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Metal catalyst-free growth of large scale single layer graphene film

on a sapphire substrate by a chemical vapor deposition (CVD)

process at 950 �C is demonstrated. A top-gated graphene field effect

transistor (FET) device is successfully fabricated without any

transfer process. The detailed growth process is investigated by the

atomic force microscopy (AFM) studies.
Graphene is one of the most attractive materials for high-perfor-

mance electrical device applications owing to its high carrier

mobility.1 Since the first isolation of single layer graphene by

mechanical exfoliation,2 there have been many efforts to develop

more facile methodologies giving single layer graphene with high

quality and large grain size on various types of solid or soft substrates.

Chemical vapor deposition (CVD) is one of the most efficient

methods to directly grow high quality graphene on metal substrates,3

as it allows large area synthesis of graphene with high crystallinity

and large grain size,4 as well as area selective growth of graphene by

defining the position of the metal catalyst.

One important drawback of CVD is the necessity of using a metal

substrate as a catalyst and the difficulty in clean removal of graphene

from the metal substrate, which is required to transfer graphene onto

an electronic device-compatible dielectric substrate. Moreover, the

electrical properties of a graphene device degrade due to residues or

detrimental chemicals involved in the transfer process.5 Thus, the

direct growth of graphene on a dielectric substrate allowing a direct

fabrication of such graphene into a field effect transistor (FET) device

is highly valuable.
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We have recently shown that graphene pads can be grown on

a hexagonal boron nitride (h-BN) surface without a metal catalyst.6

The graphene pads grown on h-BN are highly regular in size and

thickness (mostly single layer), which proves that graphene nucleation

and further growth into a ‘film’ can occur on a highly single crys-

talline dielectric substrate even in a metal catalyst-free environment.

One of the critical issues regarding the direct growth of graphene

on h-BN byCVD is the limited size of graphene (�150 nmdiameter),

which seems to be due to the low degree of crystal mismatch (�2%)

between graphene and h-BN.7 The low degree of lattice mismatch

induces a strong interaction between the graphene and h-BN pro-

hibiting lateral expansion of graphene during the CVD growth. This

prompted us to attempt the growth of graphene on a similar dielectric

substrate that has a high degree of crystal mismatch with graphene,

for which sapphire is a good candidate as it shows >50% of lattice

mismatch with graphene. The growth of graphene on sapphire has

been recently demonstrated by several groups. Hwang et al. have

demonstrated epitaxial growth of the graphitic carbon layer or few

layer graphene at high temperatures (1350–1600 �C),8 and Miyasaka

et al. have attempted to grow graphene on sapphire by alcohol CVD

at relatively lower temperatures (800–1000 �C).9 While these two

papers demonstrate the successful formation of graphene, more

detailed investigation about crystallinity, carrier mobility, controlla-

bility of the number of layers, size, and growth mechanism is still

required. More recently, Fanton et al. have demonstrated the direct

fabrication of an FET device with graphene grown on a sapphire

substrate at high temperatures (1425–1600 �C).10 The resulting gra-

phene is of a quality that is comparable to that of graphene formed

on SiC. Although the high temperature process is advantageous to

obtain high crystallinity graphene, it is still important to investigate

whether single layer graphene can be grown in a large scale at

temperatures comparable to the one popularly used for the conven-

tional metal-CVD process (<1000 �C).
Herein, we report that a large-area and high yield single layer

graphene film is readily formed on a transparent sapphire (a-Al2O3)

substrate by the metal catalyst-free CVD process at a relatively low

temperature (950 �C).3 We also demonstrate the large-scale (up to 2

inch wafer) and transfer-free fabrication of top-gated FET devices

using the graphene directly grown on an a-Al2O3 (0001) wafer, which

clearly exhibits the characteristic Dirac point. Finally, the detailed

growthmechanism is proposed based on the atomic forcemicroscopy

(AFM) results obtained from time-controlled growth reactions.
This journal is ª The Royal Society of Chemistry 2012

http://dx.doi.org/10.1039/c2nr30330b
http://dx.doi.org/10.1039/c2nr30330b
http://dx.doi.org/10.1039/c2nr30330b
http://dx.doi.org/10.1039/c2nr30330b
http://dx.doi.org/10.1039/c2nr30330b
http://dx.doi.org/10.1039/c2nr30330b
http://pubs.rsc.org/en/journals/journal/NR
http://pubs.rsc.org/en/journals/journal/NR?issueid=NR004010


