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Abstract 

We report the transformation of amorphous carbon deposited by pulsed laser deposition (PLD) 

into free transfer graphene, associated with dewetting of the nickel catalyst film during rapid 

thermal annealing. Prior to graphene synthesis, dewetting of the pure nickel film is investigated 

versus thickness and temperature. Then a parametric study of graphene synthesis from an 

amorphous carbon film 2 nm thick is carried out by varying the starting thickness of the nickel 

catalyst (25, 50, 150 nm) at a temperature of 900°C. The graphene layers form on the top surface 

of the nickel film and at the interface between the nickel film and the SiO2 substrate, due to 

rapid diffusion of C through the Ni film. The concomitant nickel dewetting process enables 

exposure of the interfacial graphene while some graphene layers agglomerate on nickel 

particles. By removing the nickel particles with an acid treatment, interfacial graphene (also 

called free transfer graphene) was formed directly on the SiO2 substrate, avoiding a time 

consuming and relatively complicated transfer process. This work paves the way for the control 

of the number of layers of free transfer graphene using a solid carbon source and a nickel film 

catalyst. 

1. Introduction 

Research on graphene has received a lot of interest in recent years due to its outstanding 

physical and chemical properties, and its potential use in various applications[1–5]. For this 

reason, a variety of graphene synthesis techniques have been developed including mechanical 

exfoliation, annealing of SiC under ultrahigh vacuum, chemical vapor deposition (CVD), 

reduction of graphene oxide, and physical vapor deposition (PVD)[6–9]. Among PVD, pulsed 

laser deposition (PLD) is one of the alternative routes to CVD, the latter being the most 

commonly used process. As highlighted in our recent review paper related to the synthesis of 

graphene by PLD [10], one of the main advantages of this process is that it allows precise 
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control of the thickness and composition of the carbon-based film (including the incorporated 

dopants) which acts as the solid-state precursor of the graphene layers. Several catalysts 

including nickel, copper, cobalt, copper-nickel alloy catalyst [11–16] have been suggested to 

convert the amorphous carbon film into graphene layers. Several studies have been published 

on the growth of graphene by PLD using a nickel catalyst [10,17–25]. Schematically, thermal 

heating induces a dissolution of carbon atoms which diffuse into the metallic catalyst. During 

the thermal treatment and cooling process, the carbon solubility decreases and carbon 

segregates as graphene layers onto the surface of the nickel catalyst. Note that such a 

mechanism is observed whatever the carbon film is initially localized at the interface of the 

substrate with the catalyst, or on the top surface of the catalyst. The control of both the 

homogeneity and the number of graphene layers depends strongly on the solubility and 

diffusion of carbon and is consequently influenced by heating parameters (heating ramp, 

temperature and time of heating, cooling ramp) and material parameters (mainly the thicknesses 

of the carbon film and nickel film). However, the influence of the thickness of the nickel catalyst 

film on the synthesized graphene has rarely been investigated. 

By combining PLD and rapid thermal annealing, transfer-free graphene can be obtained by 

dewetting the nickel film. By increasing the temperature in a vacuum, dewetting is a 

spontaneous phenomenon in which a thin film is treated under conditions that allow the system 

to minimize its interfacial energy by breaking the film up into separate particles or islands. 

Dewetting of nickel thin films during graphene synthesis has been observed under different 

conditions [26–28]. Moreover, when an acidic treatment FeCl3 or HCl solution is used, the 

nickel particles resulting from the dewetting process can be eliminated. This process avoids the 

need for relatively complicated transfer protocols in which cracks, wrinkles, and contamination 

of the resulting graphene can occur [29,30]. 

In the present work, in the first step, we conducted a detailed parametric study of the influence 

of the thickness of the nickel and of the annealing temperature on the dewetting of nickel thin 

film. The morphological analysis was carried out with SEM to observe the effect of these two 

parameters. In the second step, we investigated the impact of the starting thickness of the nickel 

catalyst on the synthesized graphene by rapid thermal annealing of the a-C/Ni stacking. The 

samples were analyzed using SEM-EDS, Raman, UV-Vis, and HRTEM. This study advances 

our understanding of the influence of the starting thickness of the nickel catalyst on its 

dewetting process and on the resulting synthesized graphene. Indeed, the effect of the metal 

catalyst thickness and annealing temperature on the nanoarchitecture of the graphene film are 

rarely systematically investigated in the literature. From a parametric study based on various 
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nickel film thicknesses (25-150 nm) annealed in the temperature range 500-900°C, we 

demonstrate the optimized experimental conditions to obtain a dominant graphene bilayer by 

annealing at 900°C an amorphous carbon films 2 nm thick deposited onto a Ni film catalyst 50 

nm thick. In such conditions, the results show that an easy acidic treatment is able to remove 

the residual nickel catalyst compatible with the existence of the graphene film onto the silica 

substrate. 

2. Experimental details 

 Figure 1 shows the different steps used to prepare the sample. SiO2 substrates were 

ultrasonically cleaned, first in acetone, and then in ethanol, and finally in deionized water baths. 

Nickel film (25, 50, 150 nm thick) was deposited by thermal evaporation on top of the cleaned 

SiO2 substrates in a vacuum chamber pumped to a base pressure of 10−6 mbar. High purity Ni 

(99.99%) was molten thermally in a tungsten nacelle and evaporated towards the substrate.  

 

 

 

 

 

 

 

 

Figure 1: Synthesis route for (A) rapid thermal annealing of Ni thin films and (B) free-transfer graphene 

films obtained by pulsed laser deposition of carbon on Ni thin films followed by rapid thermal annealing 

and Ni etching. In both cases, the substrate was SiO2. Inspired from [31], with permission. 

