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Abstract 

We report the results of a comparative investigation of graphene films prepared on Si(100) 

and fused silica (SiO2) combining pulsed laser deposition and rapid thermal annealing using 

Ni catalyst. The effect of modifying the substrate and/or growth temperature (600-1000°C) of 

graphene synthesis was investigated by Raman micro-spectroscopy mapping. Graphene 

grown on Si(100) was multilayered, and various nickel silicide phases had formed 

underneath, revealing dependence on the growth temperature. Films prepared on SiO2 mainly 

comprised bi- and tri-layered graphene, with no traces of nickel silicide. Analysis of Raman 

D, G, and 2D peak intensities and positions showed that modifying the growth temperature 

had different effects when a Si(100) or a SiO2 substrate is used. These findings advance our 

understanding of how different combinations of substrate and thermal processing parameters 

affect graphene synthesis from solid carbon source using nickel as a catalyst. This knowledge 

will enable better control of the properties of graphene film (defects, number of layers, etc.), 

and will have a high potential impact on the design of graphene-based devices for scientific or 

industrial applications. 

Keywords: Graphene, pulsed laser deposition, rapid thermal annealing, nickel silicide, 

substrate effect. 
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1. Introduction 

Graphene is a remarkable 2D material with a unique combination of mechanical, electronic, 

optical and thermal properties
[1–7]

.These properties mean graphene could be used in many 

technological fields including transparent electrodes, field emitters, biosensors, batteries
[8–12]

, 

to cite but a few examples. Many techniques exist for producing graphene including chemical 

vapor deposition, chemical reduction of graphene oxide, exfoliation, epitaxial growth on SiC 

or metal substrates, and physical vapor deposition methods including pulsed laser deposition 

(PLD)
[13–30]

.Whatever the synthesis route chosen, many experimental factors affect the 

graphene nanoarchitecture and properties. However, the influence of using substrates of 

different natures and compositions – all other parameters being fixed – has rarely been 

investigated to observe their specific effects on the nature and properties of the synthetized 

graphene films. In the particular case of PLD, graphene growth is generally achieved using 

Si
[31–34]

, SiO2
[35]

, SiO2/Si
[36]

 and Cu foil
[37]

 substrates, with various metallic catalysts (Cu, Ni, 

etc.) and thermal processing techniques. Even so, it is still difficult to assess the impact of the 

substrate on the nature and quality of the graphene films due to changes in the PLD and 

thermal processing parameters from one publication to another. 

A good understanding of the impact of the substrate on the nature and quality of the resulting 

graphene is vital for potential applications. The objective of this study was thus to synthesize 

graphene on two different typical substrates, crystallized silicon Si(100) and amorphous SiO2, 

using the same deposition and growth process. PLD is a robust way to generate a solid carbon 

for graphene growth on the two different substrates. A thin Ni catalyst film is then deposited 

on the top surface by thermal evaporation. Finally, rapid thermal annealing (RTA) is 

performed in low-vacuum at temperatures between 600 and 1000°C, inducing few-layer or 

multilayer graphene formation as is classically reported in the literature using such carbon-

nickel stacks
[38]

. In this way, the specific effect of the substrate on graphene-based films 

nanoarchitecture can be assessed, since identical deposition and heating processes are used for 

both substrates. The films are usually characterized by Raman micro-spectroscopy, a 

recognized technique for investigating the nanostructure, crystallite size, defects and number 

of layers in graphene materials
[39–58]

. Specifically, surface mapping of the Raman signal is 

performed to accurately assess the homogeneity of the samples at the micrometric scale. 

Raman spectra of carbon materials typically exhibit numerous contributions, among which 

three are of major significance for studying graphene: the so-called D, G and 2D peaks 

appearing respectively at shifts around 1350 cm
−1

, 1580 cm
−1

 and 2700 cm
−1

. Their shapes, 
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intensities, and positions provide considerable information about the graphene films, 

including domain sizes, defects, number of layers, and stress. The sharp G peak corresponds 

to the in-plane vibration mode of sp
2
 hybridized carbon atoms. The D peak corresponds to the 

breathing of aromatic rings in the graphene lattice, and only appears in the presence of 

defects. The 2D peak is the result of a two-phonon lattice vibration process in graphene, 

observed even without any disorder or defects. The study of this last feature is probably one 

of the most important in characterizing the graphene-like quality of a film. The 2D on G peak 

intensity ratio (I2D/IG), the full width at half the maximum 2D peak (FWHM(2D)) and, to a 

lesser extent, the position of the 2D peak, make it possible to determine the number of layers 

