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The  present  study  reports  the  role  of  substrate  on  nucleation  and  growth  of vertical  graphene  nanosheets
(VGNs)  under  electron  cyclotron  resonance  chemical  vapor  deposition  (ECR-CVD).  The VGNs  are  grown
on Pt,  Ni,  Au, Cu,  Si(100),  Si(111),  SiO2 and  quartz  substrates  simultaneously.  The  morphology  of  VGNs  is
found  to  vary  significantly  with  substrate.  VGNs  on  Pt have  the  highest  aerial  density  of  vertical  sheets
while  quartz  have  the  lowest.  The  structural  defects  in  VGNs  vary  with  substrate  as  evidenced  from  Raman

′′ −1
eywords:
ertical graphene nanosheets
CR-CVD
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EM
ucleation

spectroscopy.  The  observation  of defect  related  Raman  bands  such  as  D and D*  at  1150  and  1500  cm ,
respectively  revealed  the  existence  of pentagon–heptagon  rings  or carbon  onions  in VGNs.  Formation  of
such  defects  at early  stage  of  nucleation  dictates  the  growth  mechanism  and  hence  the  morphology.  A
phenomenological  four-stage  model  is  discussed,  to substantiate  the  nucleation  and  growth  mechanism
of VGNs  on  different  substrates,  by  evoking  substrate–plasma  interaction  during  growth.

©  2015  Elsevier  B.V.  All  rights  reserved.
. Introduction

The vertical graphene nanosheets (VGNs), one of the remarkable
anostructures in nanocarbon family, has attracted considerable
ttention of academic and industrial research due to their unique
tructural, electrical, optical and mechanical properties [1,2]. The
GNs, also known as carbon nanowalls (CNWs), contain open edge

nterconnected three-dimensional networks of vertically aligned
raphene nanosheets which are freely standing perpendicular to
he substrates [2,3]. Each sheet is composed of a few layers of
raphene with length and height ranging from a few nanometers to
icrons. The inherent large surface area, high conductivity, capa-

ility for easy functionalization and sharp edges make them very
ttractive for field emission, chemical- and bio-sensors and energy
torage devices [2,4].

Plasma enhanced chemical vapor deposition (PECVD) is one of
he most capable and preferred techniques to grow VGNs. Earlier
tudies on growth of carbon nanotubes by plasma based techniques

sing metallic catalyst lead to the invention of VGNs [2]. Subse-
uently, a large volume of research had been carried out to control
he morphology, growth rates and structural properties of VGNs by

∗ Corresponding authors.
E-mail addresses: subrataghosh.phys@gmail.com, subrata@igcar.gov.in

S. Ghosh), kganesan@igcar.gov.in (K. Ganesan).

ttp://dx.doi.org/10.1016/j.apsusc.2015.05.038
169-4332/© 2015 Elsevier B.V. All rights reserved.
varying the feedstock gas composition, microwave power, electric
field, temperature and pressure [4–6]. The research on growth pro-
cess of VGNs is also continued on different types of substrates viz.
Si, SiO2, Al2O3, MgO, quartz, Al, stainless steel, Pt, Ti, Cu, Ni, Mo,
Zr, Hf, Nb, W,  and Ta till date [2,7–12]. However, a little attention
has been paid to understand the role of substrates on the growth
mechanism of VGNs.

Hiramatsu et al. [8] found that the growth rate of VGNs on Ti to
be 1.6 times more than that on Si, under identical growth condi-
tions. Formation of interfacial carbide layer is reported to enhance
the adhesion of VGNs on quartz and Si substrates [7]. The types of
defects in VGNs are also found to depend on substrates, which can
be attributed to variation in their hydrocarbon species adsorption
ability [12]. The substrate properties such as thermal conductivity
[7,9], electronic conductivity [13], surface roughness, lattice param-
eter, ability to adsorb hydrocarbon species [14] and plasma-surface
interaction [15] are found to influence the nucleation and growth.
From the results of the studies carried out by various research
groups, it can be inferred that substrate plays indeed a crucial role
in growth of VGNs. On contrary, a few groups have reported that the
nucleation and growth of VGNs is substrate independent in PECVD
[10,11]. Though the substrate surface effect on the VGNs growth is

reported, the study on substrate dependent growth mechanism is
scarce. Hence, a detailed analysis on the role of substrates is essen-
tial to understand the nucleation, growth rate and morphology of
VGNs.

