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ABSTRACT

Chemical vapor deposition (CVD) has great potential to produce graphene films

at large-scale. However, CVD production of graphene films usually requires a

catalytic metal substrate, such as copper. Recently we have developed a new

method to grow graphene films directly on crystalline silicon wafers with a

thermally grown 300 nm oxide layer, using a seeded-CVD growth approach.

The use of methane as the feedstock and optimized graphene seeds has led to

enhanced film formation, which SEM, X-ray photo-electron and Raman spec-

troscopies indicate consist of graphene layers formed by the coalescence of

expanding ‘‘graphene seeds’’. The resultant films have regions of single gra-

phene crystallites within them as a result of lateral growth of the seeds. In

addition, we have observed that the unilateral conductivity of the graphene

films is consistent with the presence of graphene nanoribbons and as such has

potential application in device fabrication.

Introduction

Graphene has the potential to be used as the basis of

electronic devices and act the core of the logic circuits

as a replacement for silicon [1]. One significant

advantage of graphene-based circuitry is the extre-

mely high electron mobility of graphene, allowing

graphene-based chips to have much lower power

consumption, greater speeds and higher efficiency

than current chips. However, before large-scale

application of this remarkable material, there are still

many significant barriers which need to be overcome;

the most significant one being the lack of appropriate

methods to efficiently synthesise graphene in reliable

forms.

Chemical vapor deposition (CVD) [2] perhaps has

the most potential to facilitate industrial production

of large-area graphene films as it has been shown to

produce high quality graphene films, however this
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usually requires metal substrates (such as copper and

nickel) [3]. This is due to the high adsorption capacity

of certain metals to carbon that results in the metallic

substrate acting as a catalyst, leading to graphene

growth. However, the requirement to subsequently

transfer the films to insulating or semi-conducting

substrates (such as silicon or silicon dioxide), can lead

to further problems such as contamination and the

introduction of defects, significantly impacting the

properties (such as carrier mobility) of the films [4].

This has led to increased focus on metal-free CVD

production of graphene [5]. Thus far this has seen

limited success, partly due to the lower carbon

affinity of substrates such as silicon (or other non-

metals) compared to many metallic elements. In the

absence of nucleation sites, the surface concentrations

of the carbon species (usually methane or ethanol)

need to be extremely high in order to induce carbon

atom deposition on the surface of silicon and subse-

quent film formation. However, at the high surface

concentrations of carbon species required in order to

nucleate carbon on silicon, secondary nucleation

processes occur at the sites of initial graphene-like

monolayers [6]. As a result, post-CVD processed

films often contain additional graphene layers or

become bowl-shaped [6]. An alternative approach

has been reported to use a copper layer above a

sacrificial carbon source in the CVD growth of rela-

tively high quality graphene films [7], which of

course is not strictly metal-free.

The Tour reaction [8] is well-known and is widely

used to modify carbon nanotubes and graphene; it

makes use of an aryl diazonium intermediate

(formed by aniline derivatives and isoamyl nitrite) to

add phenyl groups to carbon surfaces via radical

reactions. Another widely-used reaction in surface

chemistry is that of 3-trimethoxysilyl-1-propanamine

(APS) [9] which is routinely used to fix DNA onto

glass or silicon dioxide by the tethering of amine (–

NH2) units to the substrate surface, Scheme 1

By combining these two reactions, small graphene

flakes (produced by the Hummer’s method [10]) can

act as ‘‘graphene seeds’’ on silicon wafers with an

oxide layer, Scheme 2, even in the absence of aryl

groups.

In this paper, fixed ‘‘graphene seeds’’ were used as

the primary nucleation sites to grow graphene films

in a CVD process. In order to ensure that the carbon

atoms are deposited only at the edge of the seeds to

result in uniform graphene films, key factors such as

the flow-rate of various carbon sources must be pre-

cisely controlled, Fig. 1. We have found that the ratio

of methane to hydrogen in the feedstock flow is

highly significant in the CVD-growth of graphene

films. At relatively low concentrations of carbon, a

carbon-bearing species must be adsorbed near to the

edge of an existing graphene flake for a sufficient

time to react. In real experiments, a hydrogen partial

pressure is used to generate a reductive atmosphere

and carbon diluent; as such, it is an important

parameter impacting the production of graphene

films. Whilst the precise role that hydrogen plays in

CVD remains unclear, it is generally assumed that it

modifies both the surface concentration of carbon-

bearing species and the configuration at the edge of

graphene sheets by hydrogenation and dehydro-

genation reactions; these factors then determine the

dynamics of surface species to attach at the graphene

edges [11]. In this paper, we used equivalent 30 sccm

methane and hydrogen as the CVD feedstock, based

on a balance between the quality and efficiency of

produced graphene.

