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Abstract: 

Graphene has attracted a great deal of research interests owing to its unique properties and 

many potential applications. Chemical vapor deposition has shown some potential for the 

growth of large-scale and uniform graphene films, however, a high temperature (over 800 °°°°C) 

is usually required for such growth. A whole new method for the synthesis of graphene at low 

temperatures by means of Remote Plasma-Enhanced Atomic Layer Deposition is developed in 

this work. Liquid benzene was used as a carbon source. Large graphene sheets with excellent 

quality were prepared at a growth temperature as low as 400 
o
C. The atomic structure of the 

graphene was characterized by means of aberration-corrected transmission electron 

microscopy. Hexagonal carbon rings and carbon atoms were observed, indicating a highly 

crystalline structure of the graphene. These results point to a new technique for the growth of 

high-quality graphene for potential device applications. 
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Introduction 

Graphene has attracted a great deal of interests because of its unique properties, such as 

remarkably high electron mobility (over 15,000 cm2V−1s−1) at room temperature, high optical 

transparency and superior mechanical strength and flexibility,[1-11] which point to many potential 

applications in the next generation of electronic and optoelectronic devices. However, its 

development has been limited by the lack of viable techniques to produce uniform and large-scale 

graphene sheets. Until recently, the most popular technique had been mechanical exfoliation, which 

could only produce graphene of very small area with a low yield).[12] SiC sublimation could produce 

wafer-scale graphene sheets, but had some disadvantages such as high processing temperature and 

high cost of SiC substrate.[ 13] More recently, chemically assisted exfoliation of graphite was used to 

produce graphene which, unfortunately, contained many defects. [14] Chemical vapor deposition 

(CVD) has been widely employed to grow large size graphene. [15] However, current CVD route 

usually requires a high growth temperature, typically over 800 °C, [16-21] which greatly limits its 

application in graphene fabrication. Polymethylmethacrylate and other solid carbon sources were 

used to grow graphene on Cu foils by CVD. [22] A modified CVD route was employed to grow 

graphene on Cu foils at low temperatures, but the substrate needed to be annealed in H2 at 1000 °C 

before growing graphene on it. [23] Therefore, low-temperature direct growth of graphene still 

remains a challenge.  
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In this work, we have developed a new technique for the direct growth of graphene at 

low-temperature by means of remote Plasma-Enhanced Atomic Layer Deposition (PEALD) (A 

schematic of the remote PEALD is shown in Figure S1) which does not require a high temperature 

for the growth, nor a high temperature (typically over 1000 °C) to pre-anneal the Cu foil substrate 

before the deposition. Atomic layer deposition (ALD) is a unique deposition technique which is 

different from conventional film growth methods such as CVD. [24-26] Nowadays, ALD has become 

an important technique in the semiconductor industry since it can grow ultra-thin and conformal 

films. Unlike a CVD reaction, in which the precursors decomposes into the desired film and 

by-products at high temperatures (usually above the decomposition temperatures of the 

precursors), in ALD a very thin film is deposited layer by layer at a temperature much lower than 

the decomposition temperature of the precursor. There are four steps in a typical ALD major cycle: 

(1) pulse the first precursor into the reaction chamber, (2) purge the reaction chamber and remove 

the residual precursor and the by-products, (3) pulse the second precursor or another treatment to 

activate the surface again for the reaction, and (4) purge and evacuate the reaction chamber.  

The remote plasma generator used in the experiment has a continuously turntable power from 

100 W to 3000 W. It creates plasma in a separate chamber. The plasma is then transferred into the 

main reaction chamber, where the neutral radicals react on the surface of substrate. A major 

advantage of this process is to reduce ion-bombardment damage of the surface and thereby to 
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improve the chemical reactivity of the reactants. The remote plasma provides a high plasma density 

with lower ion energy than other types of plasma, dramatically reducing the processing temperature.  

The new method developed in this work based on the PEALD route uses Cu foils as substrate 

and a liquid carbon source. This method can grow graphene at a temperature much lower than 

reported previously, overcoming the disadvantage of high processing temperature required in CVD 

and related techniques. [16-20] Benzene is chosen as the carbon source because it contains the 

six-carbon-atomic-ring basic structural unit. The benzene molecules just need to be dehydrogenated 

and connect to each other to form the graphene structure, which further facilitates the growth 

process at low temperatures. Indeed, our results demonstrate that high-quality graphene sheets can 

be prepared on Cu foils at a temperature as low as 400 °C. The atomic level structure of the grown 

graphene has been analyzed by means of Cs-corrected high-resolution transmission electron 

microscopy (TEM). The Raman spectroscopy and electron energy-loss spectroscopy (EELS) have 

also been performed to characterize the graphene obtained. 