D
ow

nl
oa

de
d 

by
 C

or
ne

ll 
U

ni
ve

rs
ity

 o
n 

25
 M

ay
 2

01
2

Pu
bl

is
he

d 
on

 2
9 

M
ar

ch
 2

01
2 

on
 h

ttp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/C
2N

R
30

33
0B

View Online
The growth of graphene was attempted by an atmospheric CVD

process. A single or double side polished single crystalline a-Al2O3

(0001) substrate pre-cleaned with acetone and isopropyl alcohol

(IPA) was placed at the center of a quartz tube, which was put in

a horizontal tube-type electrical furnace. After flushing the inside of

the quartz tube for 15 min with hydrogen gas, the furnace tempera-

ture was increased to 950 �C at which 50 sccm of H2 and 30 sccm of

CH4 gases were introduced for designated reaction times. The sample

was then naturally cooled down to room temperature by simply

opening the furnace cover retaining the hydrogen atmosphere.

A representative AFM image of a homogeneous graphene film

grown on an a-Al2O3 (0001) substrate at 950
�Cwith 30 sccm of CH4

and 50 sccm of H2 for 2 h is shown in Fig. 1a. It shows that the film

almost fully covers the substrate with small numbers of pinholes, and

that the substrate still retains a high optical transmission level (inset

image in Fig. 1a). The existence of graphene film was confirmed by

Raman spectroscopy that shows two characteristic G and G0 peaks
for graphene at 1605 and 2691 cm�1, respectively (Fig. 1b). The

positions of these peaks vary slightly depending on the growth

method (for example, exfoliated graphene vs. CVD grown gra-

phene).3,11The presence of quite intense G andG0 peaks supports the
successful formation of the graphene film on the a-Al2O3 (0001)
Fig. 1 Graphene film formed on an a-Al2O3 (0001) substrate by the

metal catalyst-free CVD process. (a) Representative atomic force

microscopy (AFM) image of graphene film. The optical transmittance is

retained as shown in the inset photograph: a piece of a-Al2O3 wafer on

letter ‘A’ is an original substrate and the other one on letter ‘H’ is after

growth followed by oxygen plasma treatment on one side. (b) Repre-

sentative Raman spectrum of graphene film grown for 120 min showing

characteristic G and G0 peaks. (c) Selected area electron diffraction

pattern: multiple sets of hexagonal patterns imply polycrystalline feature.

(d) Higher magnification AFM image from the boxed region in (a). (e)

Height profile of graphene film measured along the dotted line in (d). (f)

Transmittance of graphene film grown on a-Al2O3 (0001). The red

dashed line indicates a saturated transmittance of 97.5%.

This journal is ª The Royal Society of Chemistry 2012
substrate. The D peak shown at 1350 cm�1 indicates the presence of