Thermal annealing of nickel thin film (labeled A in Fig. 1): After deposition of the nickel 

thin film (25, 50, 150 nm thick) by thermal evaporation, the Ni/SiO2 samples were annealed 

using rapid thermal annealing (RTA) to study nickel dewetting. Annealing was performed in a 

RTA oven at 500, 700, 800, and 900 °C for 420 s in a vacuum pressure of 10−2 mbar, with a 

heating rate of +15 °C/s and a cooling rate of about -0.5 °C/s. An annealing time of 420 s was 

chosen for all temperatures based on our previous investigation of the graphene growth 
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mechanism studied using in situ XPS [25], which showed that phase equilibrium was reached 

at 500 °C with 150 nm of Ni when heated for similar periods of time. In the present study, we 

thus assumed that phase equilibrium is also reached after heating for 420 s at temperatures 

ranging from 500-900 °C, with Ni film thicknesses ranging from the 25-150 nm. 

Free transfer graphene synthesis process (labeled B in Fig. 1): Ni/SiO2 substrates were 

introduced in a vacuum PLD chamber pumped to a base pressure of 10−7 mbar for 2 nm of 

amorphous carbon (a-C) deposition. Carbon was ablated from a high purity graphite 

(99.9995%) target using an excimer KrF laser (248 nm wavelength, 20 ns pulse duration, 10 

Hz repetition rate) at room temperature. The fluence of the laser beam was kept constant at 5 

J.cm-2. The distance between the sample holder and the graphite target was 40 mm. The final 

step consisted of annealing the a-C/Ni/SiO2 samples at 900 °C for the transformation of 

amorphous carbon into graphene. The choice of a-C film thickness (2 nm) and annealing 

conditions (temperature of 900°C, heating and cooling ramps) is based on our previous 

graphene synthesis optimization from a wide set of synthesis conditions [31]. The sample was 

heated for 420 s at a vacuum pressure of 10−2 mbar in an RTA oven, with a heating rate of +15 

°C/s and a cooling rate of about -0.5°C/s. After graphene growth, the samples were immersed 

in 4M FeCl3 for 24 h to remove nickel particles. Table 1 summarizes the processing conditions 

of the samples. 

Samples Thickness of nickel thin 
film  

Annealing 
temperature 

Heating rate 
Annealing 

time 
Cooling rate 

As deposited 

25 nm 

50 nm 

150 nm 

- 

+ 15 °C/s 

420 s 

- 0.5°C/s 

Ni-500 500 °C 

Ni-700 700 °C 

Ni - 800 800 °C 

Ni - 900 
900 °C 

a-C (2nm) / Ni – 
900  

Table 1: Summary of growth conditions. 
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Graphene was characterized by Raman spectroscopy using an Aramis Jobin Yvon spectrometer 

(Horiba Jobin Yvon, Gières, France), with 442 nm (2.81 eV) excitation laser-focused through 

an ×100 objective with a high aperture, guaranteeing the micrometric resolution of the analysis, 

and providing precise Raman mapping of the samples. To analyze the uniformity of the 

synthesized graphene, mapping of the samples over probed surfaces 20 × 20 micrometers in 

size, was performed with graphene at 442 nm, totaling 400 Raman spectra per map with a 1 µm 

spot size collected for each sample. Scanning electron microscopy (SEM) coupled with EDS 

was performed using a FEI Novanano SEM 200 operated at 15kV. The statistical values were 

extracted from the SEM images using ImageJ software. UV–Visible spectroscopy in 

transmission mode was performed by a spectrophotometer Cary50 Probe (Varian) within the 

spectral range 200–800 nm. High-resolution transmission microscopy (HRTEM) was 

performed using a JEOL NEOARM microscope, equipped with a spherical aberration corrector, 

operating at an acceleration voltage of 60 kV and an emission current of 10 μA. Free transfer 

graphene sheets were collected on a holey carbon copper grid. The spatial resolution was < 0.1 

nm. 

3. Results 
3.1.Effect of rapid thermal annealing on the morphology of nickel thin film 

Fig. 2a, f, and k show that the nickel thin film completely and uniformly covered the SiO2 

substrate before the thermal annealing process started. With annealing at increasing 

temperatures, a reduction in the extent of the surface covered by nickel was observed. This was 

due to a dewetting process of the nickel film on the SiO2 surface, as already observed with 

various metallic thin films annealed in vacuum conditions [32–36]. The dewetting process of 

continuous metal films generally takes place in three successive stages: 

1) holes form inside the Ni film due to the beginning of surface Ni diffusion (stage 1), 

2) the density of holes increases with the transition from the continuous Ni film to an 

almost continuous surface network of stringy Ni (stage 2), 

3) the final transition occurs from the stringy Ni network to a surface distribution of 

individual Ni (sub-) micrometer-sized particles (stage 3). 

This thermally induced process leads to the gradual formation of nickel particles on the SiO2 

substrate, due to minimization of the total surface energy of the system.  
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Fig. 2 shows SEM images of the surface of the annealed nickel thin film of varying thickness 

(25, 50 and 150 nm) on top of the fused silica SiO2 substrates after annealing at 500 °C ((b) (g) 

and (l)), 700 °C ((c), (h) and (m)), 800 °C ((d), (i) and (n)), 900 °C ((e), (j) and (o)). The first 

line corresponds to the images of changes in the 25 nm thick nickel thin film during dewetting; 

the second line corresponds to the 50 nm thick film and the third line to the 150 nm thick nickel 

thin film. The first column in Fig. 2 shows that the nickel thin films as deposited on SiO2 

samples are quite homogeneous with low roughness, regardless of their thickness. The second 

column corresponds to the SEM images of the annealed samples at 500 °C for the three different 

nickel film thicknesses. From 500 °C upward, the transition between the three above-mentioned 

stages can be observed, but at different temperatures depending on the starting thickness of the 

Ni film, as depicted in Fig. 2 and described below. 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2: Summary of the solid-state dewetting behavior of nickel thin films deposited on a fused silica 

SiO2 substrate: SEM images of the dewetting of 25 nm thick nickel thin film (a-e), 50 nm thick (f-j) and 

150 nm thick (k-o), as a function of annealing temperature (range 500-900 °C). The three stages related 

to the Ni dewetting mechanism, described in the text, are superimposed on the SEM images. 

