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Abstract 

Glassy carbon samples were implanted with ruthenium ions to a fluence of 1×1016 

cm-2 at room temperature (at 150 keV). The implanted samples were annealed 

isochronally in vacuum from 1000 to 1300 °C for 5 hours. The resulting microstructural 

changes were investigated using X-ray diffraction (XRD), Raman spectroscopy 

andatomic force microscopy (AFM). The diffusion behaviour of ruthenium in glassy 

carbon was investigated using secondary-ion mass spectrometry (SIMS). Raman results 

showed that the implantation of ruthenium into glassy carbon caused amorphization and 

increase the tensile stress in the implanted region. XRD showed that the amount of tensile 

stress in virgin glassy carbon increased from 0.016 GPa to 0.19 GPa after ion 

implantation which is in qualitative agreement with the Raman results. Annealing of the 

samples exhibited more recrystallization and changed the tensile stress to compressive 

stress. SIMS results showed that annealing of the as-implanted samples at 1000 °C 

caused aggregation of the ruthenium atoms, while annealing at higher temperatures led to 

some segregation of ruthenium atoms at a depth of 155 nm below the glassy carbon 

surface. The aggregation of ruthenium atoms after annealing (as observed by SIMS) 

played a role in the surface roughness as observed by AFM.  
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1. Introduction  
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Generating sustainable energy with minimized carbon footprint is a global 

challenge. Conventional fossil fuel method of generating energy is accompanied with the 

production of a huge amount of carbon dioxide, which inturn contributes to the climate 

change. In terms of its carbon footprint, nuclear energy is one of the cleanest sources, 

with almost negligible carbon emissions [1]. The nuclear power source is the most 

predictable and documented of all radioactive waste sources. Harnessing nuclear power 

comes with the production of enormous nuclear waste and there is a need for proper 

management of such waste. For example, a nuclear reactor operating with 1GW generates 

almost 20,000 – 27,000 kg of spent nuclear fuel (SNF) per year [2]. Thisradioactive 

waste becomes hazardous to human health when it escapes into the environmentduring 

waste transportation, storage, or accidental conditions [3]. Thus, it is crucial to manage 

the waste and its storage properly. Nuclear waste management has been a problem and 

concern for the nuclear industry; thus, a lot of countries have shied away from the use of 

nuclear [4].  

The development of highly durable nuclear waste containers is a major 

consideration in nuclear waste management. Nuclear waste containers must ensure the 

long-term stability of radioactive materials, isolation of radioactivity during 

transportation, interim storage and disposal, and non-leakage from the container. Most 

nuclear waste containers are usually made of metals such as stainless steel, iron, copper, 

nickel-based alloys and titanium alloys [5]. These materials are susceptible to degradation 

due to ageing which can lead to leakage of radioactive material into the environment. 

Therefore, nuclear storage containers with a longer life span are necessary for nuclear 

waste. This can be achieved by improving the material from which the casks (i.e., nuclear 

storage containers) are made. Glassy carbon has been considered a storage container to 

immobilize nuclear waste against the traditional glass matrixes [6]. It is a form of 

synthetic carbon that exhibits glassy, ceramic, and graphite properties. It exhibits 

exceptional resistance to high temperature, corrosion, and wear, as well as low density, 

biocompatibility, and impermeability to liquids and gases. Based on these properties and 

the low diffusivity of some radioactive elements [7,8] in glassy carbon, glassy carbon is a 

promising candidate material that can be used as a storage container for nuclear waste. 
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Glassy carbon must fulfil certain requirements to be applied as a nuclear waste 

containment material [3,9]. These conditions are: it must be highly resistant to radiation 

damage from nuclear waste and a good diffusion barrier against radioactive fission 

elements found in nuclear waste [3,9]. Likewise, the near-surface region structure of the 

glassy carbon must not change under extreme radiation conditions [3,9]. The applicability 

of glassy carbon as a diffusion barrier against some radioactive fission products (Cs, Sr, 

Cd, In, Ag, Se, Xe) have been studied [7,8,17,9–16]. These studies have shown that 

implantation of fission products into glassy carbon causes some structural changes in the 

host material (for example, implantation at RT amorphized the glassy carbon while 

implantation at higher temperature showed less defects in the structure of glassy carbon). 

