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Nucleation and growth dynamics
of graphene grown by radio
frequency plasma-enhanced
chemical vapor deposition
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We investigated the nucleation and grain growth of graphene grown on Cu through radio frequency
plasma-enhanced chemical vapor deposition (RF-PECVD) at different temperatures. A reasonable
shielding method for the placement of copper was employed to achieve graphene by RF-PECVD. The
nucleation and growth of graphene grains during PECVD were strongly temperature dependent. A
high growth temperature facilitated the growth of polycrystalline graphene grains with a large size
(~2 pm), whereas low temperature induced the formation of nanocrystalline grains. At a moderate
temperature (790 to 850 °C), both nanocrystalline and micron-scale polycrystalline graphene grew
simultaneously on Cu within 60 s with 50 W RF plasma power. As the growth time increased, the large
graphene grains preferentially nucleated and grew rapidly, followed by the nucleation and growth of
nanograins. There was competition between the growth of the two grain sizes. In addition, a model of
graphene nucleation and grain growth during PECVD at different temperatures was established.

Among the nanomaterials discovered to date, graphene is the thinnest, with the highest strength and electrical
and thermal conductivities. These unique properties make graphene a very useful novel material'*. In-depth
research has been conducted on the basic preparation, performance optimization, and R&D applications of
graphene®1°. The synthesis of high-quality graphene with excellent performance is a prerequisite for many appli-
cations and therefore a core technology for research. A variety technologies for graphene preparation have been
developed to meet the needs of practical applications and in-depth research, including mechanical exfoliation',
epitaxial growth!!, oxidation-reduction'*'*, chemical vapor deposition (CVD)!*"'7, and so on. Due to its excellent
controllability and low cost, CVD is one of the most effective methods for preparing high-quality graphene. CVD
can be classified into thermal CVD and plasma-enhanced CVD (PECVD) depending on the mode of energy
supplied for grain growth. Traditional thermal CVD involves heating a substrate to the cracking temperature
of the carbon (C) source (typically above 1000 °C) and using dissolution-precipitation'® !* or adsorption'* of C
on a metal substrate to achieve graphene. The high-temperature growth environment required for this method
limits substrate preparation and deteriorates the graphene quality during the cooling process? 2. In addition,
the long growth cycle of thermal CVD is not conducive to industrial production.

PECVD offers the advantage of a lower preparation temperature than CVD. Plasma contains a large number
of high-energy electrons. Collisions between electrons and gas-phase molecules promote the breakage and
recombination of chemical bonds of reactant gas molecules to generate chemical species with high activities.
High-energy electrons provide the activation energy required for the CVD process. The mode of energy supply
for the reaction system in PECVD is different from that in CVD and enables the entire reaction to proceed at
lower temperatures. Therefore, PECVD shows considerable potential for low-temperature graphene preparation.
Researchers have achieved the low-temperature growth of graphene thin films by PECVD on transition metal
substrates such as nickel?>*, copper (Cu)**-%, and cobalt?®, dielectric substrates*-*!, and other 2-dimensional
materials®.

More complex reactions occur during the PECVD process than those during thermal CVD. The plasma
can promote the decomposition of hydrocarbon to generate a large number of free radicals and active species,
which have extremely high densities and activities and rapidly react on the substrate surface, resulting in the
fast nucleation of graphene and a slow growth rate. The final graphene film may have problems such as a small
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Figure 1. 3D AFM images of the (a) untreated Cu surface and (b) Cu surface after electrochemical polishing
pretreatment. The RMS of the untreated and pretreated Cu surface was 252.8 nm and 17.6 nm, respectively. (c)
Schematic diagram of the ICP-CVD apparatus with an RF radio frequency generator. (d) The graphene growth
processes, including heating, holding, etching, growth, and cooling.

grain size, excessive edges, or the formation of amorphous carbon, which significantly deteriorate the electrical
performance of graphene. The electron mobility of graphene prepared by PECVD is much lower than that of
graphene films prepared by thermal CVD*, which considerably limits applications in electronic devices. Previ-
ous studies have shown that factors such as the plasma energy** *, C/H ratio®* ¥, and temperature®>3>* play a
significant role in graphene nucleation and grain growth during the PECVD process; among them, the effects of
the growth temperature on nucleation and growth were reported to be crucial. Liu et al. revealed that changing
the growth temperature induced a nanocrystalline-to-polycrystalline transition of graphene and that nucleation
but no graphene grain growth occurred at a specific temperature and vice versa®. Recently, Yen et al. studied
the kinetics of nucleation and growth during PECVD and found that the graphene nucleation density and grain
size changed with the temperature®.

However, in previous studies, there was only one type of graphene nucleation and growth at a specified growth
temperature, either nanocrystalline or micron-sized polycrystalline. In this study, a surprising finding that was
both nanocrystalline and micron-sized polycrystalline graphene could grow simultaneously during RE-PECVD
under certain temperature conditions. Consequently, we investigated the effect of the growth temperature on
the nucleation and growth of these two kinds of graphene grains and verified the criticality of temperature for
the appearance of nanocrystalline and micron-size polycrystalline graphene. The growth processes of the two
graphene grains were observed during different growth times, and a model of graphene nucleation and grain
growth at different temperatures during PECVD was established.