dx.doi.org/10.1016/j.apsusc.2015.05.038
http://www.sciencedirect.com/science/journal/01694332
http://www.elsevier.com/locate/apsusc
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In view of the above, a detailed study on the growth of VGNs
n different substrates is carried out using electron cyclotron
esonance chemical vapor deposition (ECR-CVD). The substrate
ependent morphology, growth rate and structural properties are

nvestigated using field emission scanning electron microscopy
FESEM) and Raman spectroscopy, respectively. In order to find
he role of substrates on nucleation, the surface of substrates
s analyzed with water contact angle (WCA) measurements and
tomic force microscopy (AFM). Further, early stage nucleation
s correlated with substrate characteristics such as thermal con-
uctivity, surface energy and its interaction with plasma using a
henomenological model. According to this model, the formation
f localized nanoscale hot spot, due to substrate-plasma interac-
ion, and substrate-hydrocarbon sticking co-efficient dictates the

orphology and structural properties of VGNs.

. Experimental methods

.1. Growth of VGNs by ECR-CVD

The synthesis of VGNs on different substrates is performed
imultaneously under 5 sccm of CH4 (5 N purity) and 25 sccm of
r (3 N purity) by ECR-CVD. The detail of the deposition system is
eported elsewhere [12]. Different types of substrates from metal-
ic to insulators, such as Pt, Ni, Au/Si(100), Cu, Si ((111) and (100)),
iO2 and quartz are chosen for this study. Pt, Cu and Ni foils of
hickness of 125 �m are used as metallic substrates (99.9% purity).

 thin film of Au having thickness of about 165 nm is deposited on
-Si(100) by DC magnetron sputtering. SiO2 of thickness 400 nm
n n-Si(100) is prepared by thermal oxidation. To maintain identi-
al growth conditions, all the substrates need to be placed within a
omogeneous plasma field. This is ensured by growing VGNs over a

arge area (50 mm diameter). There is no change in morphology and
tructural quality across this area. Before loading into the chamber,
he substrates are cleaned by wet chemical process. Prior to growth,
he chamber is evacuated down to a base pressure of 5 × 10−6 mbar
y a turbomolecular pump, the substrates are heated to 800 ◦C at

 heating rate of 30 ◦C/min and retained for 30 min. Subsequently,
he substrates are pre-cleaned by Ar plasma under 20 sccm flow
or 10 min  at 200 W microwave (MW)  power. Thereafter, CH4 is
ed into the chamber through downstream injection ring along
ith Ar gas for 30 min  at 400 W MW power, while maintaining

he substrate temperature at 800 ◦C. After the growth, the plasma
s turned off and the samples are annealed at the growth temper-
ture for 30 min. The samples are then cooled down naturally to
oom temperature.

.2. Characterization

Morphological features of the films are observed by FESEM
Supra 55, Zeiss). The structural properties, in terms of defects
nd disorder, are evaluated by micro-Raman spectroscopy (Ren-
shaw inVia, UK) with 514.5 nm laser and 100× objective lens. A
800 gr/mm grating is used for the mono-chromatization of scat-
ered signal and a thermoelectric cooled CCD detector is used for the
aman studies in backscattering configuration. In order to avoid the

aser induced heating of the sample, the laser power is kept below
 mW.  The Raman spectra of the film are fitted with Lorentzian line
hape using WIRE 3.2 software. The water contact angle (WCA) of

he surfaces is measured by sessile drop method with the help of a
CD camera (Holmarc, HO-IAD-CAM-01, India). The volume of the
ater droplet is about 1 �l. The root mean square (rms) roughness

f substrate surfaces is measured by a commercial AFM.
Fig. 1. SEM images of VGNs grown on (a) Pt, (b) Ni, (c) n-Si(111), (d) n-Si(100), (e)
Au/Si, (f) Cu, (g) SiO2, and (h) quartz substrates.

