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Highlights

e Selenium ions implantation at room temperature (RT) amorphized the near-surface
region of the glassy carbon sample.

e Vacuum annealing of the (RT) implanted samples resulted in no diffusion at the low-
temperature regime (300-700 °C).

e The diffusion of Se was observed at the high-temperature regime (1000-1200 °C).

e The Se atoms diffuse towards the surface and out of the glassy carbon substrate at
1200 °C.

e Appreciable recrystallization observed at 1200 °C indicates a partial recovery of the
glassy carbon substrate.

Abstract

In a view to further study the diffusion properties of glassy carbon for its applicability as a
diffusion barrier for fission products found in high-level nuclear waste, glassy carbon
samples were implanted with 150 keV Se ions to a fluence of 1 x 10'¢ ion/cm? at room
temperature. Some of the implanted samples were subjected to sequential isochronal
annealing at two temperature regimes (300-700 °C and 1000-1200 °C) for 5 h under
vacuum. Raman spectroscopy was used to investigate the structural changes while Rutherford
backscattering spectrometry (RBS) was used to monitor the migration of implanted Se.
Implantation of Se amorphized glassy carbon resulting in an increase in density (from 1.42 to
2.1 gem™3). No notable diffusion of Se in the glassy carbon occurred after annealing at the
low-temperature regime (300-700 °C). Raman spectroscopy shows that limited
recrystallization occurred after annealing at the low-temperature regime. Appreciable
recrystallization coupled with some diffusion occurred at the high-temperature regime, 1000—
1200 °C. The original structure of glassy carbon was not achieved after annealing at 1200 °C.
Diffusion coefficients of 5.9 x 1072° m?s™! and 4.79 x 1072 m?s™! were obtained for Se in
defective glassy carbon at 1000 and 1100 °C, respectively.
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1. Introduction

Carbon exists in natural and synthetic forms. Glassy carbon (GC), also known as vitreous
carbon is an allotrope form of synthetic carbon. It is manufactured from organic polymeric
precursors through carbonization/pyrolysis processes at high-temperature (2000-3000 °C).
Glassy carbon can be described as a disordered carbon material because of the absence of a
long-range crystalline order within its structure. However, pockets of graphite exist within its
structure [1]. Each pocket is containing an aggregate of smaller crystallites that are randomly
oriented. The structure of commercially manufactured glassy carbon has been reported to
contain some closed carbon nanostructure which is likened to an imperfect multilayered
fullerene [2]. According to Harris, some curved graphitic layer planes were also reported
within the structure of the glassy carbon [2]. A study recently carried out by Odutemowo et
al. [3] agreed with Harris's study [2]. Odutemowo et al. have reported that glassy carbon
contains tightly packed layered graphitic nanostructure with different orientations [3]. Also
observed and reported were a few onion-like carbon microstructures (fullerenes) surrounded
by mostly graphitic crystallites that are randomly oriented (the reader may refer to the
HRTEM micrograph of pristine glassy carbon in [3]).

Glassy carbon has been widely explored and utilized for some industrial fabrication, some of
which include electrochemistry electrodes [4,5]; crucibles [2,6], camera lenses [7], dental
implant materials [8] and encapsulation materials for nuclear fuel [9,10]. The properties of
glassy carbon make it suitable as a future material for the fabrication of dry casks storage
systems needed for nuclear waste management. These properties include its low density
(1.42-1.54 gcm™), high hardness, and strength, good electrical conductivity, extreme
resistance to thermal shock, biocompatibility [11], high-temperature stability (it does not
transform to graphite at temperatures of up to 3000 °C) [12], extreme resistance to chemical
attack and impermeability by gases and liquids [13]. Some investigations have been done on
the suitability of glassy carbon as a nuclear waste storage material. Some of these studies
focused on the migration of ions implanted in glassy carbon, Be [14], Cs [15], Sr [3,16,17], In
[18], Cd[19], Xe [20], Ag and Ag co-implanted Sr [21]. Only a few are on interface
interaction between thin films and glassy carbon [22,23].