Experimental

Pretreatment of the Cu substrate. Alfa Cu foil (Alfa Aesar no. 13382, 25 um, 99.8%) was used as the
substrate for graphene growth. The Cu foil was cut to 2 cm x 2 cm and ultrasonically cleaned sequentially using
hydrochloric acid (5 wt%), acetone, and isopropanol for 5 min to remove the oxide layer and organic impuri-
ties on the surface. The Cu foil was then dried with nitrogen. There have been extensive reports that the Cu foil
surface roughness significantly affects the nucleation and growth of CVD-grown graphene. Cu foil with a low
surface roughness and high flatness promotes the growth of large grains. Therefore, the Cu foil was pretreated
by electrochemical polishing to obtain a flat surface on which to grow graphene by PECVD. The electrochemi-
cal polishing was performed at a bias of 1.9 V in a phosphoric acid electrolyte (H;POH,0 =2:1) for 5 min. The
Cu foil was then rinsed with deionized water for 5 min and blown dry with nitrogen. Atomic force microscopy
(AFM) was used to characterize the surface morphology and roughness of the Cu substrate after different pre-
treatments. Figure 1a shows the 3-dimensional surface morphology of the untreated Cu foil, which was char-
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acterized by large undulations from pressing patterns produced during the manufacturing process. The surface
root-mean-square (RMS) height was approximately 252.8 nm. Electrochemical polishing largely eliminated the
pressing patterns on the Cu surface and reduced the surface undulations. The surface RMS height was 17.6 nm,
as shown in Fig. 1b. Thus, the pretreatment of electrochemical polishing could effectively reduce the surface
roughness of Cu, which might facilitate the growth of graphene during PECVD.

PECVD growth and transfer of graphene. Graphene was prepared in a radio frequency PECVD (RF-
PECVD) apparatus, which was mainly composed of a gas delivery system, a plasma device, a heating system, and
avacuum system. A schematic of the apparatus is shown in Fig. 1c. The pretreated Cu foil was placed in a quartz
supporter that was then placed in a quartz tube. The quartz tube was sealed, the vacuum system was turned on,
and the system pressure was pumped down to below 0 Pa. The vacuum pump was turned off, and 1000 sccm
argon (Ar) gas was introduced until the system pressure reached ambient pressure to exhaust the residual air in
the tube. The Ar gas supply was turned off, and the vacuum pump was turned on again to evacuate the system
to 0 Pa. The system was heated to the target temperature (670-850 °c) at 230 Pa in a mixture of 500 sccm Ar
and 50 sccm H,. After the target temperature was reached, the Ar and H, gas flow rates were adjusted to 30
sccm and 10 scem, respectively, and the system pressure was maintained at 43 Pa. After the gas flow stabilized,
the plasma (50 W) was turned on, and etching was performed for 1 min. Immediately afterwards, 8 sccm CH,
(methane)/Ar (5% by volume) was introduced for graphene growth. Growth times of 10's,20's, 30 5,40 s, 60 s,
and 90 s were used. When growth was completed, the CH,/Ar mixed gas, H,, plasma, and heating system were
turned off. The quartz shield and Cu foil were quickly removed from the reactor. The temperature was reduced
to room temperature in 500 sccm Ar. The vacuum system was turned off, and 500 sccm Ar was continuously
passed through the system until the system pressure reached ambient pressure. Finally, the Ar gas supply was
terminated, and the sample was removed from the apparatus. Figure 1d shows the growth process of graphene
by PECVD at 850 °C for 60 s.

The structure and properties of the prepared graphene were subsequently characterized. A polymethyl meth-
acrylate (PMMA)-protected transfer method was used to transfer the graphene to silicon dioxide/silicone (SiO,/
Si). First, PMMA was uniformly spin-coated on the surface of the graphene grown on Cu foil as a protective layer,
followed by curing in a vacuum-drying oven at 140 °C for 30 min. The sample was then placed in an iron(III)
chloride (FeCl;) solution (5% by mass). After the Cu foil was completely etched, the graphene/PMMA film
was transferred to deionized water using a glass sheet, followed by rinsing 3 times to remove residual chemical
impurity ions from the sample surface. SiO,/Si was used to pick up the sample. The surface PMMA was removed
using acetone and isopropanol to produce graphene on SiO,/Si.

Characterization of graphene. Tapping-mode AFM (Oxford Cypher VRS AFM system) was performed
to characterize the surface morphology of the Cu foil before and after the electrochemical polishing pretreat-
ment and the morphology and thickness of the graphene on SiO,/Si. The nucleation density, grain size, and mor-
phology of the prepared graphene were characterized using optical microscopy (Axio scope Al) and scanning
electron microscopy (SEM). The SEM images were acquired by using an FEI Nova Nano450-SEM instrument
at 10 kV. The layer numbers and defects of the graphene were identified by Raman spectroscopy (Horiba Evolu-
tion) with a 532-nm laser.

