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Abstract

The structural changes, migration behaviour of indium (In) implanted into glassy carbon (GC) and the
effect of annealing on radiation damage introduced by ion implantation have been investigated. The GC
substrates were implanted with 360 keV indium ions to a fluence of 2.0x10% ions/cm? at room
temperature (RT) and 350 °C. The RT implanted samples were isochronally annealed in vacuum
between 200 and 1000 °C for 1 hour. The 350 °C implanted GC substrates were irradiated 167 MeV
with Xe?®* ions at room temperature to a maximum fluence of 5.0x10%* ions/cm?. The implanted GC
structure was damaged and had an almost amorphized structure. Annealing of the RT implanted samples
resulted in some recrystallization which increased with temperature and the diffusion behaviour of
implanted In. Fickian diffusion of implanted In started after annealing at 300 °C, however, structural
changes in the GC were observed after annealing at 200 °C. Annealing at 400 and 600 °C resulted in
the diffusion of In toward the surface of GC accompanied by a loss of In. The SHI irradiation of the
350 °C implanted samples at increasing fluence, did not result in a detectable migration of implanted
In.
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1. Introduction

Carbon can exist in pure form as graphite, diamond and amorphous carbon or produced synthetically
as glassy carbon, fullerenes and carbon nanotubes. Glassy carbon (GC) or vitreous carbon is a synthetic
form of carbon with very attractive physical and chemical characteristics which combine ceramic
properties with those of graphite. GC is a homogenous isotropic and continuous form of carbon
material prepared by controlled pyrolysis of organic resin precursors [1]. This black and glass-like
material has fracture behaviour is similar to that of glass [2]. GC has a complicated network structure
having a level microstructural disorder consisting of a mixture of graphite like ribbons or micro fibrils
(turbostratic structure) therefore long range order does not exist [3]. GC is a micro-polycrystalline
material made up of multilayers primarily consisting of sp? bonds [4] but unlike graphite it has been
suggested that GC has a fullerene-related microstructure [5,6]. This implies that GC has graphitic
ordering between that of HOPG and amorphous carbon.

GC exhibits attractive physical, chemical and mechanical properties which make the material have very
promising technological applications. These include moderate hardness, resistance to corrosion and
wear (at RT and high temperatures), high chemical inertness [3], impermeability to gases and liquids
[7], high temperature stability (does not transform to graphite even at 3000 °C) [8], high thermal
conductivity [9], good resistance to thermal shock and low coefficient of thermal expansion. GC has a
relatively lower density (1.4 - 1.5 g/cm®) compared with graphite (2.3 g/cm?®) or diamond (3.52 g/cm®)
[10]. This low density suggests the existence of voids or a porous microstructure but these voids are not
connected and this is the reason GC is impervious to gases [2,10]. Despite the low density, glassy carbon
has high mechanical strength and elastic moduli, which exceed those of other graphitic materials and
also exhibits elastic behaviour till fracture [11]. GC has many useful industrial applications such as
vacuum evaporation sources, containment of fission products (FPs), zone-refinement crucibles and
encapsulation of nuclear fuel elements [8,9]. This material has been proposed as a protective layer on
the graphite reactor core surface and as a candidate material for cooling pipes in molten salt reactor
nuclear power plants [12]. Indium (In) is a heavy element which has a low melting point (156 °C),
reasonably good electrical and thermal conductivity. In has a high neutron capture cross section for
thermal neutrons (190 barns) therefore making it a material that has promising applications such as in
control rods and components in nuclear reactors [13].

lon implantation can be used to introduce ions into a substrate in a reproducible manner by controlling
the depth and concentration of implanted atoms. lon implantation can modify the chemical and physical
properties of a material by introducing defects along the collision cascades through the rapid dissipation
of energy by the incident ions in the near surface regions of a material [14,15]. Implantation by ions
such as Indium can induce damage or disorder of the near surface structure due to its heavy mass even
at relatively low doses through energy deposition by elastic and inelastic collisions. On the contrary,
ion implantation can also introduce beneficial effects such as improve wear resistance, increase in
atomic density [16] and increase the thermal conductivity of glassy carbon [11]. These changes in
material properties are due to structural modifications of the near surface region of GC by amorphization
due to compaction of the implanted region. Amorphization of GC has been reported to be independent
of the implanted ion species and therefore not due to chemical effects [14,15,17].

