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Abstract

In this report, the damage recrystallization of pre-damaged Ge sample is extensively
investigated under steady state thermal annealing and ultra-fast thermal spike assisted
annealing generated by high energy ions. The Ge (100) single crystal samples were pre-
damaged using 100 keV Ar ions implantation. Three set of pre-damaged Ge samples with
sub-threshold (set A), threshold (set B) and above threshold (set C) doses of amorphization,
as estimated by Rutherford Backscattering spectrometry in channeling mode (RBS/C), were
suitably selected. Cross-sectional Transmission Electron Microscopy (XTEM) images show
distributed damaged pockets within crystalline surrounding in case of as-damaged set A
sample and completely damaged layer in set C sample. These samples were used to study
regrowth of damage by (i) vacuum annealing at temperatures ranging from 373 K to 873 K
for 30 minutes each (ii) 100 MeV Ag ions irradiation assisted annealing at four different
temperatures 100 K, 300 K, 373 K and 473 K. After 100 MeV Ag ions irradiation, set A
samples have undergone complete recrystallization at 473 K. A similar recrystallization,
however less in magnitude, is also observed in set-B sample with increase in temperature. In
set C samples, interestingly, nanowire formation was observed instead of recrystallization
when irradiated at 100 K and 300 K but recrystallization is observed at high temperature
irradiation. Though it is much lower than that of set A and set B samples. The Arrhenius plot
of recrystallized fraction revealed the reduction of activation energy of recrystallization by a
substantial factor due to thermal spike assisted recrystallization.

Introduction

Germanium is a very significant material used for various useful applications in
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numerous fields of nanotechnology and it is important for high-mobility nanodevice

applications **. The band gap of Ge is suitable for photo-absorption at communication
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wavelength >°. This makes it attractive for the fabrication of high-quality photodetectors "®.
Further applications of Ge includes nanoscale transistors®, high efficiency anodes for lithium

ion batteries!®!

and high performance electronic devices *2. For device technologies, doping
of a semiconductor is required. But the energetic ions in turn induce amorphization or
damage creation in the lattice which is required to be annealed or recovered 3. Low energy
ion interactions are dominated by elastic processes or nuclear stopping, resulting in the
ballistic atomic displacements of substrate atoms™. Hence damage creation is attributed to
energy transfer to the atomic structure, which results in displacement of target atoms from
their lattice sites. lon implantation and recovery process has been studied extensively by
various groups during past decade ™. lon beam induced recrystallization was also studied
in Si *® and the possible role of electronic energy loss on recrystallization in Si was reported.
On the other hand, besides of numerous application there are few relevant reports on study of
damage formation in Ge due to low and high energy ion implantation e.g. 56 keV B ions *°,
185 MeV Au ions ?° and 20 keV B ions #. The main difference between Ge and Si is that Ge
is identified to become porous after a critical dose 2. There is a lack of extensive study on
ion implantation induced defect formation and their thermal annealing in Ge. Decoster et al.
* investigated the damage evolution due to implantation and its recovery via thermal
annealing. Crystallization from a disordered structure is eventually a diffusive process and it
is strongly temperature dependent. Hence, thermal annealing is the traditional method for
elimination of implantation-induced defects and for activation of implanted impurity.
However, in the case of Ge-based devices the high temperature annealing is not advisable 2°.
Now a days, solid phase epitaxial growth®, electron, flash lamp®’, laser % and swift heavy
ions (SH1) ?**° irradiation are most widely used methods for recrystallization of a-Ge due to
their uniformity in depth distribution. The evolution of pre-damaged Ge and recrystallization
behavior due to the effect of energetic ions, at room temperature, has been reviewed earlier
by our group #. Such interactions are governed by inelastic processes where electronic
stopping is dominating which results in the excitation and ionization of Ge atoms. In case of
irradiation with SHI, the major part of energy is deposited to the loosely bound electronic
subsystem and then transferred to the atomic subsystem through electron—phonon coupling .
The elastic processes with dominating nuclear stopping, are negligible in this regime. So, the
annealing of pre-existing damage is expected.