Experimental

All chemicals were obtained from Sigma-Aldrich and

used without further purification. Deionized (DI)

water was used throughout the syntheses.

Scheme 1 Reaction of APS attaching to silicon dioxide.

Scheme 2 ‘‘Graphene seed’’ fixed process via APS on

monocrystalline silicon.
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Graphene oxide

The ‘‘graphene seed’’ (graphene oxide) used in this

work was produced by a modified Hummer’s

method and was obtained in powder form. 2 g gra-

phite powder (0.166 mol) and 4 g potassium per-

manganate (0.050 mol) was added to 46 mL of 96%

concentrated sulfuric acid (0.86 mol). The reaction

temperature was maintained below 4 �C whilst stir-

ring for 2 h in order to mix the reactants homoge-

neously. For the graphite oxidation stage, the reaction

temperature was raised to 40 �C for a further 30 min

of stirring and then increased to 95 �C with addition

of 50 mL DI water. Under these conditions, aqueous

species intercalate between the graphitic layers,

sharply increasing the inter-planar separation to yield

few- and single-layer graphene oxide. The final pro-

duct washed by centrifugation (4–5 times in DI

water) until the supernatant liquid was transparent;

the supernatant liquid was then removed and the

sediment placed in a vacuum oven to dry for 12–24 h.

Graphene seeds

In order to obtain high quality graphene seeds, the

Hummer’s derived graphene powders were first

treated ultrasonically: 5 mg of the dry powdered

graphene oxide was dispersed in 20 mL of dimethyl

formamide (DMF, 0.26 mol) and a Carbon Ultrasonic

Apparatus probe (20% energy for 1 h) was used to

homogeneously mix the solution; this was then cen-

trifuged (6000 rpm for 1 h) and the top 5 mL of the

solution extracted for further processing.

Seed tethering

To prepare the Si wafer prior to the pseudo-Tour

reaction, a 300 nm SiO2 layer was thermally depos-

ited in order to enable reaction with APS. The surface

of the Si/SiO2 wafer was first cleaned in an ultrasonic

bath for 15 min using DI water and ethanol and then

dried in a vacuum oven. The cleaned wafer was then

bathed in a pre-mixed 4% solution of APS (4 mL,

0.022 mol) in acetone (100 mL, 1.36 mol) for 4 min at

room temperature. The wafer, now with APS

attachments, was placed into a glass reaction vessel

and 10 mL of the centrifuged graphene solution

added. Isoamyl nitrite (4.4 mL, 0.032 mol) in DMF

(40 mL, 0.52 mol) was then added in one step and

continuously stirred for 12 h at 80 �C. Finally, the

modified silicon wafer was cleaned for 5 min in an

ultrasonic bath with ethanol and then DI water for a

further 5 min; it was then dried in a vacuum oven. In

the meantime, as a control experiment, Si wafers both

with and without APS, were prepared and treated

identically with respect to the Tour reaction.

CVD growth

The Si wafer with graphene seeds tethered by APS

was placed into the CVD reaction chamber with the

seeded face exposed. A methane carbon source (30

sccm CH4 and 30 sccm H2) was passed over the

substrate which was held at 950 �C (increasing from

room temperature at 30 �C/min) for a given CVD

reaction time. After CVD growth, an extra annealing

process was used in order to release residual stresses

in the film. Initially the temperature of the reaction

Graphene seeds CVD

Si wafer 

Oxide layer

Si wafer 

CH4

Oxide layer 

Figure 1 Schematic

representation of metal-free

CVD experimental set-up of

graphene production.
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chamber was held at 950 �C for 0.5 h and was then

cooled to an intermediate temperature (475 �C) at a
rate of 10 �C/min and held for 0.5 h, under protective

gas (30 sccm H2).