 

Stage 1, corresponding to the formation of spherical holes was observed at 500 °C, with 

different hole sizes and densities depending on the thickness of the Ni film. Stages 2 and 3 were 

clearly observed in 50 nm thick Ni within the 700-900 °C range. At 800 °C (Fig. 2i), the end 

of stage 2 was visible with an almost-continuous surface network of stringy Ni being 

transformed into individual Ni particles corresponding to the beginning of stage 3. At 800 °C, 
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the stringy Ni particles were less separated than at 900 °C (Fig. 2j) clearly corresponding to 

stage 3 with a surface distribution of individual Ni (sub-) micrometer-sized particles. 

On the one hand, when the Ni film was thin (25 nm), stage 3 occurred when the temperature 

was as low as 700 °C (Fig. 2c), and higher temperatures only led to a slight increase in the size 

of the individual Ni particles. On the other hand, when the Ni film was thicker (150 nm), stage 

2 was observed at higher temperatures compared to thinner Ni films, as shown in Fig. 2o related 

to an annealing temperature of 900°C, with an almost continuous surface network of stringy Ni 

islands that were significantly bigger than with the 50 nm thick Ni at 800 °C (Fig. 2i). No stage 

3 was observed in the 150 nm thick Ni. Higher temperatures are probably required to form 

individual Ni particles. We clearly observed that the three-stage dewetting process depended 

on the starting thickness of the nickel film and on the annealing temperature. We also observed 

that dewetting accelerated with increasing thinness of the film, and that the temperature at 

which dewetting occurred decreased with increasing film thinness, in agreement with 

Thompson [32]. In this fundamental article related to solid-state dewetting of thin film, 

Thompson detailed the mechanism responsible for the dewetting of metastable as-deposited 

thin films at temperatures well below the film’s melting temperature, by the minimization of 

the total energy of the free surfaces of the film and substrate, and of the film-substrate interface. 

A decrease of the film thickness generally induces a decrease of the temperature at which 

dewetting occurs, due to an increase of the driving force for dewetting and thus an acceleration 

of the dewetting rate. Preexisting holes, film edges or formation of new holes are mandatory 

for the dewetting process. As observed in our stage 1, the temperature of hole formation and 

growth decreases as the Ni film thickness is lower. Then the holes grow to form dewetted areas 

and often overlap (in agreement with our stage 2), to form a complete dewetted film (in 

agreement with our stage 3). Thompson noticed that the dewetting temperature decreases with 

the initial film thickness, and the dewetting-induced islands size and spacing also decrease by 

the same way. This is also confirmed by Geissler et al. [37] in an experimental configuration 

close to ours. This could explain why the 25 nm thick Ni film started to coalesce at a lower 

temperature than the thicker Ni films, and why the thickest film (150 nm) started to coalesce 

into nickel islands at the highest temperatures. In other words, the transition between the three 

above-mentioned stages occurred at higher temperatures with increasing thickness of the Ni 

film. 

Using ImageJ software, the SEM images in Fig. 2 were used to extract information concerning 

surface coverage by the Ni islands or particles, the perimeter of the particles, and interparticle 

spacing (i.e. the distance to the nearest neighbor particles), as seen in Table 2. 
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Table 2: Summary of the statistical values of the average perimeter, surface coverage, and interspacing 

of nickel particles extracted from the SEM images in Fig. 2, 5a, 7a et 8a. 

 

Whatever the thickness of the film, the surface coverage by the stringy Ni islands (stage 2) or 

particles (stage 3) decreased, from 21% to 16% in the 25 nm thick film, from 24% to 16% in 

the 50 nm thick film, and from 58% to 35% in the 150 nm thick film, all with an increase in 

temperature. This is consistent with the dewetting and coalescence mechanism described above. 

Moreover, at the highest temperature of 900 °C, the thicker the original Ni film (150 nm), the 

higher the surface coverage. The particle perimeter and interparticle distance could only be 

extracted and compared in stage 3, i.e. with the 25 nm thick film annealed at 700, 800, and 900 

°C, and with the 50 nm thick film annealed at 900 °C. Fig. 3 shows the size distribution of the 

perimeter of the Ni particles associated with the dewetting process of 25 nm thick nickel film. 

The average particle perimeters were 1.47 ± 0.5, 1.88 ± 0.5 and 1.70 ± 0.8 µm, and the 

interparticle spacing was 0.62, 0.80, 0.84 µm, at annealing temperatures of 700, 800, 900 °C, 

respectively. At the highest temperature of 900 °C, the perimeter of the particles related to the 

thicker 50 nm film was slightly more than double compared to the 25 nm thick film (3.9 µm vs 

1.7 µm) at the same temperature, and the interparticle spacing was a little less than double (1.50 

µm compared to 0.84 µm), with a similar surface coverage of 16%. Thus, at a given 

temperature, we observed a significant dependence of particle size and distribution with the 

initial nickel film thickness. These results are in good agreement with previously reported 

Samples Processing 
temperature (°C) 

Average 
perimeter 
(µm) 

Surface 
coverage 
(%) 

Particles 
interspacing 
(µm) 

Ni 25 nm 700 1.47 ± 0.5 21 0.62 
800 1.88 ± 0.5 19 0.80 
900 1.70 ± 0.8 16 0.84 

Ni 25 nm with 
Graphene 

900 1.04 ± 0.6 11 0.70 

Ni 50 nm 800 N/A 24 N/A 
900 3.90 ± 2.3 16 1.50 

Ni 50 nm with 
Graphene 

900 2.34 ± 1.18 15 1.10 

Ni 150 nm 800 N/A 58 N/A 
900 N/A 35 N/A 

Ni 150 nm 
with Graphene 

900 N/A 14 N/A 
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results on the high-temperature dewetting of metal thin films, including Ni [37,38], observed in 

similar thermo-kinetic experimental heating conditions. Finally, we cannot exclude the 

possibility that residual Ni was still present in the Ni particles, implying that Ni dewetting was 

not complete, even at 900 °C. This hypothesis is examined in the following section related to 

the behavior of the Ni film at the highest temperature (900 °C) using a carbon film to achieve 

graphene synthesis. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 3: Particle size distribution corresponding to the 3rd stage of the Ni dewetting process, obtained 

using ImageJ software on the SEM images in Fig.2, and related to the 25 nm thick Ni film after thermal 

annealing at 700 °C (a), 800 °C (b) and 900 °C (c), and the 50 nm thick Ni film after thermal annealing 

at 900 °C (d). 

