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X-ray photoelectron spectroscopy of the C-face reveals the presence of graphitic carbon
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with a thickness that increases with growth temperature. Parallel atomic force microscope
(AFM) studies find a mesh-like network of ridges with high curvature that bound atomically
flat, tile-like facets of few-layer graphene (FLG). By imaging the network that develops on
FLG, it is possible to map out the regions where the elastic energy is concentrated.
 2010 Elsevier Ltd. All rights reserved.

1.

Introduction

High quality graphene consisting of a single layer of carbon
atoms arranged in a dense honeycomb lattice structure has
many unique electronic properties that are of considerable
current interest [1,2]. Two-dimensional (2D) graphene offers
a promise for THz nanoelectronic devices because of the high
theoretical electron mobility that is 10 times greater than
observed in Si. Experiments have measured mobilities between 3000 and 27,000 cm2/(V s) [3,4]. Reports of graphene
field effect transistors (FETs) have appeared [3–7], including
transistor action in the GHz range [8].
Various methods including micro-mechanical cleavage,
chemical exfoliation and epitaxial growth have been proposed to prepare few-layer graphene (FLG) [3,9,10]. The difficulty in scaling a mechanical cleavage process to produce
large area wafers of graphene has only recently been addressed using transfer-printing techniques [11]. The epitaxial
approach is promising because it may produce wafer-scale
graphene by simply heating a substrate exhibiting a tendency

toward graphitization. Indeed, the preferential sublimation of
Si atoms from a SiC substrate [9,12,13] offers an appealing
way to grow FLG on wafer-size substrates, but the optimal
growth conditions have not yet been identified.
The structural characterization of FLG on SiC has been
studied by a variety of surface science techniques such as
low energy electron microscopy (LEEM) [14,15], X-ray photoelectron spectroscopy (XPS) [16,17], Raman spectroscopy
[18,19], and scanning probe microscopy (SPM) [20,21].
Recent molecular dynamic (MD) simulations [22] of the
growth of graphene on 6H–SiC(0001) (Si-face) suggest that
the formation of continuous layers of graphene depends on
the number of SiC bilayers sublimated. Simulations have
shown that sublimation of a single bilayer of SiC produces
isolated chain-like and ring-like graphitic structures, two
bilayers of SiC are required to produce large graphene-like
clusters, and four bilayers are required to form two graphene
sheets. Taken together, the MD simulations emphasize the
importance of identifying the optimal growth conditions to
grow high quality graphene layers.

* Corresponding author: Address: Department of Physics, Purdue University, 525 Northwestern Avenue, West Lafayette, IN 47907, USA.
Fax: +1 765 494 0706.
E-mail address: gprakash@purdue.edu (G. Prakash).
0008-6223/$ - see front matter  2010 Elsevier Ltd. All rights reserved.
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We have performed a systematic study of the graphitic
 over a range
material grown on the C-face of 4H–SiCð0 0 0 1Þ
of growth temperatures. For all growth temperatures that produce a continuous layer of graphitization, we find atomically
smooth, tile-like facets of FLG bounded by an interlocking
mesh of ridge-like surface features. We infer that the meshlike network forms to minimize the elastic strain energy.
Due to the high radius of curvature associated with the ridges,
the likelihood of reactive sites that promote chemical reactions increases. As a result, it seems possible that FLG decorated with ridge-like networks will degrade with time,
especially if stored under ambient conditions.
We summarize the main results of our study of FLG growth
 using primarily XPS and atomic force
on 4H–SiCð0 0 0 1Þ
microscopy (AFM) techniques. In what follows, we do not focus on the complex set of reconstructions that may occur in
the restructured interfacial layer that forms on the C-face of
SiC, but rather choose to study primarily the graphitic layers
that form at growth temperatures greater than 1475 C.

2.

Experimental techniques

2.1.