To the best of our knowledge, migration of selenium (Se) in glassy carbon has not been
investigated so far. Selenium is a trace non-metal with atomic number 34. It has seven main
natural isotopes, five ("Se, 76Se, 7’Se, 78Se, and 8°Se) are stable and the other two (’Se and
82Ge) are long-lived radionuclides. 32Se has the longest half-life of approximately 10! years.
7Se can be found in minute quantities (yield of about 0.0487% [24]) in uranium ores, spent,
and reprocessed nuclear fuel. The neutron activation of Se can also lead to the production of
Se [25]. The decay of 7°Se gives rise to the release of beta particles with an average energy
per decay of about 0.0053 MeV [26]. Its long half-life of 327,000 years makes it a potential
index to determine the long-term radiological assessments of a geological repository on the
environment [27]. The migration of 7Se in the biosphere is expected to be identical to other
nonradioactive selenium [25]. Any quantity of 7Se can be leaked from geological
repositories, then accumulated and transported through different environmental media (soil,
sediments and water) to man and animals. Food crops tend to have a low tolerance of
selenium [28] but can accumulate a level of selenium that would be toxic to man and animals
[29]. Cancer can be induced consequent to selenium toxicity, especially when ingested into
the body at a dose >400 ug per day [30].



Our group at the University of Pretoria, South Africa has been studying the diffusion of
fission products in glassy carbon in the last decade [3,[15], [16], [17], [18], [19], [20], [21],
[22], [23]]- To add to the existing studies, we have investigated the migration of non-metallic
fission product, Se in glassy carbon. To this end, Se ions was implanted in glassy carbon
substrates to a fluence of 1 x 10'® ion/cm? at room temperature (RT) to investigate the effects
of radiation damage on the glassy carbon structure. The implanted samples were subjected to
heat treatment in vacuum to study the migration behaviour of Se* implanted in glassy carbon.
The structural changes of glassy carbon was also investigated in the implanted and then heat-
treated samples.

2. Experiment and analysis

The starting material was commercial SIGRADUR® G glassy carbon strips purchased from
Hochtemperatur-Werkstoffe GmbH, Germany. Each strip of dimension

50 mm % 10 mm % 2 mm was mechanically polished to a mirror finish with a 1 gm diamond
solution. The unpolished surface of the glassy carbon strip was marked into 10 rectangular
wafers. Each wafer had a dimension of 5 mm x 10 mm % 2 mm. A cut (of few microns) was
made at the mark separating each cell. This cut was to ensure the easy separation of the
glassy carbon into wafers after ion implantation. The glassy carbon samples were
sequentially cleaned in a soap solution, de-ionized water, and methanol, in an ultrasonic bath
and later dried using nitrogen gas. Three cleaned glassy carbon strips were implanted
simultaneously with 150 keV Se ions to a fluence of 1 x 10'¢ ion/cm? at room temperature.
Uniform implantation was ensured by scanning the Se beam across each glassy carbon strip.
During implantation, the flux was maintained at about 10'3 cm™2s™! to minimize beam
induced substrate heating. After implantation, the glassy carbon strips were easily separated
into 30 wafers (10 per strip).

To investigate the migration behaviour of Se and annealing of radiation damage, some of the
implanted glassy carbon wafers were heat-treated under vacuum conditions using two
different vacuum annealing systems: a quartz tube furnace (for the low-temperature regime)
and a computer-controlled Webb 77 graphite furnace (for the high-temperature regime),
respectively. A sample was first subjected to sequential isochronal annealing between 300
and 700 °C in steps of 100 °C in the quartz tube furnace. The Webb 77 graphite furnace was
used for the sequential isochronal annealing of another implanted sample at 1000-1200 °C in
steps of 100 °C. The annealing duration at each temperature (i.e. at each annealing step) was
5 h. In both annealing systems, precautions were taken to maximally reduce sample
contamination by residual gas and/or particles. Before and after each annealing cycle in the
quartz tube furnace, the tube and other components were thoroughly cleaned with acetone
and blown with nitrogen gas. Also, once the sample was placed inside the quartz tube, a fore
pump was operated to evacuate the tube up to 103 mbar range and then the turbo pump was
started to provide a high vacuum to about 10~ mbar range. Before using the Webb 77
graphite furnace, the furnace was evacuated to about 10”7 mbar using a mechanical pump
coupled with a turbo pump. The pumping was followed by an outgassing phase where the
furnace is heated to 100 °C for like 3 h. The outgassing process was expected to reduce the
gas contaminants and desorbed water vapour that may have been adsorbed onto the furnace's
internal insulation material. The implanted sample was then placed inside a graphite crucible
before annealing in the Webb furnace. The details of annealing set-ups and procedures can be
found in [31].