In this work, we prepared three set of Ge samples in which we deliberately introduced
defined degree of damage such that first set (A) with damage of ~0.25 displacements per

atom (dpa) contains isolated amorphous pockets surrounded by crystalline material, second
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set (B) with damage of ~0. 5 dpa contains inter-connected amorphous zones and third set (C)
with damage of ~7 dpa contains fully amorphous layer. Displacements per atom are estimated
on the basis of theoretical formulation followed in TRIM simulation *2. The recrystallization
dynamics of these pre-damaged Ge samples is reported here under ultra-fast thermal spike
assisted annealing produced by 100 MeV Ag ions irradiation at variable temperature and
compared with steady state thermal annealing at temperature up to 873 K. The
recrystallization is characterized by RBS/C, miro-Raman spectroscopy and supported by X-
TEM.

Experimental

In order to understand and quantify the damage recovery and ionization effects on it in
better way, different pre-damaged states were introduced in Ge by means of low-energy ion
irradiation with 100 keV Ar’. The high nuclear stopping power S, (0.6 keV nm™) * is
responsible for the displacement damage production. Different fractional damage levels were
introduced using different doses, with peak disorder at a depth of ~80+10 nm. Three set of
samples with damage of 0.25 dpa, 0.5 dpa and 7 dpa at the damage peak were chosen. These
samples with specific degree of damage, corresponds to Ar ion fluences of 4x10™ (set A),
8x10™ (set B) and 1x10" (set C) ions cm™ respectively. RBS/C results demonstrate the
sample irradiated at 8x10" ions cm™ (set B) just touches the random spectrum. This indicates
irradiation at threshold fluence of amorphization. The evolution of the crystalline damage
resulting from the Ar ion irradiation was studied as a function of ion dose by Rutherford
Backscattering Spectrometry in channeling mode (RBS/C). The RBS/C experiments were
carried out at Inter University Accelerator Centre (IUAC), Delhi using 2 MeV He ions.
RBS/C results demonstrate that channeled yield of the sample irradiated at 8x10* ions cm™
(set B) just touches the random spectrum. This indicates irradiation at threshold dose of
amorphization. The depth distribution of defects from RBS/C spectra was computed using
simulation code named DICADA **, which is based on the discontinuous model of
dechannelling. The transmission electron microscopy (TEM), using FEI TF30, S-TWIN
microscope operating at 300 kV equipped with a GATAN Orius CCD camera, was used to
investigate the state of damage in these samples.

The damage recovery in these pre-disordered states was studied by sequential
ionization assistance at variable temperature and over a range of ion doses. Hence, the three

set of samples were irradiated with 100 MeV Ag ions from 15 UD Pelletron Accelerator at
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IUAC Delhi, at temperatures ranging from 100 K to 473 K. Such experimental conditions
provide a controlled investigation to evaluate the ionization effects separately without
introducing considerable displacement damage due to elastic collisions. Moreover, these
selected sets of damaged samples were annealed in vacuum with a base pressure of 1x10°
mbar for 30 minutes at temperatures ranging from 373 K to 873 K to study recrystallization
under steady state thermal annealing. The rate of increase of temperature was kept 5 °C min™.
As nanowires formation was observed after irradiation of set C samples at room
temperature”®. The effect of post Ag ions irradiation annealing is also studied in these
samples and hence annealed up to 873 K in vacuum environment.

The evolution of the crystallized fraction resulting from thermal annealing and athermal
annealing was studied as a function of irradiation dose and irradiation temperature using
RBS/C. For detailed quantitative analysis of change in damage fraction, simulation of the
RBS/C spectra was performed using DICADA®. Micro Raman spectroscopy of the samples
is carried out using Renishaw inVia Raman spectrometer for 514.9 nm wavelength laser with
spot size of 1-2 pm.