Results and discussion

The placement of the copper foil for graphene growth. Plasma can effectively promote the decom-
position of hydrocarbon precursor, and a mass of plasma-generated ions and radicals, such as Ar ions, cause
drastic bombardment®. In addition, high densities of H atoms and other free radicals cause excessive etching
of graphene® . Therefore, we employed three different placement methods to grow graphene. The schematics
of the three different substrate placement modes and the corresponding PECVD-grown graphene are shown in
Fig. 2a-f. The other growth conditions remained unchanged. In the first placement mode shown in Fig. 2a,d, the
entire surface of the Cu foil was exposed to the plasma. The plasma and Cu foil jointly promoted the decompo-
sition of hydrocarbon precursor, generating a high density of free atoms and active species on the Cu surface,
which resulted in excess ion bombardment. Figure 2g,h show the surface defects caused by ion bombardment,
which significantly deteriorated the structural integrity of the grown graphene. In the second placement mode, a
semiclosed quartz shield with an 80-mm diameter was used, as shown in Fig. 2b,e. The purpose of this placement
method was to weaken high-energy Ar ion bombardment and reduce the excessive etching effect of plasma with
a high density of active species. Figure 2i,j show that the graphene prepared using the second placement method
had considerably fewer defects from ion bombardment than that prepared with the first method. Incomplete
hexagon-shaped 1-um graphene grains were produced. Unfortunately, there still were distinct traces of ion bom-
bardment and incomplete graphene grains. Thus, we designed a third substrate placement method that involved
a semiclosed quartz shield with a 60-mm diameter to block the open end of the quartz shield shown in Fig. 2b, as
presented in Fig. 2e,f. One of the main effects of this mode of loading was a change in the transport mode of reac-
tant gas to the surface of the catalytic substrate and a reduction in the concentration of reactants on the substrate
surface. The finite element analysis and simulation results show that under the condition of low-pressure CVD
(LPCVD), the gas velocity in the confined space was very low and the diffusion flow was dominant, so the trans-
port of reactants to the substrate surface was greatly reduced, which was conducive to the growth of graphene
in the PECVD process. Figure 2k,] show that the graphene prepared using the third method had a regular hex-
agonal shape and the grain size was approximately 2 um. The finite element analysis and simulation results show
that under the condition of LPCVD, the gas velocity in the confined space was very low and the diffusion flow
was dominant, so the transport of reactants to the substrate surface was greatly reduced, which was conducive
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Figure 2. (a-c) Images of different quartz boat placements for graphene growth on Cu. (d-f) Schematic
diagram of graphene growth with different placement methods. (g-h), (i-j), and (k-1) SEM photographs of
graphene growing with placement modes (a-c), respectively. Graphene was grown on copper substrate at 850 °C
for 60 s with Ar/H,/CH,=30:10:0.4. The plasma power was 50 W.
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Figure 3. (a) Optical microscopy image and (b) SEM image of graphene transferred onto SiO,/Si. (¢) Raman
spectra at A and B in (b). (d) AFM image of graphene transferred onto SiO,/Si. (e) Height diagram of the white
line in (d).

to the growth of graphene in the PECVD process. Under our PECVD conditions, the third placement method
for the Cu foil effectively reduced the damage to the graphene caused by ion bombardment and plasma etching.

Features of the PECVD-grown graphene. The characteristics of graphene grown using the third place-
ment method were measured. Optical microscopy and SEM images of the graphene transferred onto SiO,/Si
are shown in Fig. 3a,b, respectively. The as-grown graphene consists of two sizes, including a few polycrystalline
graphene grains with an average size of 1.5 pm (area A) and a large number of 260-nm nanocrystalline grains
(area B). Figure 3c shows the Raman spectroscopy results for areas A and B in Fig. 3b, which both correspond
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Figure 4. (a-h) SEM images of graphene grown on polished Cu at different temperatures from 670 °C to

880 °C for 60 s. The plasma power was 50 W. The (i) nucleation density and (j) grain size of graphene with the
growth temperature. Arrhenius plots of the (k) nucleation density and (I) average grain size (the black line
represents graphene grains <600 nm and the red line represents grains>600 nm).

to graphene. The extremely weak D peak of the Raman spectrum in area A indicated that there were very few
defects in this area. The I,p/1; ratio of approximately 1.17 showed that there were few layers. The high-intensity
D peak of the Raman spectrum in area B suggested there were a mass of edges and defects in area B, which
were caused by the nanometer-sized grains of graphene. Figure 3d shows the AFM surface morphology of the
graphene film. Micron-sized hexagonal graphene grains surrounded by round nanocrystalline graphene were
observed. The thickness at the white line was approximately 1.5 nm, as shown in Fig. 3e, indicating that there
were approximately 1 to 3 graphene layers. In summary, graphene with 2 grain sizes was obtained at 850 °C dur-
ing our PECVD process after 60 s of growth. The as-grown graphene consisted of both micron-scale polycrys-
talline and nanocrystalline forms. We explored the dynamics of nucleation and grain growth of these two sizes
of graphene grains during the PECVD process. The results provide guidance for the synthesis of high-quality,
large-grain graphene by PECVD.