Sample preparation

The SiC substrates used in this study are three inch diam. 4H–
 semi-insulating substrates obtained from CREE
SiCð0 0 0 1Þ
with a nominal off-cut angle of 0. The as-received SiC wafers
were chemo-mechanically polished by NovaSiC. After dicing
the polished wafer into 1 cm · 1 cm samples, the individual
SiC samples are solvent cleaned and then etched in a piranha
solution to remove hydrocarbon contamination. Before carbon growth, the samples are subjected to a hydrogen etching
at 1500 C for 10 min. in an Epigress VP508 SiC hot-wall chemical vapor deposition (CVD) reactor. After cooling below 700 C,
the chamber is pumped until the pressure is reduced to
4 · 106 mbar. Subsequently, the temperature of the SiC is
ramped to a pre-set growth temperature. Typically, the growth
pressure is 5 · 105 mbar. The temperatures reported in this
study are measured using a Heitronics KT81R two-color
rationing pyrometer (spectral bands 0.7 and 1.2 lm) with a calibration traceable to the melting temperature of Si at 1410 C.
In this study, growth times of FLG at a fixed growth temperature are held constant at 10 min. Graphene growth temperatures investigated ranged from 1350 to 1600 C. After
carbon growth for 10 min, the power to the RF generator
was shut off and the sample was allowed to cool to room temperature. The temperature during cool down as a function of
time t (in s) is well described by the equation TðtÞ ¼ TG ekt
where TG is the growth temperature and k ’ 8.2 · 104 s1.

2.2.

Atomic force microscopy (AFM)

A Nanotec Electronica atomic force microscope was used to
image the graphene grown on SiC substrates. AFM images
were obtained in intermittent contact mode with a set-point
amplitude reduction ratio (A=A0 ) of 0.80, where A0 ¼ 35 nm
is the free vibration amplitude and A is the set-point
amplitude. The AFM studies were performed under ambient
conditions. The z-axis of the AFM was calibrated against the

step height of highly oriented pyrolytic graphite (HOPG).
The x, y calibrations were performed using a Micromasch
(Model-TGZ01) xyz calibration grating. WSxM software was
used to both acquire and analyze the images [23]. The
microcantilevers used in this study were purchased from
Nanosensor (Model SSS-NCL-10) and have a nominal resonance
frequency of 190 kHz, a nominal spring constant of 48 N/m, and
a typical tip radius of 2 nm. The guaranteed tip radius of curvature is specified to be less than 5 nm with a yield >80%. For each
sample studied, we typically reposition the tip 5 times by a
few millimeters to several random locations to obtain many
images of the substrate. No significant changes in the AFM
images have been observed from location to location. Unless
otherwise stated all AFM images contain 256 · 256 pixels.

2.3.

X-ray photoelectron spectroscopy

As in previous studies [21], XPS provided a non-intrusive tool
to investigate the chemical nature of the graphitized surface
and also provided estimates for the thickness of the FLG.
The XPS data were obtained with a Kratos Ultra DLD spectrometer using monochromatic Al Ka radiation (hm =
1486.58 eV). Survey and high-resolution spectra were collected at fixed analyzer pass energies of 160 and 20 eV, respectively. Binding energy (BE) values refer to the Fermi edge and
the energy scale was calibrated using Au 4f7/2 at 84.0 eV and
Cu 2p3/2 = 932.67 eV. Typically, FLG samples were sufficiently
good conductors that no charge reference was required. The
C 1s peak from graphitic carbon was observed at 284.5 eV.
The conductivity of a pure SiC substrate was not high enough
and therefore a commercial Kratos charge neutralizer was
used. The charge reference was the Si 2p3/2 peak at 100.5 eV.
The data were analyzed with commercially available software, CasaXPS (version 2313Dev64). The individual peaks
were fitted by a Gaussian–Lorentzian function after linear or
Shirley type background subtraction.

3.

XPS results

Analysis of the C 1s core level region allowed a convenient
comparison between a reference HOPG samples and graphene–SiC samples grown at 1475, 1500 and 1550 C. Data from
an unannealed carbon face of 4H–SiC substrate are also included. The XPS spectra from both HOPG and the three graphene–SiC samples are plotted in Fig. 1. The XPS spectrum from
HOPG shows a peak near 284.5 eV; this peak is indicative of
sp2 hybridized C–C bonds which characterize graphitic carbon. A strong peak near 284.5 eV was observed on the samples heated to different temperatures (Fig. 1) confirming
that thin layers of sp2 hybridized C atoms are present across
the SiC substrate for all growth temperatures studied. As
the growth temperature increases, the contribution of the
C–Si component is attenuated due to the increasing thickness
of the graphitic overlayer.
The number of photoelectrons collected from a semiinfinite SiC sample at a photoemission angle h measured from
the normal can be written as [21,24]
drðC 1sÞ SiC
K ðESiC Þ cos h
NSiC ðhÞ ¼ X0 ðESiC ÞA0 ðESiC ÞD0 ðESiC ÞqSiC
dX
ð1Þ
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Fig. 1 – Comparison of the C 1s spectra taken from different
samples at 0 photoemission angle. The XPS spectrum from
HOPG identifies the binding energy of the sp2 C–C bond XPS
spectrum. Data for FLG grown for ten minutes at
temperatures of 1475, 1500, and 1550 C show a reduced
C–Si signal as the FLG thickness increases. A representative
C 1s spectrum from SiC is also provided. Each spectrum is
shifted upward by a constant offset for purposes of clarity.