3. Results

3.1. Morphology analysis

The morphology of VGNs grown simultaneously over different
substrates is depicted in Fig. 1. The as-grown VGNs are homoge-
neous, uniform and densely packed, except those grown on quartz.
However, a discernable variation in morphology is observed for
the VGNs grown on different substrates. The morphology of VGNs
grown on Pt is found to be maze-like, whereas it is petal-like on
all other substrates. The cross sectional height of VGNs on different
substrates varies from 169 to 264 nm. The aerial density of VGNs
is found to be highest for Pt and lowest for quartz substrates. The
difference in height and aerial density of VGNs grown on these sub-
strates indicates that the nucleation and growth rate are different
on different substrates. The difference in height of VGNs grown on
Si(111) and Si(100) indicates the anisotropic nature of the growth.

3.2. Surface analysis

Wetting study is one of the basic characterization tools to
provide information about surface energy, chemical reactivity and
wettability of a surface. Hence, to get more insight into the differ-
ential growth of VGNs, the substrate surface roughness and wetting
properties are studied using AFM topography and WCA  measure-

ments, respectively. The Table 1 shows WCA  values measured
over the substrate surfaces, which had undergone all pre-cleaning
treatment, before and after VGNs growth. A representative image,
depicting WCA  before and after growth of VGNs on Si(100), is
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Table  1
The extracted parameter of contact angle measurement of different surfaces before and after growth of VGNs, rms  roughness of pre-cleaned substrates and their respective
thermal  conductivity from literature.

Substrates Contact angle (◦) Thermal conductivity (W/m K) r.m.s. value (nm)

Before growth After growth

Pt 62.9 ± 3.2 121.9 ± 0.9 71.9 [16] 2.0 ± 0.5
Ni  71.7 ± 4.1 123.1 ± 2.8 93 [16] 2.5 ± 1.9
Si(100)  72.8 ± 0.7 135.2 ± 0.9 133 [17] 0.4 ± 0.1
Si(111)  76.5 ± 1.4 133.7 ± 0.1 156 [18] 0.4 ± 0.1
Au  85.5 ± 0.6 134.0 ± 0.3 318 [16] 2.3 ± 0.8
Cu  101.4 ± 3.9 136.6 ± 0.2 

SiO2 79.1 ± 2.4 131.6 ± 0.2 

Quartz  75.3 ± 0.8 105.9 ± 3.7
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ig. 2. Water contact angle of Si(100) (a) before growth and (b) after growth of
GNs.

hown in Fig. 2. The pre-cleaned substrates exhibit WCA  less than
0◦ except for Cu indicating the hydrophilic nature of substrates.
he Pt has the lowest WCA  of 62.9◦ and Cu has the highest WCA
f 101.4◦. The variation in WCA  can be attributed to the different
urface energies of substrates.

After the growth of VGNs, the surface transforms from
ydrophilic to hydrophobic. The VGNs on Cu exhibit the highest
ydrophobic behavior with WCA  of 136.6 ± 0.2◦ while quartz shows
he least hydrophobicity with WCA  of 105.9 ± 3.7◦. The difference
n WCA  can be attributed to the variation in aerial density of VGNs
n the substrate. From the FESEM micrographs, it is clear that aerial
ensity of VGNs on quartz is the least and it has the lowest WCA.
he lower WCA  signifies higher surface energy. Note that, the sur-
ace energy of substrates can strongly influence the early stage
ucleation of adatoms during thin film growth.

