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Highlights 

 Polished glassy carbon (GC) were implanted with 200 keV Xe ions. 
 Xe implanted glassy carbon (Xe-GC) samples were annealed at 500, 1000 and 

1500 °C under vacuum. 
 During polishing of the GC, the crystallites size reduced and sp3-type of defects were 

introduced. 
 The sp3-type of defects were modified by ion implantation to boundary-like defects in 

graphite. 
 The boundary-like defects did not change during annealing. 

 

Abstract 

The mechanically polished glassy carbon (GC) samples were implanted with 200 keV Xe 
ions to a fluence of 1 × 1016 cm−2 at room temperature. The Monte Carlo simulation code, 
Stopping and Range of Ions in Matter (SRIM) was used to simulate the Xe ions implanted in 
GC. At the surface of the implanted GC, a dose of 6.53 displacements per atom which 
corresponds to the nuclear energy loss of 0.142 keV/nm (SRIM prediction) amorphized the 
GC structure. Raman spectroscopy, a well-established tool to probe disorder in carbonaceous 
materials through Raman-based disorder signature (D-band) relative to the Raman-allowed 
first-order band (G-band), confirmed that ion bombardment resulted in GC amorphization. 
And also showed that during mechanical polishing of the GC the sp3-type of defects were 
introduced which describe the out-of-plane atoms bonded to carbon atoms. This sp3-type of 
defects was modified by ion implantation to boundary-like defects in graphite. The Xe 
implanted GC (Xe-GC) samples were annealed from 100 up to 500, 1000 and 1500 °C in 
steps of 100 °C for 5 h per step under vacuum. Recovery of the amorphized structure of the 
Xe-GC samples was not observed at temperatures ≤1000 °C, however, at 1500 °C about 54% 
of the structure was recovered. 
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1. Introduction 

One of the emphases on the management of nuclear waste (i.e. fission products) is long-term 
isolation or storage. Consequently, research focus has been on the long-term performance of 
radiation-resistant materials as barriers to nuclide migration or release [1]. There has been an 
interest in employing the disordered, non-graphitizing glassy carbon (GC) as a barrier to 
radioactive fission products due to its diverse range of physical properties, such as high 
thermal resistance, extreme chemical stability, low density and great hardness, and gases 
impermeability [2]. GC combines glassy and ceramic properties, and is commercially 
manufactured by controlled degradation of certain polymers at temperatures in the range of 
900–1000 °C and can be easily polished. GC is also a class of non-graphitizing carbon that is 
extensively used as a counter electrode in electrochemistry and has been used for ion 
implantation [3], [4], [5], [6], [7]. 

Commercial glassy carbons contain a high proportion of fullerene-like structures consisting 
of broken and imperfect fullerene fragments in the form of curved sp2-bonded graphene-like 
planes which often surround closed pores [8], [9], [10], [11]. Such curvature has been 
attributed to the surface topological defects [8], [9]. Jurkiewicz et al. have demonstrated that 
the fullerene-like structure of glassy carbons is responsible for their high hardness and 
strength [2]. Typically, the GC structure is a key factor determining porosity, mechanical, and 
electronic properties. In carbon-related materials, structural and mechanical properties can be 
improved/modified by introducing controlled amounts of lattice defects [2]. The ion 
implantation technique has been widely used to introduce foreign species into a target 
material and to alter the level of disorder within the target leading to desirable changes in the 
surface properties of materials. On the other hand, Raman spectroscopy which is less 
destructive and provides structural information and transformation between the crystalline 
and amorphous state of the material, has been largely used to probe disorder in the sp2-
network of different carbon structures through defect-activated vibration modes [12], [13], 
[14], [15], including the nature of disorder/defects, particularly in graphene [16]. In the 
characterisation of ion-implanted GC samples, Raman spectroscopy has been used to 
demonstrate the transformation between the crystallinity and amorphisation upon ion 
implantation [4], [5], [17], [18]. 

Despite previously published reports on the surface structure (or structural and mechanical 
properties) of GC and ion-implanted GC, the reports on the nature of surface defects in ion 
implanted GC are lacking in the literature. The defects, in general, can be defined as grain 
boundaries, vacancies, (self-) interstitials, implanted atoms, and sp3-type of defects associated 
with a change of carbon-hybridisation (sp2-to-sp3) [16]. The nature of surface defects strongly 
depends on the treatment of the sample. For instance, irradiation or ion implantation causes 
atoms to be displaced from their lattice sites to form defects by nuclear collisions. This study 
aims at reporting the nature of surface defects in Xe ion-implanted GC (Xe-GC) samples 
annealed at high temperatures. Heavy ions are ideal for ion-beam-induced damage studies of 
GC since they create a large damage density in the carbon matrix at doses in the order of 
∼1016 cm−2 [7]. 

