
Dynamic Article LinksC<Nanoscale

Cite this: Nanoscale, 2011, 3, 3089

www.rsc.org/nanoscale COMMUNICATION

View Online / Journal Homepage / Table of Contents for this issue
Direct growth of graphene pad on exfoliated hexagonal boron nitride surface†
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A direct and metal layer-free growth of flat graphene pads on

exfoliated hexagonal boron nitride substrate (h-BN) are demon-

strated by atmospheric chemical vapour deposition (CVD) process.

Round shape with high flatness graphene pads are grown in high

yield (�95%) with a pad thickness of �0.5 nm and homogenous

diameter.
Among many extraordinary properties of graphene emerging from

its unique geometry of an atomic thick layer, peculiar electronic

features including extremely high carriermobility have attracted great

interest for the developments of high performance electronic

devices.1,2 Recent intensive experimental and theoretical studies have

revealed that there are two types of scattering factors responsible for

the lowering of carrier mobility: intrinsic scatters such as natural

phonon scatter in graphene,3 and non-intrinsic scattering factors such

as microscopic ripples (or geometrical flatness) and charged impuri-

ties either on graphene itself or from the interaction with dielectric

substrate in cases where they are fabricated into field effect tran-

sistor.4,5 There have been many efforts to synthesize graphenes with

such non-intrinsic scatters eliminated, and recently a substantially

increased carriermobility (60 000 cm2V�1 s�1) has been demonstrated

by replacing the dielectric substrate with an atomically flat hexagonal

boron nitride (h-BN) substrate,6 while a record high carrier mobility

has been measured from a suspended graphene device (200 000 cm2

V�1 s�1).7 From a practical point of view, suspended graphene device

is mechanically unstable and difficult to fabricate since it requires

complicated processes including transferring and positioning of gra-

phene. The process for the preparation of graphene device on h-BN

in ref. 6 also requires quite a complicated process due to the intrinsic

difficulty of double exfoliation of graphene and h-BN. Therefore,

a new strategy for the direct preparation of graphene on h-BN is in

high demand.

Graphene growth by chemical vapor deposition (CVD) on catalyst

metal film is advantageous over other synthetic methods, especially

for large area graphene formation and positioning of graphene at
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specific locations.8 However, the metal catalyst-based CVD process

holds several problems especially related with catalyst removal and

transfer. The synthesis of graphene on non-metal substrates by CVD

is currently one of the hot subjects in graphene society, and several

groups have reported the formation of few layer graphenes on

dielectric substrates. R€ummeli et al. have shown that few layer gra-

phenes grow on MgO nanocrystal powders,9 and Wei et al. have

found that multilayer graphene nanoribbons can be formed by using

ZnS nanoribbon templates.10 The potential of direct growth of gra-

phene on h-BN has been first realized by Oshima et al. in 2000 when

they investigated the effect of adlayer on the electrical property of

a single h-BN layer epitaxially grown on Ni(111) surface.11 A similar

attempt on h-BN which is pre-grown on Ru(0001) has been recently

demonstrated by Bjelkevig et al.12 A direct CVD growth attempted

on powder h-BN flakes has been also reported by Ding et al.13

Although the growth of graphene on non-metal substrate becomes

assured from the above results, a direct growth of high quality gra-

phene, especially single layer graphene as a major product, on a flat

exfoliated h-BN has not yet been demonstrated, so the detail growth

process is not available either.

Herein we report a catalyst-free direct growth of high yield gra-

phene pads by CVD process on a h-BN substrate. In our case, all the

graphene growth has been attempted and monitored directly on

individual flat h-BN disks that are pre-exfoliated on a SiO2/Si

substrate. The graphene grows into a highly regular pad shape with

high flatness and surface coverage of >95% of h-BN substrate, and

the yield of single layer graphene pad exceeds 90% at specific reaction

condition. A plausible growth mechanism is also proposed based on

the step-by-step growth results obtained from systematic investiga-

tion performed at various reaction conditions.