Effects of temperature on nucleation and grain size. The nucleation density and grain size of gra-
phene grown on Cu by PECVD using the third placement method were studied at different temperatures. Fig-
ure 4a-h show SEM images of graphene grains synthesized at growth temperatures of 670 to 880 °C by PECVD.
The remaining growth conditions were consistent for all samples: plasma power of 50 W, CH,/H, gas ratio of
0.04, growth pressure of 44 Pa, and growth time of 60 s. In Fig. 4a—d, the SEM results show that only nanocrys-
talline graphene was obtained when the growth temperature was below 760 °C. We found that the average size
of nanocrystalline graphene increased with the growth temperature. When the temperature increased from 670
to 760 °C, the nanocrystalline size increased from 100 to 520 nm. In contrast, the nucleation density decreased
as the nanocrystalline size increased because of competition between nucleation and growth. In addition, we
noted that the nanocrystalline graphene grown over this temperature range was uniform in size and distribu-
tion and mostly oval, suggesting the rapid nucleation of graphene and uniformity of nanocrystalline growth.
When the growth temperature was increased to 790 to 850 °C, we simultaneously obtained graphene grains with
two sizes, i.e., relatively large grains (600 nm to micron size) and small grains (less than 600 nm), as shown in
Fig. 4e-g. Starting at 790 °C, a few grains with sizes of 1 to 2 um and some grains with sizes of 600 nm to 1 um
appeared and coexisted with a large number of nanocrystalline grains ~ 2560 nm in size, as shown in Fig. 4e. As
the temperature increased to 830 °C, the larger graphene grains (> 600 nm) enlarged to ~ 1.2 pm, and the result-
ing grain size and distribution of graphene grains were more uniform than those of the large grains (> 600 nm)
at 790 °C, as shown in Fig. 4f. The coexisting nanocrystalline (<600 nm) grains were not significantly different
in size from those at 790 °C. At 850 °C and a 60-s growth time, the average grain size of the large graphene
grains (>600 nm) increased to approximately 1.5 um, whereas the size of nanocrystalline graphene remained
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unchanged at approximately 260 nm, as shown in Fig. 4g. Notably, the large graphene grains (>600 nm) and
nanocrystalline graphene (<600 nm) simultaneously nucleated and grew over the 790-850 °C temperature
range. As the temperature increased, the large graphene grains (> 600 nm) expanded, whereas the nanocrystal-
line grains (<600 nm) remained almost unchanged, suggesting that the formation of nanocrystalline graphene
(<600 nm) was not sensitive to temperature changes within the temperature range considered. Increasing the
temperature further to 880 °C resulted in only large graphene grains (>600 nm) and no coexisting nanocrystal-
line form (< 600 nm). The graphene grain size increased up to approximately 3 um at 880 °C, as shown in Fig. 4h.

We investigated the dynamics of the nucleation and growth of graphene grains of two sizes; the nucleation
density and grain sizes of the large graphene grains (> 600 nm) and nanocrystalline graphene grains (<600 nm)
are plotted as a function of the growth temperature in Fig. 4i,j. Only nanograins grew in the low-temperature
region (670-760 °C) in our PECVD process. As the temperature increased, the nucleation density decreased
and the average grain size increased. Large grains and nanocrystalline graphene coexisted in the moderate
temperature region (790 to 850 °C). The nucleation density of the 2 grain sizes did not change significantly with
temperature. However, the average grain size of the large grains increased with the temperature, whereas that of
the nanograins remained almost unchanged. This result implies that within the moderate temperature range, the
growth of nanocrystalline graphene was not sensitive to temperature changes. In the high-temperature region
(=880 °C), only large graphene grains nucleated and grew, and no nanograins formed. The graphene nucleation
density was slightly lower than that in the moderate temperature region, and the average grain size was larger. The
above analysis shows that the nucleation and growth of graphene grains during PECVD are strongly temperature
dependent. A high temperature facilitates the growth of polycrystalline graphene grains with a large size, and
low temperature induces a nanocrystalline form.