Results

The ion beam induced amorphization and then subsequent damage recovery under
thermal as well as athermal (ion beam assisted) annealing processes in Ge (100) were
analyzed with the help of RBS/C, Raman and high-resolution TEM analysis. Cross-sectional
TEM (XTEM) image recorded for as-damaged set ‘A’ sample, which were prepared using
100 keV Ar for the fluence of 4x10™ ions cm, show the isolated distributed damaged
pockets surrounded by crystalline material (see figure 1(a)) up to a thickness of ~110£10 nm
from the surface side as shown in inset I in figure 1(a). The average size of damage pockets
was estimated and found to be of size 4-5 nm. Some of them are pointed out in this image.
These damaged regions are surrounded by nanocrystalline particles with size much higher
than the damaged pockets. The inset Il in figure 1(a) is the Fast Fourier Transform (FFT)
pattern of as-damaged set A sample collected from the region highlighted with red color
rectangle in the image. It is showing diffused rings along with presence of some crystal spots.
Figure 1(b) is the TEM image of as damaged set C sample prepared for fluence 1x10" ions
cm? of 100 keV Ar, showing uniform amorphous layer of thickness ~170+10 nm consisting
of nano-crystallites. Hence, different disorder profiles of ~0.25, 0.5 and 7 DPA were
produced using 100 keV Ar ions in corresponding set of samples such that the samples
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consist of isolated damaged regions, joining damaged regions and completely amorphous
layer respectively.

Figure 2 shows the cross sectional HR-TEM image of set B sample annealed at 873 K.
One can see clearly from this lattice image that substantial defect annihilation has happened
after thermal treatment. The HRTEM image is collected from the near surface region and it is
showing uniform morphology with very few defects and single crystalline in nature.
However, there are few residual defects like dislocation loops in the pre-damaged layer are
present after annealing as shown in the low magnification XTEM image in inset | of figure 2.
FFT pattern (shown in the inset Il) taken from the highlighted region with rectangle in this
HRTEM image showing distinct spot pattern which again confirm the crystalline quality of
layer. The residual defects are lying at a depth of ~40 nm from the surface side. Moreover,
the material is recrystallized above and below the layer containing these defects. From the
contrast of the low magnification TEM image in inset I, the presence of an implanted layer is

clear.

Micro-Raman and RBS/C spectra were recorded for set A, B and C samples in as-
damaged state as well as after thermal and athermal annealing to complete the study over the
whole range of samples. Figures 3(a) and 3(b) show the micro-Raman spectra of set B and set
C samples respectively, after thermal treatment. The spectrum of c-Ge wafer is also shown
for comparison. The peak at 301 cm™ in pristine Ge is related to the longitudinal optical (LO)
phonon mode of c-Ge. In the as-damaged samples a broad band centered around at ~270 cm™
is observed, which corresponds to the LO phonon mode of amorphous Ge phase. For set B
and C samples, clear indication of recrystallization is observed from Raman spectra after
annealing. The increasing intensity of c-Ge peak (301 cm™) with temperature, indicates an
increasing contribution of crystalline phase at the cost of amorphous phase. In set B samples,
recrystallization starts after annealing at 573 K as the peak corresponding to c-Ge starts to
appear (see Fig. 3(a)). Further increase in temperature results in increase in intensity and
sharpness of peak at 301 cm™ which corresponds to the un-damaged (c-Ge) sample. Figure
3(b) shows the appearance of c-Ge peak at 301 cm™ at 773 K that became strong and sharper
at 873 K which emphasizes the damage recovery in set C samples with increasing annealing
temperature. However, amorphous component gives rise to a tail in this peak. The penetration
depth of laser used for Raman measurements was found to be ~20 nm in Ge. This clearly
indicates the near surface recrystallization after annealing. This is also reflecting from the
HRTEM image of this sample shown in figure 2. The re-crystallization results were further
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corroborated by RBS/C. Thermal agitation induced recovery is manifested as a reduction in
disorder with increasing temperature. The damage recovery behaviour in the pre-damaged
samples with Dy=0.5 dpa (set B) and 7 dpa (set C), evaluated with the help of simulation code
DICADA, are shown in figure 4. Up to 473 K, no significant effect on damage profile was
observed. In set B samples, though the width of damage profile starts reducing after
annealing at 573 K, reduction in amplitude of the damaged regions is observed only on 773 K
as shown in figure 4(a). This emphasizes that the simple defects in tail regions start annealing
at lower temperature. However, the complex defects start annealing only at 773 K. The width
of damage profile is reduced from 190 nm to 50 nm but the peak damage is reduced by 90%.
Moreover, the damage peak maxima at ~40 nm from surface side in figure 4(a) indicates
some remnant defects in the set B sample, even after annealing at 873 K, which enhanced the
backscattered yield of RBS/C spectrum. This result is supported by the TEM result shown in
figure 2 where defects as the end product of annealing treatment at 873 K are present at depth
of ~40 nm below surface. Figure 4(b) shows the reduction of damage profile width at 773 K
but onset of annealing of peak damage at 873 K for set C samples. The width of damage
profile reduced from ~210 nm to ~53 nm at 873 K. Since the material is not completely
recrystallized yet; consequently the asymmetry is present in the LO peak related to c-Ge (301
cm™) in the Raman spectrum of set C sample annealed at 873 K as shown in figure 3 (b).