 

3.2. Influence of nickel thickness on the transformation of amorphous carbon into 
graphene after thermal annealing at 900 °C 

 
At the highest RTA temperature of 900°C and 10-2 mbar pressure used in our study, the nickel 

was still well below its melting point (1455 °C). It therefore remained in solid-state, but was 

progressively dewetted, as evidenced in the previous section, via the three-stage mechanism 
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with varying temperature thresholds depending on the starting thickness (25, 50, 150 nm) of 

the Ni film. However, data in the literature on graphene synthesis using a solid carbon film in 

the presence of a Ni catalyst, indicate that carbon dissolves into Ni in a temperature range 

corresponding to the dewetting process of the Ni film, before its surface segregation into 

graphene layers [25,39]. The objective of this section is thus to elucidate how nickel dewetting 

remains compatible with the synthesis of graphene and to assess the quality of graphene 

obtained in such conditions. Ideally, such a process would avoid having to transfer the graphene 

onto another substrate, if the residual Ni particles could be removed from the surface, for 

example with an acidic treatment. This section is thus focused on the formation of graphene 

from a very thin carbon film (2 nm), deposited on the 25, 50, and 150 nm thick Ni film, after 

RTA at 900 °C. We selected the highest temperature studied in the previous section to 

investigate graphene formation coupled with the most advanced stage of Ni dewetting, 

considering the annealing temperature range available in our set of experiments. 

 
a. Graphene growth using a 25 nm thick nickel thin film catalyst 

 
Fig. 4 shows the results of Raman analysis of the synthesized graphene using the 25 nm thick 

nickel catalyst film, after thermal annealing at 900 °C. The most significant peaks for graphene 

films revealed by Raman spectroscopy are D, G, and 2D, located around 1,350, 1,580, and 

2,700 cm-1 respectively. In addition, their intensity ratio can be used to estimate the presence of 

defects (ID/IG) and the number of graphene layers (I2D/IG). To distinguish between monolayer, 

bilayer and few-layer graphene, we considered that an I2D/IG ratio >1.4 is associated with the 

formation of monolayer graphene, an I2D/IG ratio located between 0.75 and 1.4 is associated 

with a bilayer graphene, and an I2D /IG ratio < 0.75 is associated with few-layer graphene (3 or 

more layers). These considerations are reported in [40–45]. Due to the penetration depth of the 

Raman probe, it is worth noting that all these maps include the graphene on the surface of the 

nickel particles as well as the graphene at the interface between the nickel nodules and the SiO2 

substrate. 

Fig. 4a shows the Raman mapping of the ID/IG ratio, where the average value is 0.25 with a 

very low standard deviation of 0.05, suggesting the good uniformity of the synthesized 

graphene with low defect density. Fig. 4b shows the Raman mapping of the I2D/IG ratio with a 

mean value of 0.62 and a low standard deviation of 0.05. This result demonstrates the formation 

of a uniform few-layer (3-6 layers) graphene using a 25 nm thick nickel film catalyst. Fig. 4c 

shows a representative spectrum extracted from Raman mapping. In this spectrum, the D, G, 

and 2D peaks are located at 1,372, 1,587, 2,746 cm−1, respectively. The intensity ratios are 0.21 
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for ID/IG and 0.67 for I2D/IG. The average crystallite size La is 44 nm. This value is derived from 

the ID/IG ratio by the mean of the Tuinstra–Koenig equation[46]. 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4: Raman analysis of the synthesized graphene using a 25 nm thick nickel catalyst: (a) Raman 

mapping of the ID/IG ratio in a 20 ×20 μm² region with the average value of 0.25; (b) Raman mapping 

of the I2D/IG ratio in a 20 ×20 μm² region with the average value of 0.62; (c) A representative spectrum 

extracted from the mapping of the synthesized graphene: its position is shown by the white diamonds 

on the Raman maps; (d) Statistical histogram of the Raman mapping of I2D/IG ratio showing the 

predominance of few-layer graphene. 

Fig. 4d illustrates the predominance of few-layer (3-6 layers) graphene with the statistical 

histogram of the Raman mapping of the I2D/IG ratio showing the distribution of the number of 

graphene layers. Indeed, with the 25 nm thick Ni film, only 5% of the mapped area is a bilayer, 

whereas three or more graphene layers cover 95% of the area. This suggests that the synthesized 

graphene is uniform even with the presence of the nickel particles derived from the dewetting 

of the nickel catalyst film. Fig. 5a shows the SEM image of the as-grown graphene using the 

25 nm thick nickel film catalyst after thermal annealing at 900 °C. A similar nickel island 

distribution as that obtained with the 25 nm thick Ni film annealed at the same temperature 

(Fig. 2e) is observed. By comparing the statistical values of the pure Ni film (Fig. 3a) with the 

same film covered by graphene, the perimeter of the nickel particles is reduced from 1.70 µm 

without graphene to 1.04 µm with graphene. The surface coverage decreased from 16 to 11% 

and the average distance between the particles decreased slightly from 0.80 to 0.70 µm. This 
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difference may be due to the presence of dissolved carbon in the nickel, which modifies the 

surface energy of the nickel during the dewetting process, as discussed in the Discussion 

section. 

 

 
 
Figure 5: (a) SEM image of the as-synthesized graphene using 25 nm thick nickel catalyst, after 

annealing at 900 °C; (b) EDS spectra of two different regions of the samples, the grey-black zone (at 

the top) and the white zone (below); (c) SEM image of the graphene treated with FeCl3 to remove the 

nickel particles leading to the appearance of the interfacial graphene; (d) EDS spectra of two different 

regions of the samples, the zone with traces of islands (at the top) and the grey-black zone (below), both 

showing the absence of nickel; (e) Raman mapping of the I2D/IG ratio in a 20 ×20 μm² region with an 

average value of 0.58 of the interfacial graphene after FeCl3 treatment. The inset shows a representative 

spectrum extracted from Raman mapping; (f) HRTEM image of the graphene edges after FeCl3 

treatment showing five layers. The inset is the intensity profile image. 