However, annealing of the implanted samples resulted in recrystallization of amorphous 

glassy carbon [7-11,13]. Moreover, the annealing caused the migration of the impurities 

implanted into the glassy carbon. These studies concluded that the glassy carbon structure 

played a role in the migration of fission products.  

An extensive literature search showed that ruthenium (Ru) in glassy carbon has not 

been studied previously.106Ru (half-life of 373.59 days) is the most stable isotope of 

rutheniumand it is an important fission product of nuclear fuel or reprocessed nuclear fuel 

[18]. It can also be obtained by the nuclear transmutation of Technetium-99 (99Tc) [19]. 

Ruthenium fission product is very toxic, and it causes cancer. The purpose of this study 

is, therefore, to investigate the migration behaviour of implanted Ru in glassy carbon. As 

was mentioned above, this information is necessary to determine the effectiveness of 

glassy carbon as a good construction material for the casks used for nuclear waste 

storage. The structural changes and surface modification due to Ru implantation and 

annealing were investigated by Raman spectroscopy, X-ray diffractometerand atomic 

force microscopy. 

 

2. Experimental 

The glassy carbon (Sigradur®G) samples from Hochtemperatur-Werkstoffe GmbH, 

Germany, were used in this study. The pristine glassy carbon samples were implanted 

with 150 keV Ruthenium ions at room temperature (RT) to a fluence of 1×1016cm-2. The 
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implantations were done at the iThemba Lab, South Africa. The simulation of the 

ruthenium implantations into glassy carbon was performed using SRIM 2010 [20]. Fig 1 

shows the simulated Ruthenium results: the ruthenium depth profile in glassy 

carbonalongside the displacements per atom (dpa) caused by the ruthenium ions 

implantation. The density and displacement energy of glassy carbon were taken to be 

1.42 g/cm3 and 20eV in the simulation, respectively. A dpa of 0.2 is required to 

amorphized glassy carbon [21]. This would imply that the simulation of Ruthenium in the 

glassy carbon (at the ion fluence of1×1016cm-2) resulted in an amorphization thickness of 

about 155 nm in the glassy carbon substrate. In nuclear waste containers (where glassy 

carbon can be used), glassy carbon will be exposed to different fission products with 

different fluences. The defects due to radiation of some of these fission products 

accumulate in the glassy carbon and may exceed the dpa limit required to amorphize the 

glassy carbon. Therefore, the structural evolution of glassy carbon under such conditions 

needs to be investigated. 

 

Fig. 1: Simulated depth profiles of 150 keV ruthenium and displacement per atom (dpa) 

caused by implantations of ruthenium ions obtained using SRIM 2010 [20]. 

 

The glassy carbon samples implanted with Ru were annealed under vacuum using 

a computer-controlled Webb 77 graphite furnace. The samples were isochronally 

annealed at temperatures ranging from 1000 to 1300 °C in steps of 100 °C for 5 hours. 
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Atomicforce microscopy (AFM) was used to study the topography of the virgin glassy 

carbon surfaces after implantation and annealing. The surface topographies were 

analyzed by a Dimension Icon AFM system in contact mode. The AFM images were 

recorded at two scales of 20×20 μm2. The root mean square (rms) roughness data were 

obtained by analysing the AFM images using the NanoScope Analysis offline software 

[22]. 

Grazing incidence X-ray diffraction (GIXRD) analysis was used to monitor the 

structural changes of glassy carbon (i.e., phases formation, crystals orientations and sizes, 

stress and strain in the crystal lattice) after the ruthenium implantation and annealing 

using the Inorganic Crystalline Structure Database (ICSD) database [23]. GIXRD 

spectrum of the glassy carbon samples were obtained using a Bruker D8 Discover XRD 

system with a Cu Kα radiation source (1.54184 Å) at 2θ step size of 0.04°. The incident 

angle was 4̊, and the maximum depth of X-ray in glassy carbon was calculated from the 

incident angle using the following equation τ = 0.5 L× sin(Ω) [24], where τ is the 

penetration depth, L is path length of X-ray in the sample and Ω is the incident angle. The 

penetration depth of X-ray in glassy carbon was calculated to be 3 µm.  

