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CVD-graphene on silicon was irradiated by accelerated heavy ions (Xe, 160 MeV, fluence of 1011 cm-2) 

and characterized by Raman spectroscopy. The defectiveness of pristine graphene was found to be domi-

nated by grain boundaries while after irradiation it was determined by both grain boundaries and vacan-

cies. Respectively, average inter-defect distance decreased from  ~ 24 to ~ 13 nm. Calculations showed that 

the ion irradiation resulted in a decrease in charge carrier mobility from ~ 4.0 × 103 to ~ 1.3·103 cm2/V s. 

The results of the present study can be used to control graphene structure, especially vacancies concen-

tration, and charge carrier mobility. 
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1. INTRODUCTION 
 

Graphene is a promising material for a variety of 

applications. It is a two-dimensional sp2-carbon 

allotrope [1]. The importance of graphene studies is 

driven by its unique physical properties: optical 

transparency, high values of rigidity, thermal and 

electrical conductivity [2]. At present, graphene is used 

in transparent electrodes, field effect transistors, 

biosensors, etc. 

For several applications, graphene structure 

modification using controlled defect introduction is 

needed [3]. Swift heavy ions (SHI) irradiation method 

is a versatile and convenient tool for this purpose [4]. It 

allows one to create defects using a wide ion energy 

range, different fluences for obtaining different defect 

densities, and various ion types. However, the 

mechanism of defect formation in SHI-irradiated 

graphene is still unclear. 

Raman spectroscopy is a versatile tool for obtaining 

information on structural properties of various 

materials. This method is particularly useful in the 

context of graphene studies, due to monoatomic 

thickness of the material [1, 2]. As shown in [5], it is 

possible to determine the average inter-defect distance 

in laser spot area for graphene from D and G peaks 

maximum intensity ratio. Moreover, the correlation 

presented in [6] allows one to estimate graphene charge 

carrier mobility from the full width at half-maximum 

(FWHM) of 2D peak. 

Purpose of the present work is to study structural 

properties of SHI-irradiated graphene using Raman 

spectroscopy in order to understand how defect-caused 

structural changes influence graphene physical 

properties. 

 

2. EXPERIMENTAL 
 

Graphene studied in this paper was obtained by 

atmospheric pressure chemical vapor deposition (CVD). 

Prior to the synthesis, copper substrate was 

electrochemically polished in 1 M phosphoric acid 

solution for 5 min with operating voltage of 2.3 V. 

Synthesis was performed in a tubular quartz reactor 

with a diameter of 14 mm. Copper foil was pre-

annealed at 1050°C for 60 min under the following gas 

flow rates: hydrogen 150 cc/min, nitrogen 100 cc/min. 

Synthesis was performed under the following 

conditions: reactor temperature 1050 °C, C10H22 flow 

rate 4 μl/min, H2 flow rate 60 cc/min, N2 carrier flow 

rate 100 cc/min, synthesis time 30 min. After the 

hydrocarbon flow termination, the sample was cooled 

down to room temperature at a rate of ~ 50 C/min. 

Graphene was transferred to Si/SiO2 substrate by 

wet-chemical room-temperature etching without 

polymer support in two steps. First, one side of copper 

foil was treated for 3 min in a solution of H2NO3 and 

H2O mixed in a volume ratio of 1:3. Then the copper foil 

was totally dissolved in a water solution of FeCl3. 

Graphene film was washed several times in a bath with 

distilled water prior to being placed onto the substrate. 

Graphene was irradiated by 160 MeV xenon ions 

with total fluence of 1011 cm – 2 at the IC100 cyclotron 

at the FLNR JINR in Dubna [7]. Ion beam homogeneity 
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over the irradiated specimen surface was controlled 

using beam scanning in the horizontal and vertical 

directions and was better than 5 %. 

Raman spectra were obtained with a spectral 

resolution not less than 3 cm – 1 using a confocal Raman 

spectrometer Nanofinder HE (LOTIS TII). For 

excitation of Raman radiation, a continuous wave solid-

state laser with a wavelength of 473 nm was used. 

Room-temperature Raman measurements were carried 

out using laser power of 800 µW, the diameter of laser 

spot on the sample surface being about 0.6 µm. 
 

3. RESULTS AND DISCUSSION 
 

Typical Raman spectra for graphene before and 

after SHI irradiation are presented in Fig. 1. The 

presence of single-layer graphene in both cases is 

indicated by I2D/IG peak intensity ratios together with 

2D peak FWHMs and single Lorentzian 

approximations (insets in Fig. 1) [2, 8]. 
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Fig. 1 – Typical Raman spectra for graphene before (top) and after (bottom) ion irradiation. Insets:  2D peak approximations with 

single Lorentz functions 
 

As seen from the figure, D peak in pristine 

graphene spectrum has relatively low intensity 

(ID/IG ~ 0.3), which corresponds to a low defectiveness 

of the sample structure [1, 2]. A different situation is 

observed for irradiated graphene: typical Raman 

spectra in this case demonstrate ID/IG intensity ratios 

not less than ~ 0.5. However, in several areas ID/IG 

values up to of ~ 1.0 are observed. Based on this fact, 

we can conclude that graphene defectiveness increased 

after irradiation. 