Flat h-BN disks mechanically exfoliated on a SiO2/Si wafer

generally have diameters of 2–10 mm and 100–300 nm thickness as

confirmed by optical and atomic forcemicroscopy (AFM) (Fig. S1†).

The powder X-ray diffraction (XRD) pattern shows that the exfoli-

ated h-BN disks are well aligned along the (001) direction on the

surface of which there is a hexagonal boron and nitrogen array

(Fig. S2†). When a SiO2/Si substrate containing h-BN disks was

heated in the CVD system under 50 sccm of H2 and 50 sccm of CH4

at 1000 �C for 120 min, highly regular thin graphene pads are

observed as shown in Fig. 1a. The diameter distribution of graphene

pads is very narrow with an average diameter of about 108 nm

(Fig. S3†). As glanced from the homogeneous height color level of the

AFM image, most of the graphene pads have similar thickness as

a representative height profile shows about 0.5 nm of thickness
Nanoscale, 2011, 3, 3089–3093 | 3089

http://dx.doi.org/10.1039/c1nr10504c
http://dx.doi.org/10.1039/c1nr10504c
http://dx.doi.org/10.1039/c1nr10504c
http://dx.doi.org/10.1039/c1nr10504c
http://dx.doi.org/10.1039/c1nr10504c
http://dx.doi.org/10.1039/c1nr10504c
http://pubs.rsc.org/en/journals/journal/NR
http://pubs.rsc.org/en/journals/journal/NR?issueid=NR003008


Fig. 1 Graphene pads grown on h-BN by CVD process. (a) Represen-

tative AFM image of graphene pads grown at 1000 �C for 120 min under

50 sccm of H2 and 50 sccm of CH4. (b) Height profile along the white

dotted line indicated in (a). (c) Raman spectrum obtained from (a)

showing typical Raman peaks of graphene, D, G, and G0. Inset shows
deconvoluted graphene D peak and h-BN peak (E2g mode). (d) Optical

image of original h-BN exfoliated on SiO2/Si substrate. (e–g) Raman

images of D (graphene pad) + E2g (h-BN), G, and G0 peaks mapped after

growth, respectively. The scale bars in (d–f) are 4 mm.

Fig. 2 Spatially resolved X-ray photoelectron spectroscopy (SR-XPS)

spectra obtained from graphene pads grown on h-BN. (a) Survey spec-

trum from 580 to 0 eV showing O 1s, N 1s, C 1s, B 1s, and Si 2p. (b) SR-

XPS spectrum around the C 1s, which is deconvoluted into three peaks. O

and G represent oxygenated carbons and graphene pad carbons,

respectively. (c) SR-XPS spectrum around O 1s region, which shows two

oxygen peaks originated from C–O and C]O.
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(Fig. 1b). A statistical AFM data analysis indicates that more than

85% of graphene pads are within this range, and we believe that the

graphene pads with such thickness level are single layers.

We have performed Raman spectroscopy that provides informa-

tion not only about the general quality of graphene by the prominent

G and D peaks originated from doubly degenerated zone center E2g

modeanddefects, respectively, but alsoabout thenumberof graphene

layers and the degree of interaction of graphene with substrate by the

G0 peak that connects the phonon wave vector to electronic structure

of graphene. In the case of single layer exfoliated graphene on SiO2/Si,

a single G0 peak with G/G0 peak intensity ratio <1 appears, while

bilayer graphene shows four G0 peaks since inter-graphene layer

coupling splits the peak into four specific components. Our results

show that G/G0 peak intensity ratio is <1 and the G0 peak appears at

2689 cm�1 which is fitted well with a single Lorentzian with�70 cm�1

of full width at half maximum (FWHM) (Fig. 1c). In some cases of

graphene grown on metal substrates, such as Ni,8a Cu,8c and Ru,14

bilayer graphene also shows a single G0 peak due to the much

diminished inter-graphene layer interaction to the first layer

(comparedwith cleavedone)whichhasa strong interaction (p–d)with

d-electrons of transition metal substrates underneath the graphene.