2. Experimental 

Commercial GC (Sigradur® G) samples were mechanically polished to a mirror finish with 1 
and 0.5 µm diamond solutions, and thereafter, the samples were cleaned consecutively in an 
ultrasonic bath with alkaline soap, de-ionized water, methanol and dried with nitrogen gas. 
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The polished GC samples were implanted at the perpendicular incidence beam direction and 
room temperature by 200 keV Xe ions to a fluence of 1 × 1016 cm−2. During the implantation, 
the beam was raster scanned. Some of the Xe-GC samples were annealed from 100 up to 500, 
1000 and 1500 °C in steps of 100 °C for 5 h per step under vacuum. Therefore, a total 
annealing time for a sample annealed up to 500, 1000 and 1500 °C was 25, 50 and 75 h, 
respectively. During annealing, the base pressure of the vacuum was ∼10−7 mbar attained by 
Pfeiffer Vacuum magnetically levitated turbopump with a pumping speed of 255 l/s for N2. 
SRIM (2013 version) was used to simulate the Xe ions in GC and an option ‘‘Detailed 
Calculation with full Damage Cascades’’ was used to compute the ion-induced displacement 
damage parameters. The calculations were carried out using 10 000 incident ions and the 
threshold displacement energy of 25 eV for C [19]. The lattice binding energy was set to zero 
[20]. Moreover, WITec alpha300 confocal Raman microscope was used for analyses that 
were carried out using a 100×/0.9NA objective and 532 nm laser at a power of 5 mW. The 
Raman image scans were acquired over a 40 µm2 area with 200 points per line and 200 lines 
per image (40 000 spectra per image) using an integration time of 0.1 s. The average Raman 
spectra were acquired using an integration time of 30 s and 10 accumulations, and the signal 
was stable during measurements. For 100×/0.9NA objective the diffraction-limited lateral 
resolution is about 361 nm. The spectral resolution is in the order of 1 cm−1. 

3. Results and discussion 

Fig. 1 displays SRIM simulation results of 200 keV Xe ions implanted into GC at the 
perpendicular incidence and room temperature. Fig. 1(a) shows trajectories of Xe ions in GC 
which have nearly Gaussian profile with a projected mean range Rp = 120.6 nm and straggling 
of ΔRp = 21.6 nm (Fig. 1(b)). Fig. 1(c) shows the subcascades generated by recoiling lattice 
atoms distributed along the Xe ions trajectories. To compare damage produced by different 
ions in solid target materials it is often convenient to calculate displacements per atom (dpa) 
for a given ion dose. The number of GC-atom vacancies per ion per nanometer produced by 
Xe ions were converted into dpa (Fig. 1(d)) as follows: 

        (1) 

where  (ions/cm2) is the ion fluence, Na is the atomic density (Na = 7.119 × 1022 atoms/cm3 
for Sigradur® GC), and 107 is the conversion factor from nanometer to a centimetre. 

As 200 keV Xe ions impinge GC, they lose energy via electronic and nuclear collision 
processes (Fig. 1(e)) until they come to rest. The latter process is responsible for radiation-
damage effects (i.e. dpa). The electronic and nuclear energy loss values at the surface of the 
GC are 0.478 and 0.142 keV/nm, respectively. The nuclear energy loss of 0.142 keV/nm 
corresponds to 6.53 dpa at the surface of the GC. In the implanted layer, the maximum 
nuclear energy loss is 0.817 keV/nm which corresponds to 23.0 dpa. These values are much 
higher than the minimum value (0.2 dpa) where the graphitic bonding within the GC structure 
begins to break up (i.e. the production of approximately one vacancy per lattice carbon in the 
graphitic ribbons which make up GC) [7]. McCulloch et al. showed that a 320 keV Xe ions at 
a dose of 5 × 1015 cm−2 which corresponds to 4 dpa at the surface, completely amorphized the 
GC structure [7]. In our work, the Raman spectrum of the implanted surface layer (Fig. 2) is 
very similar to that obtained from amorphous carbons, which suggests that the ion 
implantation (6.53 dpa) has amorphized the surface layer of the GC. 
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Fig. 1. SRIM calculations of 200 keV Xe ions in GC: (a) Trajectories of Xe ions in GC. (b) Ion 
distributions profile. (c) The subcascades generated by recoiling lattice atoms distributed along the Xe 
ions trajectories. (d) GC-atom vacancies per ion per nanometer and the corresponding displacements 
per atom (dpa). (e) The electron and nuclear energy loss with depth. 
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Fig. 2. (a) Schematic illustration of a typical structure of non-graphitizing GC (i.e. Franklin’s 
representation of non-graphitizing carbon). (b) Surface Raman spectra of polished GC, as-implanted 
Xe-GC, and Xe-GC samples annealed at 500, 1000 and 1500 °C for 5 h. (c) D-to-G bands line-shape 
of the Raman spectra of unpolished and polished GC, and as-implanted Xe-GC sample. 