Generally, temperature has significant effects on the dehydrogenation of hydrocarbon precursors, the adsorp-
tion and diffusion of active carbon species on the copper substrate surface, and the surface roughness and cleanli-
ness of copper. At high temperature, plasma and catalytic copper enhanced the supply of the active carbon species
by promoting the dehydrogenation of hydrocarbon, which were effective to suppress the excess nucleation and
to facilitate graphene growth*'. Besides, During the high-temperature annealing process, the surface roughness
of copper was improved, and the impurities on the copper surface and inside were reduced, which also reduced
nucleation and promoted graphene grain growth. When the temperature was very low, there was less catalytic
effect of the copper surface, and the dehydrogenation of hydrocarbon depended entirely on the plasma. Due to
the high binding energy at low temperature, the nucleation of the active carbon species on the copper surface or
adhesion to the edge of the graphene nucleus was determined by the mobility of active radicals on the copper
surface, which was reduced at lower temperature. The nucleation rate was limited by capture of carbon adatoms
by supercritical nucleus*. There is a critical state in the middle temperature region. The copper substrate surface
did not catalyze as strongly as they did at high temperatures, but it was stronger than that of at low temperatures.
Carbon atoms are more likely to coalesce and nucleate preferentially at high-energy sites such as the rough
surface of the copper substrate, defect sites (grain boundaries, dislocations, steps, etc.) and impurities, as they
did at high temperatures. Then, some of the subsequent carbon atoms coalesced at these nucleuses to make the
grains grow because that subsequent carbon atoms were more likely to enrich at these places. As a result, there
were enough carbon atoms to grow graphene for these nucleuses. On the other hand, the adsorption of carbon
atoms also occurred elsewhere on the copper surface, but it was sporadic and random, so graphene growth at
those sites were affected by the capture of carbon adatoms by supercritical nucleus, which was determined by
the diffusion and migration of carbon atoms. The preference of nucleation was related to the energy difference
at different sites on the surface of the copper substrate, which could be ignored at lower temperature due to the
complete loss of copper catalysis.

Arrhenius plots. The energetics of the growth were investigated by measuring the activation energies. Fig-
ure 4k,] show the Arrhenius plots for the nucleation density and grain size for the two kinds of graphene grains
grown on Cu at a moderate temperature, respectively. The activation energy of the nucleation of large graphene
grains (> 600 nm) was much lower than that of nanocrystalline graphene (<600 nm), indicating that the nuclea-
tion of larger graphene grains was suppressed, possibly via competition for the capture of carbon adatoms by
supercritical nucleus and the mobility of active carbon species on the copper substrate surface. Conversely, the
activation energy for larger graphene grain sizes was higher than that for nanocrystalline graphene. This finding
suggests that nucleation of large grains required lower reaction barriers, so it occurred easily at first, but further
expansion of the grain size was more difficult. However, nanocrystals did the opposite. This result implies that
the growth of large grains was a process based on thermodynamics, while the growth of small grains was more
related to kinetic processes, which will be verified in a follow-up study.

Growth dynamics. PECVD was carried out at 850 °C for different growth times (10, 20, 30, 40, 60, and
90 s) to further investigate the growth process of large graphene grains and nanocrystalline graphene grains
over the moderate temperature zone. All other conditions remained unchanged. Figure 5a—f show SEM images
of graphene grains prepared by PECVD at different growth times. At 10 s, graphene nucleation ~ 150 nm in
size appeared on the Cu surface, as shown in Fig 5a. As the growth time increased to 20 s, the graphene grain
size increased to ~350 nm, as shown in Fig 5b, which was much larger than that of the coexisting nanograins
(~260 nm) obtained under the same conditions for a 60-s growth time. We inferred that the large grains are
preferred to the nanocrystalline form for nucleation on the Cu surface within the moderate-temperature zone
in our PECVD process. When the graphene was transferred onto SiO,/Si, a large number of nanograins smaller
than 100 nm were found on the substrate, as shown in Fig. 5. When the growth time was extended to 30 s, the
size of the large grains grew to 510 nm, and the nanograins were ~ 100 nm in size, as shown in Fig. 5c and h. At
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Figure 5. (a)-(f) SEM images of graphene growing on polished Cu at different growth times (10-90 s) at
850 °C with Ar:H,:CH,=30:10:0.4, 50 W. The scale bar is 2 pm. (g—j) SEM images of graphene transferred onto
SiO,/Sifor 20's, 30 s, 40 s and 60 s, respectively. The scale bar is 100 nm.
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Figure 6. Time evolution of (a) the graphene nucleation density and (b) average grain size at 850 °C in PECVD.
(c) Grain growth rate of graphene. The black line represents larger graphene grains, and the red line represents
nanocrystalline graphene. Distribution of (d) nanocrystalline graphene and (e) graphene grains with the growth
time. (f) Coverage of graphene grown on Cu with the growth time.

40 s, the large grains of graphene further expanded to~1.2 um, and the nanograins were ~ 150 nm, as shown
in Fig. 5d and i. This result illustrates that both large grains and nanocrystalline graphene grew simultaneously.
At a growth time of 60 s, large graphene grains with an average size of 1.5 um and nanocrystalline graphene
grains 260 nm in size were obtained (Fig. 5c and j). At 90 s, the large grains were approximately 2 um, and the
nanograins increased in size to~350 nm. At this time, the Cu foil was mostly fully covered with graphene, as
shown in Fig 5f. The growth process described above shows the preferential nucleation of large graphene grains
at moderate temperature (850 °C). A slight increase in the growth time resulted in the appearance of nanocrys-
talline graphene. The two sizes of grains subsequently grew simultaneously until the Cu foil was almost fully
covered by graphene.