In case of 100 MeV Ag ions irradiation assisted annealing; RBS/C and Raman
spectroscopy results indicate significant recrystallization even at room temperature. The
recovery process was prominent in set A samples but in set B samples recovery was observed
across amorphous-crystalline boundary but not in the central zone of the damage region.
However, in set C samples no recrystallization took place after Ag ions irradiation up to
highest dose of 1x10* ions cm™. Instead, the region turned into nanowires after 100 MeV Ag
ions irradiation as we have reported earlier *. As a consequence of sequential high
temperature Ag ion irradiations for various ion doses, significant damage annealing is
observed in the pre-damaged region with the help of detailed analysis of RBS/C and Raman
spectra. Figure 4 shows the micro-Raman spectra of the corresponding set A samples
irradiated at three different substrate temperatures along with the undamaged Ge sample. In
as-damaged sample, a broad band is observed at around 270 cm ' which is related to the LO
phonon mode of a-Ge phase along with a small peak at 301 cm™ demonstrating co-existence
of both crystalline and amorphous phases. The peak related to crystalline component

increases with increasing Ag ion dose indicates increasing recrystallization with irradiation.
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We also observe that recrystallization is more efficient when samples are irradiated at higher
temperature. From Raman spectroscopy results shown in figure 5(a), it can be concluded that
in set A samples, the recrystallization of defects starts even at 100 K. Considerable damage
recovery is observed after Ag ions irradiation at room temperature. On further increasing
substrate temperature to 373 K results in increasing intensity and sharpness of peak at 301
cm™; though amorphous component produces only a tail in this peak revealing near complete
recrystallization as shown in figure 5(b). Figure 6 (a, b) show the damage profile, of set A
samples irradiated at temperatures of 373 K and 473 K respectively, extracted from RBS/C
data using DICADA. The data corresponding to the undamaged Ge sample is also shown for
comparison. The profile in figure 6(a) shows the reduction in disorder by more than 50% at
the damage peak maxima at highest fluence used when irradiated 373 K. This recovery is
more than 95% in case of irradiation at 473 K as shown in figure 6(b). Hence these results
corroborate the Raman observations. Complete recrystallization is marked in set A samples at
ion dose of 1x10™ ions cm? at 473 K with the help of Raman spectroscopy (figure 5(c)) and
RBS/C results (figure 6(b)).

Figure 7(a) and 7(b) shows the Raman spectra of set C samples after irradiation with
Ag ions at 373 K and 473 K as no recovery of defects was observed up to room temperature
irradiation 2. In the as-damaged sample, the presence of the broad band corresponding to a-
Ge is observed at around 270 cm ' and non-existence of peak at 301 cm™ related to
crystalline phase, emphasized the complete amorphization of Ar ion irradiated near surface
layer of Ge. On irradiating with Ag ions at 373 K, the LO mode corresponding to c-Ge starts
to appear at ~301 cm™ along with the a-Ge peak. The intensity of c-Ge peak increases with
increase in irradiation dose as shown in figure 7(a). It reveals the onset of recrystallization
and co-existence of amorphous and crystalline phases. Figure 7(b) reveals that increasing
irradiation temperature to 473 K results in increase in crystal fraction which further increases
with ion dose. At highest dose 1x10™ ijons cm?, c-Ge LO peak becomes sharper with
reduction of tail in lower wave number shift side showing further recrystallization of the
damaged region. However, an asymmetry is still present in the LO peak related to c-Ge
which signifies the presence of defects in the irradiated region as evident from RBC/C result.