A clear trend in aerial density of VGNs with surface energy can
e discerned from the FESEM images, except in the case of quartz.
he VGNs on Pt with the highest surface energy has the highest
erial density followed by Ni. The variation in aerial density is not
uch in the case of other substrates. The anomaly of VGNs on quartz
ay  be due to other substrate properties than surface energy. Sur-

ace energy is one of the factors affecting the nucleation density
nd hence growth of VGNs with different morphology on various
ubstrates. The rms  roughness measured over 1 �m × 1 �m area on
ifferent substrates is given in Table 1. However, there is no signif-

cant correlation between roughness of pre-treated substrates and
orphology of VGNs.

.3. Raman analysis

The Raman spectroscopy is a well established technique to probe
tructural, electronic and phonon properties of carbon nanostruc-
ures. It is a very sensitive technique for investigating structural
efects and disorder in the structure. The Raman spectra of VGNs

rown on different substrates seem nearly similar, as shown in
ig. 3(a). The G- and G′-bands confirm the graphitic structure. The
efect related bands (D-, D′-, D + D′ and 2D′) are the result of defects
nd disorder due to large amount of edge states, nanographitic (NG)
402 [16] 3.6 ± 0.8
1.29 [17] 0.4 ± 0.1
1.5–3 0.5 ± 0.1

base layer with sp3 bonded C–H species and ion-induced defects
from the plasma during growth. The spectra consist of prominent
D-, G-, and G′-bands which are characteristics of VGNs [12,19]. The
observed large defects in VGNs are due to the presence of disorder,
which arises from large amount of edge states, sp3 bonded C–H
species, NG base layer, point defects and ion-induced defects from
the plasma during growth.

The extracted parameters show differences in structural char-
acteristics of VGNs as listed in Table 2. As shown in Fig. 3(a),
the G and D′ bands almost overlap for VGNs grown on Pt which
indicates higher amount of defects. It is consistent with the obser-
vation made in the morphological studies (Fig. 1) that VGNs on
Pt substrate have higher edge density, more crumpled maze-like
structure with higher sheet curvature. Similarly, the FWHM of D-,
G- and G′-bands of VGNs on Pt is also higher than on other sub-
strates indicating the higher defects on Pt (Table 2). The lowest
FWHM of G-band (33.1 cm−1) is found for VGNs grown on quartz
which is consistent with the earlier report [12]. Further, the position
of the G-band on Pt is about 1589 cm−1 and for all other substrates
it is around 1585 cm−1. Such variation in G-band position could
be due to different levels of strain in VGNs grown on different
substrates [20]. The lattice mismatch between substrate and inter-
facial NG base layer or defects present can induce such strain [3].
Also, it is known that the intensity ratios of D to G (ID/IG) provide a
measure of defects/disorder in a disordered graphitic system. The
crystalline sizes (La) of nanographitic domain are calculated using
the Tuinstra-Koeing relation [21].

La = C(�)
(

ID
IG

)−1
(1)

where C(� = 514.5 nm)  = 4.4 nm.  It is found that the crystalline size
of VGNs varies from 1.64 to 2.08 nm depending on the substrates, as
given in Table 2. Thus, the variation of parameters extracted from
Raman spectra of VGNs grown on different substrates is due to the
variation in aerial density and degree of graphitization.

Furthermore, a closer view of Raman spectra shows that the val-
ley between D and G bands is upshifted as shown in Fig. 3(b). The
best fit for the first order Raman spectra is found to have two addi-
tional bands at about 1140 and 1500 cm−1 in addition to prominent
D, G and D′ bands. The peak at about 1140 cm−1 is assigned as D′′-
band [12,19], which can arise due to high density of edges [22], bond
stretching mode of sp3 hydrogenated carbon [23] and presence of
pentagon rings [24]. The peak at about 1500 cm−1 is assigned as
D* band which is attributed to the presence of interstitial defects
or out-of-plane defects [25], pentagon–heptogon structure [24],
trans-polyethylene [26] and fullerene-like structures [27].