Figure 6 shows the nucleation density and average grain size of the two grain types at 850 °C with time. From
Fig. 6a the large grains clearly nucleated before the nanograins and at a considerably lower nucleation density.
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Figure 7. Schematic illustration of the nucleation and growth dynamics of PECVD at different temperatures.

As the growth time increased, the nucleation density of both grain types slightly increased, indicating that most
of the nucleation of graphene in PECVD occurred during the early stage of growth. Figure 6b shows the change
in the average grain size with time. As the growth proceeded, grains of both sizes continued to grow simultane-
ously until the copper foil was completely covered. The changes in the growth rate of the two types of grains are
shown in Fig. 6¢c. The growth rate of large grains was higher than that of nanocrystalline graphene during the
whole PECVD process. At 30 s, the large graphene grains grew rapidly, while the growth rate of nanocrystal-
line grains decreased, suggesting competitive growth between the two grain types from 20 to 40 s. The growth
rate curves showed opposite trends between 20 and 40 s, suggesting competitive growth between the two grain
types at this stage.

The growth process in the medium temperature region confirmed that the nucleation of large grains preceded
the nucleation of small grains and grows at the same time. The nucleation and growth of large and small grains
competed with each other for carbon atoms at a given carbon source flow rate. The plasma growth of graphene
mainly includes four major processes: the dissociation of carbon sources, the transport of reactants to the sub-
strate surface, the migration and nucleation growth of reactants on the substrate surface, and the desorption
of the reaction byproducts on the substrate surface. Due to the greatly enhanced decomposition of the carbon
source by the plasma, carbon supersaturation is very high, and the nucleation barrier is very low. The carbon
clusters will spontaneously aggregate, and the growth barrier is determined by the deposition of carbon atoms
and their diffusion rate on the metal surface. The surface roughness and chemical state of the copper foil greatly
influence the deposition and diffusion of carbon atoms. Carbon atoms are more likely to coalesce and nucleate
preferentially at high-energy sites such as the rough surface of the copper substrate, defect sites (grain boundaries,
dislocations, steps, etc.) and impurities. And the follow-up of carbon atoms shows two kinds of behavior. The
carbon atoms adsorbed near the nucleus could make the crystal grow, while the carbon atoms adsorbed at other
locations were restricted by diffusion and migration, and tended to the termination of the growth of the crystal
nucleus, eventually leading to the two completely different graphene grains. This was because that the energy at
different locations on the surface of the copper substrate in the medium temperature region played a dominant
role in the nucleation and growth of graphene rather than that of at lower or higher temperature.

The size distributions of the large grains and the nanograins are shown in Fig. 6d,e, respectively. The figures
also illustrate the concurrent growth of the two grain types with time. The coverage of graphene grown at differ-
ent times was statistically analyzed, as shown in Fig. 6f. During the rapid growth period (20-40 s), the graphene
coverage increased sharply at first and then grew more slowly. The oval shape of the nanograins precluded the
full-coverage growth of graphene.

Growth model. The analysis above was used to develop a model to describe the nucleation and grain growth
of graphene grown on a Cu substrate by PECVD at different temperatures. Figure 7a-c show the schematics of
the models. The shielded placement method of Cu foils changed the transport mode of reactant gas to the surface
of substrate and reduced the concentration of reactants on the substrate surface, which were beneficial for gra-
phene growth. Second, temperature dependence of the nucleation density and grain growth can be divided into
three regions. At low temperature, the surface catalysis of copper can be ignored, and the nucleation and growth
of graphene mainly depend on the capture of carbon adatoms by supercritical nucleus, which was limited by the
diffusion and migration of carbon species generated by plasma at lower temperatures.

Besides, the copper surface roughness and impurities are not well decreased, so it is easy to produce the
growth of nanocrystalline graphene. At medium temperatures, the catalysis of copper substrate is improved to
some extent, and the surface roughness of copper is reduced. So there will be carbon atoms preferentially nucleate

Scientific Reports |

(2021) 11:6007 | https://doi.org/10.1038/s41598-021-85537-3 nature portfolio



www.nature.com/scientificreports/

at some high energy positions on the surface of the copper substrate, where the subsequent carbon atoms are
easily attached, providing the raw material to fuel graphene growth. However, the carbon atoms adsorbed in
other parts of the copper substrate nucleate and are difficult to grow up due to the influence of blocked diffusion
and migration at low temperature. At this stage, the difference of energies on copper surface is an important
and non-negligible factor that causes the difference of nucleation growth of graphene. At high temperatures, the
catalysis of copper surface is stronger enough, the roughness of copper surface is reduced and the cleanliness
is improved. According to the classic diffusion equation D = Dye(™ 77, the diffusion of carbon species on the
substrate surface was enhanced. In this stage, the influence of copper substrates is weakened (but still present),
and the graphene nucleation is suppressed and the growth of grains are promoted.