The depth profiles of Se implanted in glassy carbon before and after annealing were
measured by Rutherford backscattering spectrometry (RBS). The RBS measurements were
performed using helium (*He") particles of 1.3—1.6 MeV energy with a beam current of

15 nA. The backscattered particles were detected by a silicon surface barrier detector at a
backscattering angle of 165°. The ion beam current was measured on the sample and a ring-
shaped electrode in front of the sample was kept at =200 V to suppress ejected secondary
electrons and an 8 uC charge was collected per measurement. Simulation of the implanted
ions was performed using SRIM-2010 [32]. Since previous studies have shown that ion
implantation at room temperature to a fluence in the same order as used in this study,
amorphized glassy carbon leading to a change in the density of the substrate [3,33], it is
important to estimate the new density of the implanted glassy carbon material using the
method described in reference [3]. The new density of Se implanted glassy carbon was then
calculated to be 2.1 g/cm? (10.5 x 10?2 atoms/cm?), which was used in the SRIM simulation.
The RBS Se profiles in energy/channel were converted into depth profiles using the energy
loss data and density of the amorphized glassy carbon, 10.5 x 10?2 atoms/cm?.

The structure of the glassy carbon before implantation, the radiation damage retained after
implantation, and the effect of annealing were investigated using Raman spectroscopy. The
Raman instrument consisted of a T64000 series II triple spectrometer system from HORIBA
scientific, Jobin Yvon Technology; a coherent Innova 70C® series Ar" laser (using the
514.5 nm laser line) and an Olympus microscope (the 50

objective lens was used). The integrated triple spectrometer was used in the double
subtractive mode to reject the Rayleigh scattering and disperse the light onto liquid nitrogen
cooled Symphony CCD detector. During the Raman measurement, it was important to keep
the laser power below 1 mW to minimize sample heating.

3. Results and discussion

Fig. 1 shows the RBS experimental spectrum of room temperature as-implanted glassy
carbon. The respective surface channel position of C and Se are indicated by the arrows and
the Se profile has a Gaussian distribution. Fig. 2 shows the experimental depth profile of

150 keV Se ion-implanted in glassy carbon, simulated distribution, and the simulated damage
in displacement per atom (dpa). The simulation was carried out using SRIM and taking the
threshold displacement energy of C as 20 eV [34]. The experimental depth profile of Se was
fitted to a Gaussian equation and an average projected range (Rp) and straggling (ARp) was
estimated as 84 and 29 nm. The experimental Rp is comparable with the SRIM prediction of
89 nm. The difference between the two Ry values is within 5-10% uncertainties of SRIM
simulations. The experimental projected range straggling overestimates the SRIM calculation
of 20 nm by 31%. Previous studies on ion implantation in glassy carbon have shown that
experimental projected range straggling usually overestimates the SRIM prediction, by
factors such as 43% for Sr [17], 23% for In [18] and 38% for Xe [20]. The underestimation in
the theoretical straggling is not strange owing to several approximations used in the SRIM
program.
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Fig. 1. Rutherford backscattering spectrometry (RBS) spectrum of room temperature as-implanted glassy
carbon.
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Fig. 2. RBS depth profile of Se implanted at room temperature (circles) compared with SRIM simulated Se
depth profile (squares) and the damage in displacement per atom (dpa) (diamonds).

The fluence of implanted Se ions was converted into displacements per atom (dpa) using
equation (1) [19].
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Awhere Vac/(ion A) represents the number of vacancies per ion per Angstrom, 108 is the
conversion factor from Angstrom to a centimeter, ¥ is the ion fluence — (1.0 x 10! ions

cm?) and PGC is the density of Se implanted glassy carbon — (10.5 x 10?? atoms/cm?).