Characterisation

Atomic force microscopy (AFM) was performed

using a Bruker ICON SPM in contact mode with a 512

point scan line. Scanning electron microscopy (SEM)

images were obtained on a FEI Co. NanoSEM 450,

under a 5 kV accelerating voltage. Raman spectra

were measured on a Renishaw inVia spectrometer,

using 532 nm laser excitation. Surface conductivity

was detected using an Environmental Scanning

Probe Microscope (JSPM 5400, produced by Nihon

Denshi [JEOL]).

Results and discussion

Film growth

Comparing the AFM images of the raw Si wafer with

a 300 nm surface oxide layer (Fig. 2a) and the same

wafer after 4.0 h of CVD with 30 sccm CH4 and 30

sccm H2 (Fig. 2b), it is clear that the surface of the un-

seeded Si wafer before and after CVD processing was

Figure 2 AFM images of the surface of the a raw Si wafer

complete with the 300 nm SiO2 layer; b the same raw Si wafer;

c another Si wafer with ‘‘graphene seed’’ both post treatment of

4.0 h CVD processing (methane as the carbon source) and d two-

dimensional view and roughness analysis [within the dotted line]

of (a), (b) and (c) [from left to right].
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2 hours CVD process 

2 hours CVD process 

2 hours CVD process 

 

(b) 

(c) 

(a) 
Figure 3 SEM results of the

raw Si wafer complete with the

300 nm SiO2 layer before and

after CVD processing a on a Si

wafer without APS and the

Tour-like reaction with raw

graphene; b on a Si wafer with

APS-tethered raw graphene

flakes; c on a Si wafer with

APS-tethered centrifuged

graphene flakes.

(a) 

(c) (d) 

(b) 

Figure 4 SEM results of the raw Si wafer complete with the 300 nm SiO2 layer and post treatment with APS-tethered centrifuged

graphene flakes, and then after a 2.0 h CVD; b 4.0 h CVD; c 7.0 h CVD; d 9.0 h CVD.
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near atomically-flat; according to the roughness

analysis of AFM, the average roughness (Ra, the

arithmetic average of the deviations from the centre

plane across a region of the surface) was only 0.208

and 0.218 nm, respectively, for the un-seeded Si

wafer before and after 4 h the CVD process, whilst

the root mean square roughness (Rq, the standard

deviation of the vertical values within a given area of

the surface) values were 0.261 and 0.272 nm. Mean-

while the graphene-seeded wafer treated to the same

CVD processing (Fig. 2c) clearly shows changes to

the surface morphology, with Ra = 0.878 and Rq-

= 1.43 nm. This indicates that the graphene seeds are

necessary to achieve film growth under the reaction

parameters used.

Figure 3 shows SEM images of Si wafers under a

range of treatment conditions; the CVD reaction

conditions used in this series of experiments was a

continuous methane/hydrogen flow (30 sccm CH4

and 30 sccm H2) at 950 �C for 2 h. Figure 3a has

images of a Si wafer without APS attached both

before and after the Tour-like reaction with non-

centrifuged graphene from the Hummer’s method. In

contrast, Fig. 3b has images of a Si wafer with APS

attached both before and after the reaction with non-

centrifuged graphene from the Hummer’s method.

Finally Fig. 3c has images of a Si wafer with APS

attached both before and after reaction with cen-

trifuged graphene.

After 2 h of CVD processing, Si substrates having

tethered graphene seeds clearly show growth about

the graphene islands on the surface (although very

small under SEM), that is absent from the neat Si

substrate (Fig. 3a post CVD). SEM images of the Si

wafer with APS-tethered raw graphene (Fig. 3b) has

obvious signs of graphene/graphitic dot-like species

even before the CVD processing. After 2 h of CVD

processing the density of these carbon dots is similar

to the Si wafer treated with centrifuged graphene

(Fig. 3c), but the growth appears to be less uniform

and in some regions, appear to have graphitized.