structural disorders such as non-graphitic carbons from the edge,

wrinkles of graphene, structural defects, etc.,12 implying that the

overall quality of graphene grown on an a-Al2O3 (0001) substrate is

somewhat lower than the one grown by the metal-catalyzed CVD

process. To further confirm the successful growth of graphene,

selected area electron diffraction (SAED) was taken during the

transmission electron microscopy (TEM) experiment. To prepare

samples for TEM, the as-grown graphene film was first peeled off

together with the Au/polymer layer, and then transferred onto

a holey silicon nitride grid (see Scheme 1 and Experimental section in

the ESI† for the detailed transfer process). The electron diffraction

from the graphene film exhibits clearly hexagonally arranged spot

patterns (Fig. 1c). The d-spacing value obtained from the distance

between the center and the nearest spot is about 2.20 �A. With this

value, the lattice constant is calculated to be 2.53 �A, which corre-

sponds to the lattice constant of graphene (a¼ 2.468�A).13The similar

hexagonal diffraction patterns with the same d-spacing value are

always observed from different regions of the sample. Note that the

multiple sets of hexagonal SAED patterns that are rotated from each

other indicate the existence of various grains with different

orientations.14

The thickness of the graphene film measured by AFM along the

line crossing a pinhole (Fig. 1d) is about 0.8 nm (Fig. 1e). This value is

comparable to the previously reported thickness of single layer gra-

phene, the number of layers of which was further confirmed by half-

integer quantum hall conductance.15 The number of graphene layers

of our film was also estimated by the degree of optical transmittance

that reduces by 2.5% per layer of graphene. With the help of the

transparent nature of the a-Al2O3 (0001) substrate, the optical

transmittance of our graphene can be easily obtained from the

absorption spectrum taken between 200 and 1000 nm. Five different

samples exhibit a highly reproducible average transmittance of 97.5%

at the saturated level, one of which is shown in Fig. 1f (ref. 16; see

Fig. S1 in the ESI† for other spectra). During the measurement,

a bare a-Al2O3 (0001) substrate was used as a reference blank. Note

that the graphene film on one side of the a-Al2O3 (0001) substrate

was removed by oxygen-plasma etching before the measurement.

Raman spectroscopy was also used to determine the number of

graphene layers. As shown in Fig. 1b and S4 in the ESI†, the IG0/IG is

larger than 1, and the G0 peak at 2691 cm�1 fits well to the single

Lorentzian shape with a full width at half maximum (FWHM) of

�60 cm�1. Considering that single layer graphene grown by metal-

catalyzed CVD generally shows IG0/IG z 2 and a single Lorentzian

G0 band with a FWHM of 30–40 cm�1,3 the IG0/IG is lower and the

FWHM value for our graphene is broader than those for the gra-

phene grown by the metal-CVD process. The low IG0/IG and large

FWHM of the G0 peak can be explained by the non-negligible D

band that originates from the structural disorder inducing the

breakage of the hexagonal symmetry in graphene, resulting in the

decrease of symmetry-allowed G0 band intensity and broadening of

G and G0 bands of single layer graphene.17

With the graphene grown on an a-Al2O3 (0001) substrate, top-

gated FET array devices were directly fabricated (Scheme 1). As-

grown graphene was first patterned to have 5 mm wide channels,

followed by deposition of source and drain electrodes. Electron-beam

evaporated SiO2 was used as a gate dielectric layer, on which the gate

electrode (Cr/Au) was deposited. One chip (15 mm � 15 mm)

contains 20 FET arrays, and each array consists of 16 individual FET
Nanoscale, 2012, 4, 3050–3054 | 3051
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Scheme 1 Transfer process from the a-Al2O3 (0001) substrate onto the silicon nitride holey grid for TEM and selected area electron diffraction

experiments (top). Transfer-free graphene FET fabrication process (bottom).

D
ow

nl
oa

de
d 

by
 C

or
ne

ll 
U

ni
ve

rs
ity

 o
n 

25
 M

ay
 2

01
2

Pu
bl

is
he

d 
on

 2
9 

M
ar

ch
 2

01
2 

on
 h

ttp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/C
2N

R
30

33
0B

View Online
devices. The schemes of the top gated FET and resulting devices are

shown in Fig. 2a and b, respectively.

