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ARTICLE INFO ABSTRACT

Keywords: Nuclear waste storage materials are inevitable in nuclear industry for preventing the release of radioactive waste
Ruthenium products. Glassy carbon has been considered being beneficial to be used in the dry cask needed for nuclear waste
Glassy Ca_rb‘m storage. Thus, we studied the migration of ruthenium implanted in glassy carbon upon annealing. Our in-
gi?er:tg:m" vestigations show that ruthenium implantation caused defects in the glassy carbon structure, with more defects

observed in the room temperature as-implanted samples compared to those implanted at 200 °C. Annealing the
as-implanted samples from 500 to 800 °C showed no significant change in the ruthenium depth profiles, indi-
cating the non-diffusivity of ruthenium in glassy carbon at these temperatures. However, annealing at higher
temperatures (from 900 and 1300 °C) resulted in an increase in the maximum depth profile peaks, accompanied
by a shift towards the surface, and a decrease in the full-width at half-maximum. These changes indicate the
aggregation of ruthenium atoms in the near-surface region. Additionally, more ruthenium aggregation was
observed in room temperature implanted samples compared to those implanted at 200 °C. This difference is
attributed to the higher concentration of defects in room temperature implanted samples, which promotes
ruthenium aggregation. Moreover, the migration and aggregation of ruthenium in the near-surface region

Surface roughness

contributed to an increase in the surface roughness of the glassy carbon.

1. Introduction

Addressing the global challenge of sustainable energy production
with minimal carbon emissions is paramount. The conventional use of
fossil fuels for energy generation significantly contributes to carbon
dioxide emissions, exacerbating climate change. In contrast, nuclear
energy stands out as one of the cleanest energy sources, boasting mini-
mal carbon footprint [1]. However, the utilization of nuclear power
leads to the generation of substantial nuclear waste, necessitating
meticulous management to prevent environmental and health risks. For
instance, a nuclear reactor operating with 1 GW produces approximately
20,000 — 27,000 kg of spent nuclear fuel (SNF) annually [2]. Proper
waste management is imperative to mitigate the hazards posed by
radioactive waste leakage during transportation, storage, or unforeseen
incidents [3]. Therefore, nuclear waste management remains a persis-
tent concern for the industry, leading many countries to hesitate in
embracing nuclear energy [4].

Developing robust nuclear waste containers is a critical aspect of
waste management. These containers must ensure the long-term
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stability of radioactive materials, isolate radioactivity during trans-
portation, storage, and disposal, and prevent leakage. While traditional
containers are usually made of metals like stainless steel, iron, copper,
nickel-based alloys, and titanium alloys [5], these materials are prone to
degradation over time, which may result in radioactive material leaking
into the environment. Hence, there is a growing need for storage con-
tainers with a longer lifespan. This can be achieved by improving the
material from which the containers are made. Glassy carbon, a synthetic
form of carbon that exhibits glassy, ceramic, and graphite properties, has
emerged as a potential material for nuclear waste storage containers. Its
unique characteristics, such asresistance to high temperature and
corrosion, low density, biocompatibility, and impermeability to liquids
and gases, along with its ability to trap some radioactive elements,
contribute to its suitability for this purpose [6-8]. These outstanding
properties position glassy carbon as a promising candidate, offering
enhanced durability and containment capabilities compared to con-
ventional options.

Moreover, glassy carbon must meet specific criteria to serve as a
material for containing nuclear waste [3,9]. These requirements include
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high resistance to radiation damage from nuclear waste and inhibiting
the diffusion of radioactive fission elements commonly found in nuclear
waste containers (e.g., ruthenium). The suitability of glassy carbon as a
diffusion barrier against various radioactive fission products (such as Cs,
Sr, Cd, In, Ag, Se, Xe) has been thoroughly investigated [7-17]. These
studies revealed that the implantation of fission products into glassy
carbon leads to some changes in its structure (e.g., implantation at room
temperature leads to amorphization, whereas implantation at higher
temperatures results in fewer structural defects). However, recrystalli-
zation of amorphous glassy carbon (i.e., in samples implanted at room
temperature) was observed after annealing [7-11,13]. Furthermore,
after annealing at different temperatures, different impurities implanted
in glassy carbon (such as Sr, Eu, Se and Xe) showed different migration
behaviors (such as Fickian diffusion and segregation). Overall, previous
studies suggest a correlation between the structure of glassy carbon and
the migration behavior of implanted fission products [7-17].