The conclusion that we draw from these results is

that blank Si wafers that are not patterned with gra-

phene seeds undergo no graphene growth under

CVD. This finding supports the notion that in CVD,

Figure 5 Liner growth profile of the Si wafer (complete with the

300 nm SiO2 layer and post treatment with APS-tethered

centrifuged graphene flakes) expressed as percentage of

coverage of graphene at different CVD growth times.

R2 = 0.999, Growth Rate = 8.428 ± 0.188%/h.

Figure 6 Raman spectra obtained at 532 nm laser excitation:

decorated Si with original and improved ‘‘graphene seed’’ after

2.0 h CVD process.

Figure 7 Raman spectroscopy results by 532 nm laser: decorated

Si with ‘‘graphene seed’’ (which was treated by centrifugation

process) after 2.0–9.0 h CVD process.
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carbon atoms are only deposited at the edge of the

seed particles and not elsewhere. Secondly, by com-

paring the results of Si wafers with APS-tethered raw

(Fig. 3b) and centrifuged graphene (Fig. 3c), then the

quality of the ‘‘graphene seed’’ has a direct impact on

the final film. Thirdly, centrifuging the graphene

effectively eliminates graphene flakes that have many

layers, effectively nano-graphite particles, leading to

the growth of higher quality graphene films under

CVD.

Figure 4 shows the SEM images of Si wafers trea-

ted with the improved, centrifuged graphene seeds,

fixed with APS and reacted under CVD for between

2.0 and 9.0 h. It is clear that the size of the graphene

islands increase with increasing reaction time, and

after 9.0 h of CVD, more than 75% of the total surface

area was covered by the grown films.

By analyzing the ratio of pixels of different bright

areas of the SEM images, a percentage coverage of the

graphene film can be obtained. Comparing this value

at different CVD reaction times, we obtained the

temporal growth profile of the films, which approx-

imates to a linear growth up to 9.0 h of CVD reaction

time (Fig. 5). It can be seen that after 9.0 h CVD

processing, the percentage coverage of grown gra-

phene film reached more than 75% (the initial value

was below 0.01%, Fig. 3c, left). After 11 h, nearly 90%

coverage should be projected based on this growth

profile; however at times beyond 9 h CVD time,

growth of individual graphene islands increasingly

led to the overlap of sheets and associated rapid

changes in shape, including curling, as continued

deposition resulted in more graphite-like films.

Raman spectroscopy

Graphene has three main bands in the Raman spec-

trum, labeled as the G, D and G0 bands [12]. The

G band is due to in-plane vibrations of the sp2 carbon

atoms and is the major characteristic feature of many

allotropes of carbon. The position of the G band in

graphene is around 1585 cm-1 and the intensity can

be expected to rise approximately linearly along with

the increase of number of layers of graphene, in line

with there being more carbon atoms bonded in

multilayer graphene. The G0 band is usually at about

2700 cm-1 and can be used to indicate the degree of

interlayer stacking; it is also the main characteristic

peak of graphene. The G0 band is related to the

energy band structure of graphene and is due to a

second-order two phonon resonance. For single-layer

graphene, the intensity of the G0 band (IG0) is higher

than the G band (IG); however, IG0 decreases signifi-

cantly when the number of layers increases, coupled

to a blue shift in frequency [11].

Figure 6 shows the Raman spectra of Si decorated

with raw and centrifuged graphene seeds after just

2.0 h of CVD processing, excited by a 532 nm laser.

By comparing the results with standard Raman

spectroscopy of graphene [13] and the SEM results of

different samples after 2.0 h CVD process (Fig. 3), it

can be seen that after CVD, the IG’/IG of the cen-

trifuged graphene seeds is much higher than that

Table 1 The (ID/IG)
-1 of produced graphene film after different

CVD reaction times

2 h CVD 4 h CVD 7 h CVD 9 h CVD

(ID/IG)
-1 0.381 0.750 0.922 1.063

Table 2 Relative values of

S of produced graphene film

calculated by the percentage of

coverage of graphene film

hS2 hS4 hS7 hS9

0.160 0.373 0.584 0.753

Table 3 The relative increase of L2 and hS of the graphene film at

different growth times (relative to 2.0 h of CVD)

Relative increase

2.0–4.0 h 2.0–7.0 h 2.0–9.0 h

L2 196.9% 242.0% 279.0%

hS 233.1% 365.0% 470.6%

Figure 8 Plot of reduced values of L2 against S (relative to 2.0 h

of CVD growth), R2 = 0.99836.
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from the raw-seeds, indicating that the graphene film

produced from the centrifuged seeds consists of

fewer layers, estimated to average 2, as opposed to

more ‘‘graphitization level’’ for the less refined seeds.