For this reason, the bilayer graphene grown on Ru (0001) shows

a singleG0 peakwhile the single layer graphene onRu (0001) does not
even show any Raman signature.14 However, because there is no

strong p–d interaction between the graphene to h-BN, the single G0

peak from graphene pad indicates that most graphene pads are single

layers. The FWHM of G0 is quite broad due to relatively large area

portionof edge tobasalplane ingraphenepad,9b,15whichalso results in

the broadening ofG peak (40 cm�1) compared to exfoliated graphene

onSiO2/Si (15 cm
�1).16 It shouldbenoted that themicro-Ramanbeam

size is�500nm,sotheexposedsampleregioncontains10–15graphene

pads including edge boundaries. Also, several thicker layer graphene

pads as identified by the brighter height color inAFM image could be

included.
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The position of G peak also supports the weak interaction of

graphene pad to h-BN. The G peak can be shifted by chemical

doping including the one induced by charge interaction between

graphene and the substrate. TheG peak from graphene pad on h-BN

appears at 1585 cm�1 (Fig. 1c), which is slightly higher than the G

peak from exfoliated graphene on SiO2/Si (1580 cm�1),17 but lower

than theCVDgrown ones onCu (1590 cm�1)8c andRu (1599 cm�1).14

G peak shift can also be induced by strain as demonstrated by gra-

phenes on SiC (1597 cm�1).18 Based on the G peak position of our

case, the strain induced by h-BN seems to be small. We believe that

the structural similarity between h-BN (a¼ 2.504 �A)19 and graphene

(a ¼ 2.468 �A)20 is responsible for the small strain.

The D peak of graphene pad (1349 cm�1) generally representing

the presence of defect disorder is overlapped with an E2g in-plane

vibration mode peak of h-BN (1371 cm�1).21 As shown in Fig. 1c

inset, deconvoluted spectra depict the presence ofD peak in graphene

pads. It is difficult to claim the crystallinity of graphene pad at this

stage because the origins of D peak, such as non-graphitized amor-

phous carbon on h-BN, the edge component of graphene pads, and

ripples present in the center of graphene pads, are difficult to be

precisely defined due to spectral resolution limit. Meanwhile, the

Raman images of h-BNmapped withD,G, andG0 peaks (Fig. 1e–g,
respectively) signify that graphene pads grow specifically on h-BN

disks but not on SiO2/Si.

To determine the amount of oxygen, the main element in defect

chemical moieties, spatially resolved X-ray photoelectron spectros-

copy (SR-XPS) was performed. As shown in the survey spectrum

(Fig. 2a) C 1s andO 1s are observed besides B 1s, N 1s, and Si 2p that

are originated from the substrates. The high resolution C 1s spectrum

in Fig. 2b is deconvoluted into three Lorentzian peaks. The peak

corresponding to graphitic carbon (noted as G) appears at 284.6 eV,

while the oxygenated carbons (noted asO) are shown at 285.3 eV and

286.2 eV which correspond to the carbons in C–O and C]O bonds,

respectively. The O 1s spectrum also shows two oxygen components

corresponding toC–O andC]O (Fig. 2c). Through the analysis of C

1s and O 1s spectra, the weight percentage of oxygen is calculated to

be only 4%, which shows that the graphene quality is comparable

with the graphene grown on metal substrates (see the ESI† for the

detail quantitative analysis).22

Since one of the inspirations for the direct growth of graphene on

h-BN is the high flatness of resulting graphene, we examined the

roughness of graphene grown on h-BN. Three-dimensional AFM

topographic data shown in Fig. 3a and b visualize a clear difference in

surface roughness of graphene on h-BN and bare SiO2/Si substrate,

respectively. The histograms of surface roughness shown in Fig. 3c
This journal is ª The Royal Society of Chemistry 2011
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Fig. 3 Topographic AFM images of (a) graphene pads on h-BN and (b)

bare SiO2/Si surface. (c) Histogram of height profiles of graphene pad

grown on h-BN (blue), bare h-BN (red), and SiO2 (black). The solid lines

are results of fitting by Gaussian function.
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were obtained from bare SiO2/Si (black curve), bare h-BN (red curve)

and graphene on h-BN (blue curve) substrates. For the surface

roughness study, graphene pads grown for 60 min was examined to

avoid ripples that become popularly present in the center of graphene

pad when grown for 120 min (see below for the formation of ripple).