WITec alpha 300 confocal Raman spectroscopy instrument was used to monitor 

the effect of ruthenium implantation and annealing on the microstructure of the glassy 

carbon substrate. A 100×0.9NA objective lens was used to acquire the Raman spectra at 

the wavelength of 532 nm and laser excitation power of 5 mW. The penetration depth of 

the 532 nm laser in glassy carbon was calculated using the following equation z= λ /4πk 

[25], and was calculated to be around 59 nm. To analyse the obtained Raman spectra of 

glassy carbon, the baseline of the spectral lines was corrected using a linear background 

correction. The Raman spectra of glassy carbon were fitted using both the Gaussian 

function and the Breit-Wigner-Fano (BWF) functionto determine the width (i.e., full 

width at half maximum (FWHM)) of the peaks using the OriginLab software program. 

The migration behaviour and the depth profiles of the ruthenium in glassy carbon 

samples before and after annealing was monitored by secondary ion mass spectrometry 

(SIMS).SIMS analyses were performed with a Cameca IMS 7f microanalyser. For each 

measurement, a primary beam of 10 keV O2+ ions was raster scanned across the sample 
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area of 150 × 150 μm2. The intensity-concentration calibration was achieved with the as-

implanted samples as reference. Finally, the depth conversion of the recorded profiles 

was performed by measuring the sputtered crater depth with a DEKTAK 8 stylus 

profilometer and assuming a constant erosion rate with time. 

 

3. Results and discussion 

3.1 Raman results 

Raman spectra of pristine glassy carbon sample, as-implanted, and annealed 

sample from 1000 to 1300 °C are shown in Fig. 2. The Raman spectrum of virgin glassy 

carbon sampleshows the D and G characteristic bands at positions 1346 cm-1 and 1587 

cm-1, respectively. The D and G peaks originate from the disordered sp3 bonds and sp2 

vibrations of graphite, respectively [26]. These two peaks of the glassy carbon indicate 

the presence of small graphitic crystallites (ribbons) imbedded in the amorphous matrix 

[8]. The D and G peaks merged into a single broadband after implantation, accompanied 

by a decrease in the peak intensities, indicating amorphization of the graphitic crystallites 

in the glassy carbon sample [8,26]. The SRIM simulation data presented in Fig. 1, 

correlates with the Raman data. The amorphization of glassy carbon due to implantation 

at room temperature, at low implantation energy and at fluences of similar magnitude was 

also reported by other researchers [7,16,21,27]. 



7 
 

 

Fig. 2: Raman spectra of glassy carbon before and after ruthenium implantation at 

roomtemperature and after annealing the implanted glassy carbon samples from 1000 – 

1300°C.   

 

The initial annealing at 1000 °C showed broad D and G peaks (see Fig. 2), 

indicating partial recrystallization of glassy carbon after annealing. Further annealing 

from 1100 °C to 1300 °C resulted in the enhancement of the D and G peaks intensity and 

a reduction in the peak width. This indicates that some recoveryof the glassy carbon 

structure increased with the increasing annealing temperature. However, the structure did 

not return to its original state of the pristine glassy carbon.  
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Fig. 3: The effect of ruthenium ion bombardment at room temperature (i.e., 23 ˚C) and 

heat treatment on the (a) FWHM values of the G peak of glassy carbon acquired after 

fitting the spectra with the BWF function and (b) G peak position of the acquired 

spectra.The G peak position and FWHM of virgin glassy carbon are shown at 0 ˚C. 

 

Fig. 3 shows the FWHM of the G peaks as well as the positions of the G peaks of 

the acquired spectra before and after annealing of the glassy carbon samples implanted 

with Ru. From Fig. 3 (a), the FWHM value of the G peak increased from 31 cm−1 

(pristine glassy carbon) to 195 cm−1 after implantation with Ru at room temperature. This 

broadening is due to the introduction of disorder (point defects) within the glassy carbon 

structure [8,13,26,28]. Annealing resulted in the decrease of the FWHM values from 195 

cm−1 (after implantation) to 42 cm-1 (after annealing at 1300 °C). The decrease in the 

FWHM was an indication of the removal of some defects (annealing of the radiation 

damage introduced by the ruthenium ion bombardment). 

Fig. 3 (b) shows that the G peak position shifts after implantation. This shift of the 

Raman peak to higher or lower wavenumber can be attributed to stress [29]. The type of 

residual stress associated with the Raman peak shift to lower wavenumber is tensile stress 

[29]. Which means the sample was under tensile stress due to the irradiation. 