In our previous study, ruthenium ions were implanted into glassy
carbon at room temperature, and then the as-implanted samples were
sequentially annealed from 1000 to 1300 °C [18]. We observed that
ruthenium tended to aggregate within the implanted region of the glassy
carbon starting from the initial annealing stage (i.e., 1000 °C). However,
the behavior of ruthenium atoms in glassy carbon at lower annealing
temperatures remains unexplored and requires further investigation.
Additionally, the heat generated by the radioactivity of nuclear waste
can elevate temperatures within the nuclear waste storage system [2].
To simulate the radiation conditions expected within the nuclear waste
storage material, the glassy carbon material was implanted with
ruthenium (in this study) at both room temperature and a high tem-
perature of 200 °C, each to a fluence of 1 x 10 ions/cm?. This
approach aimed to compare the radiation-induced damage in the glassy
carbon substrates resulting from ruthenium implantation at varying
temperatures. Furthermore, this study investigates the annealing of ra-
diation damage and the migration behavior of ruthenium within the
glassy carbon substrate after annealing at low and high temperatures.

2. Experimental Method

SIGRADUR®G glassy carbon samples from Hochtemperature-
Werkstoffe GmbH, Germany were used in this study. The as-received
samples were implanted with 150 keV ruthenium (Ru) ions to a flu-
ence of 1 x 10 ions/cm? in vacuum at room temperature and 200 °C.
The as-implanted samples were annealed sequentially (in vacuum) at
low and high temperatures ranging from 500 to 1000 °C and from 1000
to 1300 °C, respectively, in steps of 100 °C and for 5 h. A computer-
controlled Webb 77 graphite furnace was used for the annealing pro-
cess. The structural changes and surface modification in the glassy
carbon substrates due to implantation and annealing were investigated
by Raman spectroscopy, X-ray diffraction (XRD) and atomic force mi-
croscopy (AFM). Moreover, Rutherford backscattering spectrometry
(RBS) was used to study the migration behavior of ruthenium atoms in
glassy carbon upon annealing.

WITec alpha 300 confocal Raman spectroscopy instrument was used
to monitor the influence of ruthenium implantation and annealing on
the microstructure of glassy carbon substrate. Using a 100 x 0.9NA
objective lens, the Raman spectra were acquired at 532 nm with 5mW
laser excitation. The penetration depth of the 532 nm laser in glassy
carbon was calculated by dividing the wavelength by the extinction
coefficient, as shown in the following equation, z = A/4nk [19], and
found to be 59 nm. The Raman spectra of glassy carbon were analyzed
by first correcting the baseline of the spectral lines using a linear
background correction. Subsequently, using OriginLab software pro-
gram [20], the spectra were fitted using both Gaussian and Breit-
Wigner-Fano (BWF) functions to determine the full width at half
maximum (FWHM) and peaks positions.

Grazing incidence X-ray diffraction (GIXRD) analysis was used to
study the structural changes and determine the strains in the glassy
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carbon after implantation and annealing. A Bruker D8 Discover XRD
system with a Cu Ka radiation source (1.54184 10\) was used to acquire
the GIXRD spectra of the glassy carbon samples. The incident angle was
4° and the 20 step size was 0.04°. The penetration depth of X-rays in
glassy carbon was calculated in our previous study and found to be 3 pm
[18].

Atomic force microscopy (AFM) was used to study the surface
topography of the virgin glassy carbon surfaces after implantation and
annealing processes. The Dimension Icon AFM system was used to
obtain AFM images. The system operates in contact mode and has a
sharp nitride lever (SNL) probe with a tip radius of 2 nm, a spring
constant of 0.30 N/m and a scan rate of 0.3 Hz. The resonance frequency
of the SNL probe was between 40 and 75 kHz. AFM images obtained
during the analysis of all samples were further analyzed using Nano-
Scope Analysis (Bruker, USA), to determine the surface roughness
[21,22].

Rutherford backscattering spectrometry (RBS) was used to monitor
the migration behavior and depth profiles of ruthenium in glassy carbon
samples before and after annealing. Helium ions with an energy of 1.6
MeV were used in the RBS measurements. The beam spot size was about
1 mm and the depth resolution was about 3 nm. The backscattered He
ions were detected using a silicon surface barrier detector set at a 165°
and a charge of 8 pC was collected per measurement. The measurement
was repeated three times for each sample to reduce noise in the RBS
spectra. Throughout the study, the maximum beam current was kept
atl5 nA to ensure uniformity.

3. Results and discussion
3.1. TRIM simulations

Fig. 1 shows the comparison between the RBS depth profile of Ru and
the theoretical depth profile obtained by TRIM ion distribution simu-
lation software [23]. These simulations were conducted using a sub-
strate density of 1.42 g/cm®, representing the density of the virgin
Sigradur®G glassy carbon samples used in this study. Furthermore,
TRIM simulations were also used to determine the displacement per
atom (dpa) introduced by Ru implantation into glassy carbon.