The standard deviations (s) calculated by fitting the distribution

curves with Gaussian function are 100 and 80 pm for graphene pad

and h-BN, respectively, which are three times lower than the s value

of SiO2 (300 pm). This result indicates that CVD grown graphene

pads resemble the surface flatness of h-BN substrate, which agrees

well with the previous results measured from exfoliated graphene

transferred on h-BN.6

The growth of graphene pad critically depends on the growth

condition, such as reaction temperature, precursor gas amount, and

reaction time. We first examined the effects of reaction temperature

(900–1000 �C) and precursor gas (CH4) amount (30–50 sccm). As

shown in Fig. S5,† graphene pad can grow at temperatures as low as

900 �C with low population, and the population of graphene pad is

directly proportional to the reaction temperature. Besides the pop-

ulation, the size distribution of graphene pad is quite wide when

grown at temperatures lower than 1000 �C. Meanwhile, the number

of graphene pad decreases as the CH4 content is reduced while the

average pad sizes are similar (Fig. S6†). These results indicate that

nucleation for graphene pad is controlled by both reaction temper-

ature and precursor amount. A better understanding of the graphene

pad growth process has been obtained from time-dependent growth

experiments performed at identical conditions used for Fig. 1a.

AFM-measureable features start to appear after 10 min of reaction

(Fig. 4a). Thermally defragmented carbon precursors (monomer or

clusters) are randomly nucleated on h-BN, resulting in the formation

of nucleating particles. Although its population is low, nucleating

particles with heights of about 0.9 nm as well as small and thin layers

around the particles—presumably not a fully developed graphene

yet—are clearly observed from a magnified AFM image in Fig. 4b.

At this point, there is no clear evidence for a specific nucleation at step
This journal is ª The Royal Society of Chemistry 2011
edges, of which lowered surface energy frequently initiate graphene

nucleation on metals.9,14 After 30 min of reaction, individual gra-

phene pads are developed in irregular round shapes through

peripheral expansionwith an average diameter of 60 nm (Fig. 4c). An

interesting feature is that most of the graphene pads have semi-bila-

yers as confirmed by both AFM topographic image and two-step

height profile with 0.5 nm of peak height (Fig. 4d), while the original

size-confined nucleating particles are difficult to be found. The semi-

bilayer means that the top layer does not fully cover the bottom layer

of graphene pad, yet it is much too large and flat to be called as

a nucleate particle. At this stage, there are three possible ways for

carbon sources to be introduced for the propagation of graphene pad

growth: (1) surface segregation of carbon into graphene through

carbon/h-BN solid solution state, (2) peripheral growth by direct

attachment of carbon sources to the edges of graphene pad through

surface diffusion, and (3) peripheral growth by carbon sources fed

through the nucleate particle acting as a central gateway of carbon

precursor. The surface segregation process is excluded because no

temperature drop effect has been observed, which is the signature of

the segregation growth as observed from graphenes grown on Ru, Ir,

and Ni metal substrates.23 Although the second process of direct

attachment of atomic or cluster carbon sources is somewhat con-

tributable,24,25 the third process involving the nucleate particle as

a carbon source gateway seems to dominate the expansion of gra-

phene pad according to the following further growth results. After

reaction for 60 min, the graphene pad grows mostly into single layer

graphene with very smooth top surface (0.35 nm of height) and an

average diameter of 80 nm (Fig. 4e and f). The yield of single layer

graphene pad exceeds 90% at this reaction condition. More impor-

tantly, the top layer seems to migrate and merge to the bottom layer

as confirmed by complete disappearance of second (top) layer,

increase of diameter of graphene pad, and reappearance of nucleating

particles.