Annealing the as-implanted samples from 1000 to 1300 °C showed a significant 

shift of the G peak towards thehigher wavenumber which can be attributed to the 

presence of the compressive stress [29]. These differences in stress between as-implanted 

and annealed samples could be due to differences in the glassy carbon density after 
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implantation and annealing [21,30-31]. Several studies by McCulloch et al. [21,30-31] 

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. [21,30-31] mentioned that the increase in the density of the implanted 

glassy carbon will require a smaller volume (since density = mass/volume), then glassy 

carbon tends to contract, however, is prevented from doing so in the plane of the 

substrate, giving rise to a tensile biaxial stress. 

It is well known that implantation of ions (irrespective of the ions implanted) at 

room temperature increased the density of virgin glassy carbon [7,21,30-31]. However, 

Zhang et al. [32] found that annealing glassy carbon at temperatures above 1000 °C 

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 as mentioned by McCulloch et al. in ref [30]. McCulloch et al. [30] mentioned that 

the decrease in the density will require a larger volume, thus glassy carbon 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 the as-implanted samples – see Fig.3 (b).  

 

3.2 GIXRD 

Fig. 4 shows the GIXRD diffractograms for the virgin, as-implanted and annealed 

glassy carbon. For the virgin glassy carbon (Fig. 4 (a)), the GIXRD reflections at 

2θ = 25.3° and 43.4° correspond to a turbostratic carbon structure [33-34]. The 

reflections at 2θ = 53.92° and 80.5°correspond to hexagonal and orthorhombic graphite, 

respectively. The GIXRD result, therefore, indicates that the virgin glassy carbon 

contains amorphous carbon and graphite lattice structures. This result is in good 

agreement with the Raman result of the virgin glassy carbonin Fig. 2, where the D and G 

peak of the virgin glassy carbon indicate the presence of small graphitic crystallites 

imbedded in the amorphous matrix. From Fig. 4 (a), implantation of the glassy carbon 

with ruthenium ions resulted in a slight peak shift to a lower 2θ position and a decrease in 

GIXRD peaks intensities accompanied by an increase in their FWHM. This indicates that 
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ruthenium ions implantation introduced lattice disorder and strain in the glassy carbon 

crystal structure [35-36]. 

Fig. 4 (b), shows the GIXRD diffractograms for the as-implanted and annealed 

glassy carbon. The as-implanted glassy carbon showed broader lower-intensity XRD 

peaks, compared to the intensities of the peaks of the annealed samples. As mentioned 

before, the intensityof the individual diffraction peaks depends on the defects of the 

crystal structure as well as the internal strain of the sample [37]. The internal strain of the 

virgin, as-implanted and annealed glassy carbon was estimated from GIXRD patterns and 

shown in Fig. 5.  

 

Fig. 4: The GIXRD diffractograms of (a) virgin and as-implanted glassy carbon (GC), 

(b) then sequentially annealed at temperatures ranging from 1000 ˚C to 1300 ˚C for 1 h 

at each temperature.. 
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Fig. 5: The strain and residual stress of the virgin glassy carbon (at 0 ˚C) after 

implantation (at room temperature, i.e., 23 ˚C) and annealing obtained from GIXRD. 

 

Fig. 5 and Table 1show the quantitative stress and strain estimated from GIXRD 

patterns. The residual strain was obtained by multiplying Young's modulus of glassy 

carbon (i.e., 35 GPa) by the obtained strain using the Williamson-Hall equation [38]. The 

amount of stress in virginglassy carbon increased from 0.016 GPa to 0.19 GPa after ion 

implantation (see Table 1), indicating that ion bombardment caused radiation damage 

(i.e., disorder within the graphitic crystallites in the glassy carbon structure) [39]. 