Since ion implantation has been shown to enhance the mechanical properties of GC, the aim of this
study is to improve the performance of GC that is proposed as a containment material for high level
nuclear waste (HLW) and shielding material in nuclear reactors. Implantation with Indium can induce
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an increase in density and thermal conductivity of GC while at the same time enhance the neutron
capture cross section properties of the substrate for nuclear applications. We look into the possibility of
using In implanted GC as an encapsulation or containment material for FPs with increased neutron
absorption properties which can adjust neutron flux and reduce radiation damage to GC.

For GC to be a good candidate for containment, it must be a good diffusion barrier for fission products
and its near-surface region structure must remain unchanged so that it retains its properties after In
implantation, annealing and even after swift heavy ion (SHI) irradiation. Previous work on ion species
implanted in GC include Be [18], Cs [19], Sr [20], Co [4] K [21], Na [15], Ti [22], N [23], W [17], Cd
[24] but after extensive literature research no study of In implanted in GC has been carried out and no
study on SHI irradiation of implanted GC has been previously conducted. The diffusion coefficient
calculated in this study after isochronal annealing has been compared to that of beryllium implanted
into GC calculated by Koskelo et al [18].

In this study, the effectiveness of glassy carbon as a good containment material, In ions are implanted
into GC substrates to a fluence of 2.0x10 ions/cm? at room temperature and at 350 °C. Post ion
implantation annealing and SHI irradiation experiments of implanted GC were conducted to investigate
the stability, diffusion and structural modification of GC. This has been performed by Raman
spectroscopy and Rutherford backscattering spectrometry (RBS) analysis techniques.

2. Experimental

Commercially available Glassy carbon (SIGRADUR® G) with density of 1.42 g/cm®was used as the
substrate. The GC substrates were mechanically polished to a mirror finish with a 1 um diamond
solution. Indium ions with energy of 360 keV were implanted into the polished GC to a fluence of
2.0x10%® ions/cm? at room temperature (RT) and at 350 °C. The In implantation dose was chosen to
ensure that the indium profile would be measurable by RBS and above the detection limits of this
technique. Some of the RT implanted samples were isochronally annealed in vacuum at temperatures
of 200, 300, 400, 600 and 1000°C for 1 hour. The samples implanted at 350 °C were irradiated with
Xe?®* ions (167 MeV) at room temperature to a fluence of 5.0x10*2, 5.0x10%, 1.0x10%, and 5.0x10™
ions/cm? using the 1C-100 cyclotron at FLNR JINR in Dubna, Russia.

The structure of GC before implantation, after implantation, the effect of annealing and SHI irradiation
were investigated by Raman spectroscopy. The Raman spectra were recorded with a T64000 series |1
triple spectrometer system from HORIBA scientific, Jobin Yvon Technology. The Raman spectra were
obtained using 514.5 nm argon laser, through an Olympus microscope with a 50x objective lens and
laser power of 1.5 mW. The depth profiles of the as-implanted indium, after annealing and SHI
irradiation were monitored using Rutherford backscattering spectrometry (RBS) using a-particles with
energy of 1.6 MeV at a backscattering angle of 165°. The beam current maintained between 10 and 15
nA during the measurements with a 1 mm beam spot. The charge collected was approximately 8 uC
with a detector resolution of 12 keV.

3. Results and Discussion

3.1 Thermal Annealing

In this study, 360 keV In ions were implanted into GC at room temperature and from SRIM calculations
nuclear energy loss process is expected to dominate. This process which involves elastic collisions
results in the transfer of energy and momentum from the incoming ions to the GC substrate which leads
to displacement of the target atoms, change in structure.