 

Results and Discussion 

For the deposition of grapheme by PEALD, we have performed a series of experiments and 

found that the growth by 10 ALD cycles is an optimum process that allows us to obtain monolayer 

graphene sheet with a large area. Figure 1 gives the SEM images of a Cu foil pre-treated by acetic 

acid (A) and a graphene sheet grown on one of this type of substrates after an ALD process of 10 
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cycles at 400 °C (B). The Cu foil was pre-treated by acetic acid to remove the oxide layer on it and, 

as shown in Figure 1(A), its surface became relatively smooth compared with the un-treated one 

(see Figure S2 (A) in Supporting Information) although some surface striations (or stretcher strains) 

are still visible. It is worth noting that no pre-annealing of the Cu foils is needed in this process. 

Figure 1(B) shows that the graphene was uniformly grown on the Cu foil as the contrast of the 

graphene covering the Cu foil looks uniform across the area (A larger area SEM image is provided 

in Figure S2 (B), which confirms the uniformity of the graphene layer deposited). Note that an ALD 

deposition with less than 10 cycles will lead to a graphene sheet that is not homogenously 

monolayer and its area is small. On the other hand, a process with more than 10 cycles will result in 

a multilayered sheet and the number of layers increases with the increasing number of the ALD 

cycles. Additional TEM images of the graphene grown by 40 and 100 ALD cycles are shown in 

Figure S4 of Supporting Information, which reveal that 3- and 6-layered structures of the graphene 

grown by 40 and 100 ALD cycles, respectively. In summary, the monolayer graphene sheet grows 

larger with increasing ALD cycles and reaches its largest area at 10 ALD cycles. When the growth 

cycles are more than 10, multilayered graphene is formed with the number graphene layers 

increasing with the increased growth cycles.  

The as-grown graphene was then transferred onto an ultra-thin amorphous carbon (α-C) film 

supported by a copper grid to be examined by means of transmission electron microscopy. Figure 

2(A) shows the high-resolution TEM image of the graphene sheet and the α-C film. The boundary 
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between the graphene and α-C films can be easily distinguished (see also in Figure S2 (C) of 

Supporting Information for a low-resolution TEM image which provides an overview of the large 

area and continuity of the grapheme layer). Representative areas of the graphene and the α-C film 

are marked by the yellow circles in Figure 2(A). Figure 2(B) gives the EELS spectra for the α-C 

area and the graphene area, respectively. The EELS spectra on the carbon K-edge are acquired by 

the Titan G2 high-resolution TEM from the same large region (marked by yellow circle in Fig. 

2(A)) limited by the same aperture. The C K-edge at 284 eV on the EELS spectra (marked by the 

black line in Figure 2(B)) is characteristic of pure carbon, indicating the absence of contaminants in 

the graphene sample, such as N, and attesting to its high purity (N has an EELS spectrum with a 

visible edge starting at 393 eV, arising from the characteristic K-shell ionization edges of N, [27] and 

we were concerned that the carrying N2 gas for benzene might enter the graphene as a dopant 

during the plasma period). The two spectra in Figure 2(B) might look similar. This is mainly 

because the α-carbon film is much thicker than the graphene sheet and, as a result, the background 

signal originated from the α-carbon film is so strong that it masks the sp2 peak of the graphene and 

makes it look very weak. Nevertheless, a close inspection reveals that, despite the background noise 

of α-C, a weak π* peak appears at about 286 eV in the graphene spectrum, corresponding to the 

typical sp
2 coordinated carbon atoms in the graphene. [28] Moreover, the Raman spectrum (see 

Figure 4 below) also confirms the sp2 hybridization in the grapheme. Therefore, it can be concluded 
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from the EELS spectra in Figure 2 that pure graphene layer has been successfully grown by the 

PEALD technique. 