The maximum damage level of 21 dpa obtained in this study is higher than the critical value
of about 0.2 dpa required for the amorphization of typical glassy carbon [35]. The radiation
damage created in the glassy carbon is maximum at a depth of 70 nm below the surface. This
means that the majority of the radiation damage is towards the surface rather than deeper to
the bulk of the glassy carbon. Assuming a critical dpa of 0.2, the thickness of the amorphous
layer was estimated to be 160 nm from Fig. 2. Hence the implanted Se is embedded in the
amorphous region.

Fig. 3(a) shows the Raman spectrum of a pristine glassy carbon. The spectrum has two
pronounced asymmetric peaks at about 1352 cm™! (D peak) and 1588 cm™! (G peak)
wavenumbers, respectively. The D peak was attributed to the Raman breathing mode of Aig
symmetry (six-fold aromatic ring) involving phonons at the K zone boundary [36]. The D
peak is forbidden in perfect graphite and only found in disordered carbon [36]. The G peak is
due to Raman optical phonon mode combined with Ezg symmetry [37,38]. One other peak
identified as D" at 1620 cm™! is usually found in pristine glassy carbon. The peak is a defect
induced Raman feature which is evidence of very small-sized graphitic grains found in glassy

carbon [36,38]. It must be stressed that the Dfpeak is absent in highly crystalline graphite
[39].

The Raman spectra of the pristine glassy carbon, as-implanted and annealed samples were
fitted using the Breit-Wigner-Fano function (for the G peak) and a Lorentzian function (for
the D peak). The fitting enabled us to obtain information such as the peak position and
intensities, area, and the full width at half maximum (FWHM) of the D and G band. The
crystallite size of the SIGRADUR ® G pristine glassy carbon was calculated using equation
(2) [40]. The Tuinstra—Koenig relation is valid in estimating the average crystallite size (La)
of any form of graphitic carbon over the range of 2 nm < L. <30 nm [36].

In

I _ G
I L, (2)
Ip/lc is the D to G peak intensity ratio, determined to be 1.43 for the pristine glassy carbon,
C; is the laser excitation wavelength-dependent constant taken as 44 A for 514.5 nm
excitation laser line [40], L is the average crystal size of the pristine glassy carbon and it was
calculated to be 3.1 nm. With this value of crystallite size, 3.1 nm, glassy carbon can be

classified as nano-crystalline graphite [39].
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Fig. 3. Raman spectra of () pristine glassy carbon and (b) Se implanted in glassy carbon at room temperature.

The cumulative fit peak (solid red line), G peak fit (black dotted line), D peak fit (blue dashed line) and D' peak
fit (orange solid line).



Implantation of Se ions into glassy carbon resulted in the merging of D and G peaks
displayed as a broad peak around 1449-1555 cm™! in Fig. 3(b). After the deconvolution of
the broad spectrum in Fig. 3(b), two individual peaks (i.e. the D and G peaks) were identified.
The G peak has shifted to lower wavenumber (from 1588 to 1554 cm™!) accompanied by the
G peak broadening and a decrease in D peak and G peak intensity ratio (/p//c), from 1.43 to
1.01. These changes observed in the Raman features in Fig. 3(b) reflect the transformation of
glassy carbon into an amorphous form. Using the amorphization trajectory proposed by
Ferrari and Robertson [36], the Ip/I ratio can be related to sp? and sp® bonds in carbon
materials and the drop of Ip/Ic from 1.43 to 1.01 suggests that 15% of sp? bonds were
converted to sp? bonds. The Tuinstra-Koening relation, equation (2), breaks down after ion
implantation into the glassy carbon [36]. The Tuinstra—Koening equation presumes that the
Ip/Ic is proportional to the number of rings at the edge of the grains [36]. With the loss of
some sp? rings in the amorphized glassy carbon, the D peak intensity will decrease with
respect to the G peak intensity as a function of disorder and the Tuinstra—Koening relation no
longer holds. Another relation, equation (3) was proposed by Ferrari and Robertson to
estimate the average crystallite size of amorphized carbon [36].