Graphene containing defects, which can occur

within the sheet or at edge sites, has another main

band in the Raman spectrum called the D band

[14][15]. Whilst its position, at 1350 cm-1, is almost

(b) 

I-V I-V 

I-V I-V 

I-V I-V 

I-V I-V 

(a)

(c)
I-V 

I-V 

I-V 

I-V 

Figure 9 The surface conductivity results of decorated Si wafer with ‘‘graphene seed’’ (which was treated by centrifugation process),

a before CVD process; b after 2.0 h CVD process; and c after 4.0 h CVD process; with methane as carbon source.
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half that of the G0 band the G0 band is not the fre-

quency-doubling signal of D; the D band results from

a double resonance Raman process related to defect

scattering. The intensity ratio of the D and G bands

(ID/IG) [13] can be used to indicate the defect density

or edge sites of a graphene sheet. Figure 7 is the

Raman spectrum of Si decorated with centrifuged

graphene seeds after 2.0–9.0 h of CVD processing and

excited by a 532 nm laser which shows how the G0

grows, but so too the relative strength of D.

Assuming that all of the defects in a graphene sheet

are zero-dimensional point defects, and defining the

average distance between two defects to be Lwith the

laser energy used EL, Ferrari et al. reported that L can

be related to ID/IG and EL [16]:

L2 nm2
� �

¼ 4:3� 1:3ð Þ � 103

E4
L � ID

IG

� � ð1Þ

Given that all Raman spectra obtained here were

measured at the same wavelength (532 nm), the

terms (4.3 ± 1.3) 9 103 and E4
L are constant, yielding

L2 � (ID/IG)
-1. Taking values of the (ID/IG)

-1 after

2.0, 4.0, 7.0 and 9.0 h of CVD growth, we can extract

growth information (Table 1):

Meanwhile, the SEM images, Fig. 4, also provide a

representation of relative growth at different CVD

times, assuming that the initial density of graphene

seeds is constant. With a given number of graphene

seeds (equal to n) within an imaged area, f, and the

percentage area of graphene film coverage as C, then

the average size of grown graphene sheets (S) in the

test area is S = C*f/n. If one uses a common area, f,

then the f/n is constant and S � C, in which case

C can be obtained from the SEM images (Fig. 4). The

relative growth (hS) after 2.0, 4.0, 7.0 and 9.0 h of

CVD processing can be calculated, Table 2.

Taking ratios of the data held in Tables 1 and 2 to

that at 2.0 h, the relative increased growth of L2 and S

at different growth times can be calculated, Table 3.

RhS ¼ hS2=hS2þDt R
2
L ¼ L22=L

2
2þDt ð2Þ

A plot of hS against L2 will be linear if both values

are accurate representations of graphene film growth,

Fig. 8 (R2 = 0.99836). The strong linear correlation

between the relative increase in L2 and hS, means that

the main defect sites in the growing graphene islands

are at the edges as the distance between defects is

proportional to the average diameter of the graphene

sheets. Meanwhile, the coverage S is proportional to

the square of the average diameter. The density of

other defect sites can therefore be considered to be

low and that as such, the quality of the grown film is

high.

In addition, the Raman spectroscopy results

(Fig. 7) also show that with the increase in CVD

reaction time, IG’/IG basically remains unchanged,

indicating that even after relatively long CVD reac-

tion times, the number of layers of graphene sheets

remains invariant, providing additional evidence that

the produced graphene films approximately maintain

the original laminar structure of the seeds and grow

uniformly in 2-dimensions only.