Moreover, a typical structure of non-graphitizing GC is shown in Fig. 2(a), i.e. Franklin’s 
representation of non-graphitizing carbon [21]. In this model, there are randomly ordered 
small graphitic crystallites containing few-layer graphene planes, which are joined together 
by crosslinks and van der Waals force. Also, for an explanation of the low reactivity, 
hardness, and impermeability of GC, the GC was proposed to have a fullerene-like structure 
[11]. Furthermore, in the amorphized structure of GC, the graphitic crystallites of GC do not 
have layered planes, as shown in Fig. 2(a). This transformation of graphitic crystallites into 
amorphous can be demonstrated by Raman spectroscopy. Fig. 2(b) presents the surface 
Raman spectra of polished GC, as-implanted Xe-GC, and Xe-GC samples annealed at 500, 
1000 and 1500 °C for 5 h. Typically, the Raman characteristic features of carbonaceous 
materials, GC in this case, are the G-band mode at ∼1580 cm−1 and the 2D-band mode at 
∼2670 cm−1 which originate from the normal first-order Raman scattering process (the 
tangential vibration of the sp2 carbon atoms in graphitic crystallites) and the second-order 
process (double resonance Raman process) that involves two in-plane transverse optical 
mode (iTO) phonons near the K-point, respectively [22]. An additional band, namely, 
disorder-induced D-band at ∼1350 cm−1 is also observed which originates from a double 
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resonance Raman process involving inter-valley scattering of iTO phonon and defect near the 
K-point [22]. The 2D band is commonly used to determine the number of layers in a few-
layer graphene since it only appears from graphitic crystallites containing few-layer graphene 
planes and is not seen from amorphous carbon (Fig. 2(a)). 

In Fig. 2(b), it can be seen that GC shows a 2D band that completely disappears after Xe ion 
implantation confirming that the graphitic crystallites of GC are amorphized as suggested by 
SRIM simulations. The Raman spectra of as-implanted Xe-GC, and Xe-GC samples annealed 
at 500 and 1000 °C are similar suggesting that a series of heat treatments of amorphized GC 
up to 1000 °C do not recover the initial structure of a non-graphitizing GC. On the contrary, 
the Raman spectrum of Xe-GC sample annealed up to 1500 °C shows a weak 2D peak 
intensity and D-to-G bands line-shape almost similar to that of the virgin sample (polished 
GC) which demonstrates partial structural recovery. A polished GC sample shows high D 
intensity as compared to the unpolished GC (see Fig. 2(c)) due to surface defects introduced 
by mechanical polishing of the sample with a diamond solution. However, these surface 
defects are reduced or transformed into other defects by ion implantation. 

To characterise the nature of the surface defects in polished GC, as-implanted and annealed 
Xe-GC samples, the D-to-G bands line-shape of the Raman spectra were deconvoluted. Fig. 
2(c) presents the vibration modes of the D-to-G band line-shape of the Raman spectrum. The 
origin of D′-band mode at ∼1610 cm−1 is related to the carbon lattice vibrations 
corresponding to that of the G band and is defect activated [23], [24]. The D′′-band mode at 
∼1490 cm−1 originates from the amorphous carbon in the interstitial sites of the carbon 
lattice, and the origin of the I-band mode at ∼1100 cm−1 is related to the lattice vibrations of 
sp2-sp3 bonds and phonon modes in the density of states of graphitic crystallites [24], [25]. To 
obtain the integrated intensities and the corresponding intensities ratios of the five bands 
shown in Fig. 2(c), the D-to-G bands line-shape of the Raman spectra of unpolished and 
polished GC, as-implanted Xe-GC, and Xe-GC samples annealed at 500, 1000 and 1500 °C 
were fitted with Lorentzian function, as shown in Fig. 3. At high defect concentration, i.e. for 
polished and as-implanted Xe-GC, the D′ peak merges with the G peak, so to separate the G 
and D′ peak the positions of the bands were fitted relative to the peak’s positions of the 
original GC (unpolished sample). 