Raman spectroscopy was used investigate the structure of GC before and after implanting with In ions
to evaluate the structural modification after annealing and SHI irradiation. The Raman spectra of



pristine GC, room temperature and 350 °C implanted GC in the 1200 - 1800 cm™ range are shown in
Figure 1. The pristine GC spectrum is composed two typical peaks at approximately 1350 and 1585 cmr
!, The peak at approximately 1350 cm™ corresponds to a long-range disorder mode of graphite structure
(D peak) while the peak at 1585 cm™ (G peak) is attributed to the microcrystalline graphite structure
[25]. The two peaks are characteristic of carbon materials with sp? bonds and describe the order—
disorder relationship in the material [6]. There is also a hump at 1620 cm™* (D' peak) which is attributed
to small sp? crystallites in GC that results in a Raman doublet of the 1585 and 1620 cm™ peaks.

For the RT and 350 °C implanted GC, the effect of In implantation on the structure of GC is revealed
by the drastic change in the Raman spectra with the appearance of a broad peak between 1200 and 1700
cmt. This broad peak is due to merging of the D and G peaks into a single wide peak after In
implantation. The indium ion implantation damaged the near surface region of GC resulting in an
increase in disorder and the destruction of the graphitic microcrystals. The shape of the broad peak is
similar to that of disordered carbon structure. Although GC is not a crystalline material, its structure
consists of graphitic microcrystallites within the turbostratic structure which lack long range order. This
increase in disordering of the sp? graphitic units and reduction of crystallite size due to ion implantation
has been referred to as “amorphization” of GC by other authors [17].

The implantation at 350 °C had similar effect on the structure of GC compared to the RT implantation
and the shape of the broad peaks are almost the identical. This change into an amorphous structure has
been reported to improve the wear resistance of GC and is due to the sp? to sp® bond conversion within
the damaged region [26]. Previous work on HRTEM analysis of pristine and ion bombarded GC has
shown that the substrate structure was transformed from fullerene-like to mostly amorphous-like
structure [27]. The large amount of ion implantation induced damage is expected to affect the indium
diffusion during subsequent thermal anneal processes. This broad band has been observed in glassy
carbon implanted with 320 keV Xe ions [14], 360 KeV Cd ions [24] and 200 keV Sr ions [28] at room
temperature and fluences of 10* - 10 ions/cm?.

Figure 1, 2 and 7 show the Raman spectra fitted using the Breit-Wigner-Fano (BWF) + Lorentzian lines
combination, and good fits were obtained indicating that the combination was appropriate for analysing
the G and D bands. By fitting the Raman spectra, it is possible to reliably extract information on the
peak positions and intensities. The Raman spectra of pristine GC, RT and 350 °C implantations were
fitted using an asymmetric BWF line for the G and D' peaks and a Lorentzian for the D peak. The
intensity ratio of the D and G peaks gives a quantitative measure of average crystallite size. The Ip/lg
ratio of pristine GC was found to be 1.4 and this value is typical for nano-sized disordered sp? carbon
materials [8]. The Tuinstra—Koenig relation [29] can be used to estimate the average in-plane crystalline
size L, of the pristine glassy carbon and it is given as:
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where C; is a laser wavelength dependent constant taken as 44 A for 514.5 nm excitation laser. This
relationship holds for sp? bonded carbon materials with large crystallite size in range of 2.5 nm < L, <
300 nm. The crystallite size, L. for SIGRADUR® G GC was calculated using equation 1 and found to
be 3.1 nm. This crystallite size confirms that glassy carbon is indeed a nano-crystalline carbon material.

The I/l ratio after RT implantation was found to have reduced as expected from the pristine value to
0.97. For small cluster size, L. can be calculated using
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where the constant C’(A)is 0.0055 A2 [30]. The crystallite size of the damaged region after ion
implantation was found to be 1.3 nm. This confirms that In ion implantation leads to more damage and
a highly disordered region which has a reduced crystallite size.

After ion implantation, the D peak position shifted from 1350 cm™ to 1366 cm™ while the G peak moved
to a lower wavenumber from 1585 cm* to 1573 cmX. The reduction of the peak ratio together with the
downshift of the G peak after implantation reflects an increase in the amount of disorder and an increase
in the sp® content and/or bond-angle distortion associated with an increase in the number of tetrahedral
bonds forming due to implantation [6]. The G peak down shift by 12 cm? indicates that the degree of
disorder within the implanted region of GC was not that severe and did not get to amorphous carbon
level observed after 320 keV Xe ions implantation at fluences 6x10% ions/cm? [14].