Fig. 2c shows a representative conductance (G)–top gate voltage

(Vtg) plot of a graphene FET device measured at room temperature

(Vds ¼ 10 mV). The overall curve resembles a typical gate field
Fig. 2 Electrical properties of graphene grown on a-Al2O3 (0001). (a)

Schematic of a top-gated FET device. S, D and G stand for source, drain

and gate electrode, respectively. (b) Optical microscope image showing

the geometry of one device array consisting of 16 FET. The inset is

a magnified view of an individual FET device. The graphene channel

length and width are 2 and 5 mm, respectively, and top gate electrode

covers 1.5 mm of 2 mm channel length. Scale bar of the main image and

inset are 300 and 5 mm, respectively. (c) Conductance (G)–top gate

voltage (Vtg) plot measured at room temperature. The slope for the

mobility calculation is obtained by the least square method from the data

within 0.3 V at the steepest point. Statistical distribution of (d) charge

carrier mobility and (e) Dirac voltage. Note that data for (d) and (e) are

obtained from the backward gate scan. (f) Photograph of a graphene

device directly grown and fabricated on a 2 inch a-Al2O3 (0001) wafer.

3052 | Nanoscale, 2012, 4, 3050–3054
dependence with a conductance minimum at around Vtg ¼ 0 and

with saturation of conductance at the two end regions of Vtg. The

Dirac point, at which the conductance minimum occurs, is clearly

shown at a Vtg of 0.3 V and 0.4 V for the backward and forward

scans, respectively. Such a small difference of two Dirac points is

believed to be the result of the cleanness of the sample, which origi-

nates from a transfer-free environment. The charge carrier mobility

was calculated from the slopes of the curve according to the equation,

m ¼ (L/W)(1/Ctg)(vgds/vVtg), where L, W and Ctg are the effective

channel length, width and top gate capacitance, respectively. The hole

and electron mobilities estimated from the backward scan curve are

374 and 370 cm2 V�1 s�1, respectively. The actual mobility value,

however, is expected to be larger than the calculated one since the

dielectric constant of the e-beam evaporated SiO2 is known to be

smaller than the ideal value used in our calculation.

Among a total of 160 individual FETs, 99 show transport

behaviors similar to the one in Fig. 2c. Note that only 8 devices did

not show gate dependence while 53 devices conduct no observable

current or simply become electrically short-circuited mainly due to

obvious device failure such as broken or interconnected electrode

lines. The charge carrier mobilities of 99 working devices were

calculated from backward scan curves by the samemethod described

above. Fig. 2d represents the distribution of charge carrier mobility

with average values of hole and electron mobilities of 277 � 91 and

227� 66 cm2 V�1 s�1, respectively. The average Dirac point of 0.7 eV

and its very narrow distribution (less than 1.0 eV) indicate that the

graphene is almost free from uncontrolled external doping by the

residual impurities that could be introduced during the conventional

graphene transfer process. Although the mobility is somewhat lower

than the one from the graphene prepared by mechanical exfoliation

or a metal-CVD process, the metal-free growth of graphene on the a-

Al2O3 (0001) surface at low temperature is still promising for large-

scale device fabrication with no complex transfer process. Indeed, we

could demonstrate the formation of graphene film on a 2 inch a-

Al2O3 (0001) wafer and fabrication of �5000 FETs using the same

fabrication process (Fig. 2f).

To investigate the growth process in detail, a time-dependent

growth study was performed. As shown in Fig. 3, small graphene

dots are formed after 30 min of reaction, and the size of each dot

gradually increases at longer reaction times. While the size and shape

of graphene dots at early stages are quite irregular (Fig. 3a and b),

graphene dots become fairly homogeneous after 90 min with an

average diameter of 250 nm and an estimated radial growth rate of

about 200 nm h�1. At this stage, merging of large graphene dots is
This journal is ª The Royal Society of Chemistry 2012
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Fig. 3 Time-dependent growths of graphene dots and films on a-Al2O3

substrates. (a–e) AFM images taken after the reactions for 30, 60, 90, 120,

and 150 min, respectively. (f) Raman spectra measured from samples (a)

through (e). All the spectra are normalized with G peak intensities. (g)

Coverage, IG0/IG and IG/ID as a function of reaction time.