Fig. 5c shows SEM image of the graphene treated with FeCl3 acidic solution; this graphene can 

be called interfacial graphene because the other graphene on the surface of the nickel nodules 

probably disappeared with the removal of residual nickel. Spherical white traces left by the 

disappearance of the nickel nodules are visible. Fig.5 b, d show EDS spectra, with atomic 

concentrations depicted in Table 3, for the as-grown graphene and the FeCl3 treated graphene. 

For the as-grown graphene (Fig. 5b), the spectra were captured by focusing the electron-beam 

spot either on the nickel particle (lower spectrum), or on the graphene layer (upper spectrum). 

The results revealed that these two areas contain nickel and other expected elements such as C, 
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O, and Si. However, the area corresponding to the Ni particles contains a bit more nickel than 

the other region. This means that the dewetting of Ni on the original surface was not complete, 

even at 900 °C. However, after FeCl3 treatment, the EDS spectra recorded both inside and 

outside the footprints left by the removed nickel particles (Fig. 5d and Table 3) showed no Ni 

signals. This result is consistent with previously reported studies[27,28] on acidic etching to 

obtain transfer-free graphene. 

 
Table 3: Quantitative EDS analysis, before and after FeCl3 treatment, of the graphene surface 

synthetized using the 25, 50 and 100 nm thick nickel catalyst films, after thermal annealing at 900 °C. 

Fig. 5e shows the Raman mapping of the I2D/IG ratio in a 20 ×20 μm² region associated with 

interfacial graphene after treatment with FeCl3, with an average value of 0.58. The inset shows 

a representative spectrum extracted from the Raman mapping. Both exhibit the same 

characteristics as the spectrum for as-synthesized graphene shown in Fig. 4b-c. The surface 

graphene distribution is uniform, like the as-grown graphene. However, we observed a decrease 

of the ID/IG ratio, from 0.25 ± 0.05 before the acidic treatment to 0.19 ± 0.12 after the acidic 

treatment, consistent with a decrease of the defective level and/or increase of size of the 

graphitic clusters in the graphene layers. This suggests that the FeCl3 treatment is a transfer-

free process that allows the removal of the Ni catalyst with no significant alteration of the 

dominant few-layer architecture, but with some modifications on the defective level of the 

graphene films. From our best of knowledge, this last observation has never been reported nor 

discussed previously in the literature. Its interpretation requires more specific attention in the 

future. Fig. 5f shows the HRTEM images of the graphene after FeCl3 treatment. The images, 

typical of graphene edges, is an accurate way to measure the number of graphene layers at 

different locations. Here, the synthetized graphene from 25 nm thick Ni displays five lines 

representing the five layers graphene (Fig. 5f) revealed by Raman analysis. 

 
b. Graphene growth using 50 nm thick nickel thin film catalyst 

 
Like for the synthesized graphene using 25 nm thick nickel film, Raman analysis and SEM-

EDS were performed for the as-grown graphene on the 50 nm thick nickel after thermal 

annealing at 900 °C. Again, all the maps include the graphene on the surface of the nickel 

Before FeCl3 After FeCl3
C (at.%) O (at.%) Ni (at.%) Si (at.%) C (at.%) O (at.%) Ni (at.%) Si (at.%)

G-Ni-25 nm 17.0 52.0 3.5 27.5 18.0 53.5 0 28.5
G-Ni-50 nm 10.5 61.5 3.5 24.5 12.0 60.0 0 28.0
G-Ni-150 nm 5.5 64.0 8.0 22.5 - - - -
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particles as well as the graphene at the interface between the nickel nodules and the SiO2 

substrate. 

Fig. 6a shows the Raman mapping of the ID/IG ratio, where the average value is 0.26 with a low 

standard deviation of 0.13, suggesting the density of defects in the synthesized graphene is 

reasonably uniform. Fig. 6b shows the Raman mapping of the I2D/IG ratio with a mean value of 

1.08 and a high standard deviation of 0.38. This result demonstrates the formation of 

continuous, but non-uniform graphene using 50 nm thick nickel catalyst. The graphene derived 

from the 50 nm thick nickel is indeed heterogeneous, containing monolayer, bilayer, and few-

layer graphene. This observation was confirmed by the statistical histogram of the Raman 

mapping of the I2D/IG ratio showing the distribution of the number of graphene layers in Fig. 

6c. From these statistical data, 7% of the mapped area were few-layer (3 and more layers), 70% 

were bilayer and 23% were monolayer, suggesting the bilayer predominance in the mapped 

area. Fig. 6d shows the different types of Raman spectra representative of monolayer, bilayer, 

and few-layer graphene with their characteristic values. This is the same finding as that reported 

in our previous study [31] confirming our method is reproducible. 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 6: Raman analysis of the as-synthesized graphene using 50 nm thick nickel catalyst film: (a) 

Raman mapping of the ID/IG ratio in a 20 ×20 μm² region with the average value of 0.26; (b) Raman 
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mapping of the I2D/IG ratio in a 20 ×20 μm² region with the average value of 1.08; (c) Statistical 

histogram of Raman mapping of the I2D/IG ratio showing that bilayer graphene predominates. (d) 

Representative spectra from the mapping of the as-grown graphene, their positions are highlighted with 

the corresponding number of the layer in the Raman mappings. 

Fig. 7a shows the SEM image of the as-grown graphene using 50 nm thick nickel catalyst. Like 

the annealed 50 nm thick nickel, this sample displays many island-shaped nickel particles. 

Comparison of the statistical values showed that the perimeter of nickel particle decreased from 

3.9 µm with no graphene to 2.34 µm with graphene. The surface coverage decreased slightly 

from 16 to 15% and the average distance between the particles from 1.50 to 1.10 µm. This is 

the same trend as that observed using 25 nm thick nickel film. The SEM image (Fig. 7c) of the 

graphene treated with FeCl3 shows that the round-shaped nickel particles are no longer present. 

