MHz) sputtering system with the substrate held at 220 °©
C. Wang et al.*® prepared a-Si and Al bilayer system by magne-
tron sputtering in a high vacuum chamber. Muniz et al.*
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.** deposited a-
Si (200 nm) and Al (30 nm) layer system by RF sputtering at
room temperature on thermally grown SiO, (100 nm) with the
deposition pressure of 10™* Pa. Kezzoula et al.”® 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.” deposited Al and a-Ge thin
films each of thickness 50 nm on quartz (SiO,) by RF sputtering
at room temperature. Ou et al.’® prepared a-Ge and Ni layer
system on SiO, glass and polycarbonate substrate at room
temperature by sputtering (input power 50 W) with a deposition
pressure of 0.67 Pa. Chen et al.*® deposited Al and a-Si film on
quartz substrate using a RF magnetron sputtering apparatus
with a deposition rate of 17.4 nm min "' and 19.4 nm min™ ",

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 films. 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).”®****” Katsuki et al.*® deposited Al (134 nm)/a-
Ge (108 nm) on SiO, by vacuum evaporation at the room
temperature with a base pressure of 10* Pa. Alford et al.'® used
e-beam evaporation to deposit a-Si (800 nm)/Al (20 nm) on
thermally oxidized SiO, (200 nm) at room temperature with the
base pressure of 3 x 10~ ° torr. Knaepen et al.*® 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~* Pa. Hu et al.'®* deposited a-Ge (100 nm)
and Al (50 nm) layer system on fussed silica (SiO,) by e-beam
evaporation at room temperature. Takiguchi et al."> deposited
a-Si/Au and a-Ge/Au layer system by e-beam evaporation on
sapphire at room temperature and chamber pressure of 5 x
10° Pa. Mohiddon et al.'®® deposited a 500 nm a-Si film fol-
lowed by a 200 nm Ni film by e-beam evaporation on borosili-
cate glass substrate with the deposition pressure of 5 x 10~°
torr at room temperature. Karaman et al.'® deposited 15 nm Au
film onto Al-doped ZnO (AZO) film by e-beam evaporation and
after the formation of Au nano particles, 1 um of a-Si layer was
deposited on Au/AZO bilayer system at 200 °C with a vacuum of
5 x 1077 torr. The crystallization of a-semiconductor thin films
deposited by sputtering was then studied by annealing of metal/
a-semiconductor systems at the temperature range of 160-600 °©
C in different atmosphere.****® Molecular beam epitaxy (MBE)
has also been used to prepare a-semiconductors thin films.*****
Sadoh et al.'*® deposited a-Ge layers (100 nm thick) on the SiO,
films (160 nm) using MBE technique (base pressure: 5 x 10~ *°
torr) at room temperature. Uenuma et al.'* deposited a-Ge films
with the thickness of 30 nm on SiO, (100 nm)/Si substrates by
MBE technique. Park et al.** deposited Au films (thickness: 100
nm) on quartz substrates at room temperature by electron beam
evaporation. After sputter deposited Al,O; (0-10 nm), the a-Ge
films (thickness: 100 nm) were deposited using the MBE
system. Ooato et al.'"* prepared Sn films and a-Ge films each of
100 nm thickness on quartz substrate at room temperature by
MBE technique (base pressure: ~7 x 10~ ® Pa, deposition rate:
0.01 nm s~ ). Metal induced lateral crystallization in metal/a-
semiconductors system was studied by annealing the samples
at 200-500 °C.1%s11