The graphene layer number can be determined by analysis of the electron diffraction pattern. [23] 

Figure 3 shows the normal-incidence selected area electron diffraction pattern of the graphene 

grown by 10 ALD cycles, which was obtained by a JEOL 2100 TEM. It clearly exhibits a six-fold 

symmetry, as expected from graphene, [29-30] and the diffraction peaks can be indexed with the 

Miller–Bravais (hkil) indices. We may further differentiate the monolayer graphene from the 

multilayer graphene by inspecting the intensity ratio { }0110
I / { }1102

I . Computational studies have 

shown that for multilayer graphene with the Bernal AB stacking, the intensity ratio { }0110
I / { }11002

I ˂ 1, 

whereas, for monolayer graphene, { }0110
I / { }1102

I  ˃ 1. [12]
 Figure 3 shows that the diffraction spots on 

the inner circle are obviously brighter than the outer circle spots, implying an intensity ratio 

{ }0110
I / { }1102

I  ˃ 1. This result indicates that the graphene layer deposited consists of a monolayer 

sheet.  

Raman spectroscopy was performed to characterize the quality and thickness of the graphene. 

[31-33] Figure 4 shows the Raman spectrum of a graphene film transferred onto a 300 nm-thick 

SiO2/Si substrate. Two sharp peaks are located at 1585 cm-1 and 2687 cm-1, corresponding to the G 

and 2D bands, respectively. These two peaks have a symmetrical shape, which can be fitted by a 

single Lorentzian function. The graphene exhibits a large 2D/G ratio of ≈ 1.7, confirming that the 

probed film is a single-layer graphene sheet.[33] (Note that a weak disorder-induced D band was 
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detected at 1350 cm-1, which could arise from the presence of certain disordered structural defects 

induced by the transfer process or from the damage by the H2 plasma.)  

The atomic-resolution image of the graphene grown by 10 ALD cycles was obtained by means 

of the Titan G2 aberration-corrected high-resolution TEM. The white-atom contrast was achieved 

by using a negative value of spherical aberration in combination with a small positive defocus. [29] 

Figure 5 shows the high-resolution TEM image of the graphene obtained with an overfocus of about 

5 nm and a spherical aberration of -11 µm. The carbon atoms in Figure 5 are shown in bright (an 

overview and more high-resolution TEM images of the graphene with different focus conditions 

can be found in Figure S2 (C) and Figure S3 of Supporting Information). The high-resolution TEM 

image in the red-framed area in Figure 5 is enlarged and filtered to display the atoms more clearly. 

As shown in Inset (A) of Figure 5, six-fold carbon rings are clearly observed, corresponding to the 

hexagonal structure of the graphene. These results indicate that the graphene grown by PEALD is of 

high structural quality (The TEM images and Raman spectra of the graphene grown by 40 and 100 

ALD cycles can be found in Figure S4 of Supporting Information) 

The distance between the second-nearest neighbour carbon atoms in the hexagonal carbon rings 

was measured using the Gatan’s Digital-Micrograph software. Ten hexagonal lattice atomic 

distances were measured along the blue line in Inset (A) of Figure 5 to get an average value (and to 

reduce the measurement error). The intensity profile of the graphene along the blue line in Inset (A) 

is given in Inset B. It is known that the C–C bond length in graphite is 0.142 nm, [8] which implies 
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that the distance between the second-nearest neighbour carbon atoms in the hexagonal carbon rings 

must be 0.2459 nm in an ideal graphene structure. Our measured value is 0.246 nm, which is in 

good agreement with the reported value for graphene and confirms that the graphene deposited is of 

high quality. [8] 

Conclusions 

A new technique has been developed to grow graphene sheets at low temperature from the 

liquid benzene carbon source by means of remote Plasma-Enhanced Atomic Layer Deposition 

(PEALD). This method features a much lower growth temperature than previously reported, 

overcoming the disadvantages of the conventional CVD method, such as high processing 

temperature and difficulties in controlling the number of graphene layers. The characterization of 

the morphology and atomic structure of the graphene by means of SEM, TEM and EELS shows that 

high-quality graphene sheets have been prepared on Cu foils at a temperature as low as 400 °C. The 

successful deposition of graphene by PEALD points to the possibility of integration of graphene 

into the semiconductor technologies in which the ALD technique has been widely used. Therefore, 

this work opens a new way to grow high-quality graphene for potential microelectronic device 

applications.  

 

Experimental Procedure 
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A remote plasma-enhanced ALD system (R200, Picosun) was employed to grow graphene. 