Similar analysis of set B samples was performed using RBS/C and Raman spectroscopy
results as shown in figure 8. The simulated disorder concentration for all set B samples using
software DICADA is plotted as a function of ion dose is shown in figure 8(a, b and c) for

different temperatures. Figure 8(a) shows that in these samples, damage recovery is observed
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in the tail region only; however there is no damage reduction at the peak maximum when
irradiated at 100 K. Here, the FWHM of the damaged region is reduced from 190.4 nm to
158.6 nm after irradiation at 1x10* ions cm™. This reveals that the damaged region present in
set B samples reduced. The reduction took place from both surface and bulk side highlighting
the recrystallization in pre-damaged samples after SHI irradiation. It is found that
recrystallization is less effective at peak damaged region. This damage recovery increases
with ion dose as corroborated by Raman spectra shown in figure 8(d) which show the
appearance and strengthening of c-Ge peak with fluence. With further increase in irradiation
temperature to 373 K and 473 K, recrystallization of defects increases as shown in figure 8
(b-c and e-f). The width of damaged profile is reduced from 190.4 nm to 136.6 nm and area
under damaged region is reduced by ~50% after irradiation at 473 K for ion fluence of 1x10**
ions cm?. At these temperatures, the LO peak for c-Ge becomes sharper with reduction of
asymmetry in tail showing further recrystallization of the damaged region. Moreover, in set B
we have observed shrinking of amorphous regions from the boundaries and in the central
zone as well. However, no recrystallization was observed in vacuum annealed set B and set C
samples up to 473 K as shown in figure 3 and 4. It reveals that ion induced thermal spike
assist the recrystallization of damaged layer at much lower temperature. Though, the
recrystallization is not complete and this region still constitutes defects as demonstrated by
the damage profile and asymmetry in Raman peak (at 301 cm™) at 473 K even at highest dose
of 1x10™ ions cm™. The recrystallization is relatively rapid in terms of the Ag ions fluence
and irradiation temperature for the less damaged crystals i.e. those with dpa ~0.25 and
relatively slow for the heavily damaged region i.e. those with disorder of dpa~0.5 and 7
which corresponds to threshold and above threshold fluences of amorphization in this study.

The recovery from disorder as a function of temperature was calculated for thermally
annealed samples. The recrystallization rate has been measured at damage peak maximum
and plotted for set B and set C samples. Here, the rate of recrystallization is found to increase
exponentially with lower rate in set C samples as compared to set B. Similarly, the
recrystallization rate was calculated from the change in the amount of disorder as a function
of ion dose for Ag ion irradiated samples. From these calculations, one can calculate the
epitaxial recrystallization rate between two successive ion doses ¢ and ¢;+; for pre-damaged
samples at the peak damage z. The recrystallization rate has been expressed as **

D(Z’¢i)_ D(Z’¢i+1)
¢ 9,

8

N(z,¢) =
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Where D (z,4i) is the amount of disorder at depth z and dose ¢;. Using the above
formulism the recrystallization rate was found to be increased rapidly in set A samples and
the growth rate is slower with increase in amount of initial damage. The activation energy
was also calculated from the Arhenius plot of recrystalled fraction with inverse of
temperature for thermally annealed set B and C samples, shown in Fig. 9(a) and 9(b)
respectively and for Ag irradiated case in figure 8(c). In case of thermally annealed samples,
the activation energy was found to be ~0.165 eV and ~0.23 eV for set B and set C samples
respectively. On the other hand, the activation energy calculated in irradiated samples was
found to be reduced to ~0.06 eV and ~0.05 eV for set B and C samples, respectively.
However, the activation energy in set A samples after irradiation was found to be ~0.07 eV.
Here Raman results show substantial damage recovery as compared to RBS/C. This may be
due to the higher sensitivity of RBS/C as compared to Raman spectroscopy for short range
disorder introduced by presence of high density of stacking faults and dislocations in the re-
crystallized Ge region.