where NSiC(h) is the area under the C 1s peak of SiC, ESiC is the
kinetic energy of the C 1s photoelectrons originating from the
SiC substrate, X0 is the acceptance solid angle of the energy
analyzer; A0 is the effective sample area, D0 is the instrument
detection efficiency; dr/dX is the differential cross-section for
the photoemission process, KSiC(ESiC) is the attenuation
length of the photoelectrons with kinetic energy of ESiC, and
qSiC is the density of the SiC substrate in atoms/cm3. If a graphitic overlayer of thickness t is placed on top of the SiC, then
Eq. (1) must be modified to account for attenuation by the
overlayer as
NSiC ðhÞ ¼ X0 ðESiC ÞA0 ðESiC ÞD0 ðESiC ÞqSiC




 cos h e

drðC 1sÞ SiC
K ðESiC Þ
dX

t
KG ðESiC Þ cos h

ð2Þ

The number of photoelectrons collected from a semi-infinite graphene sample at a photoemission angle h measured
from the normal can be written as

Table 1 – Summary of thickness data for FLG growth on 4H–

SiCð0 0 0 1Þ.

a

t
KG ðEG Þ cos h



 cos h 1  e

T=1475oC

288

ð3Þ

drðC 1sÞ G
K ðEG Þ
NG ðhÞ ¼ X0 ðEG ÞA0 ðEG ÞD0 ðEG ÞqG
dX

#
"

T=1550oC

2

drðC 1sÞ G
K ðEG Þ cos h
dX

where the symbols represent the same quantities as defined
in Eq. (1) while the subscript/superscript G denotes photoelectrons from graphene rather than SiC. If the graphene sample
has a finite thickness t, the number of photoelectrons emitted
will be

6

4
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Growth
temperature (C)

Average graphene
thickness from XPS (nm)

Equivalent
monolayers

1350
1450
1475
1500
1550

–
–
1.8 ± 0.1
2.4 ± 0.2
3.7 ± 0.2

0.05a
0.1a
5
7
11

The average graphene coverage inferred from AFM studies.

ð4Þ

The kinetic energies of the C 1s photoelectrons originating
from SiC and graphene are nearly identical so, EG  ESiC  EC1s =
1201 eV [25] and therefore attenuation lengths should be the same,
KG(EG)  KG(ESiC)  KG(EC1s). This allows the ratio of the graphene C 1s photoemission peak to the SiC C 1s signal to be written
as

#
"
NG ðhÞ
¼
NSiC ðhÞ

qG KG ðEC1s Þ 1  e

t
KG ðEC1s Þ cos h





qSiC K

SiC



ðEC1s Þ e



ð5Þ

t
KG ðEC1s Þ cos h

The ratio NG(h)/NSiC(h) can be accurately measured using
curve-fitting of the C 1s spectrum with two components (C–
C and Si–C) and this ratio can then be used to calculate the
thickness t of the graphene overlayer. Taking the natural log
of both sides of Eq. (5) and rearranging terms yields,
!
NG ðhÞ qSiC KSiC ðEC1s Þ
t
1
ð6Þ
ln
þ
1
¼ G
NSiC ðhÞ qG KG ðEC1s Þ
K ðEC1s Þ cos h

ln

The


slope

NG ðhÞ qSiC KSiC ðEC1s Þ
NSiC ðhÞ qG KG ðEC1s Þ

t
.
KG ðEC1s Þ

of
þ1



a

linear

least-squares

fit

of

versus 1/cos h is equal to the ratio

This formalism is discussed in more detail in the Sup-

porting Information provided in Ref. [21].
The ratio NG(h)/NSiC(h) was measured over a range of photoemission angles h ranging between 0 and 60 and a leastsquares fit to Eq. (6) allowed an estimate of t, the thickness of
the carbon overlayer. The results are summarized in Table 1.
Because of the finite diameter of the XPS analysis spot, an estimate of the thickness represents an average value characterizing the graphitic thickness across the 0.5 mm diameter of the
XPS analysis spot size on the substrate. The values found in Table 1 provide a convenient benchmark to estimate the thickness of FLG formed at different growth temperatures.
The graphene coverage for FLG samples grown with
T < 1450 C was not significant and therefore the XPS data
cannot be used for reliable thickness calculations. In this
case, the graphene thickness listed in Table 1 was inferred
from coverage of graphene estimated from AFM images.