(within 1-5) of few-layer graphene with a relatively good degree of accuracy. Given the huge 

amount of scientific synthesis and use of graphene, and to discuss the quality of samples 

produced for this study, we reviewed 50 references in the literature (see also Supplementary 

S0). Our focus was on associating I2D/IG and FWHM(2D) data with the number of layers in 

few-layer graphene, for the purpose of quantification. The resulting correlations are listed in 

Table 1. When the I2D/IG ratio is below 0.6, it is generally accepted that the graphene film 

contains more than 4 layers, with a near-certainty of more than 5 layers when I2D/IG is below 

0.4. Additionally, the 2D peak position upshifts to 50 cm
-1

 when the number of layers 

increases from 1 to 5. For more than 4-5 layers, the FWHM(2D) cannot be used to quantify 

the number of layers, and the 2D signature becomes similar to that of graphite. 

 I2D/IG FWHM(2D) 

Monolayer > 1.3 24 - 50 

Bilayer 0.7 – 2.2 38 - 65 

Trilayer 0.6 – 0.7 55 - 85 

4-5 Layers 0.4 – 0.6 // 

Multilayers (5-10) < 0.4 // 

Table 1: Summary of I2D/IG ratio and FWHM(2D) for different graphene layers, based on 50 

references (see Supplementary S0). 

 

Studying the D peak is a good way to evaluate the defective nature of a graphene sample 

structure. Its intensity, compared to that of the G peak, can be used to investigate the quality 

of graphene. By studying the D to G peak intensity ratio (ID/IG), the crystallite size in the 

graphene material can be estimated using the Tuinstra-Koenig relation: 
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La                    
  

  
 
  

 [59] 

where   is the laser wavelength in nanometers, and La is the average size of the crystallites. 

This literature survey is used in section 4 to discuss the Raman results described in section 3 

characterizing the graphene films obtained with various RTA parameters on both Si(100) and 

SiO2 substrates. 

2. Experimental 
2.1. Sample preparation 

The steps used to prepare the samples are shown in Fig. 1. First, the Si(100) and SiO2 

substrates were cleaned ultrasonically (successively in acetone, ethanol and deionized water 

baths). Second, amorphous carbon (a-C) was deposited by PLD in a vacuum at a base 

pressure of 10
−4

 Pa. The PLD targets were high purity (99.9995%) micro-crystalline graphite 

disks. Ablation was performed using an excimer KrF laser (248 nm wavelength, 20 ns pulse 

duration, 10 Hz repetition rate) at room temperature, focused with a 50 cm lens producing a 

2.2 mm
2
 semi-Gaussian elliptic spot. This gives an average energy density (fluence) of the 

laser beam at 4.5 J/cm
2
. The ablation time was adjusted to keep an amorphous (a-C) film 

thickness of 10 nm, deposition speed having been estimated at 10 nm/min by profilometry. 

The substrates were mounted on a sample holder placed at a distance of 40 mm from the 

graphite target. A 60 nm thick nickel film was subsequently deposited by thermal evaporation 

on the top of the a-C/Si or a-C/SiO2 substrate in a vacuum chamber pumped at a base pressure 

of 10
−4

 Pa. High purity (99.99%) Ni was heated in a tungsten nacelle and evaporated towards 

the substrates. The last step was rapid thermal annealing. To this end, the Ni/a-C/Si or Ni/a-

C/SiO2 samples were placed in a SiC susceptor in an RTA oven pumped at 5 Pa. The heating 

rate, controlled by PID, was set at 15°C/s as measured by a pyrometer located on the back of 

the susceptor. Cooling from high temperature was set at a maximum of 1°C/s or natural 

cooling (whichever is slower). Different maximum temperatures ranging from 600 to 1000°C, 

are reached and held for 10 minutes. Table 2 lists the resulting samples with their label and 

synthesis conditions. 
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Fig. 1: Synthesis route of graphene films obtained by combining pulsed laser deposition and rapid 

thermal annealing on both Si(100) and SiO2 substrates. The formation of nickel silicides with the 

Si(100) substrate is detailed in the “results” section. 