Besides recovery of a-Ge after Ag ion irradiation, there is remnant stress in the
recrystallized Ge material. This is signified by shift in the Raman peak related to c-Ge
towards the lower wave numbers compared to single crystal Ge which is stress free. It
consequently reveals the appearance of tensile stress in the Ge lattice due to the micro-
structural changes during the recrystallization process. The shifts and corresponding stress
values are average values resulting from the laser scattering which occur over the damage
distributed throughout volume. The magnitude of this tensile stress (o) is estimated by using
the following equation from in plane stress model **: ¢(MPa) = -250Aw (cm™), where
Aw=m-w,. In this expression, w, and w, are the Raman shift related to the c-Ge peak of the
stress-free single crystal and recrystallized Ge samples, respectively. For all three set of
samples, the stress was quantified using the above equation and its variation with irradiation
temperature is shown in Fig. 9(d). From figure 9(d), it can be concluded that the stress is
reduced with increase in temperature though the rate of reduction is higher for samples
having higher initial damage (set C). Furthermore, the stress is not removed completely in set
B and set C samples even after irradiation at 473 K. It is due to the presence of significant
isolated damaged zones. In set A samples, the remnant stress is very less which corroborates
the RBS/C results showing approximately complete recrystallization.

The XTEM image as shown in figure 10(a) reveals that after Ag ions irradiation at
room temperature to ion dose of 1x10™ Ag ions cm™, the pre-damaged layer in set C sample

transformed to nanostructures like void and nanowires. The Ag ions results in melting of a-
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Ge due to thermal spike generation. Consequently void formation took place in a-Ge
material, during resolidification from melt phase, due to high density of Ge in molten phase®.
These voids add upto surface and remnant material results in nanowires structures. This
phenomenon is explained in more detail in the earlier report?®. The inset in figure 10(a) is the
SAED pattern of nanowire showing the amorphous nature of these nanowires. The results
presented above clearly establish that in case of samples damaged at 7 DPA, high
temperature irradiation induce recrystallization but irradiation at temperatures up to room
temperature induce nanowire and void formation. To study the effect of post irradiation
annealing in these samples consisting of nanowires, the micro-Raman investigations were
carried out after thermal annealing. Figure 10(b) shows the Raman spectra of annealed
samples along with c-Ge. These spectra reveal that initially the nanowires were amorphous in
nature and they sustain with their amorphous phase after annealing up to a temperature of 673
K as the Raman spectra was showing only LO phonon peak related to a-Ge at ~270+2 cm™.
However, the c-Ge peak emerges at annealing temperature of 773 K which becomes sharper
and stronger at 873 K as shown in inset of figure 10(b). Hence, Raman measurement
emphasized that thermal annealing exhibits partial recrystallization of nanowires because of
presence of asymmetry in LO peak corresponding to c-Ge even at 873 K. The pores and
voids in Ge are highly stable upon annealing therefore recrystallization of nanowires does not
account for the alteration of the void structures. This observation also accounts for the onset
of recrystallization of a-Ge material at 773 K no matter if it is in bulk form or in nanowire
form. In set C sample the two distinct observations are made in the samples irradiated at
elevated temperature as compared to irradiation at room temperature: (i) absence of voids and
(if) emergence of crystalline phase.

Discussion

We have observed that irradiation of c-Ge by 100 MeV Ag produce negligible damage
which scales with nuclear energy loss (~0.1 keV nm™). Whereas very high Se (~160*Sn) is
insensitive to damage formation even at high irradiation ion fluences of up to 10* cm®.
However, the irradiation of damaged Ge with same ion leads to remarkable structural
modifications. We are presenting the results which show that these modifications are also
very sensitive to the sample temperature at which 100 MeV Ag ions irradiation is performed.
During electronic energy loss, interaction of incident ion with free and bound electrons in a
solid leads to formation of energetic secondary electrons. These electrons are confined within

a narrow cylindrical target zone around ion path called as ion track. The confinement of these

10

Page 10 of 29



Page 11 of 29

RSC Advances

electrons depends on electron diffusion length thus modify electron-phonon coupling (g). The
coupling term “g’ governs the efficiency with which energy deposited in electronic subsystem
is subsequently transferred to lattice sub-system per unit volume and time to increase lattice
temperature. The two temperature model can be used to describe the rise in temperature of
lattice. The description of two temperature model is based on a set of two coupled heat
diffusion equations. One of the equations is for the electronic system and another is for the
phonon system which allow one to estimate the peak temperature along ion track in

cylindrical geometry *’.