Such a migration of second layer implies that the layer is not fully

developed into crystalline graphene yet, which is supported by highD

band and low G0 band Raman intensities for the graphene pads

grown at a reaction time shorter than 60 min (Fig. 5). The proposed

role of nucleate particle that absorbs and delivers carbon precursors is

further evidenced by the formation of ripples that start to emerge

beyond 90 min of growth time (Fig. 4g and h). Almost all of single

layer graphene pads possess the ripples. In general, the ripples on

graphene grown by CVD on either metal or insulator substrate are

formed by (1) mechanical relaxation during cooling stage owing to

different thermal expansion coefficient of graphene and substrate,26

and (2) merging of neighboring graphenes.8c,10 However, neither case

explains well the current model because the thermal expansion

coefficients of h-BN and graphene are similar,27 and ripples are

always formed at the center of graphene pads. Therefore, the origin of

the ripple formation is the continuous accumulation of carbon

precursors onto the nucleate particle.

The increase of size of graphene pad nearly stops at 90 min with

a saturated diameter of about 110 nm (Fig. S7†). Continuous growth

attempts for longer than 120 min basically result in the increases of

ripple size and number of layers of graphene pad with increased

Raman G/G0 peak intensity ratio (Fig. S8†). The reason for the

saturation of graphene pad growth is unclear yet, but it seems related

to surface interaction of graphene pad and h-BN. In contrast to the

graphene grown onmetal substrates that employ graphitization from

carbon-metal solid solution phase,23 graphene growth on insulating
Nanoscale, 2011, 3, 3089–3093 | 3091
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Fig. 4 Time-dependent growth process of graphene pad on h-BN. (a and b) Formation of nucleating particles. (c and d) Formation of semi-bilayer

graphene pad as an intermediate. (e and f) Complete formation of single layer graphene pad. (g and h) Emergence of ripple at the center of graphene pad.

The scale bars in AFM images are 100 nm.

Fig. 5 Raman spectra of graphene pads after (a) 30 min and (b) 60 min.

Insets show deconvoluted D peak of graphene and E2g mode h-BN peak.

All peaks are normalized by G peak intensities.
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substrates deals with direct nucleation and propagation of graphiti-

zation on the surface. Although the growth conditions are somewhat

different, previous results of graphene grown on a single crystalline

sapphire substrate show that a large structural difference for gra-

phene (a ¼ 2.468 �A)28 to a-Al2O3 ((0001), a ¼ 4.762 �A)29 actually

helps to grow graphene even into a film.30 In the case of h-BN, it

seems that the high structural similarity between the graphene pad

and h-BN is supposed to induce stronger interaction, especially when

the graphene pad becomes larger than a critical size.We are currently

investigating more details about the origin of the diameter limit of

graphene pad on h-BN.

In summary, we have demonstrated that flat graphene pads can be

grown in high population on mechanically exfoliated h-BN surface

without metal catalyst by ambient pressure CVD process. The single

layer graphene pads have a regular round shape and the size increases

up to about 110 nm in diameter, beyond which the number of gra-

phene layers increases. The control studies on reaction temperature

and precursor gas amount have revealed that the population and size

of graphene pad are directly proportional to those growth para-

meters. The time-dependent growth study has shown that the growth

process involves the formation of nucleate particle and semi-bilayer

graphene pad as an intermediate state for the formation of single

layer graphene pad through peripheral growth on h-BN surface.

Future efforts will be focused on the elucidation of the origin of

graphene pad size limit, so that flat single layer graphene could be

directly synthesized in larger sizes on h-BN surface. Moreover, with
3092 | Nanoscale, 2011, 3, 3089–3093
the graphene pad having larger grain size, the general electronic

property of such catalyst-free grown graphene on h-BN will be

studied by fabricating field effect transistor devices with individual

graphene pads as channels.
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