According to our experimental results, Ru implanted at room tem-
perature and 200 °C exhibit depth profiles with R;, values of 116.5 £ 3
and 116 + 3 nm, respectively. These values are comparable with the
115 nm of the TRIM results. However, the difference between the range
straggling, ARy, obtained from RBS (31.2 & 3 nm) and TRIM (24.4 nm) is
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Fig. 1. RBS depth profiles of Ru ions implanted in glassy carbon at room
temperature and 200 °C compared with TRIM simulation profile. The damage
in dpa is also shown (in magenta) using the ions fluence of 1 x 10%cm~2
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about 24.5 %, which exceeds TRIM accuracy (i.e., 5-10 %). This
discrepancy in the ARp could be as a result of the trapping of some of the
implanted ions in the pores contained within the glassy carbon structure
[24]. This trapping of the ions causes the ARp to be higher than ex-
pected. This phenomenon could be further investigated to gain a better
understanding of the trapping and its effects. Furthermore, the
discrepancy in the ARp could also be due to the surface roughness of the
as-implanted samples (which is equal to 0.4 nm — see AFM results)
which can lead to a broader ion distribution than suggested by TRIM
(TRIM considers the target as amorphous and having a smooth surface).

As shown in Fig. 1, the maximum damage level is 1.9 dpa obtained
from TRIM simulations. This is significantly higher than the critical
displacement per atom (dpa) value of 0.2 dpa required to amorphize
glassy carbon [25]. Thus, the simulation of Ru in the glassy carbon (at
the ion fluence of 1 x 10'® cm™2) implies an amorphization thickness of
about 155 nm in the glassy carbon substrate — see Fig. 1. This result is in
good agreement with the Raman results shown in Fig. 2 below.

3.2. Raman results

Fig. 2 compares the Raman spectrum of virgin glassy carbon with
that of implanted glassy carbon with Ru. Raman spectrum of virgin
glassy carbon sample shows the D and G characteristic bands at positions
1346 cm ™! and 1587 cm™?, respectively. The D and G peaks originate
from the disordered sp® bonds and sp? vibrations of graphite, respec-
tively [26]. These two peaks of the glassy carbon indicate the presence of
small graphitic crystallites imbedded in the amorphous matrix [8]. The
D and G peaks merged into a single broadband after implantation at
room temperature and 200 °C. Only amorphous carbon structures have
Raman spectra similar to those obtained from the as-implanted glassy
carbon [25,27-30]. This indicates the amorphization of the graphitic
crystallites in the implanted glassy carbon samples [8,26]. However, a
broader peak was present in the Raman spectrum of the as-implanted
samples at 200 °C compared to those implanted at room temperature
—see Fig. 2. Adeojo et al. [17] and McCulloch et al. [30] also presented
similar results, concluding that the magnitude of radiation damage in
the room temperature implanted sample is greater than that in the
200 °C implanted sample.

Raman spectra of virgin glassy carbon samples, as-implanted at room
temperature and 200 °C, and annealed samples at temperatures from
500 to 1000 °C are shown in Fig. 3. Initial annealing at 500 °C showed
broad D and G peaks, indicating partial recrystallization of glassy carbon
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Fig. 2. Raman spectra of glassy carbon before and after ruthenium implanta-
tion at room temperature and 200 °C.
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after annealing. The observed intensity of the re-grown G peak is higher
than that of the D peak. This was more apparent in the implanted
samples at room temperature — see Fig. 3. However, further annealing
from 600 °C to 1000 °C resulted in the enhancement of the D peak in-
tensity and a reduction in the G peak width. This indicates that some
recovery of the glassy carbon structure increased with the increasing
annealing temperature [7,10-11,16-17,24]. Moreover, at 1000 °C, the
intensity of the D and G peak appears to be the same. It is noteworthy
that this is in contrast to the Raman spectrum obtained for virgin glassy
carbon, which shows a more distinct D peak. This is further proof that
annealing at 1000 °C did not completely remove all the damage (in
glassy carbon) introduced by Ru ion implantation.

Fig. 4 shows Raman spectra of Ru implanted glassy carbon at room
temperature and 200 °C and annealed at higher temperatures, i.e.,
sequentially from 1000 to 1300 °C. As-implanted glassy carbon samples
that were annealed at temperatures ranging from 1000 to 1300 °C
showed re-growth of the Raman D and G peaks. Similar to samples
annealed at lower temperatures, this indicates the recrystallization of
glassy carbon. However, the structure did not fully return to its original
state of virgin glassy carbon even after annealing at 1300 °C. This is
further proof that annealing of as-implanted samples within the tem-
perature ranges investigated in this study did not completely remove all
radiation damage in the glassy carbon.