Moreover, the G peak shows a dramatic broadening as the D peak broadens upon 
polishing/implantation (Fig. 4(a)). A broadening of the G peak (from Full width at half 
maximum (FWHM) of 56.4 to 81.7 cm−1) upon ion implantation can be attributed to a bond-
angle disorder, corresponding to the point where the average bond angle changed from the 
ideal graphitelike 120° as the graphitic crystallites of the implanted GC layer transformed to 
an amorphous carbon [7]. An increase in the D peak width from 58.4 cm−1 to 264.5 cm−1 
upon ion implantation reflects the introduction of defects into the GC structure which 
increases bond-angle disorder. At high annealing temperatures above 1000 °C, the D peak of 
the annealed Xe-GC (at 1500 °C) narrowed from 249.6 to 114.8 cm−1 demonstrating 
structural recovery. The crystallite size, La was calculated using the Knight formula [26], 
[27]: 

          (2) 
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where  is the wavelength-dependent pre-factor estimated as , for 

were estimated to be −12.6 nm 
and 0.033, respectively, from a plot of  as a function of exciting wavelength [26]. 

 

Fig. 3. Raman spectra of (a) unpolished GC, (b) polished GC, (c) as-implanted Xe-GC, and Xe-GC 
samples annealed at (d) 500, (e) 1000 and (f) 1500 °C for 5 h. The solid lines are the Lorentzian 
fitting. 
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Fig. 4. Raman spectra features: (a) G and D peaks full width at half maximum (FWHM), (b) ID/IG 
ratio and crystallite size (La), (c) ID″/IG and ID′/IG ratios, and (d) ID/ID′ ratio for unpolished and polished 
GC, as-implanted Xe-GC, and Xe-GC samples annealed at 500, 1000 and 1500 °C for 5 h. 

Fig. 4(b) displays a plot of D-to-G peaks intensities ratio (ID/IG) of the Raman spectra of 
unpolished and polished GC, as-implanted Xe-GC, and Xe-GC samples annealed at 500, 
1000 and 1500 °C which shows an initial increase in the ID/IG ratio between unpolished and 
polished GC sample (i.e., from 0.23 for unpolished GC to 1.56 for polished GC). This initial 
increase in the ID/IG ratio due to mechanical polishing of the sample with a diamond solution 
probably corresponds to a decrease in the in-plane graphitic crystallites size of GC (i.e., from 
21.8 nm for unpolished GC to 3.2 nm for polished GC) without amorphization which is 
introduced by ion implantation. The ID/IG ratio of the polished GC is comparable to that of 
the as-implanted Xe-GC and Xe-GC samples annealed at 500 and 1000 °C. However, for Xe-
GC sample annealed at 1500 °C the ID/IG ratio decreases from 1.66 to 1.15 which corresponds 
to an increase in the crystallites size of GC from 3.0 to 4.3 nm. 
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Fig. 5. Raman mapping of ID/ID′ ratio of the integrated intensities of defect-activated modes (D and 
D′): (a) polished GC, (b) as-implanted Xe-GC, and Xe-GC samples annealed at (c) 500, (d) 1000 and 
(e) 1500 °C for 5 h. 