2.2. Sample characterization 

Raman spectroscopy is performed using an Aramis Jobin Yvon spectrometer. The excitation 

wavelength is 442 nm (He-Cd source) for graphene spectra and 633 nm (He-Ne source) for 

nickel silicide spectra, with a spectral resolution around 2 cm
−1

. The excitation laser beam is 

focused with a 100x objective, consistent with a laser spot with a diameter < 1 µm for both 

wavelengths, allowing for submicrometric spatial resolution when performing Raman 

mapping. The laser power was kept below 3 mW to avoid damaging the film surface. 

Rectangular mapping was performed on all samples at 442 nm excitation wavelength. The 

probed surface was a 20 × 20 µm
2
 square, with a 1 m spatial sampling. This means that over 

400 Raman spectra were collected for each sample. 

A custom-made algorithm relying on the SciPy python library was then used to extract 

relevant information on the Raman peaks: intensity, width, position, etc. Most peaks were 

fitted with Lorentzian functions, except for the G peak which was fitted with a Breit-Wigner-

Fano function accounting for its asymmetry compared to a classical Lorentzian profile
[60]

. 

Later, when computing intensity ratios, we will be referring, as is usually the case in the 

literature, to peak height (intensity maximum) as opposed to peak area. All peak properties 
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discussed later (FWHM, intensity maximum, positions, etc.) were extracted from the 

properties of the Lorentzian profiles. 

 

 Graphene precursor & substrate RTA temperature Sample label 

Graphene on 

Si(100) 

Ni(60 nm)/a-C(10 nm)/Si(100) 1000°C G-Si-1000 

Ni(60 nm)/a-C(10 nm)/Si(100) 900°C G-Si-900 

Ni(60 nm)/a-C(10 nm)/Si(100) 800°C G-Si-800 

Ni(60 nm)/a-C(10 nm)/Si(100) 700°C G-Si-700 

Ni(60 nm)/a-C(10 nm)/Si(100) 600°C G-Si-600 

Graphene on  

SiO2 

Ni(60 nm)/a-C(10 nm)/SiO2 1000°C G-SiO2-1000 

Ni(60 nm)/a-C(10 nm)/SiO2 900°C G-SiO2-900 

Ni(60 nm)/a-C(10 nm)/SiO2 800°C  G-SiO2-800 

Ni(60 nm)/a-C(10 nm)/SiO2 700°C G-SiO2-700 

Ni(60 nm)/a-C(10 nm)/SiO2 600°C G-SiO2-600 

Table 2: The samples and their growth conditions. RTA annealing was performed in a low vacuum at 

5 Pa for 600 s, preceded by a +15°C/s heating ramp and followed by cooling limited to -1°C/s. 

3. Results 
3.1. Substrate effects depending on the annealing temperature 

Raman mappings (20 x 20 µm², each integrating 400 Raman spectra) were performed on 

representative areas to highlight the similarities and differences between the graphene grown 

on Si(100) and SiO2 substrates at the five growth temperatures. This made it possible to 

compute mappings for the following characteristics: ID/IG and I2D/IG intensity ratios, 2D peak 

FWHM, as well as D, G, and 2D peak positions. Table 3 lists the mean values of these 

characteristics for each sample, averaged from each set of 400 recorded spectra. The most 

relevant mappings are shown and commented below, the others are provided in 

Supplementary information. 
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Fig. 2a and 2b show the Raman mapping of the ID/IG intensity ratio for samples grown at all 

temperatures, on Si and SiO2, respectively. On the Si(100) substrate, the mean intensity ratio 

ID/IG increased with growth temperature from 0.297 to 0.468. This suggests a decrease in the 

mean crystallite size from 31 to 20 nm. This effect is shown in the left plot in Fig. 2c. On the 

SiO2 substrate, the opposite behavior was observed (as shown in the right plot in Fig. 2c): the 

mean intensity ratio ID/IG decreased from 0.293 to 0.140 with an increase in the growth 

temperature. This was associated with an increase of from 31 to 65 nm in the mean crystallite 

size. These results suggest that graphene films grown on SiO2 contain fewer defects and larger 

crystallites than graphene grown on Si(100). 