Elemental analysis with EDS was performed of the as-grown graphene and of the treated 

graphene. The results showed the presence of nickel in the as-synthesized graphene sample 

(Fig. 7b and Table 3), while the removal of nickel was confirmed in the treated graphene 

spectrum (Fig. 7d and Table 3). Fig. 7e shows the Raman mapping of the I2D/IG ratio in a 20 

×20 μm² region with an average value of 0.91, associated with the graphene treated with FeCl3 

leading to the interfacial graphene. The inset spectrum shows the one of bilayer graphene. As 

for the 25 nm thick film, we also observed a decrease of the ID/IG ratio, from 0.26 ± 0.13 before 

the acidic treatment to 0.15 ± 0.10 after the acidic treatment, consistent with an effect of the 

acidic treatment on the defective level and/or size of the graphitic clusters in the graphene 

layers, which remains not explained at the present stage of investigation. This mapping shows 

that the interfacial graphene has the same characteristics as the as-grown graphene, except the 

defective level, meaning the interfacial graphene is also continuous but non-uniform, as it 

contains monolayer, (mainly) bilayer, and some few-layer graphene. Fig. 7f shows the HRTEM 

images of the edges in the bilayer graphene region displaying a double line. The interplanar 

spacing estimated from the intensity profile images was 0.345 nm, as shown in the insets of 

Figs. 5f and 7f. Such a value is in agreement with previously reported works [47,48]. Fig. 7g 

shows a typical graphene monolayer region indicated by the red circle, and Fig. 7h shows the 

hexagonal structure of this typical monolayer illustrated with the purple dots. The HRTEM 

examination again confirms that the starting thickness of the nickel strongly affects the final 

synthesized graphene layers, thereby confirming our Raman results. 
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Figure 7: (a) SEM image of the as-synthesized graphene using the 50 nm thick nickel catalyst film. (b) 

EDS spectra of two different regions of the samples, the zone with the white islands (at the top) and the 

grey-black zone (below). (c) SEM image of the graphene treated with FeCl3 to remove the nickel 

particles leading to the appearance of interfacial graphene (d) EDS spectra of two different regions of 

the samples, the zone with traces of islands (at the top) and the grey-black zone (below), both showing 

the absence of nickel. (e) Raman mapping of I2D/IG ratio in a 20 ×20 μm² region with the average value 

of 0.91 of the graphene treated with FeCl3. The inset shows a bilayer graphene spectrum from the Raman 

mapping of the Fecl3 treated graphene. (f) HRTEM of graphene edges resulting from the use of 50 nm 

thick nickel, showing two layers after FeCl3 treatment. The inset is the intensity profile image. (g – h) 

HRTEM of resulting graphene from the use of 50 nm thick nickel, showing a “one monolayer” area (red 

circle) and the hexagonal atomic resolution of the monolayer graphene. The purple dots in the inset in 

Fig. 7h highlight the hexagonal structure of graphene.   

 
c. Graphene growth using 150 nm thick nickel thin film catalyst 

 
Graphene was formed using a 150 nm thick nickel film as catalyst after thermal annealing at 

900 °C. Like the annealing response with 150 nm, where thick nickel differed from the response 

when 25 and 50 nm thick nickel was used, the resulting graphene also differed. The first striking 

point is that the synthesized graphene was not continuous as can be seen in Fig. 8. Fig. 8a shows 

the SEM image of the as-grown graphene using 150 nm thick nickel. This image has the same 

features as with the 150 nm thick nickel film annealed at 900 °C, with the agglomeration of 
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stringy nickel islands, which are less connected than in the case with no carbon. In addition, 

graphene formed on the surface of nickel islands and in the interface between the nickel and 

the SiO2 substrate, like with 25 and 50 nm thick nickel. The difference here is the presence of 

graphene with a different contrast: dark contrast with more layers and bright contrast with a few 

layers, as reported in previous works [49–51]. The locations of the thin and thick graphene 

layers are identified by the layer numbers in the SEM image. Fig. 8b and Table 3 presents the 

EDS analysis. Clearly the synthesized graphene is not continuous. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8: (a) SEM image of the as-synthesized graphene using the 150 nm thick nickel catalyst film, 

showing a dark and bright contrast for thicker and thinner graphene, respectively. (b) EDS spectra of 

two different regions of the samples, the grey-black zone (on the left) and the white islands zone (on the 

right). (c) Representative spectra from the sample of the as-grown graphene, their positions are identified 

by the number of the corresponding layer in the Raman mapping. (d) Raman mapping results of G peak 

intensity with a sample area of 20 ×20 μm². (e) Raman mapping results of 2D peak intensity with a 

sample area of 20 ×20 μm². 

Fig. 8c shows the representative Raman spectra of the synthesized graphene using 150 nm thick 

nickel. The resulting graphene is not continuous; it contains monolayer, bilayer, and few-layer 

graphene like that derived from 50 nm thick nickel film. It is heterogeneous, with a very low 

defect density and larger crystallites than the graphene derived from 25 and 50 nm thick nickel 

film. The Raman spectrum of the area without graphene is presented at the bottom of Fig. 8c, 

showing no signal. This result is consistent with the synthesis graphene using nickel catalyst 

film with a starting thickness < 170 nm [45].  Raman mapping was performed to provide more 

arguments for the discontinuity and the non-uniformity of the synthesized graphene. Fig. 8 d-e 
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show Raman mapping of the G and 2D peak intensities, respectively, where the low-intensity 

areas are regions with no graphene. From all these analyses, we concluded that 150 nm thick 

nickel catalyst will not produce continuous graphene when 2 nm of amorphous carbon is used 

as a carbon source and 900 °C is used as processing temperature. 
 

4. Discussion 
4.1.Nickel thin film dewetting during rapid thermal annealing 

 
In the results section, we demonstrated that the dewetting of nickel thin film during rapid 

thermal annealing leads to the formation of nickel particles. These results are crucial for the 

interpretation of results obtained in the presence of carbon for graphene synthesis and are 

discussed in the following sub-section. 

