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Highly oriented pyrolytic graphite (HOPG) structural changes caused by gallium (Ga) implantation 
at room temperature were investigated. Ga ions were implanted into HOPG at different energies 
(10, 20, and 30 keV) and fluences (ranging from 2 × 1015 to 5 × 1016 Ga+/cm2). To monitor structural 
changes in the samples post-implantation, Raman spectroscopy was employed. The Raman spectra 
of the pristine HOPG sample displayed low-intensity D peaks at 1359 cm⁻1 and high-intensity G 
peaks at 1582 cm⁻1. After implantation with 10 keV at a fluence of 5 × 1016 Ga+/cm2, a decrease in G 
peak intensity was observed, accompanied by an increase in its full width at half maximum (FWHM), 
indicating defect formation in the HOPG structure. In contrast, implantation with 30 keV at the same 
fluence (5 × 1016 Ga + /cm2) resulted in the merging of the D and G peaks into a broad peak, signifying 
the amorphization of HOPG. These results confirm that ion energy plays a significant role in the 
amorphization of HOPG. Furthermore, implantation with 20 keV Ga ions at fluences ≤ 2 × 1016 Ga+/
cm2 introduced some defects in the HOPG structure, while higher fluences (≥ 4 × 1016 Ga+/cm2) led to 
complete amorphization. After comparing the Raman results with the threshold displacement per 
atom (dpa) values calculated using the SRIM (Stopping and Range of Ions in Matter) software, it is 
evident that the HOPG used in this study required a very high dpa (exceeding 35 dpa) for complete 
amorphization, significantly exceeding the previously suggested range of 0.2 dpa to 3 dpa. The 
findings of this study align with very few prior results, where no amorphization was observed above 
3 dpa. However, further research and testing are necessary to quantify the dpa required for HOPG 
amorphization.
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Highly oriented pyrolytic graphite (HOPG) is a synthetic carbon material renowned for its unique structural 
and functional properties, derived from its highly ordered polycrystalline arrangement of graphene sheets1. 
This material is characterized by domain sizes typically ranging from 1 to 10 μm along the main plane and less 
than 0.1 μm perpendicular to it. The structural features confer HOPG with exceptional thermal conductivity, 
high electrical conductivity, and superior mechanical stability, making it a material of significant interest in 
both fundamental research and practical applications2. In particular, HOPG has found extensive use in nuclear 
environments, where its properties are leveraged in neutron moderators, beamline components, and radiation 
detectors3–6.

The performance of HOPG in high-radiation environments, such as those encountered in fission reactors and 
spallation neutron sources, is critically dependent on its ability to withstand intense neutron and ion irradiation. 
Under such conditions, HOPG experiences atomic displacements, structural disorder, and a progressive 
degradation of its functional properties4,7. A key metric for assessing the radiation resistance of HOPG is the 
displacement per atom (dpa) threshold, which represents the radiation dose required to induce significant lattice 
damage and potentially transform the material into an amorphous state8. Quantitating this threshold is crucial 
for predicting the material’s behavior and ensuring its long-term stability in demanding applications.

The structural changes in HOPG after ion implantation at different temperatures have been extensively 
studied9–20. Most studies agree that the threshold for amorphizing HOPG after ion bombardment at room 
temperature (RT), irrespective of the ions implanted, is approximately between 0.2 and 3 dpa9–15. However, 
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conflicting results have been reported in HOPG samples implanted at RT, with some studies observing only 
some defects (without amorphization) even at high damage levels (> 3 dpa)17,18. Melinon et al.19 reported total 
amorphization above 10 dpa. These discrepancies in the minimum dpa required to amorphize HOPG after ions 
bombardment at RT highlight the need for further research to resolve inconsistencies in the literature.

This study investigates the structural effects of gallium ions implantation on HOPG. Ga ions were implanted 
into HOPG at room temperature with energies of 10, 20 and 30  keV, and at fluences ranging from 2 × 1015 
ions/cm−2 to 5 × 1016 ions/cm−2. Different energies and fluences were used to obtain the threshold dpa for 
HOPG amorphization. Visible-Raman spectroscopy was used to monitor structural changes due to different 
implantation energies and fluences.