Fig. 5 shows the FWHMs of the G peaks of the acquired spectra before
and after annealing of the glassy carbon samples implanted with Ru at
room temperature and 200 °C. From Fig. 5, the FWHM value of the G
peak increased from 31 + 2 cm ™! (virgin glassy carbon) to 155 + 2 cm ™!
and 136 + 2 cm ™ after implantation with Ru at room temperature and
200 °C, respectively. This broadening is due to the introduction of dis-
order (point defects) within the glassy carbon structure [8,13,26,31].
However, the G peak in room temperature implanted samples is broader
than that in 200 °C implanted samples. This indicates that samples
implanted at room temperature have more defects than those implanted
at 200 °C [17]. Annealing from 500 to 1000 °C and from 1000 to 1300 °C
resulted in a decrease in FWHM in all samples. The decrease in FWHM
was an indication of the removal of some defects (annealing of radiation
damage introduced by Ru ion implantation) [8,13,18]. However,
annealing caused more decreases in the FWHMs for samples implanted
at 200 °C compared to samples implanted at room temperature and
annealed under the same conditions. This indicates that samples
implanted at 200 °C have less defects than samples implanted at RT, all
annealed from 500 to 1300 °C. This could be due to the initial number of
defects in glassy carbon introduced by the ion implantation process
(where implantation at room temperature caused more radiation dam-
age/defects than those implanted at 200 °C). Moreover, at 1300 °C,
FWHM values are 45 + 2 and 40 + 2 cm ™! for room temperature and
200 °C implanted samples, respectively. These values are higher than 31
+ 2 em ™! for virgin glassy carbon. This also indicates that annealing did
not completely remove all the damage introduced by the Ru ion im-
plantation [3].

Comparing Fig. 5 (a) with (b), it is clear that annealing at 1000 °C
exhibit a wider FWHM than those samples annealed sequentially up to
1000 °C. This indicates that samples annealed at 1000 °C have more
defects than samples annealed sequentially up to 1000 °C, where
sequential annealing from 500 to 900 °C caused partial removal of the
defects. Ru migration in glassy carbon is influenced by defects in these
samples, as will be discussed later in this study.

Fig. 6 shows the positions of the G peaks of the acquired spectra
before and after annealing of the glassy carbon samples implanted with
Ru at room temperature and 200 °C. The G peak of virgin glassy carbon
is located at 0 °C. After Ru ion implantation, the G peak position shifted
to alower wavenumber. The shift of the Raman peak to a higher or lower
wavenumber can be attributed to stress [32]. The type of residual stress
associated with the Raman peak shift to a lower wavenumber (compared
to the G peak of virgin glassy carbon) is tensile stress [32]. Which means
the as-implanted samples were under tensile stress due to ion
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Fig. 3. Raman spectra of glassy carbon before and after ruthenium implantation at (a) room temperature and (b) 200 °C, and after annealing the implanted glassy
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Fig. 4. Raman spectra of glassy carbon before and after ruthenium implantation at (a) room temperature and (b) 200 °C, and after annealing the implanted glassy

carbon samples from 1000- 1300 °C.

implantation. Samples implanted at room temperature exhibit more
shifts to a lower wavenumber than for samples implanted at 200 °C.
Several factors influence residual stress in materials, including heat,
implantation, and crystal growth. However, several studies by McCul-
loch et al. [25,30,33] found that an increase in the density of virgin

glassy carbon after ion implantation at room temperature leads to the
introduction of tensile stress in the glassy carbon. McCulloch et al
[25,30,33] mentioned that the increase in the density of the implanted
glassy carbon will require a smaller volume (since density = mass/vol-
ume), then glassy carbon tends to contract, however, is prevented from
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doing so in the plane of the substrate, giving rise to a tensile biaxial
stress.

Annealing the as-implanted samples from 500 to 900 °C showed a
significant shift of the G peak towards the higher wavenumber, but did
not exceed the position of the G peak of virgin glassy carbon — see Fig. 6
(a). This indicates the reduction of tensile stress in glassy carbon after
annealing up to 900 °C. However, annealing at 1000 °C or higher tem-
peratures showed an increased shift of the G peak towards a wave-
number higher than the position of the G of virgin glassy carbon — see
Fig. 6(a) and (b). The shift to higher wavenumber indicates the presence
of the compressive stress [32]. An earlier study [34], found similar re-
sults, where Xe implantation into glassy carbon introduced tensile stress
while sequential annealing from 500 to 900 °C reduced the tensile stress.
However, they also found that sequential annealing up to 1000 °C
induced compressive stress [34]. The difference in stress between as-
implanted and annealed samples from 500 to 900 °C and from 1000
to 1300 °C could be due to differences in the glassy carbon density.
McCulloch et al. [30] and Zhang et al. [35] found that annealing glassy
carbon at temperatures around 1000 °C or higher reduces the density of
glassy carbon due to structural rearrangement formation. Reducing the
density of the implanted glassy carbon after annealing will result in
compressive stress [33]. McCulloch et al. [33] mentioned that the
decrease in the density will require a larger volume, thus glassy carbon
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will tend to expand, however, is prevented from doing so in the plane of
the substrate, giving rise to a compressive biaxial stress. This agrees with
the result presented in this study, where compressive stress was
observed after annealing at temperatures above 900 °C.