Fig. 4(c) displays a plot of D″-to-G peaks intensities ratio (ID″/IG), i.e., a ratio of amorphous 
carbon (D″) relative to the graphitic carbon (G), which shows a dramatic increase in the ratio 
between polished GC and as-implanted Xe-GC sample (i.e., from 0.03 to 0.54) confirming 
amorphization of the GC structure upon ion implantation. However, after annealing at 
temperatures above 1000 °C (at 1500 °C), the ID″/IG ratio decreases to 0.17 demonstrating 
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structural recovery. Similarly, a ratio of defect-activated mode (D′) relative to the graphitic 
carbon (G) (I D′/IG) shows an increase between polished GC and as-implanted Xe-GC sample 
(i.e., from 0.14 to 0.54), and decreases to 0.30 after annealing at 1500 °C. Moreover, studies 
have shown that the integrated intensities of defect-activated modes (ID and ID′) are directly 
proportional to the defect’s concentration nd: ID ∼ Adnd and ID′ ∼ Bdnd, where Ad and Bd are 
constants which depend on the type of perturbation introduced by the defect in the crystal 
lattice (i.e., the nature of the defects) [28], [16]. Therefore, ID/ID′ ∼ Ad/Bd (i.e., depends only 
on the type of defects), hence the ratio can be used to get information on the nature of defects 
[16]. The ID/ID′ ≃ 13 for defects associated with sp3 hybridization, for vacancy-like defects 
ID/ID′ ≃ 7 and ≃ 3.5 for boundary-like defects in graphite [16]. These ID/ID′ values for 
characterising defects were reported by Eckmann et al. [16] using data of ion bombarded 
graphene, oxidized graphene and graphite with different grain sizes; and are adopted in this 
study for GC since its structure is made of randomly ordered small graphitic crystallites 
containing few-layer graphene planes. 

Figs. 4(d) and 5 present the nature of surface defects in unpolished and polished GC, as-
implanted Xe-GC, and Xe-GC samples annealed at 500, 1000 and 1500 °C. From these 
results the ID/ID′ ratio is 5.08 (boundary-like defects) for unpolished GC, 11.0 (sp3-type of 
defects) for polished GC, 3.1 (boundary-like defects) for as-implanted Xe-GC and Xe-GC 
samples annealed at 500 and 1000 °C, and 3.8 (boundary-like defects) for a Xe-GC sample 
annealed at 1500 °C. Therefore, during mechanical polishing of the GC with a diamond 
solution the in-plane graphitic crystallites size of GC is drastically reduced and the sp3-type 
of defects are introduced which describe the out-of-plane atoms bonded to carbon atoms 
(namely sp3 hybridization). This type of defects could also originate from the diamond 
solution molecules which are anchored on GC surface. However, this sp3-type of defects was 
modified by ion implantation to boundary-like defects in graphite and did not change during 
annealing up to 1500 °C. 

4. Conclusion 

A detailed investigation (SRIM and Raman analyses) of the structural transformation and the 
nature of surface defects that occurs in GC following mechanical polishing, ion implantation, 
and annealing have been presented. It was found that ion bombardment with a Xe dose of 
1 × 1016 cm−2 (6.53 dpa at the surface of the GC) result in GC amorphization which is not 
recovered by annealing at temperatures ≤1000 °C. However, at a high annealing temperature 
(1500 °C) about 54% of the amorphized GC structure was recovered as seen from the Raman 
D peak FWHM which decreased from 249.6 cm−1 at 1000 °C to 114.8 cm−1 at 1500 °C. It was 
also found that mechanical polishing of the GC surface before ion implantation drastically 
reduced the in-plane graphitic crystallites size of GC (from 21.8 to 3.2 nm) and introduced 
the sp3-type of defects in the sample. In addition to GC amorphization, ion implantation 
modified the sp3-type of defects to boundary-like defects in graphite which did not change 
during annealing under vacuum conditions. After annealing at a high temperature of 1500 °C, 
the crystallites size of ion-implanted GC slightly increased from 3.2 to 4.3 nm. A stable 
disordered/amorphized structure of non-graphitizing ion-implanted GC at high annealing 
temperatures suggests that GC is a good containment material for Xe. Also, in 
electrochemistry, such a disordered porous structure of ion-implanted GC would be good 
since the electrochemical reactions are correlated with a highly disordered porous structure of 
GC for enhanced performance. It is worth mentioning that at 1500 °C or higher temperatures 
the structure of the implanted/amorphized GC is transformed into units composed of greater 
and less-defected graphitelike domains (ordered small graphitic crystallites) resulting in a 
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decrease in the amount of fullerene-like non-planar sp2 bond content which is responsible for 
GC high hardness and strength [2]. So, when the GC is heated at temperatures higher than 
1000 °C, it becomes more ordered but weaker. This work demonstrated a detailed analysis of 
the D-to-G bands line-shape of the Raman spectrum of ion-implanted non-graphitizing GC 
surface layer (with randomly ordered small graphitic crystallites containing few-layer 
graphene planes) which can be used to get information on the nature of defects in ion-
implanted GC. 
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