Ip .
= Ol (3)
where €4 is a constant taken as 0.0055 A2 [36], La is the average crystallite size and Ip/Ic
carries the usual meaning already stated above. The calculated average crystallite size for the
pristine glassy carbon, 3.1 nm reduces to 1.36 nm after Se ion implantation at room
temperature. The high fluence (1 x 10'® ions/cm?) of Se ion implantation partially destroyed
the graphite crystallites in the implanted region of the glassy carbon thereby leading to
reduced crystallite sizes. This implies that aside from the G peak downward shift, the G peak
broadening and the decrease in Ip/Icratio, the reduced average crystallite size is another
evidence that Se ion implantation damaged the glassy carbon structure. This leads to having a
highly disordered region (with bond angle disorder) within the glassy carbon substrate. It is
interesting to note that the Co and In ions implantation into glassy carbon at a fluence in the
same order of magnitude (i.e. 10'® ions/cm?) used in this study has been characterized with
different average crystallite sizes, 1.1 nm for 150 keV Co" [41] and 1.3 nm for 360 keV In*
[18] as compared to the crystallite size of Se in this study. The variation in the crystallite
sizes might be due to the different atomic masses of these elements.

Fig. 4, Fig. 5 show the Raman spectra of Se implanted glassy carbon after annealing at low
(300-700 °C) and high (1000-1200 °C) temperature regimes, respectively. The Raman
spectra of the samples annealed at 300 to 400 °C are not different from the as-implanted
Raman spectrum indicating insignificant recrystallization after annealing at these
temperatures. The Raman spectrum obtained after annealing at 500 °C is different from the
as-implanted Raman spectrum, as the D and G peaks are slightly distinguishable. Hence, the
500 °C annealing temperature can be considered as a critical temperature where the defects
within the implanted region became thermally activated and began to anneal out. As the
annealing temperature was increased from 500 °C, the peaks grow in intensities and at the
highest annealing temperature, 1200 °C, the D and G peaks are well distinguished. The
gradual increase in the D and G peak intensities is an indication of progressive annealing of
defects which could depict an increase in graphitic order within the implanted region of the
glassy carbon.
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Parameters such as the D and G peak heights, G peak position, and FWHM were extracted
from the deconvoluted Raman spectra. The G peak position, G peak FWHM, Ip/Ic ratio, and
Lq variation with annealing temperature are plotted in Fig. 6, Fig. 7. These parameters were
used to obtain structural information about the effect of annealing on the as-implanted
samples. The G peak position shifts upward progressively from about 1440 cm™" at 300 °C to
a maximum of 1588 cm™! at 1200 °C. This continuous upward shift in the G peak position
was accompanied by a progressive decrease in the G peak FWHM in respect of increase in
the annealing temperature (i.e. from 151.0 to 123.9 cm™" and 118-112.1 cm™! for the samples
annealed at 300-700 °C and 1000-1200 °C, respectively). The D to G peak intensity ratio
(Ip/Ic) decreased from the as-implanted value, 1.01 to 0.84 after annealing the as-implanted
sample from 300 to 700 °C, and progressively decreased from 0.79 to 0.72 after annealing the
as-implanted sample from 1000 to 1200 °C (see Fig. 7). One would expect that annealing will
lead to recrystallization within the implanted region of the glassy carbon. To check for
recrystallization, the average crystallite size, L. (as a function of annealing temperature) was
estimated using the Tuinstra-Koenig relation, equation (2). The choice of Tuinstra-Koenig
equation was based on an assumption that as the /p/Icratio decreases, the crystallite size will
increase with respect to annealing. The graphite crystallite sizes obtained ranged from 4.75 to
5.21 nm and 5.57-6.07 nm for the samples annealed at 300—700 °C and 1000-1200 °C,
respectively (see Fig. 7). The La values are within the range of 2 nm < L, < 30 nm where the
Tuinstra—Koenig relation applies for carbon materials (GC in this case). The average
crystallite sizes have grown larger compared to those found in pristine glassy carbon

(Le = 3.1 nm) and the as-implanted sample (L, = 1.36 nm). The increase in the average
crystallite size with increasing temperature (for the two annealing regimes) is in line with the
crystal growth theory [42].
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The gradual upward shift in the G peak position with increasing annealing temperature
indicated a regrowth of the crystallites into larger sizes in line with the above calculations.
The narrowing of the G peak FWHM can also be attributed to the decrease in bond angle
disorder [43]. It is important to note that the G peak FWHM did not return to its original
value (68.1 cm™! for the pristine glassy carbon) at the highest annealing temperature of