3.3. XRD results

The amount and type of strain in virgin glassy carbon after implan-
tation and annealing at high temperatures (from 1000 to 1300 °C) was
estimated from XRD patterns (see Figures S1 and S2) using the William-
Hall equation [36] — see Fig. 7. The amount of strain in virgin glassy
carbon increased from 4.5 x 10~* to 0.002 and 0.0054 after ion im-
plantation at 200 °C and RT, respectively, indicating that ion implan-
tation caused radiation damage (i.e., disorder within the graphitic
crystallites in the glassy carbon structure) [37]. However, the strain in
annealed samples has negative values — see Fig. 7. The minus sign or plus
sign in the amount of strain indicates the type of strain: the minus sign
indicates compressive strain, while the plus sign indicates tensile strain
[38]. Therefore, as seen in Fig. 7, implantation of Ru in glassy carbon
produced tensile strain, while annealing the as-implanted samples
introduced compressive strain in the glassy carbon. This is in good
agreement with Raman results, where the G peak position of virgin
glassy carbon shifted to a lower wavenumber after implantation,
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indicating the presence of the tensile strain. However, the G peaks shift
to a higher wave number after annealing from 1000 to 1300 °C, which
indicates the presence of compressive strain. As mentioned above, the
difference in strain/stress between as-implanted and annealed samples
could be due to differences in the glassy carbon density after implan-
tation and annealing [25,30,33].

3.4. RBS results

Fig. 8 shows the depth profiles of Ru in glassy carbon before and after
annealing at low temperatures (i.e., from 500 to 1000 °C). These depth
profiles were fitted with an in-house program to obtain the projected
range, R, and the full width at half maximum FWHM [39], which is
shown in Figs. 9 and 10, respectively. From Fig. 8, annealing from 500 to
800 °C showed no noticeable change in Ru depth profiles as compared to
the as-implanted depth profile, which indicates the non-diffusivity of Ru
in glassy carbon after annealing at these temperatures. However,
annealing at 900 °C and 1000 °C caused a significant change in R, and
FWHM of ruthenium depth profiles as shown in Fig. 9. The R, in room
temperature implanted samples changed from 116 nm (for as-implanted
samples) to 98 and 95 nm after annealing at 900 °C and 1000 °C,
respectively, while the R, in the 200 °C implanted samples changed to
96 nm and 93 nm, respectively — see Fig. 9 (a). This indicates that the
depth profile has shifted toward the glassy carbon surface. The reason
for this shift will be discussed later in this study — see discussion of Fig. 9
(a). Moreover, the shift was accompanied by a decrease in the FWHM
from 0.66 x 10~** m? (for as-implanted samples) to 0.60 x 10~ % m?2
and 0.58 x 10~** m? for 200 °C implanted samples annealed at 900 °C
and 1000 °C, respectively — see Fig. 9 (b). The room temperature
implanted samples showed a greater decrease in FWHM, 0.46 x 10~
m? and 0.40 x 107!* m? after annealing at 900 °C and 1000 °C,
respectively. Furthermore, the maximum peak of the relative atomic
density in the room temperature implanted samples annealed at 900 °C
and 1000 °C increased from around 1.8 % (for as-implanted samples) to
2.0 % and 2.2 %, respectively, while in the 200 °C implanted samples
annealed under the same conditions was 1.9 % and 1.95 %, respectively.

These changes in the FWHMs and the maximum peaks of the relative
atomic density indicate that the Ru atoms aggregate (i.e., high Ru con-
centration) in a smaller region (i.e., narrower FWHM) after annealing at
900 °C and 1000 °C as compared to the distribution of Ru atoms before
and after annealing from 500 to 800 °C. Usually, the aggregation of
atoms occurs due to cohesive forces between the atoms themselves,
which leads to the formation of a cluster or particle [40]. Ru atoms have
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Fig. 8. RBS depth profiles of Ru implanted at (a) RT and (b) 200 °C, showing
the effect of annealing at low temperature (500-1000 °C) on the migra-
tion behaviour.

strong cohesive forces (6.74 eV/atom) [41]; thus, the Ru atoms may
easily tend to aggregate into “nanoparticles” in the glassy carbon.
Several studies have shown that, during annealing, the metal atoms
implanted into the substrate will aggregate to form metal nanoparticles
inside the substrate [40,42-45]. Moreover, apart from these changes in
the peaks positions, FWHM and the maximum of the relative atomic
density peaks, no Ru concentration loss was observed after annealing.