Due to differences in implantation fluence, the D and G characteristic bands in the Raman spectra exhibited 
significant changes, such as merging into a broad band. Consequently, different fitting functions were employed 
to analyze the Raman spectra, as described in the experimental section.

Experimental procedure
In this study, HOPG samples from SPI Supplies were used. The as-received samples were implanted with Ga ions 
using a Scios 2 (ThermoScientific) equipment. Though, this equipment was designed for fine ion beam (FIB) 
operations exploiting its well-focused Ga beam, it can be used for our purpose of implantation adjusting a highly 
defocused beam. This defocused beam was scanned over 200µmx200µm area (see Fig. 1) to provide a large and 
evenly radiated surface for further investigations.

The sample was implanted at a normal angle of incidence separately with Ga ions at 10, 20 and 30 keV at 
room temperature and fluences of 2 × 1015, 5 × 1015, 1 × 1016, 2 × 1016, 4 × 1016 and 5 × 1016 ions/cm−2 to 5 × 1016 
ions/cm−2. The flux was kept at 1 × 1012 Ga+ cm−2 s−1 in order to avoid heating the substrate, which could lead 
to additional structural changes21,22. The implanted areas can be well identified by a secondary electron image 
as shown in Fig. 1.

The effect of Ga implantation (at different energies and fluences) on the microstructure of HOPG substrates 
was monitored with WITec Alpha 300 confocal Raman spectroscopy. At a laser wavelength of 532 nm, Raman 
spectra were acquired with a 100 × 0.9NA objective lens and a 5mW laser excitation. By dividing the wavelength 
by the extinction coefficient in the following equation, z = λ/4πk23, the penetration depth of the 532 nm laser was 
calculated, which is 50 nm. Raman spectra were collected from three different points within each implanted area, 
and their average values were plotted in the results section. To analyse the HOPG Raman spectra, the baseline of 
the spectral lines was first corrected by linear background correction. To obtain the full width at half maximum 
(FWHM) and peak positions, both Gaussian and Breit–Wigner–Fano (BWF) functions were used to fit the 
spectra using the OriginLab software program24. Errors in the FWHM values were estimated from combining 

Fig. 1.  Secondary electron image taken on HOPG surface after Ga implantation. The implanted areas have 
square shape. The image show parallelogram shapes because of projected angle of the image taken. The 
different shades are due to different implanted fluences with the higher fluences being darker.
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statistical and systematic errors and found to be less than 5.5 cm−1, and should not change the obtained results 
significantly.

SRIM simulations
SRIM (Stopping Range of Ions in Matter)25 simulations were carried out to estimate radiation damage as well as 
the dpa caused to HOPG substrates by Ga ions implanted at different energies and fluences—see Fig. 2. Radiation 
damage is typically measured by estimating the average number of atoms that are displaced from their lattice 
sites during implantation (dpa). The depth profile of Ga ions implanted in HOPG was simulated using SRIM’s 
full cascade mode. Due to the statistical nature of collisions between energetic impinging ions with substrate 
atoms, Ga depth distribution in HOPG have a Gaussian shape21. In this simulation, the HOPG carbon density 
was assumed to be 2.25g/cm3 ~ 11.3 × 1022 atoms/cm3 and a carbon displacement energy of 20 eV was used. 
Figure 2 shows different damage levels (in displacement per atom (dpa)) in HOPG after implantation at varying 
energies and fluences according to our SRIM simulations. However, the maximum damage level in all samples 
is significantly higher than the reported critical displacement per atom value of 0.2 dpa required to amorphize 
HOPG9–15. Based on the simulation of Ga in HOPG, the amorphization thickness in the HOPG substrate varies 
with ion energy and fluence—see Fig. 2 and Table 1. The thickness of the amorphized layer was determined from 
the dpa profile (see Fig. 2), with the depth corresponding to 0.2 dpa indicating the layer’s thickness.