Raman spectroscopy analysis of GC is highly sensitive to structural changes in the region between the
surface and the projected range of implanted ions [24,28]. The origin of the Raman signal is expected
to be limited to the implanted region of GC. This was confirmed by calculating the penetration depth
of the Raman laser with wavelength of 514.5 nm and we obtained 90 nm [31]. The penetration depth is
well within the implantation damaged region which was found to be wider after RBS analysis.
Therefore, the thickness of the implanted layer is wide enough to reduce the substrate effect. The results
discussed in Figures 1, 2 and 7 correspond to Raman signals obtained from the surface up a depth of
about 90 nm.

The effect of annealing on the structure of the RT In implanted GC is shown in Figure 2 and the BWF
+ Lorentzian line fit combination has been included. The broad spectrum of the as-implanted sample
changed after annealing at 200 °C, where the G peak intensity was observed to increase. The Raman
spectra of samples annealed at 300 and 400 °C are similar to that annealed at 200 °C with a slight
increase in G peak intensity with increase in annealing temperature.

When the annealing temperature was increased to 600 °C, further changes in the Raman spectrum can
be observed. At this temperature, two peaks become distinguishable near the D and G peak positions of
the pristine glassy carbon. This change in the Raman spectrum is ascribed to changes in the GC structure
and therefore this temperature can be considered as the dynamic radiation damage annealing
temperature when the damaged layer slightly recrystallizes.

The effect of high temperature annealing on the structure of In implanted glassy carbon was investigated
by annealing at 1000 °C. The intensity of the D and G peaks increased as seen in Figure 2. This is
suggestive of some micro-recrystallization processes within the damaged near surface region of GC
was taking place. An upshift of G band after annealing at 600 and 1000 °C was observed to occur
which is due to increase in ordering and the graphite microcrystallites within the damaged region which
grew in size and quantity [32]. This indicates that some form of recovery process occurred within the
implanted region due to the heat treatment. The G and D peak positions did not return to the original
positions neither did the Ip/lg ratio at highest annealing temperature of 1000 °C. This implies that the
recovery process within the implanted region did not revert to pristine GC structure and some damage
introduced by implantation was still retained in the glassy carbon structure after annealing.

The depth distribution of indium implanted in GC and the diffusion behaviour of indium after annealing
was investigated by RBS analysis technique. Figure 3 shows the depth distribution of indium ions after
RT implantation derived from RBS measurements along with the theoretical distribution and the
damage profile calculated using the SRIM-2013 code [33].

Analysis of the experimental depth profile of the implanted In was found to be Gaussian and the FWHM
was found to be slightly broader than the simulated SRIM profile. This difference in FWHM resulted
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in a higher SRIM simulation peak intensity at the projected range. The In projected range (Ry) and range
straggling (ARy) of the of 360-keV In distribution in GC calculated with SRIM were approximately 145
nm and 30 nm, respectively. The projected range (Rp) calculated by the SRIM was comparable with the
experimental value but the straggling (AR) was lower. The range straggling of the experimental profile
is about 23% larger than predicted. Therefore, the In peak is below its surface channel position and the
width of the radiation damaged GC region observed in Raman results is limited to about 260 nm from
the surface.

The number of vacancies produced as a result of the implantation of In in glassy carbon is also shown
in Figure 3. The maximum damage level of 22 dpa is higher than the reported required critical value to
amorphize GC of about 0.2 dpa [32]. The damage profile has a maximum at 90 nm which is closer to
the surface compared to the implanted In distribution and simulated profiles. The concentration of the
damage towards the surface of the glassy carbon indicates that a large number of carbon atoms were
displaced near the surface of the glassy carbon and that the diffusion of In due to annealing should be
towards the surface.