According to [5], the average inter-defect distance in 

the laser spot area LD can be calculated from the ratio 

of D and G peak maximum intensities using the 

following expression: 
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where EL is an excitation energy. 

It is important to note that since the ID/IG ratio does 

not depend on a defect geometry [9], LD values 

calculated from the formula represent the average 

inter-defect distance for all Raman active defects that 

are involved in elastic scattering (since the process 

leading to D peak arising includes inelastic electron-

phonon scattering and elastic electron-defect scattering 

events [2]). 

The calculation results were averaged over all 

obtained spectra (400 spectra for each sample). For 

pristine graphene, the obtained inter-defect distance 

value was ~ 24 nm. The calculation has shown that 

after the irradiation the LD value decreased to ~ 13 nm, 

signifying the increased number of defects. At the same 

time, calculated average distance between the ions 

fallen onto graphene surface is ~ 16 nm. 

In order to obtain detailed information on defect 

distribution over graphene surface before and after the 

irradiation, Raman mappings across the surface were 

performed. Fig. 2 presents LD maps for graphene both 

before and after the irradiation. 

As seen from Fig. 2, the distribution of LD is regular 

over all scanned area both for pristine and irradiated 

graphene. The inter-defect distance uniformly 

decreased (and therefore the defect density increased) 

after the irradiation. 

In [9] it was shown that graphene defect type can be 

obtained from ID/ID’ intensity ratio. D’ peak for 

graphene is usually partially overlapped with G peak 

leading to combined asymmetric shape, as can be 

observed in Fig. 1, but its intensity can be easily 

obtained by simple deconvolution. Typical spectra of 

pristine graphene demonstrate ID/ID’ values of 1.0 - 3.5 

corresponding to grain boundaries. At the same time, 

irradiated graphene spectroscopy data shows 

ID/ID’ ~ 3.9 - 5.7. According to presented in [9] 

dependencies, these values indicate presence of both 

grain boundaries and vacancies. 

Fig. 3 shows Raman maps of the ID/ID’ intensity 

ratio giving the distribution of defect types over the 

scanned area. 
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Fig. 2 – Raman maps (20 × 20 m) of the average inter-defect 

distance for pristine (top) and irradiated (bottom) graphene; 

scanning step of 1 m 
 

It is seen from the figure that scanned pristine 

graphene area is dominated by grain boundaries. In 

turn, irradiated graphene map contains a large number 

of vacancies besides the boundaries. Moreover, Raman 

maps of LD and ID/ID’ for irradiated graphene show 

a very strong correlation, giving almost identical values 

distribution. This fact indicates that nearly all defects 

in this case are represented by vacancies induced 

during the irradiation. 

According to [6], charge carrier mobility μ in 

graphene can be determined from 2D peak full width at 

half-maximum (FWHM). The authors of [6] used 

combined Hall effect measurements and Raman 

spectroscopy. This method resulted in finding strong 

correlation between Hall mobility and 2D peak FWHM. 

Determination performed according to dependencies 

described in [6] gave the value of charge carrier 

mobility in pristine graphene averaged over all 400 

scanned spectra pr ~ 4.0·103 cm2/V s. For irradiated 

graphene, the average μirr was about 1.3·103 cm2/V s. 

The charge carrier mobility decrease after the 

irradiation can be explained by intensifying of charge 

carriers scattering by defects induced. 
 

4. CONCLUSION 
 

Raman studies of CVD-graphene on silicon substrate 

 

 

 
 

Fig. 3 – Raman maps (20 × 20 m) of the ID/ID’ intensity ratio 

for pristine (top) and irradiated (bottom) graphene; scanning 

step of 1 m. Types of defects corresponding to specific ID/ID’  

values are indicated under the scale 
 

substrate irradiated by accelerated heavy ions (Xe, 

160 Me V, fluence 1011 cm – 2) have shown the uniform 

distribution of defect types and inter-defect distances 

over graphene surface. The defectiveness of pristine 

graphene was dominated by grain boundaries while 

after irradiation it became determined by both grain 

boundaries and vacancies. The average inter-defect 

distance was found to decrease from ~ 24 to ~ 13 nm. 

Charge carrier mobilities in graphene before and after 

the ion irradiation were calculated. It was found that 

the irradiation resulted in a decrease of charge carrier 

mobility from ~ 4.0·103 to ~ 1.3·103 cm2/V s. The results 

of the present study can be used to control graphene 

structure, especially vacancies concentration, and 

charge carrier mobility. 
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