4. Discussion
As discussed earlier, FESEM analysis confirms that the aerial
density, vertical height and shape of nanosheets (petal-like or
maze-like) are found to vary with respect to substrate (Fig. 1).
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Fig. 3. (a) Raman spectra and (b) zoomed area of first order Raman spectra of VGNs grown on various substrates.

Table 2
The extracted parameters of Raman spectra of VGNs grown on different substrates.

Substrate PosD (cm−1) FWHMD (cm−1) PosG (cm−1) FWHMG (cm−1) PosG′ (cm−1) FWHMG′ (cm−1) ID/IG La (nm)

Pt 1353.3 ± 0.4 43.3 ± 0.5 1589.1 ± 0.2 46.7 ± 0.5 2698.0 ± 0.7 85.7 ± 2.4 2.68 1.64
Ni  1353.8 ± 0.0 37.3 ± 0.2 1585.0 ± 0.1 36.5 ± 0.1 2700.5 ± 0.1 69.1 ± 0.2 2.23 1.97
n-Si(100) 1353.7 ± 0.4 36.9 ± 0.2 1584.5 ± 0.3 34.9 ± 0.7 2701.3 ± 0.4 68.5 ± 0.6 2.12 2.08
n-Si(111) 1353.7 ± 0.1 38.5 ± 0.2 1585.6 ± 0.0 39.4 ± 0.1 2700.0 ± 0.1 72.9 ± 0.9 2.23 1.95
Au/Si  1353.7 ± 0.3 39.1 ± 0.3 1585.5 ± 0.0 39.8 ± 0.3 2699.9 ± 0.2 73.5 ± 0.7 2.34 1.88
Cu  1354.8 ± 0.4 37.8 ± 0.0 1585.9 ± 0.4 36.9 ± 0.1 2702.4 ± 0.4 70.3 ± 1.0 2.21 1.99
SiO 1353.3 ± 0.2 38.3 ± 0.2 1585.0 ± 0.3 35.8 ± 0.2 2700.5 ± 0.1 71.0 ± 0.5 2.15 2.05

3.1 ± 0.4 2703.8 ± 0.7 70.5 ± 1.8 2.37 1.86

F
i
T
t
e

g
p
t
(
f
b
b
t

Q

f
t

(b) Nano island

formation

(c) Coalescence 

of nano island
(d) Vertical 

growth

Ar

(a) Hot spot

formation

Ar/CH 4

Ar/CH4 Ar/CH4
2

Quartz  1355.1 ± 0.4 38.7 ± 0.2 1585.5 ± 0.3 3

urther, the height of VGNs and WCA  measured on these substrates
ncrease with thermal conductivity of the substrates as given in
able 1 except for SiO2 and quartz substrates. Thus, in addition
o the surface energy, thermal conductivity of substrates influence
arly stage nucleation of VGNs.

Fig. 4 shows the graphical representation of nucleation and
rowth mechanism of VGNs on various substrates. At first, during
re-cleaning process, the Ar plasma removes surface contamina-
ions and creates localized hot spots [28] on substrate surface
Fig. 4(a)). These localized hot spots are the energetically most
avorable regions to adsorb the hydrocarbon species. The power
alance at substrate surface during its interaction with plasma can
e described as follows [29]. The input power or total flux of heat
owards substrate is

˙ in =
[
�SdSAScS

(
dTS

dt

)]

+
[

˛�pTSAS + �S

dS
AS(TS − TH) + 2�AS(TS − TH)

]
(2)
In Eq. (2), the first and second terms represent the trans-
erred power to heat the substrate and the liberated power from
he substrate respectively. The �S, dS, AS, cS, and �S are mass
Fig. 4. Schematic representation of four stages of growth of VGNs under plasma.
density, thickness, area, specific heat capacity, thermal conductiv-
ity, respectively. The  ̨ is the sticking co-efficient of plasma species
on the substrate surface, � is the molecular heat conductivity of gas,
p the gas pressure (10−3 mbar, here) and � the Stefan–Boltzmann
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o-efficient. In the case of PECVD growth, the substrate surface tem-
erature (TS) is always greater than the heater temperature (TH),
he due to plasma surface interaction. Hence, the size and density
f such localized hot spots depend on the substrate and plasma
haracteristics.