Figure 4 shows the RBS spectrum of the sample implanted at 350 °C which has a broad distribution
that is wider than the RT implanted one. The indium ions are distributed deeper into the GC substrate
(>200 nm) and also towards the surface. The arrow in Figure 4 indicates the In surface channel position
and it can be seen that the In high energy edge is at the In surface position indicating that the implanted
In ions appeared at the surface of GC. These observations imply that In implantation at 350 °C induced
some diffusion during implantation due to temperature and radiation damage.

Figure 5 shows the depth profiles obtained from the RBS spectra of RT In implanted GC before and
after isochronal annealing between 200 and 600 °C for 1 hour. The sample annealed at 200 °C showed
no noticeable change in the In peak the indium depth profile remained the same compared to the as-
implanted profile. This indicates that this temperature was too low to cause any significant change in
the indium distribution, i.e. to cause any diffusion of indium at this temperature. Although no change
was observed from RBS analysis after annealing at 200 °C, Raman results do indicate that the structure
of the damaged region had changed after annealing at this temperature.

At annealing temperature of 300 °C, the depth profile broadened and exhibited tailing on both sides of
the profile. The FWHM of this profile is wider than that of the as-implanted and 200 °C profiles as seen
in Figure 5 implying that the implanted indium starts to diffuse at 300 °C. The shape of the profile is
still Gaussian, the projected range moved slightly into the bulk to 154 nm and the implanted indium
diffused toward the surface and into the bulk of GC. Since the depth profile was still Gaussian, this
indicates that Fickian diffusion occurred when the samples were annealed at this temperature. No
indium was lost and the integral count of In ions remained the same as that of as-implanted as seen in
Figure 6. The diffusion of In towards the bulk is within the less damaged region and not the pristine GC
substrate. This broadening of the profile is due to indium trapping induced by defects within the
damaged region.

After annealing at 400 °C, the shape of the indium profile changes with further broadening occurring.
The profile is asymmetric, that is, no longer Gaussian and the In profile shifted towards the surface due
to the thermal diffusion of In. A smaller fraction of indium ions diffused into the bulk, while at the same
time, some of the implanted indium ions migrated toward the surface of GC. Once the diffused indium
reached the surface of GC at a temperature of 400 °C, the retained ratio can be seen to have decreased
slightly by about 2% due to evaporation from the surface as seen in Figure 5 and 6. This diffusion
towards the surface is in the more damaged region of GC. No significant shift towards the region of



undamaged GC beyond the damaged region was observed to occur indicating a presence of a diffusion
boundary and diffusion occurred in radiation damaged region.

From Figure 5 and Figure 6 it is evident that indium was being lost from the surface of the GC substrate
after annealing at 600 °C, however, further diffusion into the undamaged bulk seems to be negligible.
The amount of retained indium after annealing at 600 °C is about 48 % and this is due to the evaporation
from the GC surface of the In that has diffused from the implanted region toward the GC surface. We
speculate that some form of recovery process has taken place in the less damaged region of the GC at
the end of range.

The diffusion of In between 300 °C and 600 °C is due to the presence of defect traps present in the
damaged region. At this temperature range, the thermal energy of implanted ions is enough overcome
the diffusion barriers in the system and migrate through the damaged region of glassy carbon towards
the surface. Significant loss of indium was observed to occur at 1000 °C and no indium was retained at
this temperature. Although all the indium was lost after annealing at 1000 °C, the structure of the near
surface region of GC did not revert to the pristine GC structure as observed in the Raman spectrum for
this sample. Typically a 260 nm wide radiation damaged region remains after annealing at 1000 °C.

The diffusion coefficient of indium migration within the damaged glassy carbon was estimated by
comparing the FWHM of the as-implanted indium depth profile to that of the sample annealed at 300
°C for 1 hour using an in-house code developed by Malherbe et al [34]. The value for the diffusion
coefficient of 2.15x101" m2s* was obtained. The diffusion coefficient of beryllium in GC at 1285 and
1340 °C has been reported as 3.0x10°%" and 2.5x10 Y m?s™ respectively by Koskelo et al [18]. Although
the temperatures are much higher, the diffusion coefficients are comparable and within the same
magnitude indicating similar diffusion mechanisms (Fickian diffusion).