Liquid benzene (Alfa Aesar, 99.9%) and H2/Ar2 (99.9999%) mixture plasma were used as 

precursors. The benzene precursor gas from a stainless steel container was pulsed into the precursor 

line in the ALD pulse system and transported into the reaction chamber by N2 carrying gas. The 

precursor was set to a temperature 5 °C lower than that in the delivery lines to prevent its 

condensation in the source lines. The remote plasma was generated by an inductively coupled 

plasma source operating in H2/Ar2 (at 60 sccm/60 sccm) with a total pressure of 60 Torr and a 

power of 3 kW or 2 kW at a frequency of 3.5 MHz. The substrate, a 25 µm-thick Cu foil (Alfa 

Aesar, 99.8%), was in turn ultrasonically cleaned using glacial acetic acid, acetone, absolute alcohol 

and deionized water for 10 minutes at a time. All the source lines were operated at a flow rate of 60 

sccm N2 or 60 sccm Ar and the reaction chamber pressure was kept at 10 Torr. When the 

temperature was stabilized at 400 °C, the Cu foil substrate was cleaned by H2/Ar2 plasma gas at 3 

kW for 20 min. After the pretreatment, the following processing parameters were employed: the 

substrate temperature = 400 °C, the pressure = 10 Torr, and the time for each pulse cycle = 0.2 sec 

for benzene, 6 sec for N2 purge, 9 sec for H2/Ar2 remote plasma and 3 sec for N2 purge. A complete 

ALD cycle includes all the four steps mentioned above. An ALD process of 10 cycles was 

implemented in this work. After the deposition, the as-deposited film was cooled down to room 

temperature under a pure N2 atmosphere.  
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The morphology of the graphene is characterized by a scanning electron microscope (Qunta 

250 FEG, FEI). Raman spectroscopy is carried out by a Raman spectrometer (Horiba Jobin Yvon 

R800, with a 514 nm excitation). The atomic structure and composition were investigated by means 

of an objective lens spherical aberration-corrected transmission electron microscope (FEI Titan G2 

60-300) fitted with a Gatan Image Filter (GIF, Quantum 963). The Titan G2 high-resolution TEM 

was operated at 300 kV with an overfocus of about 5 nm, and the spherical aberration was tuned to 

-11 µm to achieve a negative spherical aberration (CS) imaging (NCSI) condition. [34-36] The 

selected-area electron diffraction patterns of the graphene were obtained and examined by a 

conventional transmission electron microscope (JEOL 2100). 

Supporting Information 

Supporting Information is available from the RSC Online Library or from the authors. 
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Figure Captions 

Figure 1   SEM images of a Cu foil pre-treated by acetic acid (A) and the graphene sheet grown 

on one of this kind of substracts by 10 ALD cycles at 400 °C (B).  

 

Figure 2  (A) High-resolution TEM image of the amorphous C (α-C) film and the graphene on it 

(by the Titan G2 TEM). (B) EELS spectra of carbon K-edge obtained from the α-C film 

area and the graphene area (on the α-C film) marked by yellow circles in (A) (the spectra 

were recorded under the same electron-optical conditions).  

  

Figure 3  Normal-incidence selected area electron diffraction pattern of the graphene grown by 10 

ALD cycles (by the JEOL 2100 TEM).  

 

Figure 4  Raman spectrum of the graphene grown by 10 ALD cycles and transferred on a 300 

nm-thick SiO2/Si substrate, with an excitation wavelength of λ= 514 nm. Insets are the 

schematic diagrams of E2g and A1g stretching modes, corresponding to the G and D peaks, 

respectively 
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Figure 5 High-resolution images of the graphene deposited by 10 ALD cycles. The 

atomic-resolution image was obtained using FEI Titan G2 60-300 at an acceleration 

voltage of 300 kV (the scale bar is 2 nm). Inset (A): Filtered image of the area within the 

red rectangular frame. Inset (B): Pixel intensity profile of the graphene along the blue line 

in Inset (A), which was used to calculate the distance between the second-nearest 

neighboring carbon atoms in the hexagonal carbon rings using the Digital Micrograph 

software. 
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Figure 1 (A-B) 
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Figure 2(A-B) 
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Figure 3 
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Figure 4 
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Figure 5  
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Atomic-Resolution Image of Graphene Sheet Synthesized by Remote Plasma-Enhanced Atomic 

Layer Deposition at Low Temperatures. 
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