T, aTe

Ce(Te)at:%;{rKe(Te) 4 }—g(Te—Ta)+A(r,t) (2)

Ca(Ta)%zig{rKa(Ta)%‘

+9(Te=Ta)+B(r,1) ...(3)

Here, r is the radial distance from the path of ion or track radius. Te, a, Ce, 4 and Ke, 4 are
temperature, specific heat and thermal conductivity for the electronic and atomic subsystems,
respectively. All these parametrs and their detailed description is given in our previous report
2 Numerical solution of these coupled differential equations give time evolution of
temperature along the ion track which is plotted in figure 11, at zero distance from ion path
and at two irradiation temperature of 300 K and 473 K. The peak track temperature depends
on electron-phonon coupling strength i.e. ‘g’ which is estimated to be 1.2x10** W K* ¢m
and 1x10"*W K™ cm™ for amorphous Ge and c-Ge respectively?. Consequently, it leads the
ion track temperature to reach above melting point in a-Ge whereas it is less than the melting
temperature in c-Ge. It may describe the insensitivity of 100 MeV Ag ions irradiation in c-Ge
towards damage formation and extensive damage formation in a-Ge as shown in figure 10(a)

for set C samples irradiated at 300K.

The results show the molten track formation due to thermal spike generation in a-Ge in
both cases. This is understandable from the time evolution of temperature in a-Ge, extracted
from thermal spike calculations, as shown in figure 11. This figure clearly shows that the
material remains in liquid phase for a time of 2 Pico seconds in both the cases of 300 K and
473 K irradiation. The liquid Ge has a diffusivity of order of 10® m? s as reported using
simulation studies®®. During resolidification from melt phase i.e. in region 2 in figure 11, void
formation took place in a-Ge during room temperature irradiation, due to high density of Ge
in molten phase *. However, resolidification in this region Il results in recrystallization of the

11
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amorphous material instead of void formation when the substrate temperature was higher i.e.
473 K. This may be attributed to the quenching rate which is given by AT/At, where AT is
temperature difference and t is corresponding time. So when the substrate itself is at, say, 473
K then quenching will be slower due to less temperature difference between the spike and
substrate such that (AT/At)s73k< (AT/At)300x. Consequently the vacancies may get more time
to diffuse which inhibit their agglomeration to form void structures. This scenario can be
understood with the help of inset in figure 11 which is the expanded view of region Il in
figure 10. It indicates the slower resolidification rate for 473 K as compared to 300 K
consequently recrystallization due to diffusion of vacancies before their combination to form

void.

In partially damaged Ge, where pockets of amorphous Ge is surrounded by c-Ge, when
irradiated by 100 MeV Ag ions leads to recrystallization at room temperature for set A
sample and for set B sample at higher irradiation temperature. This may be due to synergic
effect of both nuclear energy loss and electronic energy loss process where S, efficiently
produces interstitial vacancy pairs at the crystal-amorphous (c-a) interface. Therefore, only
those defects generated directly at the c-a interface or nearby it are available for the
recrystallization process. So the Ag ion induced additional vacancies reached the interface
and could help in enhancing the regrowth process. The number of excess vacancies created
by Ag ions is ~10'® cm® as calculated using SRIM®. While the vacancies/defects are
produced all along the ion track, all of them cannot reach the interface and participate in the
recrystallization process. Werner et al. *° investigated the effect of various parameters on self
diffusion in Ge and determined that, under equilibrium conditions, vacancies mediate self-
diffusion in Ge. Under thermal equilibrium, the existence of interstitials had not been
evidenced. The reason behind this might be related to the higher energy of formation of
interstitials as compared to vacancies *°. However, interstitials participate extensively in self-

diffusion under non-equilibrium condition**.
Conclusion

Three set of samples consisting of different degree of damage introduced by sub-
threshold (set A), threshold (set B) and above threshold (set C) doses of amorphization using
100 keV Ar ions were used here. RBS/C, Raman and XTEM analysis of set A, B and C
samples after thermal and athermal treatment showed that enhanced recrystallization of