Table 3: Mean values of the Raman characteristics resulting from the 400 Raman spectra performed 

on representative areas of the graphene films and presented as Raman mappings in the proof and in 

Supplementary information. 

Fig. 3a and 3b show Raman mappings of the I2D/IG intensity ratio for graphene grown at all 

annealing temperatures, on Si (100) and SiO2, respectively. On the Si(100) substrate, the 

mean I2D/IG ratio globally decreased (albeit non-monotonically) with temperature, from 0.477 

to 0.342 (as seen in Fig. 3c), whereas the mean FWHM(2D) increased slightly from 111 to 

120 cm
-1

 (see Supplementary Fig. S1). This suggests that the number of graphene layers 

increases with an increasing growth temperature. The opposite behavior was observed on 

SiO2 substrates, where the number of graphene layers decreased with an increase in the 

growth temperature from 600°C to 1000°C. As can be seen in Fig. 3c (right plot), the mean 

I2D/IG intensity ratio increased from 0.412 to 0.721 and the FWHM(2D) mean value decreased 

from 108 to 77 cm
-1 

(see Supplementary S1) with growth temperature. These results suggest 

that growth on SiO2 substrates produces graphene films with fewer layers than growth on 

Si(100). 

 Graphene on Si(100) Graphene on SiO2 

RTA temperature 600°C 700°C 800°C 900°C 1000°C 600°C 700°C 800°C 900°C 1000°C 

I
D
/I

G
 0.297 0.317 0.346 0.462 0.468 0.293 0.269 0.271 0.174 0.140 

La (nm) 31 29 26 20 20 31 34 34 53 65 

I
2D

/I
G
 0.438 0.477 0.403 0.427 0.342 0.412 0.420 0.489 0.706 0.721 

2D position 2742 2739 2738 2745 2754 2743 2741 2737 2733 2732 

2D FWHM 111 109 108 112 120 108 109 107 87 77 

G position 1577 1576 1576 1584 1583 1580 1579 1576 1574 1573 

D position 1367 1365 1366 1374 1373 1373 1374 1367 1361 1360 
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Fig. 2: (a) ID/IG Raman mapping of as-grown graphene at temperatures ranging from 600-1000°C on 

Si (100) with their mean values, (b) ID/IG Raman mapping of as-grown graphene at temperatures 

ranging from 600-1000°C on SiO2 with their mean values, (c) Plots showing dependence on growth 

temperature as a function of mean ID/IG ratio and crystallite size (La): right plot, graphene on Si(100), 

left plot, graphene on SiO2. 
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Fig. 3: (a) I2D/IG Raman mapping of as-grown graphene at temperatures ranging from 600-1000°C on 

Si (100) with their mean values, (b) I2D/IG Raman mapping of as-grown graphene at temperatures 

ranging from 600-1000°C on SiO2 with their mean values, (c) Plot of growth temperature dependency 

as a function of the I2D/IG ratio and the FWHM(2D): right plot, graphene on Si (100), left plot, 

graphene on SiO2. 

Fig. 4 shows typical Raman spectra extracted from the mapping of each of the samples 

detailed in Table 2. The abovementioned and commented D, G, and 2D peaks are clearly 

visible, as are other minor peaks: D+D’’ near 2450 cm
-1

, D+G near 2950 cm
-1

 and 2D’ near 

3250 cm
-1

, all already observed in some graphene films. The D + D” and 2D’ peaks are, like 

the G and 2D peaks, common features in most graphene samples. They emerge, like the 2D 

peak, as a combination of two phonon modes individually associated with defects (D’ and D”) 

allowing so-called breathing of aromatic rings in carbon materials. The combination of those 

resonances can appear without defects as the two phonons can verify momentum conservation 

provided they have opposite wavevectors. In the case of the D + G peak, also sometimes 

labelled D + D’, the excitation mechanisms are somewhat unclear but they also appear in 

defective graphene-like material
[61,62]

. The insert in Fig.4b shows the deconvolution of the 2D 

peak from a spectrum from the graphene film obtained at 1000°C on SiO2. The 2D peak is 

deconvoluted into four components each with a FWHM of 28 cm
-1

. According to Malard et 

al.
[40]

, this is the fingerprint of bilayer graphene. It is worth mentioning that some of the 

spectra extracted from the mapping of this sample had a substantially larger 2D peak, which 

were deconvoluted into 6 components (with a FWHM of 28 cm
-1

), which is consistent with 

trilayer graphene. 
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Fig. 4: Typical experimental (black) and fitted (blue) Raman spectra of graphene films grown at 

temperatures ranging from 600-1000°C: (a) on Si (100), (b) on SiO2 (the red insert corresponds to the 

deconvolution of 2D peak of the spectrum of graphene at 1000°C on SiO2). 