The shape, size, surface coverage, and interspacing of these particles depend on the starting 

thickness of the film and on the annealing temperature. Table 2 summarizes the statistical 

values extracted from the SEM images in Fig. 2, 5a, 7a, and 8a. 

 
We observed a huge effect of temperature on the shape, size, surface coverage, and interspacing 

of the Ni particles. Indeed, whatever the starting thickness of the nickel, the statistical 

parameters concerned evolved when the annealing temperature was changed. This effect shows 

that the formation process of the nickel particles is thermally activated, in agreement with 

Ostwald’s ripening and atomic diffusion, these being the mechanisms generally put forward to 

explain the growth of particles from a thin metal film[38,52,53]. In fact, in Ostwald’s ripening, 

the mass transport of individual metal atoms or clusters occurs at temperatures below the 

melting point of the metal. Moreover, the temperature at which dewetting occurs is lower for 

thinner films, and the island size scales with the film thickness[54]. We believe that our nickel 

dewetting process is due to Ostwald’s ripening, as reported in previous studies on the nickel 

dewetting process [37,52]. It has been also reported [55] that the surface coverage decreases 

with an increase in the annealing temperature. Such a behavior is also observed in our study: 

whatever the starting thickness of the nickel film, the surface coverage decreased with an 

increase in temperature. 

In the presence of carbon, the size, spacing, and surface coverage of the Ni islands decreased 

in comparison to in the absence of carbon. This suggests that carbon favors the dewetting of 

nickel particles, in agreement with the work of Diarra et al. [56]. Furthermore, the dewetting 

of nickel is much more pronounced with a decrease in the thickness of the original nickel film. 
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From all these results, we conclude that the most important aspects that affect the nickel islands 

derived from the dewetting of nickel thin film are the annealing temperature, the starting 

thickness of the nickel film, and the presence of carbon deposited prior to rapid thermal 

annealing. 
 

4.2.Influence of the initial thickness of nickel thin film catalyst on graphene 
synthesis 

 
In the results section, we demonstrated that the synthesized graphene resulting from the 

transformation of amorphous carbon using nickel catalyst is highly impacted by the starting 

thickness of the nickel catalyst film. Table 4 summarizes the different characteristics of the 

graphene resulting from the synthesis process using 25, 50, and 150 nm thick nickel film. The 

results reported in Table 4 show that increasing the nickel thickness from 25 to 50 nm reduces 

the number of layers in the resulting graphene. This is consistent with previously reported works 

[28,57,58], in which the graphene films derived from thicker metal films have better structural 

qualities with fewer layers. Indeed, by increasing the nickel thickness from 25 to 50 nm, the 

graphene layer number switched from few-layer (3-6 layers) to bilayer predominance. In both 

cases, the derived graphene was continuous with low defect density. In fact, on metals with 

significant carbon solubility such as nickel, the formation of heterogeneous graphene with 

monolayer, bilayer, and few-layer is very common because of the additional graphene growth 

from the carbon reservoir in the catalyst bulk. Nevertheless, this segregation effect seems to be 

limited when 50 nm thick nickel is used compared with 25 nm thick nickel thin film, probably 

because a thicker Ni film (50 nm) presents a “deeper” reservoir of carbon than a thinner Ni film 

(25 nm) even when similar heating treatment is used for the two films. This may explain why 

the synthesized graphene was thicker with the 25 nm nickel film and thinner with the 50 nm 

nickel film. 

Nickel 
thickness (nm) Processing conditions a-C thickness 

(nm) Derived Graphene 

25 

900 °C with a heating rate of 
15 °C/s, for 420 s and a 
cooling rate of 0.5 °C/s 

2 

Continuous uniform few-
layer graphene 

50 
Continuous heterogeneous 

graphene with predominance 
of bilayer 

150 Non-continuous 
heterogeneous graphene 

Table 4: Summary of the different characteristics of the graphene resulting from the synthesis process 

using 25, 50, and 150 nm thick nickel film. 
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However, a further increase in nickel thickness up to 150 nm markedly affected the resulting 

graphene, which was non-continuous, even though monolayer, bilayer, and few-layer graphene 

with very low defect densities were observed. On one hand, this surface discontinuity may be 

due to the large attached nickel islands derived from the dewetting process of the 150 nm thick 

nickel film, or, on the other hand, to the low concentration of dissolved carbon that diffused 

deep into the thick nickel film. Because of the marked surface heterogeneity, it was not possible 

to perform the Raman statistical analysis to get an overview of the graphene layer distribution. 

From these results, we conclude that the larger amount of graphene is precipitated from the 

thinner nickel films whereas a smaller amount of graphene is precipitated from the thicker 

nickel films. Furthermore, as for the quality of graphene films, we can speculate that the 

increase in the number of layers is caused by the structural disorder of graphene films. This 

shows that the number of layers and the quality of the film (in terms of defects) can be controlled 

by choosing the appropriate thickness of the nickel for a given temperature. 

In addition, let us recall that using 25, 50, and 150 nm thick Ni, the graphene not only forms on 

the surface of the nickel but also at the interface between the nickel and the SiO2 substrate. This 

occurs because carbon diffuses through the nickel film during thermal annealing and segregates 

out of both sides of the Ni film, as illustrated in Figure 9b, which summarizes the mechanisms 

deduced from our experiments. 
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Figure 9: Schematic illustration of graphene growth on the surface of nickel film and in the interface 

between the Ni and SiO2 substrate during the nickel dewetting process. (a) The initial stage of the a-

C/Ni/SiO2 before the rapid thermal annealing process. (b) The stage of carbon diffusion and segregation 

through the nickel leading to the initial formation of graphene before nickel dewetting begins. (c) The 

stage related to the beginning of the nickel dewetting. (d) The stage with the end of the nickel dewetting 

process. During stages (c) and (d), the initially formed graphene certainly undergoes further changes in 

nanostructure. (e) Interfacial graphene obtained with the thinnest Ni thicknesses (25-50 nm) after the 

removal of nickel particles with FeCl3 treatment. 