3.2 SHI Irradiation
The fission process in nuclear reactors involves the release nuclides with energy in the order of 100

MeV, that is, the energy range of swift heavy ions (SHIs). Since GC is used in nuclear reactors and
encapsulation of high level nuclear waste (HLW), it will be subjected to bombardment by FPs of
different energies including the SHIs energy range. Irradiation of GC can lead to structural changes
depending on the energy, fluence of irradiating species and the temperature of the substrate. These
changes occur when high energy particles are slowed down in the material due to loss of energy via
elastic and inelastic collisions. This was the motivation to investigate the retention of implanted ions
within the radiation damaged GC region and structural modifications of the GC substrates after SHI
irradiation. Using SRIM code, the energy loss due to of 167 MeV Xe ions in GC and indium was found
to be via electronic excitation from inelastic collisions and not nuclear elastic collisions.

The Raman spectra of SHI irradiated GC are compared with the 350 °C implanted spectrum in Figure
7. The Raman spectra have been fitted using the BWF + Lorentzian lines combination. No frequency
shift for the D band or the G band was observed even at the highest SHI irradiation fluence of 5x10*
ions/cm?. After SHI irradiation at a fluence of 5x10'? ions/cm? the G peak became slightly more
prominent compared to the D peak height. The intensity of the D peak was observed to decrease after
further SHIs irradiation to the highest fluence. This revealed that some disorder remained in the near
surface GC after SHI irradiation and the degree of disorder increased with increasing fluence of
irradiation. With increase in the irradiation fluence, the damage level also increased and the clusters
become smaller due to loss of short-range order. The thermal spike due to SHIs irradiation is not
sufficient enough to cause further damage or recrystallization of the implantation damaged region.



The RBS spectra of GC irradiated with SHIs to different fluence from 5x10%? to 5x10* ions/cm? are
shown in Figure 8. It was observed that the RBS profiles did not change with increase in irradiation
fluence and no detectable diffusion of indium implanted in GC occurred. The defects introduced in the
GC structure at 350 °C indium implantation, are still present after SHI irradiation and therefore SHI
irradiation does not influence the diffusion of indium. No diffusion towards the bulk was expected since
the annealed samples did indicate that no diffusion of indium towards un-damaged GC occurred and
the implanted indium was stable.

4. Discussion

Based on Raman results, the near surface region of GC implanted with In ions was transformed into an
highly disordered layer by RT implantation of 360 keV In ions to a fluence of 2x10% ions/cm?. The
density of this region is expected to have increased, while that of the bulk GC substrate beyond the ion
range remained similar to that of pristine GC (1.42 g/cm?®). The increase in density is due to physical
compaction of the near surface region of GC, leading to a reduction in the number of pores and increased
impermeability.

The implanted indium is distributed within the damaged region which extends from the surface up to a
depth of 260 nm. The implanted In only diffused during annealing towards the surface from the
damaged glassy carbon region and did not diffuse into undamaged bulk GC. This indicates that In
diffusion is a radiation damage enhanced mechanism, since it diffused within in the defective region
towards the surface. Since In has a larger atomic radius compared to the C atom, this can lead to
significant strain in the implanted region of the glassy carbon, leading to the outwards diffusion of the
In from the damaged region of glassy carbon. The diffusion of In towards the bulk is in the less damaged
region and not the damage-free/pristine GC.

Implantation of In in GC produces lots of vacancies, and the subsequent annealing of the damaged
region led to some recrystallization. Although no change was observed from RBS analysis after
annealing at 200 °C, Raman results indicate that the structure of the implantation damaged region had
changed after annealing at this temperature. The Ip/lg ratio after annealing at 200 °C increased slightly
compared to the as implanted sample indicating some recrystallization and increase in crystallite size
according to equation (2). It must be stated that this recrystallization occurred when no diffusion of In
was observed to occur due to trapping of implanted In within the damaged GC layer.