3.2. Identification of nickel silicide phases when using Si(100) substrates 

To understand the rather different impacts of increasing the annealing temperature on the 

growth of graphene when using Si(100) or SiO2 substrates, the reactivity of the Ni catalyst 

layer with the substrate can be studied. Indeed, diffusion of Ni atoms into Si
[33]

 and SiC
[63,64]

 

substrates during annealing, and the concomitant formation of nickel silicide phases have 

already been reported. This can influence the carbon diffusion process through the Ni catalyst 

as well as the nature of the resulting graphene film (number of layers, defects, etc.). In this 

study, the nickel silicide formation using Si(100) substrate was studied by Raman 

spectroscopy in the 100 to 500 cm
-1

 shift range, with a laser excitation at 633 nm, as shown in 

Fig. 5. The G-Si-600 sample (annealed at 600°C) exhibited no Raman peaks in this spectral 

region, suggesting that no nickel silicide is present. This could explain the small number of 

defects in the sample compared with the other samples synthesized at higher temperatures. In 

addition, the ID/IG mean ratio (0.297) of the G-Si-600 sample was quite close to the one 

(0.293) of G-SiO2-600 (as other Raman characteristics, Table 2), also annealed at 600°C, 

suggesting that at this rather low temperature, both graphene films are very similar whatever 

the nature of the substrate.  

At higher annealing temperatures, the evolution of the Raman response differed greatly in the 

two substrates, which can be correlated with the formation of nickel silicide on the Si(100) 

substrate. According to Raman spectral data in the literature
[65–69]

, Ni2Si, NiSi and NiSi2 

nickel silicide phases exhibit peaks at 100 and 140 cm
-1

, 190 and 215 cm
-1

 and 230, 295, 320, 

and 370 cm
-1

, respectively. In the present study, low wavenumber peaks related to Ni2Si were 
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never observed whatever the annealing temperature. Bhaskaran et al.
[69]

 observed significant 

background noise in the spectra in this region, and concluded that the presence of the Ni2Si 

phase, formed by thermal processing of a Ni thin film on a silicon substrate, could not be 

confirmed. 

A peak near 120 cm
-1

 (within the 117 and 123 cm
-1

 range) was observed at all temperatures, 

except surprisingly at 700°C. Huong et al.
[70]

 attributed the 120 cm
-1

 peak to cylindrical 

graphene walls, but it was not possible to confirm their attribution here.  

At 700°C, peaks corresponding to the formation of NiSi were observed, along with weak 

peaks probably associated with NiSi2. Indeed, we cannot exclude the formation of a disilicide 

nickel phase, which is less Raman sensitive than the NiSi phase. At growth temperatures of 

800°C and above, only the NiSi2 Raman broad peaks were detectable at wavenumbers 

between 227 to 400 cm
-1

, whereas the intense Raman signal of the NiSi phase decreased, 

which may be consistent with the transformation of the NiSi phase into the NiSi2 phase at the 

highest temperatures (all Raman spectra were acquired with the same integration time). No 

similar phases were observed when the graphene was grown on the SiO2 substrate, whatever 

the temperature (see Supplementary S5). The presence of nickel silicide phases is certainly 

responsible for the differences in the evolution of the Raman responses between the Si(100) 

and SiO2 substrates, as highlighted in the following section. 
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Fig. 5: Raman spectra at 633 nm for as-grown graphene on Si(100) with various growth temperatures 

from 600 to 1000°C. See text for peak assignments. 

4. Discussion 
4.1. Effect of the substrate on the graphene film nano-architecture 

High quality few layer graphene is expected to exhibit low ID/IG and high I2D/IG ratios. From 

the Raman mapping of ID/IG and I2D/IG ratios, it appears that, for each substrate, graphene 

films with the lowest defects content and number of layers were G-Si-600 and G-SiO2-1000. 