However, the stress of annealed samples has negative values. The minus sign or plus sign 

in the amount of stress indicates the type of stress: the minus sign indicates compressive 

stress, while the plus sign indicates tensile stress [40]. Therefore, as seen in Table 1, 

implantation of ruthenium in glassy carbon produced tensile stress, while annealing the 

as-implanted samples introduced compressive stress in the glassy carbon. This is in good 

agreement with Raman’s results in the above section, where the G peak position of virgin 

glassy carbon shifted to a lower wavenumber after implantation, indicating the presence 
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of the tensile stress. However, the G peak shift to a higher wavenumber after annealing, 

which indicates the presence of the compressive stress. As mentioned above, the 

difference in stress between as-implanted and annealed samples could be due to 

differences in the glassy carbon density after implantation and annealing.Since 

implantation at room temperature increases the density of virgin glassy carbon [7,21,30-

31], the implanted glassy carbon will require a smaller volume, then glassy carbon tends 

to contract, however, it is prevented from doing so in the substrate plane, giving rise to a 

tensile biaxial stress [7,21,30-31]. Moreover, annealing reduces the density of the 

implanted glassy carbon [30]. Reducing the density of the implanted glassy carbon after 

annealing will require a larger volume, meaning that the glassy carbon will tend to 

expand, however, is prevented from doing so in the plane of the substrate, giving rise to a 

compressive biaxial stress [7,21,30-31]. 

 

Table 1: The average residual stress and strain of pristine, implanted, and annealed 

glassy carbon (GC) samples calculated from GIXRD pattern 

Sample Stress in GPa Strain (%) 

Virgin GC 0.016 4.5×10-4 

Implanted GC with Ru at RT 0.193 0.0055 

 

Implanted GC 

with Ru at RT 

after annealing 

1000 °C -0.100 -0.0028 

1100 °C -0.367 -0.0105 

1200 °C -0.378 -0.0108 

1300 °C -0.523 -0.0150 

 

3.3 SIMS result 

Fig. 6 shows the ruthenium depth profile of the as-implanted samples at room 

temperature compared with the ruthenium depth profiles obtained after annealing from 

1000 to 1300 °C in the step of 100 °C for 5 hours. Implantation at room temperature 

resulted in a near Gaussian distribution (see Fig. 6) of the implanted ruthenium with 

FWHM of 59.2 nm. After annealing, an increase in the maximum of the depth profiles 
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peaks was observed, accompanied by a decrease in the FWHM. This indicates that the 

ruthenium atoms aggregate (i.e., high ruthenium concentration) in a smaller region (i.e., 

narrower FWHM) after annealing as compared to the distribution of ruthenium atoms 

before annealing. Usually, the aggregation of atoms occurs due to cohesive forces 

between the atoms themselves, which leads to the formation of clusters or particles [41]. 

Ruthenium atoms havestrong cohesive forces (6.74 eV/atom) [42]; thus, the ruthenium 

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 [41,43-46]. In this study, 

the aggregation of ruthenium atoms after annealing at 1000 °C is accompanied by slight 

loss (i.e., 6% of total ruthenium atoms) of ruthenium – see Fig. 7. This indicates that 

some ruthenium atoms diffused through the glassy carbon surface after annealing at this 

temperature. However, the error in the retained ratio was estimated at 5%. This indicates 

that the loss of Ru after annealing at 1000 ˚C it can be insignificant because the loss lies 

within the error bars. The loss of Ru atoms at 1300 ˚C is more significant compared to the 

loss of Ru atoms at 1000 ˚C – see Fig. 7. 

The loss is accompanied by small segregation of ruthenium atoms at the interface 

between the glassy carbon and the bombardment-induced amorphous region (at a depth 

of 155 nm below the surface – see Fig. 1).The sizes of Ru and carbon atoms are 130 and 

70pm [47] respectively. The significantly larger size of the Ru atom means that a stress 

field will be created in the surrounding glassy carbon matrix. This stress field will be the 

cause of the segregation of Ru atoms to the interface where the stress is less.  
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Fig.6: Depth profiles of ruthenium implanted at room temperature, showing the effect of 

annealing at high temperature (1000 – 1300°C) on the migration behaviour. 

 

Fig. 7: Retained ration of ruthenium atoms before and after annealing.  
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3.4 AFM result 

Fig. 8 shows the roughness of the glassy carbon substrate after the Ru ion 

bombardmentand heat treatment. The surface roughness was evaluated by the AFM 

images and measured the Rq (root mean square roughness) using the Nanoscope software 

[22]. The Rq value obtained for virgin glassy carbon is 1.55 nm (see Figs 8 and 9). This 

value decreased to 0.45 after implantation of ruthenium at room temperature. The 

reduced surface roughness can be attributed to the ruthenium bombardment. It is widely 

known that ionbombardment often reduces the surface roughness of an initially rough 

surface [48] and vice versa (i.e., ion bombardment can increase the surface roughness of 

an initially smooth surface) [49-51]. In this study, the surface of the initial glassy carbon 

substrate was rough (i.e., 1.55 nm), and decreased after bombardment by ruthenium ions, 

indicating that ion bombardment reduced the surface roughness which is consistent with 

the above statement [48].   