Raman and RBS results show that there was some structural modification of the radiation damaged
region after annealing influenced by the diffusion process. Decrease in the I/l ratio was observed from
300 to 600 °C which suggests a gradual decrease in crystallite size. At this temperatures, In was
observed to diffuse towards the surface and out of the GC substrate. The diffusing In breaks down the
surrounding crystallites leading to a detrapping mechanism to enable them to diffuse and in the process
reduce the crystallite sizes. Once all the implanted In had diffused out of the GC at 1000 °C, an increase
in the Ip/lg ratio was observed. This led to an increase in graphitic order within the damaged layer. No
evidence of indium carbide formation was observed, even after annealing at 1000 °C where no In was
retained with the GC matrix.

Using the amorphization trajectory [30], the In ion implantation amorphized the near surface region of
GC and converted about 10 % of the sp? bonds into sp?® bonds at these damage levels producing high
density material. This conversation of the sp? to diamond-like sp® bonds is responsible for the reported
high hardness and strength of the GC. Since the GC structure contains micro-pores which lead to
mechanical weakness, the amorphization and densification of the near surface region of GC, should
result in a high strength material which suppressing crack propagation and with a high neutron capture



cross section. These results make In implanted GC a promising candidate for application as a radioactive
containment material and as a component in nuclear reactors.

5. Conclusions

The GC near surface regions were transformed to highly disordered structure by indium (360 KeV) ions
implantation up to a fluence of 2x10'¢ ions/cm? at RT. Raman results revealed a significant decrease in
the Ip/lg ratio after indium implantation predicting a strong disorder increase at the near surface region
which became more dense but a true amorphous structure was not attained. From the depth profile of
In implanted GC and the results of SRIM simulation, the thickness of the implantation damaged layer
was approximately 260 nm. The RT implanted In profiles are stable after annealing up to 300 °C where
Fickian diffusion was observed to occur. At higher temperatures the In ions migrated toward the surface
and out of the GC substrate. The implanted region slightly regained its original structure after annealing
highest temperature of 1000 °C when all the implanted In had diffused out. The thermal spike due to
SHI irradiation at increasing doses did not result in any In diffusion but only led to further damaging of
the implanted region. The SHI irradiated GC resulted in further break down of the graphitic ribbons
leading to increased degree of bond disorder within the damaged region resulting in smaller crystallite
size but no diffusion of implanted indium was observed. Therefore, the indium implantation enhanced
GC with increased neutron capture cross section is a promising candidate for radioactive material
containment or use in nuclear reactors.
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Figure 1: Raman spectra of (a) pristine glassy carbon, (b) indium implanted glassy carbon at room
temperature (RT) and (c) at 350 °C. Raman spectra have fitted with a combination of Lorentzian line
(D peak) and a BWF line (G peak). The experimental spectrum is the black continuous line and the
overall fit is depicted with the red line.
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Figure 2: Raman spectra of (a) pristine glassy carbon, (b) after 360 keV In ion implantation, after
annealing at (c) 200 °C, (d) 300 °C, (e) 400 °C (f) 600 °C and (g) 1000 °C.
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Figure 3: Depth profile of In implanted in glassy carbon at room temperature, the simulated profile
and damage in dpa from SRIM 2013.

Energy (MeV)

0.4 0.6 0.8 1.0 1.2 14
12 n I e e m e o
RT implanted
i 350 °C implanted 1
10 -
L C |
= ol
2 8 ]
> :
o L
N o -
g In
s 4L .
z T l .
ok i
0 —M e el —p————ep
100 200 300 400 500
Channel

Figure 4: RBS spectra of indium implanted in GC at room temperature (RT) and at 350 °C.
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Figure 5: Depth profiles of GC implanted with In at room temperature and annealed at 200, 300, 400
and 600 °C for 1 h compared to as-implanted depth profile.
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Figure 6: Comparison of the amount of indium retained within the GC substrate after annealing to that
of as-implanted.
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Figure 7: Raman spectra of indium implanted in GC at (a) 350 °C and thereafter irradiated by 167
MeV Xe ions at fluences of (b) 5x10?, (c) 1x10* and (d) 5x10%** ions/cm?.
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Figure 8: RBS spectra of indium implanted in GC at 350 °C and irradiated by 167 MeV Xe ions at
fluences of 5x10™ and 5x10% ions/cm?,
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