From Fig. 8 (a) and (b), more Ru aggregation (higher relative atomic
density and smaller FWHM) was observed in room temperature
implanted samples compared to 200 °C implanted samples, all annealed
at 900 °C and 1000 °C. This could be due to the higher concentration of
defects in room temperature implanted samples (as discussed in Raman
results), where defects in glassy carbon may lead to increased Ru ag-
gregation and formation of clusters. It is consistent with the assumption
that impurity clusters are more likely to form in regions with high defect
concentrations (in the substrate) [46].

Moreover, Ru aggregation was accompanied by a peak shift toward
the surface — see Fig. 9 (a). This behavior is not uncommon in other
systems (e.g. see [47,48,49] for examples in SiC) and depends on
changes in the surface microstructure (for example, thermal etching) of
the substrate in which diffusion occurs. However, the shifting of the
profiles towards the surface of glassy carbon is much more problematic
to explain, as glassy carbon is thermally stable up to 2000 °C (i.e., with
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Fig. 9. (a)Peak positions of RBS Ru depth profiles (implanted at RT and
200 °C), then sequentially annealed from 500 °C to 1000 °C for 5 h. (b) FWHMs
of RBS Ru depth profiles (implanted at RT and 200 °C), then sequentially
annealed from 500 °C to 1000 °C for 5 h. Temperatures for implantation and
annealing are separated by the break in the x-axis.

no thermal etching) [50]. The peak shift toward the surface is probably
due to a stress field leading to a migration of the profile as a whole [51].
The Raman and XRD results showed that Ru implantation and annealing
introduced high levels of stress in the implanted region, which could
cause Ru inclusions to drift towards the glassy carbon surface.

The RBS depth profiles of Ru in glassy carbon before and after
annealing at high temperatures (1000 to 1300 °C) were compared as
shown in Fig. 10. Furthermore, the changes in peak positions and
FWHMs of the depth profiles due to annealing are shown in Fig. 11 (a)
and (b), respectively. From Fig. 10, the maximum peak of the relative
atomic density of the as-implanted samples was 1.8 %. This value
increased after annealing at 1000 °C to 2.17 % and 1.97 % for room
temperature and 200 °C implanted samples, respectively. Moreover,
annealing at 1000 °C caused a decrease in the FWHM from 0.66 x 10714
m? (for the as-implanted samples) to 0.35 x 10~ 1* m? and 0.47 x 10~ %*
m? for the samples implanted at room temperature and 200 °C,
respectively. This indicates that annealing at 1000 °C caused Ru atoms
to aggregate, as expected since Ru atoms tend to aggregate in glassy
carbon at temperatures higher than 800 °C. However, comparing the
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Fig. 10. Depth profiles of Ru implanted at (a) RT and (b) 200 °C, showing the
effect of annealing at high temperature (1000-1300 °C) on the migration
behavior of Ru.

FWHMs and the maximum peaks of the relative atomic density in the
two samples, Ru aggregation was more pronounced in room tempera-
ture implanted samples than in 200 °C implanted samples, all annealed
at 1000 °C. As discussed above, the high concentration of defects in
room temperature implanted samples facilitated Ru aggregation and
cluster formation. Moreover, as observed in samples annealed at lower
temperatures, the shift in depth profile peak towards the glassy carbon
surface could be due to a stress field. Subsequent annealing at 1100,
1200, and 1300 °C showed no significant Ru peak shift in room tem-
perature implanted samples. Conversely, significant peak shifts were
observed in 200 °C implanted samples after annealing under the same
conditions (see Fig. 11 (a)). This might be due to increased Ru aggre-
gation within the room temperature implanted samples (see Fig. 11(b))
which can cause Ru clusters to grow larger, causing Ru to migrate more
slowly toward the surface compared to the 200 °C implanted samples
which showed less Ru aggregation. Another explanation might be that
the high concentration of defects in the room temperature implanted
sample (compared to 200 °C implanted samples) can play a role in
trapping the majority of the Ru atoms in the high radiation damage
region which restricts its migration towards the surface. Similar results
were found in a previous study [17], where Se atoms implanted in glassy
carbon at room temperature showed less migration towards the surface
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Fig. 11. (a) Peak positions of Ru depth profiles (implanted at RT and 200 °C),
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depth profiles (implanted at RT and 200 °C), then sequentially annealed from
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after annealing, compared to those implanted at 200 °C and annealed
under the same conditions. This was explained by the higher radiation
damage in room temperature implanted samples, which trapped the Se
atoms [17]. Moreover, no noticeable loss of Ru implanted in glassy
carbon was observed in the room temperature and 200 °C implanted
samples, annealed between 1000 and 1300 °C. This can be attributed to
Ru aggregation, which forms Ru clusters within the glassy carbon,
thereby inhibiting Ru out-surface diffusion.