The G-Si-600 film exhibited ID/IG and I2D/IG ratios of 0.297 and 0.438 respectively, whereas 

the G-SiO2-1000 film exhibited ID/IG and I2D/IG ratios of 0.140 and 0.721 respectively. In 

order to evaluate the dominant number of layers on the surface of the two samples compared 

with the literature, a statistical analysis of the number of graphene layers was performed by 

combining the I2D/IG  and FWHM(2D) values deduced from the 400 spectra recorded on each 

sample. This analysis quantified the distribution of the I2D/IG and FWHM(2D) values between 

their minimum and maximum values for each graphene film. As can be seen in Fig. 6, I2D/IG 

varied from 0.40 to 0.46 and FWHM(2D) varied from 107 to 114 cm
-1

 in the G-Si-600 

sample, whereas I2D/IG varied from 0.40 to 1.10 and FWHM(2D) varied from 20 to 90 cm
-1

 in 

the G-SiO2-1000 sample. Based on Table 1, which correlates I2D/IG and FWHM(2D) with the 

number of layers in the samples from the 50 references in the literature, multilayered (>5) 

graphene is present on 100% of the G-Si-600 samples. In the G-SiO2-1000 sample, 90% of 

the spectra present an I2D/IG ranging from 0.65 to 1.10, and a FWHM(2D) ranging from 50 to 

80 cm
-1

. The combination of both I2D/IG and FWHM(2D) indicates a predominant formation 

of 2–3 graphene layers on the SiO2 substrate. Therefore, it can be concluded that the G-Si-600 

sample has homogeneous architecture comprised of 100% of multilayered graphene, while the 

G-SiO2-1000 sample predominantly exhibits a bi- and trilayer architecture. 
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Fig. 6: (a) Histogram of the I2D/IG intensity ratio measured by Raman spectroscopy of 400 graphene 

films of the G-Si-600 sample, (b) Histogram of the FWHM(2D) peak measured by Raman 

spectroscopy for 400 graphene films of the G-Si-600 sample (c) FWHM(2D) peak plotted against the 

I2D/IG ratio for G-Si-600. (d) Histogram of the I2D/IG intensity ratio measured by Raman spectroscopy 

for 400 graphene films of the G-SiO2-1000 sample. (b) Histogram of the FWHM(2D) peak measured 

by Raman spectroscopy for 400 graphene films of the G-SiO2-1000 sample (c) FWHM(2D) peak 

plotted against the I2D/IG ratio for the G-SiO2-1000 sample. 

 

4.2. Differential effect of annealing temperature related to nickel silicide formation 

In addition to Raman mappings of peak ratios and peaks FWHM, the D, G, and 2D peak 

positions were mapped (see Supplementary S2, S3, S4). Along with the study of I2D/IG and 

ID/IG, the evolution of those positions with annealing temperature is shown in Fig. 7 for each 

substrate. In general, the G peak position follows the ID/IG ratio evolution, in good agreement 

with what was observed on graphite
[71,72]

, with both values increasing with the nanoclustering 

and the reduction in crystallite size. However, one cannot exclude the impact of compressive 

stress leading to the G peak upshift, as already reported in other works
[73–75]

. This can be a 

concern especially in the case of nickel silicide formation leading to a surface texturing of the 

substrate during post-annealing cooling of the films. It is possible to correlate the increase or 

decrease in the 2D peak position with an opposite trend of the I2D/IG ratio. This is to be 



 14 

expected when referring the literature, as the increase in the number of graphene layers 

upshifts the position of the 2D peak
[74,76]

. Here, the position of the D peak appears to behave 

in the same way as the position of the G peak and the ID/IG ratio, although it shifts almost 

twice as far as the G peak. Relatively few opinions have been expressed in the literature about 

the position of the D peak, but we suggest that the nanoclustering effects leading to the G 

peak upshift might produce the same outcome for the D peak. 

When considering the SiO2 substrate, increasing the annealing temperature has beneficial 

effects on the graphene quality. An increase in I2D/IG, a decrease of ID/IG and a decrease in the 

positions of the D, G, and 2D peaks indicate that the produced graphene has fewer layers 

(between 2 and 3) and fewer defects (higher homogeneity). Even though the process of 

graphene generation using a metal catalyst has not yet been fully elucidated, it appears that 

the phenomenon is enhanced when the annealing temperature is increased. 