4.

AFM results

4.1.

The FLG surface as a function of growth temperature

At growth temperatures starting from 1350 C, small
decorated regions localized near the step-edges in the SiC
substrate appear, as shown in Fig. 2(a). A height histogram
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(d)
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 substrate. In (a), a 1 lm · 1 lm AFM image of the SiC substrate after heating for 10 min
Fig. 2 – AFM images of a 4H–SiCð0 0 0 1Þ
at a temperature of 1350 C. In (b), a height histogram of the rectangular area in (a). The steps are 0.7 nm high. In (c), a
5 lm · 5 lm AFM image of a SiC substrate after heating for 10 min at a temperature of 1475 C. Two features that dominate the
image are a mesh-like network of ridges and rough patches that decorate the flat tile-like facets. In (d), a height histogram
from the rectangular area in (c). The histogram shows two well-defined peaks and indicates that the flat tile-like facets
contain rough features that are, on average, 1.2 nm in height above the flat substrate.

spanning a few of the steps in the SiC substrate is given in
Fig. 2(b) and indicates the step heights are 0.7 nm high. Further analysis of the AFM images reveal the small patches evident in Fig. 2(a) cover 5% of the total area. As the growth
temperature increases to 1450 C, the decorations increase
in size and cover 10% of the total area (image not shown).
As indicated by the XPS results, a continuous layer of graphitic material forms at growth temperatures of 1475 C and
greater. The surface morphology that develops at 1475 C is
shown in the AFM image presented in Fig. 2(c). It is evident
that the graphitic surface exhibits a meshwork of one-dimensional (1d) ridges. The ridges are not of uniform height and
contain a number of localized ridge nodes where individual
ridges intersect. The FLG surface bears a resemblance to a
piece of crumpled paper that is subsequently unfolded and
moderately smoothed.
In addition to the ridge network, Fig. 2(c) reveals a rough
graphitic surface at 1475 C. This surface is better characterized by the height histogram plotted in Fig. 2(d) that shows
two broad height distributions characterizing the area enclosed by the black box in Fig. 2(c). The lower of the two peaks
in this histogram is a measure of the roughness of the flatter
regions on the substrate and probably reflects the intrinsic

roughness of the interface layers forming on 4H–SiCð0 0 0 1Þ.
The right-most peak indicates the presence of features that
are 1.2 nm higher than the substrate. The broad distribution
of heights evident in the right-most peak in Fig. 2(d) indicates
these features further roughen the graphitic surface.
As the growth temperature is increased, the rate of sublimation of Si increases and more C atoms self-organize into
FLG, causing the thickness of the graphitic layer to increase
(see Table 1). Representative AFM images of FLG for 4H–SiC
heated to 1500, 1525, 1550 and 1600 C, are given in Fig. 3.

These images show that the mesh-like network of ridges observed at growth temperatures of 1475 C continues to develop for all growth temperatures studied. These ridges
significantly roughen the surface of the FLG. The flat regions
between the ridges become atomically flat and have been
extensively characterized in parallel STM studies which show
atoms arranged in a hexagonal network with a spacing of
0.245 nm [21]. At the highest growth temperature, a tent-like
feature is observed as a bright white irregular-shaped polygon
in Fig. 3(d). Similar features have been recently reported in
carbon nanolayers deposited from the gaseous phase on Ni
[26].
Apart from the mesh-like ridge network, the FLG overlayer
forms flat tile-like facets that conformally coat the SiC substrate. To investigate whether features in the SiC substrate
influence the ridge formation, we find that a simple derivative
of an AFM image is sufficient to reveal the location of buried
substrate features. Fig. 4(a) and (b) shows two typical derivative AFM images obtained from the C-face of 4H–SiC heated
for ten minutes at 1500 and 1600 C. Both images are marked
in places to illustrate the underlying steps in the SiC substrate. For growth temperatures of 1500 C, the steps are parallel to each other, a common feature observed in the asreceived SiC substrates. For growth temperatures of 1600 C,
the underlying steps become rounded into well-defined plateaus. Evidence for step bunching is also present. Although
occasionally a ridge is aligned along a step edge, we find no
convincing evidence that step-like features in the SiC substrate seed the location of the ridge network.
Careful examination of the ridge networks observed during the course of this study indicates that the ridges can be
categorized into primary and secondary ridges. The arrows
in Fig. 4(a) and (b) point to primary ridges as well as a few
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 substrate at growth temperatures of
Fig. 3 – A comparison between 5 lm · 5 lm AFM images of FLG grown on 4H–SiCð0 0 0 1Þ
(a) TG = 1500 C, (b) TG = 1525 C, (c) TG = 1550 C, and (d) TG = 1600 C. All samples were held at the specified growth
temperature for 10 min.