Conclusion

In summary, we surveyed the nucleation and grain growth of graphene grown on Cu during RF-PECVD. A
reasonable shielding method for the placement of copper was employed and effectively reduced the damage to
the graphene in the PECVD process, which could be beneficial for high-quality graphene growth. In addition,
the graphene nucleation and grain size of graphene were significantly affected by the growth temperature. At low
temperatures (670-760 °C), a mass of nanocrystalline grains was obtained. The nucleation density of nanocrys-
talline grains decreased and the grain size increased with increasing temperature at this stage. At moderate
temperatures (790-850 °C), large grains and nanocrystalline graphene coexisted and grew simultaneously. In
this case, as the growth time increased, the large graphene grains preferentially nucleated and grew rapidly, fol-
lowed by the nucleation and growth of nanograins. At high temperatures (880 °C), there was no more nucleation
and growth of nanocrystalline graphene, and grains with an average size of ~3 um were generated. These results
reveal the effects of temperature on nucleation and graphene growth during PECVD and provide guidance on
the synthesis of high-quality graphene by PECVD.

Received: 4 January 2021; Accepted: 25 February 2021
Published online: 16 March 2021

References
. Novoselov, K. S. et al. Electric field effect in atomically thin carbon films. Science 306(5696), 666-669 (2004).
. Novoselov, K. S. et al. Room-temperature quantum hall effect in graphene. Science 315(5817), 1379-1379 (2007).
. Geim, A. K. & Novoselov, K. S. The rise of graphene. Nat. Mater. 6(3), 183-191 (2007).
. Nair, R. et al. Fine structure constant defines visual transparency of graphene. Science 320(5881), 1308-1308 (2008).
. Novoselov, K. S. et al. A roadmap for graphene. Nature 490(7419), 192-200 (2012).
. Wu, Y. et al. High-frequency, scaled graphene transistors on diamond-like carbon. Nature 472(7341), 74-78 (2011).
. Justino, C.I. L., Gomes, A. R,, Freitas, A. C., Duarte, A. C. & Rochasantos, T. A. P. Graphene based sensors and biosensors. Trends
Anal. Chem. 91, 53-66 (2017).
. Chen, K., Wang, Q., Niu, Z. & Chen, J. Graphene-based materials for flexible energy storage devices. J. Energy Chem. 27(1), 12-24
(2018).
9. Wang, M., Duan, X,, Xu, Y. & Duan, X. Functional three-dimensional graphene/polymer composites. ACS Nano 10(8), 7231-7247
(2016).
10. Sun, P., Wang, K. & Zhu, H. Recent developments in graphene-based membranes: Structure, mass-transport mechanism and
potential applications. Adv. Mater. 28(12), 2287-2310 (2016).
11. Huang, H., Chen, W.,, Chen, S. & Wee, A. T. S. Bottom-up growth of epitaxial graphene on 6H-SiC(0001). ACS Nano 2(12),
2513-2518 (2008).
12. Hirata, M., Gotou, T., Horiuchi, S., Fujiwara, M. & Ohba, M. Thin-film particles of graphite oxide 1: High-yield synthesis and
flexibility of the particles. Carbon 42(14), 2929-2937 (2004).
13. Stankovich, S. et al. Stable aqueous dispersions of graphitic nanoplatelets via the reduction of exfoliated graphite oxide in the
presence of poly(sodium 4-styrenesulfonate). J. Mater. Chem. 16(2), 155-158 (2006).
14. Li, X. et al. Transfer of large-area graphene films for high-performance transparent conductive electrodes. Nano Lett. 9(12), 4359
(2009).
15. Mohsin, A. et al. Synthesis of millimeter-size hexagon-shaped graphene single crystals on resolidified copper. ACS Nano 7(10),
8924-8931 (2013).
16. Vlassiouk, L et al. Role of hydrogen in chemical vapor deposition growth of large single-crystal graphene. ACS Nano 5(7), 6069
6076 (2011).
17. Zhang, R., He, L., Zhen, Z., Xu, Z. & Zhu, H. Controlled nucleation of graphene domains on copper with an oxide layer by atmos-
pheric pressure chemical vapor deposition. Front. Mater. 6, 2 (2019).
18. Yu, Q. et al. Graphene segregated on Ni surfaces and transferred to insulators. Appl. Phys. Lett. 93, 11 (2008).
19. Kim, K. S. et al. Large-scale pattern growth of graphene films for stretchable transparent electrodes. Nature 457(7230), 706-710
(2009).
20. Yoon, D., Son, Y. & Cheong, H. Negative thermal expansion coefficient of graphene measured by Raman spectroscopy. Nano Lett.
11(8), 3227-3231 (2011).
21. Chae, S.]. et al. Synthesis of large-area graphene layers on poly-nickel substrate by chemical vapor deposition: Wrinkle formation.
Adv. Mater. 21(22), 2328-2333 (2009).
22. Kim, Y. et al. Low-temperature synthesis of graphene on nickel foil by microwave plasma chemical vapor deposition. Appl. Phys.
Lett. 98(26), 263106-2631063 (2011).
23. Peng, K.-J. et al. Hydrogen-free PECVD growth of few-layer graphene on an ultra-thin nickel film at the threshold dissolution
temperature. J. Mater. Chem. C 1, 24 (2013).
24. Nandamuri, G., Roumimov, S. & Solanki, R. Remote plasma assisted growth of graphene films. Appl. Phys. Lett. 96, 15 (2010).
25. Yen, C.-C., Chang, Y.-C., Tsai, H.-C. & Woon, W.-Y. Nucleation and growth dynamics of graphene grown through low power
capacitive coupled radio frequency plasma enhanced chemical vapor deposition. Carbon 154, 420-427 (2019).
26. Chang, Y.-C. et al. Characteristics of graphene grown through low power capacitive coupled radio frequency plasma enhanced
chemical vapor deposition. Carbon 159, 570-578 (2020).
27. Chen, Y.-C. et al. Direct growth of mm-size twisted bilayer graphene by plasma-enhanced chemical vapor deposition. Carbon 156,
212-224 (2020).