The modification in the microstructure and internal energy of
the a-semiconductors films prepared by different methods might
induce a significant free energy difference between metal and a-
semiconductor networks.®>** Therefore, nucleation and hence the
crystallization kinetics is influenced 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 film. This generates more structural disorder, in addition to
the existing disorder present in a-Si and a-Ge. The increase in
structural disorder modifies the structure and internal energy of the
system, which further modifies the activation energy for diffusion
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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 film, 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 films start to
anneal.®® This might be the reason behind the observation that
the crystallization temperature of a-semiconductors thin film 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."> Moreover, the sputtering deposition
technique is employed to ensure the uniformity of the films 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.””'®*' 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."® Hiraki et al."***" (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 bond weakening induced by metals
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,"® resulting in weakening/breaking of the bonds.*® This
renders the semiconductor atoms free to diffuse along the grain
boundaries (GBs) of the metal. 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.""® Recently, in situ heating
valence energy filtered transmission electron microscopy (VEF-
TEM) experiment was used to observe metal GBs wetting by
amorphous semiconductor in c-Al/a-Si bilayer system> and it was
also utilized to differentiate the Plasmon loss characteristics of the
metal (Al) and the semiconductor (Si). Wang et al.*"** have 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 after reaching a critical thickness of a-Si
film, and then growth of c¢-Si occurred. The initial wetting of the
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Al GB by Si is confirmed 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 of mushroom-shaped Al plume in the a-
Si layer is also observed. The layer exchange is observed to occur
upon heating at 280 °C.***>*** Wang et al.*® 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 ] m~ (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 first introduced in 1976.>* Since then it
has drawn considerable attention even today because, as a result
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Fig. 1 A schematic presentation of the mechanism of the Al induced
layer exchange process. [Reproduced/adapted from Wang et al.*¢ J.

Appl. Phys., 2007, 102, 113523, with the permission from AIP
Publishing.]
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of ALILE, a continuous c-Si layer may be formed at low temper-
atures," which may subsequently be used as a seed layer for
further epitaxial growth.">* ALILE may prove to be a promising
method to produce low-cost solar cells and flexible thin-film
transistors (TFTs)."”*® 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.”* 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.”” The exchange of Ge and metal layers during the
annealing of a-Ge/metal or metal/a-Ge layer was discussed by
many researchers.”*****>* Toko et al.*** studied the layer exchange
of a-Ge/Al systems by annealing the samples at 325 °C in N,
ambient for 100 hours. Sugawara et al."*® 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 um in diameter were found to
grow laterally on the film plane surrounded by Ge-depleted zones
of about 100 nm width. Very recently, Pelati et al.'® 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 figure
it can be seen that there are five 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 after 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 after thickness of a-Si
layer becomes 2 ML. 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.®
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
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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.” Pihan et al."* investigated the formation of Si grains in Al/
Si bilayer system annealed at 450 °C from 40 minutes to 90
minutes on a flowable oxide (FO,)-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 finally results in the development of a continuous
film. The nucleation and conversion time (i.e. time required to
produce the initial nuclei and to make a continuous film)
decrease with increasing Al-induced crystallization (AIC)
annealing temperature.” 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.'?”'** 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.***
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.®

A thermodynamically stable metal oxide diffusion barrier
such as aluminum oxide (AlO,) layer is necessary to control the
rapid interlayer diffusion and to form a continuous p-Si film.
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 AlO, and its
effects on crystallization process in detail."****' They showed
that when the sample is exposed to oxygen at low temperatures
(=100 °C), an amorphous oxide film of relatively uniform
thickness is formed. However, at higher temperatures (=200 °
C), initially an amorphous oxide film is formed, which gradually
transforms into crystalline y-Al,O;. 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 A, 64 A,

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

View Article Online

RSC Advances

and 50 A, 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.*** The
continuous poly-Si film was obtained with the average grain size
of 10 um. 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 AlO,
layer is not present. It may, therefore, be concluded that the
oxidation thickness influences the nucleation process and its
growth rate. Also it may be noted that this interfacial layer does
not reduce the crystallization temperature and time signifi-
cantly in MIC process as this layer acts as a traffic at the inter-
face during diffusion of metal and semiconductor atoms.***%*