1200 °C. This is an indication that annealing only resulted in partial recovery of the glassy
carbon substrate and some radiation damage was retained in the glassy carbon structure at
1200 °C. It has been pointed out that the heat treatment of amorphized carbon materials does
not usually remove all radiation damage [[18], [19], [20],43]. All the changes recorded in the
G peak position, FWHM, Ip/Ic and L. (after annealing) is evidence that annealing decreased
the disorder in the implanted damaged region which resulted in recrystallization within the
glassy carbon substrate. It must be stated only that limited recrystallization occurred at the
low-temperature regime (300-700 °C) and appreciable recrystallization was observed at the
high-temperature regime (1000—-1200 °C). Recrystallization of amorphized glassy carbon due
to annealing has been reported in other studies [[17], [18], [19],43].

The diffusion of implanted Se was investigated by comparing the square of the full width at
half maximum (FWHM?) of the depth profiles of Se from the as-implanted and annealed
samples. This is because the broadening of a profile indicates the diffusion of implanted ions
[44]. The FWHM was obtained by fitting the depth profiles in Fig. 8, Fig. 9 to a Gaussian
function. Peak positions and FWHM? as a function annealing temperature are shown in Fig.
10. The amount of retained Se was calculated by taking the ratio of the areas under each Se
profile (after each annealing step) to that of the as-implanted profile. The retained ratio as a
function of annealing temperature is shown in Fig. 11.
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To investigate the diffusion behaviour of Se implantation in glassy carbon at the low-
temperature regime, a room temperature implanted sample was subjected to sequential
isochronal annealing from 300 to 700 °C in steps of 100 °C for 5 h. The RBS depth profiles
were measured after each annealing step of 100 °C. Fig. 8 shows the RBS Se depth profiles.
The Se profiles at 300-700 °C were essentially the same as the as-implanted profile. The
variation in the FWHM? and the peak positions of the sample annealed at 300-700 °C are
within the experimental uncertainty of the depth scale of the RBS measurements (see Fig.
10). The measurement error in the FWHM? was estimated from the standard deviation in the
FWHM? using the data up to 600 °C. The measurement error in the peak positions was
obtained from the standard deviations of the peak position of the implanted Se peaks and the
surface positions of the carbon RBS peak. These two standard deviations were added in the
normal way. There is no physical reason why the implanted Se peak position would change
due to annealing. However, changes can occur when Se is lost due to out-diffusion. Due to
the fitting of a Gauss function to the limited data, there is also a possibility the fitting might
not give an exact position. For the standard deviation calculations of the peak positions, only
the data up to 600 °C were used.

As was mentioned above, there was no notable diffusion for the sample annealed at the low-
temperature regime (300—700 °C). There was also no loss of Se atoms from the glassy carbon
substrate during annealing in the low-temperature regime (see Fig. 11). Following the non-
diffusion of the Se atoms in glassy carbon at the low-temperature regime, another RT
implanted sample was sequentially annealed at the high-temperature regime from 1000 to
1200 °C in steps of 100 °C for 5 h (see Fig. 10 for the depth profile). Annealing at 1000 °C
led to the broadening of the Se depth profile with tailing on both sides. This broadening
means that there was some diffusion of Se in the glassy carbon at this temperature, 1000 °C.
The Se profile broadening became pronounced after annealing at 1100 °C. This broadening
was accompanied by a peak shift from 84 to about 75 nm at 1100 °C. This implies that the
implanted Se has diffused towards the surface of the glassy carbon resulting in a loss of about
5% Se atoms that reached the surface (i.e. at x = 0) after annealing at 1100 °C (see Fig. 11).
Annealing at 1200 °C showed further broadening of Se profile accompanied by a loss of
about 32% Se atoms (Fig. 11) and further peak shift (from 75 to 72 nm) towards the surface.
Evaporation of the Se into the vacuum is possible when the atoms reach the surface because
the low melting point of Se, of 220 °C, is significantly less than the sample annealing
temperature of 1000-1200 °C.