Fig. 4 – In (a), the derivative of a typical AFM image obtained from FLG grown at 1500 C for 10 min. In (b), the derivative of a
typical AFM image obtained from FLG grown at 1600 C for 10 min.

secondary ridges. Secondary ridges often have the appearance of creases or pleats in the flat FLG facets. The distinction
between a primary ridge and a secondary ridge is as follows:
(i) the maximum height of a secondary ridge is typically less
than the height of a primary ridge; (ii) a secondary ridge often
appears to emanate from a primary ridge and forms a creaselike distortion on the surface of a flat, tile-like graphitic facet;
and (iii) the height of a secondary ridge gradually decreases to

zero as it merges into the flat FLG, while a primary ridge
maintains a reasonably constant height between two ridge
nodes. In parallel STM studies of the identical SiC samples
evidence for moire’ superlattices on the flat tile-like facets
were found [21]. These superlattices were attributed to the
relative rotation between two graphene layers.
As shown in Fig. 5(a), analysis of our AFM images show that
the average height of the primary ridges increases linearly
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Fig. 5 – In (a), the average height of ridges in FLG samples plotted as a function of the growth temperature. In (b), a histogram
plot of the subtended angle between ridges for the FLG sample grown at 1500 C.

with growth temperature. As can be seen in Figs. 4(a) and (b),
the ridges are interconnected, often diverging from a well-defined ridge node by forming a subtended angle, H. Studies
were performed to determine if preferred values for the angle
H could be statistically identified. A histogram of the measured angles H for FLG grown at 1500 C is plotted in Fig. 5(b)
and shows a preference for angles of 60 ± 10 and 120 ± 10.
Since these angles are close to high-symmetry directions in
the graphene lattice, we infer that ridge formation tends to occur along high-symmetry directions in the FLG film.

4.2.

Thermal contraction on the carbon face of 4H–SiC

The common occurrence of a mesh-like network of ridges in
FLG grown at elevated temperatures suggests the origin

of ridge formation might be related to thermal-induced
buckling of FLG due to stress generated by cooling. A
difference in thermal contraction between the SiC substrate
and the FLG overlayer is sufficient to produce the required
stress. Local deformation (delamination) of the FLG can
occur if there is detachment between the FLG and the underlying SiC due to sufficiently weak bonding. To investigate
this idea further, accurate values for the thermal expansion
of graphene and SiC are required. We are not aware of measurements for the thermal contraction of FLG [27], but the
thermal contraction for graphite has been experimentally
studied for over 40 years because of its widespread use
in nuclear reactors. This highly anisotropic material is
characterized by a specific temperature (393 C) at which
the thermal expansion equals zero.
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 (dashed line, Ref. [32]) and the basal
Fig. 6 – In (a), the coefficient of thermal expansion of the basal plane of 4H–SiCð0 0 0 1Þ
plane of graphite (solid line, Ref. [31]). For temperatures greater than 1000 C the coefficient of thermal expansion of 4H–SiC is
assumed to be constant. In (b), the predicted fractional change in area between SiC and graphite when cooled from a specific
growth temperature to room temperature (20 C).
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The basal and c-axes values of the coefficient of thermal
expansion (CTE) for graphite have been measured [28] and a
set of thermodynamic equations have been developed [29].
The values given by Morgan [30] are used in what follows because they provide a better estimate to the experimental data
at higher temperatures and also correctly predict that CTE = 0
at 393.6 C [28,31]. The thermal expansion for 4H–SiC in the
range of 20–1000 C is described by a second-order polynomial
equation [32]. Plots of the coefficient of thermal expansion as
a function of temperature for the basal plane for graphite and
4H–SiC are given in Fig. 6(a). Values of CTE for 4H–SiC(aSiC) beyond 1000 C could not be found in the literature. In what follows, we approximated aSiC for T > 1000 C by a constant as
shown in Fig. 6(a).