This is not the case when graphene is grown on Si substrate. The impact of temperature 

appears to be negligible, or at least comparable with what happens on SiO2 up to 800°C. 

However, temperatures of 900°C and 1000°C are clearly detrimental to graphene quality, with 

I2D/IG decreasing and the other parameters increasing (ID/IG, D, G, and 2D positions). This 

means that in this case, the resulting material is a so-called multilayer graphene of a more 

defective nature. And, as can be seen in Fig. 7, these detrimental effects arise precisely when 

the most distinctive features of NiSi2 are present in the Raman signature of the films. 

It therefore appears that a high annealing temperature is beneficial for the quality of graphene 

grown using a nickel catalyst, except when the nickel reacts with the substrate. Indeed, the 

results for SiO2 produced at high temperatures appear to originate in the optimal interaction of 

the a-C films with its Ni catalyst. It appears that when nickel silicides grow on the surface of 

Si substrates, less catalyst is available to produce graphene during annealing. If one considers 

that the Ni is consumed during graphene growth, increasing the temperature optimizes the 

consumption in the case of SiO2, but not in the case of Si, as part of the Ni is consumed to 

produce nickel silicide. The formation of such nickel silicide phases reduces the proportion of 

the metallic nickel phase in which carbon may diffuse towards surface segregation of 

graphene. So, with Si(100), a higher proportion of carbon segregates at the surface, compared 

to what is observed with SiO2 with no nickel silicide phase formation. Such a difference may 

explain why, with Si(100), the graphene film is thicker and multilayered, whereas with SiO2 it 

is thinner with only 2-3 layers. 
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It has previously been suggested that the more defective nature of graphene samples grown on 

silicon using nickel as a catalyst is due to the nano-roughness induced by the formation of 

nickel silicide. The present work reveals that more complex phenomena may be involved 

here, in particular, the quantity of nickel available for both graphene growth and nickel 

silicide formation appears to be critical for the production of few-layer graphene. 

 

Fig. 7: D, G, and 2D peak positions depending on growth temperature for graphene grown on (a) 

Si(100), (b) on SiO2. 

 

 

5. Conclusions 

In this paper, we report comparative Raman analysis of the graphene films prepared on 

Si(100) and SiO2 substrates by combining high-vacuum pulsed laser deposition and rapid 

thermal annealing in low vacuum at growth temperatures ranging from 600 to 1000°C, in the 

presence of a Ni catalyst layer. The objective was to compare the nature of the graphene films 

grown from a similar amorphous carbon film, in similar thermal conditions but on two 

different substrates. The main conclusions are the following: 



 16 

 A review of 50 literature references showed that the I2D/IG ratio and the FWHM of the 

2D peak constitute Raman fingerprints that can be used to differentiate graphene 

nanoarchitectures with a number of layers ranging between 1 and 5, but with some 

uncertainties due to only partial recovery of these fingerprint ranges from one 

reference to another. 

 The two different Si(100) and SiO2 substrates, with an identical a-C/Ni top layer, are 

covered by a quite similar graphene film when growth occurs at 600°C. Growth at 

temperatures ranging from 700 to 1000°C induces very different behavior of the 

Raman signal, highlighting a significant effect of the substrate on the nanoarchitecture 

of the graphene film. The formation of nickel silicide phases between 700 and 

1000°C, particularly above 900°C, is responsible for this difference. 

 On the Si(100) substrate, increasing growth temperature leads to the synthesis of 

defective multilayered graphene film, with a decrease in the crystallite size with 

temperature.  

 On the SiO2 substrate, the increase in growth temperature results in a less defective 

graphene film, mainly comprised of 2-3 layers with larger crystallites.  

 Higher annealing temperature benefits graphene growth when Ni is used as a catalyst 

on SiO2, and this appears to be due to optimal consumption of the catalyst during the 

synthesis. This effect is cancelled during growth on Si, as the formation of nickel 

silicide, which increases at higher temperatures, limits the amount of catalyst available 

for graphene synthesis. 

These findings underline the fact that, beyond parameters such as annealing temperature and 

synthesis conditions, the choice of an appropriate substrate for growth of graphene from a 

solid source using a metal catalyst is a useful tool to control the properties of graphene, 

including the number of defects and the number of layers. 
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