damaged region take place after irradiation with 100 MeV Ag ions. However, the rate of
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relative recovery depends on initial disorder level, annealing temperature and ion dose. Hence
a relatively strong annealing effect is observed for the less-damaged set A samples.
Considerable damage recovery is observed after Ag ions irradiation even at 100 K. While at
an irradiation temperature of 473 K, the Ar ion-induced damage is almost fully healed; and
the ordered atomic structure is confirmed. For the high-disorder samples set B with 0.5 dpa, a
higher irradiation temperature is needed to completely repair the pre-existing damage.
Substantial recovery is observed under the Ag irradiations when the temperature increases
from 100 K to 473 K, with the disorder levels dropping to ~ 0.75. Additional Ag irradiation is
required to fully heal the damaged crystalline structure. Remarkably different results are
observed in set C samples, having completely amorphous layer on c-Ge substrate, as 100
MeV Ag ions irradiation form nanowries in a-Ge when irradiated at 100 K and 300 K but
there is recrystallization when irradiated at ~500K and above.
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Figure Caption

Figure 1. XTEM images of damage creation in 100 keV Ar ions irradiated (a) Set-A sample
consisting of isolated damage pockets, the inset | shows the image of whole affected layer,
inset Il shows the FFT pattern of as-damaged Ge taken from the region marked with
rectangle in red color and (b) set C sample.

Figure 2. XTEM image of set B sample after steady state thermal annealing under vacuum
condition, at temperature 873 K, it is showing recrystallization in the near surface region. The
inset | is the low magnification image of this sample which shows the residual defects at a
depth ~33 nm after annealing even at such high temperature. The inset Il is the FFT pattern
collected from the region highlighted with red rectangle.

Figure 3. Micro-Raman spectra of thermally annealed (a) set B and (b) set C samples
showing regrowth of damage after a particular temperature. For comparison, the spectra for
100 keV Ar ion irradiated samples (as-damaged) are also shown in both cases.

Figure 4. Damage profile (extracted from DICADA), as function of annealing temperature,
of the steady state thermally annealed (a) set B and (b) set C samples. For comparison, the
spectra for 100 keV Ar ion irradiated samples (as-damaged) are also shown in both cases.

Figure 5. Micro-Raman spectra obtained from as amorphized and 100 MeV Ag irradiated set
A samples in the temperature range of 100 K to 473 K. The spectrum of pristine (un-
implanted) Ge is also shown for reference. The units of the indicated fluences are in ions
cm 2.

Figure 6. The damage profile of the ion assisted recrystallized set A samples (extracted from
DICADA) as a function of irradiation fluence, for the temperatures of (a) 373 K and (b)
473K, respectively.

Figure 7. Micro-Raman spectra obtained from as amorphized and 100 MeV Ag irradiated set
C samples for 373 K and 473 K temperature plotted against ion fluence. The spectrum of
pristine (un-implanted) Ge is also shown for reference. The units of the indicated fluences are

in ions cm 2.

Figure 8. The damage profile and Micro-Raman spectra as a function of irradiation dose of
the ion assisted regrown set B samples for the temperature of 100 K in (a) & (d), 373 K (b) &
(e) and for 473K in (c) and (f), respectively.
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Figure 9. Arrhenius plot of regrowth rates for (a) thermally annealed set B (b) thermally
annealed set C and (c) 100 MeV Ag induced crystallization, as a function of inverse of
temperature (d) Variation of Stress as a function of irradiation temperature, here the lines join
the points to guide eyes.

Figure 10. (a) The high resolution TEM image of as-prepared nanowires in a-Ge on c-Ge
substrate, inset shows the SAED pattern of nanowire sample (b) Micro-Raman spectra of
annealed nanowires plotted for the range of temperature from 373 K to 873 K. Inset shows
the expanded Raman spectra showing recrystallization on annealing the nanowires.

Figure 11. The thermal spike calculations of 100 MeV Ag ions in a-Ge, the time evolution of
temperature is presented at centre of the track (i.e. at r=0). Inset shows the expanded view of

region II.

15



RSC Advances Page 16 of 29

Fig. 1

16






RSC Advances Page 18 of 29

Fig. 3
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Fig. 4
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Fig. 7
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Fig. 8
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Fig. 10
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Fig. 11
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Irradiated at 300 K
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