The diffusion coefficients of Se within the defective glassy carbon were estimated by fitting
the RBS depth profiles data (Se implanted at room temperature and samples annealed at

1000 °C and 1100 °C) to a solution of Fick's diffusion equation for an initial Gaussian profile
by Malherbe et al. [44]. The fitted spectra are shown in Fig. 12 (a), (b), and (c), for the as-
implanted, 1000, and 1100 °C annealing profiles, respectively. The diffusion coefficients
obtained in this work were governed by equations (9) and (10) given in [44] by incorporating
the solution for a perfect heat sink at the surface because the Se signals at the surface for
these profiles (as-implanted and sample annealed at 1000 °C and 1100 °C) were zero. We
obtained 5.9 x 1072° m?s™! and 4.79 x 1072° m?s™! as the diffusion coefficients for Se
diffusion in defective glassy carbon after annealing at 1000 °C and 1100 °C, respectively (see
Table 1). Although Fig. 9 shows that there was still some broadening of the profile at

1200 °C, this was within the statistical error of our RBS measurements. Consequently, no
reliable diffusion coefficient could be extracted.
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Table 1. Diffusion coefficients of different ions implanted in glassy carbon.

Implanted Diffusion coefficient (D)  Annealing temperature = Annealing duration

ion (ms) ©C) (hour) References
Be 3.00 x 107" 1285 Vs [14]
Be 2.50 x 107" 1340 Ya [14]
In 2.15x 1077 300 1 [18]
Cd 7.82 x 1071 350 1 [19]
Ag 7.70 x 10720 500 1 [21]
Ag 3.70 x 10720 550 1 [21]
Ag 530 x 10720 575 1 [21]
Sr 1.60 x 1071 300 1 [21]
Sr 3.70 x 1071 400 1 [21]
Se 5.90 x 10720 1000 5 this study
Se 4.79 x 10720 1100 5 this study

Table 1 compares the diffusion coefficients of Se (this study) and different ions implanted in
glassy carbon from previous studies. The diffusion coefficient of Se decreases with
increasing annealing temperature, contrary to expectation. The continuous annealing of
defects during heat treatment of the sample could be responsible for this. Since the sample
was subjected to sequential annealing, one would expect that previous heat treatments will
affect the microstructure of the sample and consequently the diffusion coefficients. A similar
decrease in diffusion coefficients with annealing temperature has been reported for the
diffusion of Ag in glassy carbon [21]. The decreasing trend in the diffusion coefficients of Be
[14] could be due to the different annealing times and annealing temperatures.

The bombardment of different energetic ions can induce radiation damage in the solid
material (glassy carbon in this case). While the implanted ions can be trapped by defects at a
particular temperature, it is also possible for diffusion to occur above the defects temperature
via different diffusion mechanisms [44]. The activation energy (Ea) would be a useful
parameter in characterizing the diffusion mechanism. But until now, none has been reported
for the diffusion of Se in defective glassy carbon. We have grouped the diffusion of different
atomic species in defective glassy carbon with respects to their diffusion coefficients as
follows: order of 10717 m?s™! (Be and In) can be said to exhibit fast diffusion, 107" m?s™! (Cd
and Sr) intermediate diffusion, and 1072° m?s™! (Ag and Se) slow diffusion (see Table 1).

4. Conclusions

Raman spectroscopy and Rutherford backscattering spectrometry have been applied to
investigate the structural changes and the migration behaviour of Se ion-implanted in glassy
carbon after sequential isochronal annealing. Implantation of Se amorphized glassy carbon
resulting in an increase in density (from 1.42 to 2.1 gcm™). No notable diffusion occurred for
the sample annealed at the low-temperature regime (300—-700 °C). Raman spectroscopy
showed limited recrystallization after annealing at the low-temperature regime but recovery
of some of the implant damage coupled with out-diffusion was observed after annealing at
1000—1200 °C. The original structure of glassy carbon was not achieved at 1200 °C which
shows that some radiation damage was retained within it, giving rise to a different structure
other than the pristine glassy carbon. Diffusion coefficients of 5.9 x 1072° m?s~! and

4.79 x 1072 m?s™! were obtained for Se in defective glassy carbon at 1000 and 1100 °C,
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respectively. More diffusion studies will be required to obtain more values of diffusion
coefficients. Such studies should be done in the limited temperature range (1000—1100 °C)
where diffusion coefficients were earlier obtained. By doing so, adequate points (i.e. the
diffusion coefficient values) would be available to obtain activation energy needed to
adequately characterize the diffusion of the Se in defective glassy carbon.
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