Using these literature values, the fractional change in area
(DA/Aref) between a SiC substrate and a FLG film grown at a
temperature T after cooling to a reference temperature
(T0 = room temperature, 20 C) can be calculated by


Z Tref


DASiC  DAgraphite T
DA

¼2
aSiC  agraphite dT
ð7Þ
Aref
Aref
T
Eq. (7) can be evaluated numerically using the data plotted
in Fig. 6(a). The fractional change in area for cooling from
1475 C < T < 1600 C to 20 C is plotted in Fig. 6(b).
It is useful to estimate the excess area experimentally observed, since it can be compared to the results plotted in
Fig. 6(b). The excess area in a given AFM scan can be estimated by summing the excess area contained in individual
ridges. A schematic of a ridge is shown in Fig. 7. Assuming,
there are N ridges in a scan having an area A0, the excess area
DA due to the formation of ridges is given as:
DA ¼

N
X

ðsi  2ai Þli

ð8Þ

i¼1

where si, 2ai and li represent the arc length, chord length and
the length of individual ridges, respectively. For small subtended angles bi, the arc length si can be approximated as
2xi. The excess area is then given by

l
s = Rβ
x

x

h

2a
DA ﬃ

R

β

N
X

ð2xi  2ai Þli ¼

i¼1

20
Height (nm)

i¼1

2
N
h
i X
li hi
2
2li ða2i þ hi Þ1=2  ai ﬃ
ai
i¼1

ð9Þ

Eq. (9) can be evaluated from AFM images by straightforward measurements of the ridge dimensions.
Estimates of the excess fractional area contained in the
ridges from representative AFM images give values that are
about 1/10 of those plotted in Fig. 6(b). The discrepancy

Fig. 7 – Schematic of a ridge structure showing the relevant
parameters for estimating the excess area.
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Fig. 8 – In (a), an AFM image of primary ridges on FLG grown at 1550 C on 4H–SiC. In (b), the cross-sectional line profile along
the line in (a). In (c), a schematic cross-section of a ridge of width 2a. In (d), the results of a least-squares fit of the ridge profile
to a circle. The radius of curvature of the ridge is found to be 129 nm.
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between calculation and experiment might indicate the presence of localized regions in the FLG that are severely deformed or that the graphene–SiC interface can slip, greatly
reducing the number of ridges that are formed.

4.3.

Strain in primary and secondary ridges

From typical AFM images (Fig. 8(a)), it is possible to define a
strain parameter for the top graphene layer forming the ridge
network. The procedure is illustrated in Fig. 8(c) which shows
a schematic diagram of a cross-sectional profile of a ridge of
width 2a. The strain parameter e is defined as,
e¼

D‘ s  2a
¼
‘
2a

ð10Þ

where s is the length of the ridge arc and 2a is the width at the
base of the ridge. Fig. 8(a) is an AFM image of a ridge network

found in an FLG sample grown at 1550 C on 4H–SiCð0 0 0 1Þ.
Fig. 8(b) shows the height cross-section of the primary ridge
indicated in Fig. 8(a). Using this contour shape, a leastsquares fit to a circle can be performed to determine the arc
length s that appears in Eq. (10). The resulting fit is shown
in Fig. 8(d) and gives R  129 nm. From this information, we
estimate that e for this ridge is about 0.044. Calculations
(not shown) indicate the error in e due to tip-sample dilation
when the typical tip radius is assumed to be 2 nm is negligible. For tip radii of 5 nm, the error in e is estimated to be
about 2.7%.
A similar strain analysis was performed along a typical
secondary ridge from an FLG sample grown at 1550 C on
4H–SiC. The results, shown in Fig. 9 as a function of distance
from the free end of the ridge, indicate that the maximum
strain in a secondary ridge is typically smaller than that
found in primary ridges. Furthermore, a least-squares fit to
the strain in Fig. 9 indicates that the strain vanishes quadratically with length from the ridge end, going to zero when the
secondary ridge merges smoothly into the FLG surface. The
strain estimates for both primary and secondary ridges neglect the curvature along the length of a ridge which is small
when compared to the curvature in the direction perpendicular to the ridge.
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Fig. 9 – The strain in a secondary ridge of an FLG sample
grown at 1550 C on 4H–SiC as a function of length. The
solid line is the result of a least-squares fit.

5.