D
ow

nl
oa

de
d 

by
 C

or
ne

ll 
U

ni
ve

rs
ity

 o
n 

25
 M

ay
 2

01
2

Pu
bl

is
he

d 
on

 2
9 

M
ar

ch
 2

01
2 

on
 h

ttp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/C
2N

R
30

33
0B

View Online
clearly observed, which is not observed when graphene is grown in h-

BN.6 Interestingly, there are two distinct merging patterns (Fig. 3c):

(1) smooth lateral merging among several dots (dotted circles)

resulting in seamless interfaces and (2) rough lateral merging resulting

in solid wrinkles (solid circles). The seamless stitching interface is

generally known as a probable way for graphene grains to merge,

which has been recently visualized by scanning TEM from graphene

grown on Cu foil by CVD.14 On the other hand, the wrinkles seem to

be the result of overlays formed by collisions among graphene dots,

as opposed to the widely known thermal stress-induced wrinkles

found from the graphene grown on the metal surface.18 A graphene

film almost completely covering the substrate (>98%) is formed upon

120 min of reaction with several pinholes and an increased wrinkle

population (Fig. 3d). The evolution of graphene dots into film results

in a gradual decrease of the Raman D peak and increase of the G0

peak, which indicates the reduction of amorphous carbons or defect

sites with an increase of overall graphene quality (Fig. 3f). Note that

all the Raman spectra are normalized to G peak intensity. Further

reaction for 150 min results in a smoother film surface with reduced

numbers of wrinkles (Fig. 3e). However, this surface pattern change

does not indicate the formation of higher quality single layer gra-

phene, rather the result of additional adsorption of amorphous

carbons as evidenced by the increased D peak and emergence of the

D0 peak19 next to the G peak in Raman data (bottom spectrum in

Fig. 3f). Fig. 3g summarizes the substrate coverage and Raman peak

intensity ratio as a function of reaction time. As explained above, the

coverage reaches >98% at 120 min, and both IG0/IG and IG/ID show

their maximum values at 120 min, which is considered to be the

optimized reaction time.

One notable observation during the early stage of growth is that

the small size graphene dots preferentially grow from step edges
This journal is ª The Royal Society of Chemistry 2012
toward the inside plane through ‘on plane propagation’ (Fig. 3a and

S2 in the ESI†), then cross over the step edges upon longer growth.