Results and discussion
Figure 3 shows the Raman spectra of pristine HOPG samples before and after implantation with Ga ions at 10 
and 30 keV and at different fluences. Raman spectra of pristine HOPG show the D and G characteristic bands 
at 1354 cm−1 and 1581 cm−1, respectively. It is known that the D peak is originated by disordered sp3 bonds, 
whereas the G peak is caused by sp2 vibrations of graphite26. From these two peaks, the structure of HOPG was 
predominantly graphite, although some amorphous carbon was also observed. Moreover, implantation with 
10 keV Ga ions at 5 × 1015 cm−2 increased the intensity of the D peak accompanied by a decrease in the intensity 
of the G peak. However, the G peak intensity is still higher than D peak intensity. It is clear from the results 
that implantation converted some graphitic crystallites in the HOPG sample to amorphous carbon26,27, but the 
sample still contains some graphitic characteristics. Implantation with 10 keV at higher fluence (5 × 1016 cm−2) 
caused further decrease in G peak, accompanied by more broadening in the D peaks (will be discussed later 
in Table 2) which indicates that higher fluence converted more graphitic crystallites into amorphous carbon26. 
Comparing these results with the dpa values shown in Fig. 1a, it is clear that implantation with 10 keV Ga ions 
at high fluence will create a thin amorphous layer with a thickness of 23 nm at the surface (at 0.2 dpa[9 − 12]). 
Thus, by comparing again the thickness of the amorphous layer with the penetration depth of the Raman laser 
mentioned above (about 50 nm), the G peaks in the Raman spectrum of samples implanted with 10 keV Ga ions 
(at 5 × 1016 cm−2) may be from the region below the implanted layer.

On the other hand, implantation at 30 keV at a fluence of 5 × 1015 cm−2 increased the intensity of the D peak 
significantly to the same intensity of its G peak which reduced as well after implantation. In HOPG samples, the 
intensity ratio between D and G bands, i.e. (ID/IG ratio), can help estimate defects28. A higher ratio between D 
and G bands indicates more defects in the HOPG structure28. As calculated from Fig. 3, the intensity ratio in the 
samples implanted with 30 keV at a fluence of 5 × 1015 cm−2 is equal to 1. However, this ratio was 0.1 in pristine 
HOPG, which increased to 0.60 and 0.62 in the samples implanted with 10 keV at fluences of 5 × 1015 cm−2 and 
5 × 1016 cm−2, respectively. These results indicate that increasing the ions’ energy increases the chance of creating 
highly defected graphite crystals in HOPG. Electronic stopping power must also be considered at energies 
higher than the one used in this study. Despite this, the D and G peaks are still present after implantation 
at 30 keV at a fluence of 5 × 1015 cm−2, which indicates that the implanted area is not yet totally amorphous. 
However, implantation with 30 keV and at higher fluence (5 × 1016 cm−2) caused the D and G peaks to merge into 
a single broadband, indicating amorphization of all graphitic crystallites in the implanted region of the HOPG 
sample26,27. It is also possible that the difference in Raman spectra between samples implanted with 30 keV at 
different fluences is related to the thickness of the amorphous layer (implantation at the high fluence created a 
thicker layer (i.e., 52 nm) that was close to the theoretically calculated penetration depth of the Raman laser) 
created within the HOPG material, as shown in Fig. 1c and Table 1.

Table 2 shows the FWHM of the D and G peaks of the acquired spectra of the HOPG samples before and 
after implantation with 10 and 30 keV Ga ions at fluences of 5 × 1015 and 5 × 1016 cm−2. From Table 2, the FWHM 
value of the G peak increased from 20 cm−1 (pristine HOPG) to 42 and 78 cm−1 after implantation with 10 keV 
at fluences of 5 × 1015 and 5 × 1016  cm−2, respectively. This broadening is due to the introduction of disorder 
(point defects) within the substrate structure21,22,26,27. A significant broadening in the FWHM of the G peak was 
observed after implantation at 30 keV, which indicate more disorder in the HOPG structure. This agrees with 
the results in Fig. 3, where implantation under these conditions (30 keV, at 5 × 1016 cm−2) caused the D and G 
peaks to merge into one broadband, indicating amorphization of HOPG. Moreover, the broadening in the G 
peak after implantation with 30 keV at 5 × 1016 cm−2, was accompanied by a significant broadening in the D peak, 
confirming that the implanted layer of HOPG became amorphized.