 

In our recent study [25], using in situ XPS analysis, we demonstrated that graphene already 

forms at 500 °C through carbon diffusion and segregation in the nickel catalyst during the 

annealing process. A similar mechanism also occurs with thermal annealing up to 900 °C, but 

the highest temperatures also induce nickel dewetting, as we observed here. More precisely, as 

described in Fig.9, three main phenomena occur when the temperature is increased to 900 °C: 

• At the lowest temperatures, typically 500 °C, carbon diffusion inside the Ni film 

(forming a Ni(C) film) and carbon segregation on both sides of the nickel film occur, 

forming defective graphene both on the surface of the Ni(C) film and at the interface 

between the Ni(C) film and the substrate, as shown in Fig. 9b. This explanation is based 

on the results of our previous work [25], which showed graphene formation after 

annealing at 500 °C without Ni dewetting at this temperature. 

• At higher temperatures (the exact values depend on the thickness of the Ni film), the 

dewetting of the Ni(C) film starts with the appearance of holes that grow in size, 

progressively leading to the formation of nickel islands, as depicted in Fig. 9c. This 

phenomenon does not prevent the graphene growth process producing less defective 

graphene present both around the nickel islands and on the surface of the substrate, 

despite retraction of the nickel film. 

• At the highest temperatures, the final stage of the nickel dewetting transforms the nickel 

islands into individual particles (Fig. 9d) that are easily removed from the surface by 

chemical etching if the initial Ni film was sufficiently thin (25-50 nm). At this final 

stage, the surface of the SiO2 substrate remains covered by large extents of graphene 

(Fig. 9e). 

 

Deduced from our observations, this mechanism shows that the graphene synthesis is 

compatible with the nickel dewetting during thermal annealing. However, it depends to a great 
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extent on the initial thickness of the nickel film and on the annealing temperature. Indeed, using 

25 and 50 nm thick nickel film, we observed the continuous surface and interfacial graphene 

growth with the formation of spherical nickel particles. When using 150 nm thick nickel, we 

observed non-continuous surface and growth of interfacial graphene with stringy nickel 

particles. In previous papers, Prekodravac et al. [59, 60] also observed the formation of 

graphene films with attention to the catalyst dewetting process during annealing. In one study 

[59], a 200 nm thick carbon-doped nickel film was transformed into monolayer graphene 

islands among nickel grains, by RTA within 900-1000°C. In another study [60], the authors 

used a bilayer Ni(50nm)/Cu(700 nm) deposited on polished polycrystalline graphite, annealed 

within 600-900°C for 30 mn, and at 900°C during longer periods. The lowest annealing 

temperatures led to discontinuous, high defective monolayer of graphene, whereas the highest 

temperatures led to homogeneous multilayer graphene with a lower defective content. In spite 

of a different configuration of metal catalyst, our investigations at 900°C confirm those previous 

works and widens the possibility to control the graphene growth concomitant with the catalyst 

dewetting in a similar way. Finally, after removal of the nickel islands with FeCl3 treatment, 

we performed UV-Vis analysis on the continuous interfacial graphene obtained with the 25 and 

50 nm thick nickel film, to quantify transmittance. Fig. 10 shows measurement of transmittance 

of graphene derived from both 25 and 50 nm nickel after etching of nickel particles. The 

transmittance of the derived graphene from 25 nm nickel at 550 nm was ~84 %, which is 

consistent with values reported [61–63] for few-layer graphene (~3-6 layers). The transmittance 

value of the graphene resulting from 50 nm nickel  was much higher, ~88%, which is consistent 

with the previously reported values [31,64,65] for bilayer graphene. Indeed, the transmittance 

of the synthetized graphene from 25 nm nickel was lower than the transmittance of graphene 

resulting from 50 nm thick nickel because it has more layers, as indicated by Raman data. These 

results are consistent with the principle that the optical transmittance is strongly correlated with 

the number of graphene layers. Graphene transmittance thus decreases with an increase in the 

number of layers [66–68]. 
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Figure 10: Transmittance curves as a function of wavelength for graphene derived from 25 nm thick 

nickel (bottom) and synthesized graphene derived from 50 nm thick nickel (middle) after thermal 

annealing and FeCl3 etching and the blank fused silica (top). The inset at the bottom of the figure shows 

the appearance of both samples after graphene growth and Ni etching. 

5. Conclusions 

Here, we investigated the transformation of a thin amorphous carbon (a-C) film into transfer-

free graphene using nickel catalyst dewetting phenomena. We conducted a systematic study of 

nickel dewetting, as well as of the effect of nickel thickness on graphene growth. The a-C layer 

was deposited on a Ni/SiO2 substrate, followed by rapid thermal annealing. The annealing step 

caused the catalyst layer to fragment into stringy islands and particles, and graphene films 

formed on the surface of the nickel particles and at the interface between the nickel particles 

and the SiO2 substrate. The most crucial parameters responsible for changes in the Ni film are 

annealing temperature, the thickness of the initial nickel film, and the thin carbon layer 

deposited on Ni prior to rapid thermal annealing that partially dissolved into Ni at high 

temperatures. Microscopic Raman mapping, SEM and HRTEM indicated that graphene films 

were preferentially continuous when 25 and 50 nm thick nickel was used, whereas the graphene 

synthetized from 150 nm thick nickel was discontinuous. We also confirmed that both the 

thickness of the graphene layer and the size of the nickel particles depend on the starting 
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thickness of the nickel. The synthesized graphene films had better structural qualities and fewer 

layers when the thickness of the nickel catalyst was increased from 25 to 50 nm. With acidic 

etching of the residual nickel, the substrate with graphene regained high transparency of about 

88% corresponding to the bilayer interfacial graphene for the derived graphene from 50 nm of 

nickel. Our method thus extends the range of substrate materials on which graphene can be 

directly synthesized, thereby avoiding relatively complicated, costly and not always defect-free 

transfer techniques. We believe the present results provide useful information for a future 

graphene synthesis process using a catalytic reaction.  
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