Discussion

As determined from the AFM studies discussed above, the
graphitic layer that forms on the surface of the C-face of
4H–SiC contains flat tile-like regions of FLG surrounded by a
highly deformed, 1d ridge-like mesh network. Parallel XPS
studies confirm the growth of a thin graphitic layer on 4H–
 that increases in thickness as the growth temperaSiCð0 0 0 1Þ
ture increases. The first step in eliminating this 1d ridge-like
network is to identify the relevant factors that cause a coarsening of the graphitic surface layer in this characteristic way.
Upon cooling, anisotropic compressive stress develops due
to the differential thermal contraction between SiC and the
graphitic overlayer. In response to this compressive stress,
the FLG film deforms and buckles, forming ridges upon cooling. At this time, we do not conclusively know whether this
buckling occurs due to intrinsic corrugation fluctuations or
rippling in the graphene layers [33] or whether it is seeded
by point-like defects in the FLG that form during graphene
growth. Localized height protrusions, typically observed at
ridge nodes, suggest that ridge formation is seeded from
well-defined point-like defects. Likely candidates for such defects in the graphene lattice are pentagonal defects [34,35],
sharp kinks in grain boundaries [21], or 5-8-5 vacancies (divacancies) [36].
Stoichiometric considerations offer a possible explanation
for the formation of such defects. While both graphene and
SiC have hexagonal unit cells, the lattice mismatch produces
a deficit of available carbon atoms from the evaporation of
only a single Si layer. In one bilayer of SiC, there are 12.2 carbon atoms/nm2. To form one layer of graphene, 38.2 carbon
atoms/nm2 are required. To free enough carbon atoms to
form a continuous layer of graphene, the sublimation of more
than three bilayers of SiC is required [22,37,38].
After mobile carbon atoms organize to form FLG at high
temperatures, compressive stress builds upon cooling. Since
the bending rigidity of thin plates tends to be generally smaller than their stretching rigidity, buckling of the FLG can occur
as a result of the complex stress patterns that develop.
Initially, a wrinkling is expected to occur in the FLG thin
film membrane. The amplitude of these compressive-induced
wrinkles is a problem of general interest and has been discussed in the much broader context of scaling laws to better
characterize the mechanical properties of compressed thin
solid membranes [39–42]. As the stress increases, the wavelength of the wrinkles decreases until a wrinkle-to-fold transition occurs [43]. This transition is thought to be universally
applicable to a broad class of diverse membrane systems [44–
49] which exhibit advanced functionality based on the formation of folds from wrinkles. We expect a similar process will
occur in FLG grown epitaxially on a solid substrate at high
temperatures.
The driving force for the formation of ridges (or folds) is
the minimization of the strain energy in the FLG film. Ridges
form during cool down when wrinkles coalesce. The ridges
likely align themselves in directions determined by the weakest points in the FLG film, in much the same way that cracks
propagate following directions of least resistance. A statistical
study of the ridge orientation (see Fig. 5(b)) provides evidence
that many of the ridges meet at points subtended by angles
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that match the underlying symmetry of the graphene lattice.
However, a significant number of ridges do not follow this
trend and it is likely that the orientation of these ridges is largely determined by random defects in the FLG.
We observe two different types of ridges. Primary ridges
have a height that increases with the thickness of FLG. The
primary ridges are interconnected at ridge nodal points and
emanate outward, often forming a threefold crease-like pattern in FLG. In contrast to the primary ridges, which often
have a nearly constant height over distances spanning
micrometers, secondary ridges also develop. Secondary ridges
are distinguished by a diminishing height that smoothly goes
to zero, producing a 1d distortion that eventually disappears
into the flat FLG surface. The formation of the primary and
secondary ridges is the likely cause of the rotation between
two graphene layers that produce a moire’ superlattice in
the flat, tile-like FLG [21].
The Euler buckling instability for thin membranes has
been extensively discussed [39–42,50] and extended to single
layered graphene [51] and coupled nano-layers [52]. Of interest within the context of FLG growth is the theoretical expectation that the ratio of surface roughness (height of ridges) to
the linear size of the flat tile-like facets should scale as the
square root of the externally imposed strain [50].
There are claims in the literature that ridge features similar
to those studied here are really nanotubes/nanorods that form
during graphene growth on the SiC surface [53–55]. While the
appearance of such nanotubes/nanorods oriented perpendicular to the substrate can be easily identified, it is difficult to
understand how nanotube growth can take place parallel to
the substrate. Furthermore it is hard to understand why the
nanotubes/nanorods would tend to arrange with subtended
angles near 60 or 120 as found in Fig. 5(b). Lastly, one might
expect that a nanotube/nanorod feature resting on a substrate
would have an approximate circular cross-section. However,
we find that measurements of the height-to-width ratio of
ridges imaged in this study are much less than unity, even after
tip dilation with an AFM tip radius between 2 and 5 nm. This
indicates the ridges are far from having a circular cross-section
that might be expected for nanotubes. Taken together, these
arguments suggest that the 1d ridge-like features bear little
resemblance to nanotubes or nanorods that rest on a substrate.
Due to the high radius of curvature characterizing the
ridges, elastic strain energy becomes concentrated in the
mesh-like network. As discussed above, by measuring the radius of curvature of a line profile from a ridge, it is possible to
quantitatively estimate the strain involved. Accordingly, ridge
formation might be suppressed by increasing the bending
rigidity of FLG as the thickness of the FLG increases. According to thin plate theory, the bending rigidity D of a free-standing plate is given by
D¼