This phenomenon indicates that the nucleation process mainly occurs

at the step edge corners where large numbers of low energy binding

sites are present. A similar phenomenon has been observed from

metal oxide nanoparticles (MgO)20 and a single crystal metal

substrate (Ru (0001)).3e

Considering the large difference in the crystal lattice parameter

(>50%) between graphene (a ¼ 2.468 �A) and a-Al2O3 (0001) surface

(a ¼ 4.762 �A),21 it is impossible for graphene to grow by a lattice-

matched epitaxy on the a-Al2O3 (0001) surface. Instead, the a-Al2O3

(0001) surface may simply induce graphene nucleation along the

closely packed oxygen atom lines. Such a nucleation is accelerated by

the pseudo-sp2 hybridized electronic environment developed on the

oxygen layer. It has been known that the polished (0001) surface of

a single crystalline a-Al2O3 becomes relaxed as it has an enormously

shortened interlayer distance (Al and O layer) from 0.8 �A (bulk) to

0.1 �A.22 The shortened Al and O interlayer distance constrains Al to

be coordinated to only three oxygen atoms, resulting in a pseudo-sp2

rehybridized electronic environment on oxygen atoms (Fig. S3a in the

ESI†).23 A pseudo-epitaxial growth of Cu (111) film on a-Al2O3

(0001) in which the degree of lattice mismatch exceeds 46% has been

explained by a similar mechanism.24 Therefore, the single crystalline

oxygen array plane with a pseudo-sp2 surface electronic environment

seems to be responsible for the nucleation of graphene dots as well as

propagation into the graphene film. Since such a new electronic

environment would be available as long as oxygen atoms are well

arrayed in a long-range order, we performed control growth experi-

ments on a-Al2O3 (11�20)
25 and ST-cut quartz substrates which have

highly crystalline oxygen array planes, together with an amorphous

SiO2 (thermally grown 300 nm thick SiO2 on Si (100)) substrate.

Indeed, graphene dots and films were also grown successfully on a-

Al2O3 (11�20) and ST-cut quartz, but not on the amorphous SiO2

substrate (Fig. S3b–e in the ESI†). From these results, the chance for

Al to act as a catalyst is also eliminated.

Although the graphene is not grown epitaxially, the resulting

graphene should feel strain force on the a-Al2O3 (0001) surface due to

its large degree of lattice mismatch. Such an interaction between

graphene and substrate can be characterized byRaman spectroscopy.

Indeed, the position of theRamanGpeak (1605 cm�1) is significantly

upshifted compared to other graphenes grown by the metal-CVD

process on Cu (�1590 cm�1)3b andNi (�1580 cm�1)3a (Fig. 1b and S4

in the ESI†). Similar mechanical strain induced G and G0 peak shifts

have been known for epitaxial graphene grown from SiC26 and

uniaxial strain-induced graphene.27Meanwhile, another possibility of

the G peak shift by chemical28 and electrical29 doping is excluded

because the doping is not sufficient to explain our G peak shift of as

large as 25 cm�1 because quite a high doping level (>1 to 3 � 1013

cm�2) is required to cause a G peak shift of about 20 cm�1, which is

not observed in our growth condition. To clarify that the Raman

peak shift is caused by the strain, we transferred the graphene film

onto a 300 nm thick amorphous SiO2/Si substrate, and compared the

Raman spectra of the graphenes (Fig. S5 in the ESI†). The G and G0

peaks of the transferred graphene appear at 1585 and 2682 cm�1,

respectively, which are significantly downshifted compared to the as-

grown graphene on a-Al2O3 (0001). This result clearly supports the

fact that the upshifted G and G0 peaks are explained by the strain

induced by the a-Al2O3 (0001) substrate. Such a strain trend can be

further implied to estimate stronger surface interaction between
Nanoscale, 2012, 4, 3050–3054 | 3053
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a graphene pad of small size (grown for 30 min) and sapphire by the

upshifted G peak (1608 cm�1) compared to the graphene film

(1605 cm�1, grown for 120 min) (Fig. S4 in the ESI†).

In summary, we demonstrated themetal-free growth of single layer

graphene on the a-Al2O3 (0001) substrate by the conventional

thermal CVD process at 950 �C. The AFM, Raman spectroscopy,

and optical transmittance results support that single layer graphene is

the main product. The successful direct growth of graphene on the a-

Al2O3 (0001) substrate allowed us to fabricate transfer-free FET

devices. The position of the Dirac point and the very narrow window

of Dirac point variation measured from arrays of devices support the

fact that the graphene is chemically pure and free from uncontrolled

chemical doping that is generally observed from conventional gra-

phene transferred frommetal catalyst substrates. Themost important

environment for the metal-free graphene growth on dielectric

substrates is believed to be the single crystalline and long-range

ordered oxygen lattice arrays on the top surface of the substrate, as

confirmed from successful growths of graphene on Al2O3 (11�20) and

ST-cut quartz.

Although more improvement is still needed in graphene quality,

grain size and better controllability of the number of layers, our

finding will open a new way to obtain graphene on diverse insulating

substrates without a metal catalyst, on which high performance

electronic devices can be directly fabricatedwithout graphene transfer

processes.
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