Comparing the FWHM of the RBS Ru depth profiles for samples
annealed at 1000 °C (Fig. 11(b)) and sequentially up to 1000 °C (Fig. 9
(b)) is another key consideration. The narrower FWHM observed in the
samples annealed at 1000 °C suggests higher levels of Ru aggregation in
glassy carbon compared to those annealed sequentially up to 1000 °C.
This difference could be due to partial removal of defects during
sequential annealing from 500 to 900 °C, as indicated by the Raman
results (see Fig. 5). Thus, defects in glassy carbon contribute signifi-
cantly to Ru aggregation. Compared to sequentially annealed samples up
to 1000 °C, glassy carbon samples annealed at 1000 °C exhibit greater
aggregation and less Ru peak shift toward the surface (Figs. 9 and 11).
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Therefore, large Ru aggregation may inhibit the migration of Ru to the
surface.

According to the above results, the migration of Ru in glassy carbon
is affected by two factors — first, the concentration of defects in the as-
implanted glassy carbon and second, the annealing temperature.
Annealing from 500 to 800 °C caused no Ru migration in glassy carbon,
however, higher temperatures (from 900 to 1300 °C) did. This indicates
that Ru is non-diffusible in glassy carbon at temperatures below 900 °C.
Moreover, Ru migration was highly affected by defects concentrations in
glassy carbon as follows:

1. The high defect concentrations in the room temperature implanted
samples trapped Ru atoms which aggregated and formed large
clusters and thus hindered their migration toward the surface

2. On the other hand, the low defect concentrations in the 200 °C
implanted samples caused less Ru trapping and thus reduced ag-
gregation or formation of larger clusters. Therefore, Ru migration
toward the surface was more pronounced in 200 °C implanted
samples. This is due to the fact that less trapping caused lighter Ru
aggregation or clusters which migrated easily toward the surface

3.5. AFM results

The surface roughness of virgin, as-implanted and annealed glassy
carbon was evaluated by the AFM images (see Figures S3, S4, S5 and S6)
and by measuring the R; (root mean square roughness) using the
Nanoscope software [22]. The R, value obtained for virgin glassy carbon
is 1.45 + 0.1 nm. This value decreased to 0.40 &+ 0.05 nm and 0.37 +
0.05 nm after implantation of Ru at room temperature and 200 °C,
respectively — see Fig. 12. In fact, the surface roughness of as-implanted
glassy carbon at room temperature is no different from the surface
roughness of samples implanted at 200 °C, which falls within mea-
surement error. A reduction in surface roughness of virgin glassy carbon
may be attributed to the Ru implantation. It is widely known that ion
implantation often reduces the surface roughness of an initially rough
surface [52]. On the other hand, depending on the substrate material,
ion implantation can increase the surface roughness of an initially
smooth surface [24,53,54]. In this study, the surface of the initial glassy
carbon substrate was rough (i.e., 1.45 £+ 0.1 nm), and decreased after
implantation by Ru ions (as rough surfaces become smoother by
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2,5 1 4
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Fig. 12. Graph showing the effect of ruthenium implantation at room tem-
perature (i.e., 23 °C) and 200 °C and annealing on the surface roughness of
virgin glassy carbon (value at 0 °C) as determined by AFM. Temperatures for
implantation and annealing are separated by the break in the x-axis.
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sputtering [55]), indicating that Ru implantation reduced the surface
roughness which is consistent with the above statement [52].

Fig. 12 shows the surface roughness values of glassy carbon after
annealing at high temperatures. From Fig. 12, annealing at 1000 °C
caused the surface roughness to increase significantly, reaching 1.10 +
0.12 nm for the 200 °C implanted samples and 1.15 + 0.12 nm for the
room temperature implanted samples. The aggregation of ruthenium
atoms at 1000 °C (see Fig. 10) may result in the formation of ruthenium
nanoparticles near the surface, consequently increasing the surface
roughness of glassy carbon. Similar findings were reported by Naidoo
et al. [56], where increased surface roughness was observed in amor-
phous carbon upon Ag implantation, which was attributed to the for-
mation of Ag nanoparticles in the near-surface region.