Electrical properties

The surface conductivity of Si decorated with cen-

trifuged graphene seeds before and after 2.0 or 4.0 h

of CVD CH4/H2 processing was studied using a

JSPM 5400, Fig. 9. Due to the fact that the graphene

seeds are very small and not continuous, the surface

of the Si wafer with seeds attached was found to be

barely conductive and similar to that of raw silicon

with a SiO2 layer (Fig. 9a). For the same Si wafer after

2.0 h CVD (Fig. 9b), some areas were found to show

unilateral conductivity, a unique electrical property

of PN junctions; this phenomenon is probably due to

some graphene seeds growing to an appropriate size

(width\ 50 nm) with an armchair chirality. With

sufficient reaction time they turn into GNRs (Fig. 10)

that display semiconductor properties, i.e. undergo a

band gap opening; however, defect sites can also

result in gapped states. In the meantime, impurities

or defects may combine with the GNRs to form p-

type or n-type GNRs, eventually forming PN-junc-

tions with the substrate. At the increased CVD time

of 4.0 h (Fig. 9c), the unilateral conductivity

Figure 10 a Zig-zag and b armchair graphene nanoribbons.
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disappeared with the graphene film showing typical

metallic behaviour, possibly due to the GNRs grow-

ing or coalescing as their width increases. These

experiments verified that the band gap decreases

with an increase of GNR width [17], eventually

reaching zero, rendering the grown graphene films to

be electronic conductors.

Nano-structure of films

Graphene nano-ribbons (GNRs) are a specific form of

graphene, having a width of less than 50 nm and an

aspect ratio greater than 2. There are two kinds of

GNR—‘‘zig-zag’’ (Fig. 10a) and ‘‘armchair’’

(Fig. 10b)—basically dependent on the edge struc-

tures of the ribbon. GNRs can show different elec-

trical properties based on the different chiralities.

According to tight-binding calculations [18], zig-zag

GNRs are metallic, whilst armchair GNRs can be

either semiconducting or metallic, depending upon

the width.

Several methods have been used to produce GNRs,

such as ‘‘axially cutting nanotubes [19]’’ and ‘‘bottom-

(a) (b)

(c)

Figure 11 SEM results of

a the surface of the raw Si

wafer complete with the

300 nm SiO2 layer and post

treatment with APS-tethered

centrifuged graphene flakes;

b same Si wafer after 2.0 h

CVD process; c same Si wafer

after 4.0 h CVD process with

methane as carbon source (red

line indicate the width of

graphene flakes).
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up synthesis [20]’’, etc., but none of these current

methods actually meet production requirements. The

approach used in this work to produce graphene

films may provide a new way to obtain GNRs if

greater control over the growth processes can be

achieved. Figure 11a is the SEM image of a Si wafer

with a 300 nm SiO2 layer, post treatment with APS-

tethered centrifuged graphene flakes. It can be seen

that before CVD processing, the average size of the

graphene seed is very small, with diameters of only a

few nanometers. As most of the fixed ‘‘graphene

seeds’’ are very small (* nm), they are barely

detected prior to CVD treatment, however some have

been shown to grow to significant sizes (about 50 nm,

Fig. 11b) in order to be considered as GNRs after

2.0 h of CVD growth with 30 sccm CH4 and 30 sccm

H2. After 4.0 h of CVD growth, the size further

increased to more than 70 nm (Fig. 11c). On the other

hand, Si decorated with ‘‘graphene seeds’’ post 2.0 h

of CVD processing, still have areas that show I–V

curves of both linearly varying and atypical unidi-

rectional conductivity (Fig. 9b), indicating that the

final products are not uniform and that the whole

area does not show a single electronic structure or

behave as a single PN junction. Whilst this new

method of producing graphene films may potentially

be used to open the band gap of graphene-related

materials, it will require further research and

improvements before it can be used in practical

applications.

Conclusion

Growth of graphene films directly on silicon using

CVD is very attractive for a range of applications and

has the potential to avoid introducing defects. Using

a seeded-CVD growth, we have shown that the

quality of the graphene flake seeds was significantly

improved by using a simple purification method,

which results in high quality graphene films after

CVD processing. Electrical measurements demon-

strate that regions of the films behave as GNRs, with

an opening of the graphene band-gap. These initial

results lead to the potential for practicable design of

logic structures such as PN and PNP junctions within

highly uniform graphene films incorporating GNRs.
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