Figure 4 shows the Raman spectra of pristine HOPG samples before and after implantation with 20 keV Ga 
ions at different fluences. This experiment was done to gain more understanding of the effect of ion fluences on 
defects generation behaviour in HOPG. Implantation with 20 keV Ga ions at 2 × 1015 cm−2 and 1 × 1016 cm−2 
decreased the intensity of the G peaks, which indicate formation of disorder in the HOPG structure. In addition, 
the G peaks intensities are still higher than the D peaks intensities after implantation at these fluences. However, 
implantation at higher fluence (i.e., 2 × 1016 cm−2) caused the D and G peaks to have the same intensities. As 
mentioned previously in Fig.  3, the higher intensity ratio of the D and G bands indicate the presence of a 
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highly defective structure of HOPG. From Fig. 4, samples implanted at 2 × 1016  cm−2 have an intensity ratio 
equal to 1, while in samples implanted at 2 × 1015 cm−2 and 1 × 1016 cm−2 the intensity ratio is equal to 0.4 and 
0.62, respectively. This indicates that samples implanted at 2 × 1016 cm−2 have more defects in HOPG structure 
compared to implanted samples at 2 × 1015 cm−2 and 1 × 1016 cm−2. Moreover, after implantation at 4 × 1016 cm−2, 
the D and G peaks merged into one broadband, indicating HOPG amorphization at this fluence. Moreover, the 

Fig. 2.  SRIM depth profiles (in RAD—relative atomic density) of (a) 10 keV (b) 20 keV and (c) 30 keV Ga ions 
implanted in HOPG at room temperature and different fluences. The damage in dpa is also shown using these 
ions fluences mentioned in the figure.
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Sample The FWHM of

D peak G peak

Pristine HOPG 42.5 ± 2 cm−1 20.2 ± 1.5 cm−1

10 keV Ga ions at 5 × 1015 cm−2 65 ± 2.9 cm−1 42 ± 2.7 cm−1

10 keV Ga ions at 5 × 1016 cm−2 87 ± 3 cm−1 78 ± 5 cm−1

30 keV Ga ions at 5 × 1015 cm−2 82 ± 4.2 cm−1 76 ± 4.5 cm−1

30 keV Ga ions at 5 × 1016 cm−2 282 ± 4.9 cm−1 140 ± 5.5 cm−1

Table 2.  The effect of Ga ion bombardment at 10 and 30 keV and at different fluences on the FWHM values of 
the D and G peaks of HOPG acquired after fitting the spectra with the BWF function. Errors in the measured 
values were also included.

 

Fig. 3.  Raman spectra of pristine HOPG before and after implantation with Ga ions at 10 and 30 keV at 
different fluences (i.e., 5 × 1015 and 5 × 1016 cm2).

 

Ion’s energies and 
fluences Thickness of the amorphized layer

10 keV
5 × 1015 cm−2 18 nm

5 × 1016 cm−2 23 nm

20 keV

2 × 1015 cm−2 27 nm

1 × 1016 cm−2 32 nm

2 × 1016 cm−2 35 nm

4 × 1016 cm−2 37.5 nm

30 keV
5 × 1015 cm−2 41 nm

5 × 1016 cm−2 52 nm

Table 1.  The change in the thickness of the amorphized layer in HOPG as a function of ion energies and 
fluences as predicted by SRIM.
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FWHM of the pristine HOPG was increased from 20.2 ± 4 cm−1 to 29.7 ± 4, 65.4 ± 4, 87.8 ± 4 and 137 ± 4 cm−1 
after implanting 20 keV Ga ions at 2 × 1015  cm−2, 1 × 1016  cm−2, 2 × 1016  cm−2 and 4 × 1016  cm2, respectively. 
These results showed that increasing the ions fluence increases the FWHM of the G peaks in HOPG samples, 
indicating more defects in HOPG at higher ions fluence (4 × 1016  cm2) where amorphization was observed 
(D and G peaks merged into a broad peak). Comparing our Raman results (in Fig. 4) with the displacement 
per atom distribution (dpa) in HOPG caused by Ga ions obtained from SRIM simulations (see Fig. 1 (b)), the 
threshold dpa to amorphize the HOPG samples used in this study can be estimated.