NN LN~

fosd

Scientific Reports |

(2021) 11:6007 | https://doi.org/10.1038/s41598-021-85537-3 nature portfolio



www.nature.com/scientificreports/

28. Wang, S. M. et al. Synthesis of graphene on a polycrystalline Co film by radio-frequency plasma-enhanced chemical vapour
deposition. J. Phys. D: Appl. Phys. 43, 45 (2010).

29. Zhang, P, Jiang, X, Fang, X., Yang, L. & Chen, X. Si substrates playing two opposing roles in the process of preparing graphene
by PECVD. Appl. Surface Sci. 501, 2 (2020).

30. Yang, W. et al. Growth, characterization, and properties of nanographene. Small 8(9), 1429-1435 (2012).

31. Chugh, S. et al. Comparison of graphene growth on arbitrary non-catalytic substrates using low-temperature PECVD. Carbon 93,
393-399 (2015).

32. Yang, W. et al. Epitaxial growth of single-domain graphene on hexagonal boron nitride. Nat. Mater. 12(9), 792-797 (2013).

33. Yunsung Wooa, D. C. K. et al. Large-grained and highly-ordered graphene synthesized by radio frequency plasma-enhanced
chemical vapor deposition. ECS Trans. 19, 111-114 (2009).

34. Hong, H.-K. et al. Synthesis of high-quality monolayer graphene by low-power plasma. Curr. Appl. Phys. 19(1), 44-49 (2019).

35. Nang, L. V. & Kim, E.-T. Controllable synthesis of high-quality graphene using inductively-coupled plasma chemical vapor deposi-
tion. J. Electrochem. Soc. 159(4), K93-K96 (2012).

36. Kim, Y. S. et al. Methane as an effective hydrogen source for single-layer graphene synthesis on Cu foil by plasma enhanced chemi-
cal vapor deposition. Nanoscale 5(3), 1221-1226 (2013).

37. Wei, D. et al. Critical crystal growth of graphene on dielectric substrates at low temperature for electronic devices. Angew. Chem.
Int. Ed. Engl. 52(52), 14121-14126 (2013).

38. Liu, D. et al. Two-step growth of graphene with separate controlling nucleation and edge growth directly on SiO2 substrates.
Carbon 72, 387-392 (2014).

39. Kim, Y. S. et al. Direct growth of patterned graphene on SiO2 substrates without the use of catalysts or lithography. Nanoscale
6(17), 10100-10105 (2014).

40. Zhang, L. et al. Catalyst-free growth of nanographene films on various substrates. Nano Res. 4(3), 315-321 (2010).

41. Kato, R., Minami, S., Koga, Y. & Hasegawa, M. J. C. High growth rate chemical vapor deposition of graphene under low pressure
by RF plasma assistance. Carbon 96, 1008-1013 (2016).

42. Kim, H. K. et al. Activation energy paths for graphene nucleation and growth on Cu. ACS Nano 6(4), 3614 (2012).

Author contributions
L.N. wrote the main manuscript text, and L.N., Z.R. and Z.Z. finished the experiment together. Z.Z. assisted to
complete part of electron microscopy, and X.Z. and H.L. helped to complete the data analysis.

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to L.H.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2021

Scientific Reports |

(2021) 11:6007 | https://doi.org/10.1038/s41598-021-85537-3 nature portfolio


www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Nucleation and growth dynamics of graphene grown by radio frequency plasma-enhanced chemical vapor deposition
	Experimental
	Pretreatment of the Cu substrate. 
	PECVD growth and transfer of graphene. 
	Characterization of graphene. 

	Results and discussion
	The placement of the copper foil for graphene growth. 
	Features of the PECVD-grown graphene. 
	Effects of temperature on nucleation and grain size. 
	Arrhenius plots. 
	Growth dynamics. 
	Growth model. 

	Conclusion
	References