For room temperature implanted samples, annealing at 1100 and
1200 °C reduced surface roughness to 0.31 + 0.05 nm and 0.25 + 0.05
nm respectively. Since there is no further aggregation or migration of Ru
after annealing the room temperature implanted glassy carbon samples
at 1100 and 1200 °C (see Fig. 10 (a)), the effect of Ru migration on the
surface roughness is negligible. However, annealing reduces the surface
roughness (see Fig. 12) due to the surface diffusion of the substrate
atoms (i.e., carbon atoms) at the peaks of the sputter roughened surface
to valley positions. Consequently, polishing marks were less pronounced
after annealing as shown in AFM images in Figure S5 (a) and (b).
However, annealing the 200 °C implanted samples at 1100 and 1200 °C
resulted in no change in surface roughness. This could be due to the
further shift of the depth profile toward the surface at 1100 and 1200 °C
(see Fig. 10 (b)) resulting in an increase in surface roughness. However,
annealing at 1100 and 1200 °C reduces the surface roughness,
competing with the increase in roughness caused by Ru migration, and
leaving the surface roughness unchanged.

It was observed that annealing at 1300 °C resulted in an increase in
the roughness values, which became 2.25 + 0.27 nm for the room
temperature implanted samples and 2.75 + 0.27 nm for the 200 °C
implanted samples. An increase in roughness could be due to the large
island clusters formed on the surface of glassy carbon after annealing at
1300 °C. The results obtained from SEM images after annealing from
1000 °C to 1300 °C (as shown in Figures S7 and S8) confirmed these
findings where the grains became larger and the surface became rougher
at 1300 °C, compared to the samples annealed at 1000 °C. As the
annealing temperature increased, the quantity of these clusters
increased. This could be attributed to the aggregation of surface granules
into large clusters at high temperatures. Surface morphology was
observed to be affected by cluster size, namely, as cluster size and the
number of clusters increased, the surface appeared rougher. The in-
crease in cluster size was also accompanied by a reappearance of pol-
ishing marks, especially in the 200 °C implanted samples that exhibit
higher roughness than the room temperature implanted samples
annealed under the same conditions. This could be due to Ru migrating
toward the surface in the 200 °C implanted samples annealed at 1300 °C,
while no noticeable Ru migration was observed in the room temperature
implanted samples — see Fig. 10. It can be deduced that the physical
appearance of the surface topography is greatly dependent on heat
treatment or the migration and aggregation of implanted Ru.

4. Summary and conclusion

This study investigated the structural changes in glassy carbon after
ruthenium implantation (at room temperature and 200 °C) and
annealing. Moreover, the migration behavior of ruthenium in glassy
carbon was also studied. Raman spectroscopy showed that ruthenium
implantation caused defects in the glassy carbon structures, with more
defects observed in the room temperature as-implanted samples. These
defects were reduced by annealing, however, samples implanted at
room temperature still had a larger amount of defects compared to those
implanted at 200 °C and annealed under the same conditions. Moreover,
ion implantation introduced tensile stress into the glassy carbon
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structure, while annealing from 500 to 900 °C reduced this stress.
Conversely, annealing at higher temperatures (from 1000 to 1300 °C)
introduced compressive stress. These findings were confirmed by GIXRD
results, consistent with Raman results. This difference in stress between
as-implanted and annealed samples from 500 to 900 °C and from 1000
to 1300 °C was attributed to differences in glassy carbon density.

From the RBS results, annealing at temperatures from 500 to 800 °C
did not significantly alter the Ru depth profiles, indicating that Ru does
not diffuse in glassy carbon at these temperatures. However, annealing
at higher temperatures caused notable changes in the Ru depth profiles,
with increased aggregation of Ru atoms and a shift of the depth profiles
toward the surface. This aggregation occurred due to strong cohesive
forces between Ru atoms. Moreover, room temperature implanted
samples exhibited more Ru aggregation than the 200 °C implanted
samples. This is attributed to the higher concentration of defects in room
temperature implanted samples, which facilitate Ru aggregation. The
aggregation was accompanied by a shift of the whole depth profile to-
wards the glassy carbon surface. This was probably due to a stress field
that caused the profile to migrate as a whole. However, the shift of Ru
depth profiles toward the surface was less pronounced in the room
temperature implanted samples compared to 200 °C implanted samples,
possibly due to the larger Ru clusters formed in these samples, hindering
migration toward the surface. Moreover, remarkably, neither low-
temperature nor high-temperature annealing led to significant loss of
the implanted Ru from the glassy carbon.

From the AFM results, Ru implantation effectively reduces surface
roughness in glassy carbon, with consistent results at different implan-
tation temperatures. Annealing at 1000 °C leads to increased roughness
due to Ru aggregation, while higher-temperature annealing has varying
effects, influenced by factors such as surface diffusion, cluster formation
and Ru migration.
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