Et3
12ð1  m2 Þ

ð11Þ

where E is Young’s modulus (in the plane of the plate), t is the
thickness of the plate, and m is Poisson’s ratio. For a layered
material like FLG, one might expect slippage between graphene layers to further reduce D below the value predicted by
Eq. (11). Alternatively, since the FLG under study is supported
by a SiC substrate, the bending rigidity might be further
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increased beyond the free-standing value depending on the
mechanical coupling between the FLG and the SiC substrate.
Recent experiments [56] find that D  1–2 · 1015 J for free
standing FLG that is only 1–2 nm thick. Evidently, the t3
dependence on thickness in Eq. (8) adequately estimates D,
even though the side-length to thickness ratio of the FLG is
typically much greater than 100. Using these estimates for D
in FLG, at growth temperatures near 1500 C, kBT  D, suggesting that thermal fluctuations alone are insufficient to initiate any significant bending.
Using the results given in Table 1, we can estimate that the
bending rigidity of FLG grown at 1475 and 1550 C should increase by roughly a factor of 9 based on thickness considerations alone. However, a factor of 9 increase in bending
rigidity does not suppress the ridges that form. In fact, the
opposite seems to be true. We conclude that arguments based
on thin plate theory alone are not able to account for our
observations of ridge formation in FLG.
The features discussed in this manuscript have been observed by many research groups working on graphite. High
dose carbon-bombardment on graphite produces ridges and
tiles [57]. Ridge formation has been attributed to carbon atom
transport by diffusion from heavily damaged near-surface regions or by a tectonic-plate-like motion or both. Graphite surfaces after oblique single-ion impact revealed hillocks that
decorate the surface [58]. The accumulation of carbon interstitials between the graphitic layers accounted for the hillock formation. A mechanism of subsurface damage in the form of
interstitial accumulation along ion-tracks which cause an
expansion of the lattice along the c-axis has also been suggested [59]. Taken together, these prior studies emphasize
the importance of interstitial carbon atoms in ridge formation.

6.

Conclusions

 substrates were held at eleHydrogen-etched 4H–SiCð0 0 0 1Þ
vated temperatures under high vacuum conditions for ten
minutes. After cooling to room temperature, systematic studies of the graphitic material on the C-face of the SiC substrates as a function of growth temperature were
performed. For growth temperatures near 1350 C, AFM
images showed localized features that primarily decorated
the step edges of SiC. No continuous layer of graphitic carbon
 samples heated to
was observed. XPS studies of 4H–SiCð0 0 0 1Þ
temperatures greater than 1450 C confirmed the presence of
a graphitic layer; the thickness of this graphitic layer increased with growth temperature.
AFM studies of the C-face of the 4H–SiC surface subjected
to temperatures greater than 1450 C revealed micron-sized
flat areas of graphene coating the SiC substrate, irrespective
of underlying step edges and plateaus present in the substrate. An interlocking mesh of ridge-like features was found
to border the tile-like regions of atomically flat FLG for every
sample studied. The ridge network serves to roughen the surface of FLG in an uncontrolled way for all growth temperatures above 1475 C.
The origin of the ridge-like network is attributed to the
2d compressive stresses that develop upon cooling from
the growth temperature. The precise shape of the ridge-like
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network is driven by intrinsic buckling instabilities of the
FLG and is likely influenced by the random location of
atomic-scale point-like defects that form during graphene
growth. Both primary and secondary ridges have been identified and studied. From the cross-sectional geometry of the
ridge network, quantitative estimates for the strain at any
point along the ridge can be obtained. The presence of a
ridge network conclusively demonstrates that the stored
elastic energy is inhomogeneously distributed in FLG.
In order to reduce the ridge network, the coupling between
the SiC substrate and the FLG layer must be reduced, possibly
by the growth of a suitably designed intermediate coupling
layer. Alternatively, the SiC substrate could be pre-patterned
into smaller plateaus that are effective in relieving the stress
that develops upon cooling.
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