Previous studies suggested that a dpa between 0.2 and 3 dpa is required to amorphize HOPG9–15. However, 
comparing Figs. 1 and 4, the amorphization of HOPG started at a dpa higher than 35 dpa. The amorphization of 
HOPG used in this study differs from that reported in earlier studies, likely because of differences in the initial 
structural quality of the HOPG samples or the specific type of ions used for implantation. For example, if He and 
Ga ions introduce the same amount of dpa in the substrate, the bombarded ions can behave differently within the 
HOPG matrix causing discrepancies in the real amount of defects in He and Ga irradiated samples. He ions were 
found to form bubbles within the HOPG matrix accompanied by blister formation on the surface29, while Ga 
ions were found to form metallic clusters within the HOPG matrix30. The formation of He bubbles in one sample 
and Ga clusters in another sample (after the implantation process) could result in differences in the degree 
of structural disruption of HOPG even if Ga and He ions were implanted at the same dpa levels. Moreover, 
the HOPG samples used in this study appear to have a highly ordered structure that requires a higher dpa to 
amorphize it. Using a scanning tunnelling microscope (STM), the HOPG obtained from SPI Supplies (shown 
at ​h​t​t​p​s​:​​​/​​/​w​w​​w​.​2​s​p​​i​.​c​​o​m​/​c​​a​t​a​l​​o​​g​/​d​o​c​u​​m​e​​n​t​s​/​​T​​e​c​h​-​​​N​o​t​e​-​​H​O​P​G​.​p​d​f) was observed to have a perfect crystalline 
structure. Similar results were observed in a previous study19, where HOPG exhibited a highly ordered structure 

Fig. 4.  Raman spectra of pristine HOPG before and after implantation with 20 keV Ga ions at different 
fluences of 2 × 1015 cm−2, 1 × 1016 cm−2, 2 × 1016 cm−2 and 4 × 1016 cm2.
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at a dpa ˂10, while a complete amorphization was observed at a dpa higher than 10 dpa. Therefore, the threshold 
dpa to amorphize the HOPG samples may be highly dependent on the initial structure of the pristine samples.

Conclusion
Raman spectroscopy was employed in this study to investigate the structural changes in highly ordered pyrolytic 
graphite (HOPG) following gallium implantation at various energies (10, 20, and 30 keV) and fluences (2 × 1015, 
5 × 1015, 1 × 1016, 2 × 1016, 4 × 1016, and 5 × 1016 cm−2). The implantation was conducted at room temperature. 
SRIM simulations revealed that the damage introduced into the HOPG substrate after implantation significantly 
exceeds the critical displacement per atom value of 0.2 dpa required to amorphize HOPG. This indicates that 
all samples implanted at fluences of ≥ 2 × 1015 cm−2 and above have formed an amorphous layer, with thickness 
varying according to ion energy and fluence.

However, Raman spectra indicated that only the samples implanted with 20 keV at 4 × 1016 cm−2 and 30 keV 
at 5 × 1016 cm−2 were fully amorphized. Two possible explanations account for the discrepancy between the SRIM 
and Raman results. First, the Raman laser’s penetration depth is greater than the amorphous layer thickness 
created by 10 keV Ga ions, allowing undamaged regions beneath the amorphous layer to be detected, resulting in 
G peaks in the Raman spectra. Moreover, amorphization was observed after implantation with 20 and 30 keV at 
higher fluences due to the formation of thicker amorphous layers, which approach the Raman laser penetration 
depth in HOPG.

Second, the dpa required for amorphizing the HOPG samples in this study is significantly higher than 
that reported previously. Implantation at 20  keV with fluences of 2 × 1016  cm−2 and 4 × 1016  cm−2 produced 
amorphous layers of nearly identical thickness (see Table  1) but with varying maximum dpa, as predicted 
by SRIM. Nonetheless, Raman spectra indicated that only the samples implanted at the higher fluence of 
4 × 1016 cm−2 were completely amorphized. Consequently, the SRIM and Raman results suggest that achieving 
complete amorphization of our HOPG samples requires a dpa exceeding 35 dpa, significantly higher than the 
previously reported value of 0.20 dpa. This discrepancy may be attributed to the highly ordered structure of the 
HOPG samples used in this study, which necessitates higher fluences for complete damage (i.e., amorphization).

Data availability
The datasets used and/or analysed during the current study available from the corresponding author on reason-
able request.
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