 

Fig. 8: Graph showing the effect of ruthenium bombardment at room temperature (i.e., 

23 ˚C) and annealing on the surface roughness of virgin glassy carbon (value at at 0 ˚C). 
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Fig. 9: AFM images were obtained for (a) virgin glassy carbon and (b) after ruthenium 

implantation at room temperature. (a’) and (b’) are the 3D of height images. 

 

The Rq values obtained from AFM images (in Fig. 10) of annealed glassy carbon samples 

are shown in Fig.8. As-implanted samples annealed at 1000 °C showed a significant 

increase in the surface roughness. Aggregation of ruthenium atoms at 1000 °C (see Fig. 

6) can lead to the formation of some ruthenium nanoparticles in the near-surface region, 

thus, increasing the surface roughness of glassy carbon. Naidoo et al. [52] found similar 

results, where the implantation of Ag in amorphous carbon increased the surface 

roughness due to the formation of Ag nanoparticles in the near surface region. At 1100 

(a’)(a)

(b) (b’)
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and 1200 °C, there was no diffusion/migration of aggregated Ru towards the bulk of the 

glassy carbon, except for a very slight segregation of Ru atoms (see Fig. 6) at depth of 

155 nm. This slight segregation of Ru at these temperatures has no effect on the surface 

roughness, on the contrary, the annealing reduced the surface roughness (see Fig. 8) due 

to the surface diffusion of the substrate atoms at the peaks of the sputter roughened 

surface to valley positions. Clear segregation of Ru atoms was observed (at depth of 

about 155 nm) after annealing at 1300 ˚C (see Fig. 6). This was accompanied by a loss of 

Ru– see Fig. 7. Ru atoms were lost through the glassy carbon surface and then probably 

sublimated into the vacuum of the annealing oven.  
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Fig. 10: AFM images were obtained for the RT implanted samples annealed at (a) 1000 

°C, (b) 1100 °C, (c) 1200 °C and (d) 1300 °C. (a’), (b’), (c’) and (d’) are the 3D of height 

images. 

 

4. Conclusion 

            The effect of ruthenium ions bombardment and annealing on the microstructure of 

glassy carbon has been investigated using GIXRD, Raman spectroscopy and AFM. 

Glassy carbonsamples were implanted with 150 keV ruthenium ions to a fluence of 

1×1016 cm-2 at room temperature. The as-implanted samples were vacuum annealed from 

1000 to 1300 ˚C in steps of 100 ˚C for 5 hours. GIXRD and Raman spectroscopy showed 

that ruthenium bombardment caused defects in the glassy carbon structures. These 

defects were reduced by annealing of the as-implanted samples from 1000 to 1300 ˚C.  

           Moreover, the effect of annealing on the migration behaviour of implanted 

ruthenium in glassy carbon has been investigated using SIMS. Implantation at room 

temperature resulted in a near Gaussian distribution of ruthenium atoms in glassy carbon. 

Annealing at 1000 ˚C showed an increase in the maximum of the depth profile peak 

accompanied by a decrease in the FWHM, indicating aggregation of ruthenium atoms. 

However, after further annealing, limited segregation of ruthenium atoms at the interface 

between the glassy carbon and the bombardment-induced amorphous region was 

observed. The significantly larger size of the Ru atom means that a stress field will be 

created in the surrounding glassy carbon matrix. This stress field was the cause of the 

segregation and eventual aggregation of Ru atoms to the interface where the stress is less. 

          AFM results showed that ruthenium bombardment reduced the surface roughness 

of the virgin glassy carbon. Annealing at 1000 ˚C increased the surface roughness of the 

as-implanted sample However, at 1100 and 1200 °C, the roughness of the glassy carbon 

surface substrate significantly decreased due to the surface diffusion of the substrate 

atoms at the peaks of the sputter roughened surface to valley positions resulting in 

reduced visibility of polishing marks. At 1300 °C, the roughness was significantly 

increased. 
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