Some metals 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 scientific
community to crystallize amorphous semiconductor using such
metals. Gaudet et al."** 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 first 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.*® 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 film
thickness, the growth of Si is confined 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.” 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."** discussed the effect of Al and a-Ge ratio in MIC
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process. Three sets of samples with configurations 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 um, 50 pm, and 100 um respectively. From above
research contributions, it may be concluded that in order to
form continuous p-Si and p-Ge films 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.**® studied the effect of FO,-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.****” The average grain size of the AIC layer formed on
GC substrate reached 25.2 um, while it was close to 8§ um in case
of alumina substrates. Oya et al."*® showed that a-Ge thin films
were directly crystallized on flexible plastic substrates at 325 °C
using Al-induced crystallization. The plastic substrate thickness
strongly influenced 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. lon 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 (ie. several
hundreds of MeV per amu) lose their energy via Cherenkov,
bremsstrahlung radiation, and nuclear reactions along with
elastic collisions and ionizations."*® However, when heavy ions
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Fig. 2 Variation of energy loss of Ni ions in Si using SRIM-2008
simulation code.
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passes through the materials, they lose energy via inelastic
collisions with target electrons (i.e. electronic energy loss: S.)
and elastic collision with nucleus (i.e. nuclear energy loss:
Sp)- 14! The rate of energy loss per differential path length (dE/
dx), can be defined by the relation: (d—E> = (d—E) + <d—E) ,

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

(dE/dx)

the stopping cross section = N Sn + S., where N, S.

and S,,, 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."**** 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. Swift heavy ions (ie. when the ion
velocity is greater than equals to the Bohr velocity of target
electrons), however, lose their energy first by interacting with
target electrons, ionizing them, and after 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.'*

6.1. Range of the ions in materials

The total distance travelled by the ion inside the material is
known as ion range (R), defined by the relation:
1

0 o . . .
R= [, ————— dE. Here E, is incident ion energy and [dE/
fED [dE/ dx} total °

dxJiorar is the sum of total electronic and nuclear stopping

powers of the material. The projected range

R
R, = 15 (M,)/3My) is defined as the projection of range along

the axis of incidence ion. The statistical fluctuation in the pro-
jected range along the axis of incidence ion is called ‘projected
range straggle o}, or longitudinal straggling’ and the fluctua-
tions along perpendicular axis is known as ‘lateral straggle o |
or transversal straggling’.'*

6.2. Nuclear energy loss in materials

In nuclear collisions, a large amount of discrete energy is
transferred to the target materials resulting in significant
angular deflection 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,
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and numbers of ions falling per unit area on target material
known as ion fluence or ion dose. The disordered zones
produced by different ions remain well separated from each
other at low fluences. At the high fluence, 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.*>**

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:'** in
the first part, the ion velocity isv < 1,23 and in the second part
the ion velocity is v = v,Z3" (i.e. for fast collision case), where v,
is Bohr velocity and Z; 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 =
v,Z3"%). 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.'*>'*¢

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.”'*®* 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

7~~~
& <
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shown in Fig. 3(a and b). The ejected electrons are called delta
electrons. The ejection process lasts only for 10~'” second after
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 107" to 107" 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 finally move back towards the core after 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
modification of Alkali halides, whereas track halo has more
importance in modification of semiconductor, polymers, and
biological objects.'*>'*

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 confinement depends on electron diffusion length,
which modifies 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:******

aT, 10 a7,
Frailrw {rKe(Te) 6}'] —g(Te — T,) + A(r, 1)

C.(Te)

ene® 2

(b)

Fig. 3 Schematic of (a) cylindrical positive ion core after passage of ions through mater and (b) generation of delta electrons.
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a7, 1
ClT)Z =7

d a7,
o [T T = 1)+ B

Here, r is the radial distance from the path of ion or track
radius; T, Ta, Ce, Ca, Ke, K, represent temperature, specific 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. After completion
of Coulomb explosion process (10 ** to 10~ ** s), the thermal
spike takes place in the interval 10 ** to 10~ *? 5. The time span
of thermal spike is very short, therefore the materials modifi-
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
modifications etc.'>***
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7. lon beam induced crystallization of
amorphous semiconductors thin films

As discussed above that the as-grown crystalline-Si (c-Si) and
crystalline-Ge (c-Ge) films are found to have higher or lower
density of electrically active microstructural defects (depends
on annealing temperature). These de