At second stage, when CH4 is fed into the growth chamber, MW
nergy in ECR-CVD creates a high density plasma with a variety
f free radicals such as CHx, CxHy, C2 dimers, Ar–H, atomic hydro-
en and in their several possible combinations [15]. The carbon
nd hydro-carbon radicals get adsorbed onto the hot spots due
o surface diffusion, initiating rapid nucleation of NG islands. The
dsorption rate or sticking co-efficient (˛) of radicals depends on
he nature of the substrate [30], localized hot spot size and plasma
rocess parameters (�, p, TS, TH). Thus the size, shape and density
f NG islands depend on the characteristics of localized hot spots
Fig. 4(b)).

In third stage (Fig. 4(c)), the NG islands coalesce and form
nterfacial NG base layer over the substrates. The interfacial base
ayer contains highly defective NG, amorphous carbon (a-C), car-
on onions and point defects such as pentagon, heptagon rings.
aman analysis confirmed the presence of such defects from the
bservation of D′′ and D* in the first order Raman spectra (Fig. 3).
irect evidence of the defects viz. a-C and carbon onions are shown
y Zhao et al. [3] using transmission electron microscopy.

In final stage, the coalescence of nanoislands and growth causes
tress at NG grain boundaries, whose release favors nucleation and
urther growth of graphene nanosheets in the vertical direction
31]. The nucleation of vertical growth could start either from the
efective NG buffer layer or from the surface carbon onions [3].
he vertical growth is found to be influenced by the in-built electric
eld associated with the plasma [32]. Further, the plasma produces

 relatively higher temperature and chemical potential gradients
ear the substrate surface enhancing the vertical growth (Fig. 4(d))
3,15].

It is noteworthy that the morphology of VGNs on SiO2 and
uartz are entirely different even though both substrates have sim-

lar thermal conductivity, rms  roughness and are amorphous in
ature (Table 1). This is because thermally oxidized Si (SiO2) con-
ains large amount of defects which act as nucleation sites resulting
n high density of VGNs. Whereas quartz substrates with relatively
ess defects produce VGNs of low density. Further investigation is
equired to understand the nucleation of VGNs on SiO2 and quartz
ubstrates.

Overall, we note that the physical characteristics of NG inter-
acial layer play a crucial role in determining the growth rate,

orphology and structure of VGNs grown on different substrates.
he physical characteristics of NG base layer depend on the surface
nergy and thermal conductivity of substrates. A larger amount of
ot spots are formed when the thermal conductivity/surface energy
f the substrate is low/high and hence higher aerial density and vice
ersa.

. Conclusion

The vertical graphene nanosheets (VGNs) are grown on dif-
erent substrates simultaneously under identical conditions using
lectron cyclotron resonance chemical vapor deposition (ECR-CVD)
echnique. The morphology (maze-like and petal-like), growth
ates and degree of graphitization of VGNs are found to be sub-
trate dependant. The growth mechanism of VGNs on various
ubstrates is explained with a phenomenological model invoking

ubstrate–plasma interaction. During substrate–plasma interac-
ion, a high density of localized hot spots are created which serve
s nucleation centers for nanographitic (NG) island formation. The
ormation of interfacial NG layer by NG island coalescence is the

[

ience 349 (2015) 576–581

key factor for VGNs growth and it varies with substrate. Thus, the
substrates guide the growth of VGNs through the interfacial NG
layer. This study is an effort to provide improved understanding
of VGNs growth on different substrates and also helps to choose
substrates to grow VGNs with desired characteristics.
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