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a  b  s  t  r  a  c  t

The  effect  of the  degree  of Si  confinement  on  the thickness  and  morphology  of  UHV  grown  epitaxial
graphene  on  (0 0  0 −1) SiC  is  investigated  by  using  atomic  force  microscopy  and  Raman  spectroscopy
measurements.  Prior  to the  graphene  growth  process,  the  C-face  surface  of  a  SiC  substrate  is capped  by
another SiC  comprising  three  cavities  on  its Si-rich  surface  with  depths  varying  from  0.5  to 2  microns.
ccepted 20 September 2012
vailable online 26 September 2012

eywords:
pitaxial graphene
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The  Si  atoms,  thermally  decomposed  from  the  sample  surface  during  high  temperature  annealing  of the
SiCcap/SiCsample stack,  are  separately  trapped  inside  these  individual  cavities  at the  sample/cap  interface.
Our  analyses  show  that  the  growth  rate  linearly  increases  with  the  cavity  height.  It  was  also  found  that
stronger  Si  confinement  yields  more  uniform  graphene  layers.

© 2012 Elsevier B.V. All rights reserved.

aman spectroscopy

. Introduction

The epitaxial production of graphene in a controllable way has
ttracted a major interest since it offers a large scale template for
arbon based two dimensional electronics [1–3]. The quality of
raphene is largely governed by the production methods and the
rocesses involved. The graphene layers can be prepared epitaxially
n both Si-terminated (0 0 0 1) and C-terminated (0 0 0 −1) polar
aces of a SiC crystal simply by surface thermal decomposition pro-
ess. A number of different experiments have been conducted to
roduce graphene especially on the C-face surface of SiC due to the
ery tempting rotational stacking disorientation of the grown lay-
rs [4].  Due to this unique stacking structure, the layers forming the
tack are electronically decoupled from each other and thus each
ayer exhibits Dirac-cone like band dispersion very similar to that
f an isolated monolayer graphene [5]. Nevertheless, compared to
he Si-face surface of SiC, the growth is much faster on the C-face
ue to high sublimation rate of Si atoms during the high tempera-
ure annealing process in vacuum [5,6]. Hence, for the same growth
onditions, multiple layers are more readily formed on the C-face
han on the Si-face surface of SiC. Another important aspect is that

he elevated Si evaporation rate on C-face SiC leads to the forma-
ion of unavoidably high concentration of crystalline defects in the
raphene matrix. In order to obtain defect free films with desired

∗ Corresponding author at: Faculty of Engineering and Natural Sciences, Sabanci
niversity, 34956 İstanbul, Turkey. Tel.: +90 216 4839591.

E-mail address: iikaya@sabanciuniv.edu (İ.İ. Kaya).

169-4332/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.apsusc.2012.09.103
thickness uniformity on this particular polar surface, a precise con-
trol over the Si evaporation rate is necessarily required.

A variety of different approaches, based on the confinement con-
trolled sublimation of Si, are employed to reduce the uncontrollable
growth rate of epitaxial graphene on the C-face SiC. In order to
maintain a decreased growth rate even at elevated temperatures
(e.g., >1500 ◦C), a sufficient amount of Si vapor density must be
maintained on the SiC surface. Currently, thin and homogeneous
graphene layers have been prepared by high temperature annealing
of the SiC crystals either in an inductively heated graphite enclo-
sure placed inside a high vacuum furnace [3] or in an inert argon
atmosphere [7,8]. The use of a Si containing environment such as
disilane (Si2H6) was also found to yield improved graphene mor-
phology with relatively large domain sizes [9].  We  have recently
showed that the confinement of sublimated Si atoms at the inter-
face between a SiCcap/SiCsample stack significantly reduces the
graphene growth rate on the C-face SiC down to an easily control-
lable range even in ultra high vacuum (UHV) environment [10].
Despite those progresses, the control of the preparation conditions
for epitaxial graphene is still under discussion and the employed
growth methods require further research.

2. Experimental methods
We  have systematically studied the effect of the degree of Si con-
finement on the thickness and morphology of epitaxial graphene
prepared in UHV conditions. For this purpose, the C-face surface
of a SiC sample was  capped by another SiC substrate comprising

dx.doi.org/10.1016/j.apsusc.2012.09.103
http://www.sciencedirect.com/science/journal/01694332
http://www.elsevier.com/locate/apsusc
mailto:iikaya@sabanciuniv.edu
dx.doi.org/10.1016/j.apsusc.2012.09.103
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Fig. 1. Schematic illustration of the SiC–SiC capping comprising three indivi

qually spaced three cavities with different depths on its Si rich
olar face. When placed on the sample surface, the cavities on the
apping substrate provide well defined separations with the same
ample surface area but different orifice heights between the cap
nd sample surfaces as seen in Fig. 1. During the high tempera-
ure annealing process (∼1500 ◦C), the Si atoms evaporated from
ach capped region of the sample surface were trapped inside the
orresponding cavity on top. The cavities between the cap and the
ample surface create small volumes of Si vapor density varying
ith the amount of confinement in each cavity. The presence of

i vapor pressure acting on each capped region retard the subli-
ated Si atoms to escape freely into vacuum environment. The

ocal confinement of Si vapor in these small volumes promotes
he constituent Si atoms to condense back on to the sample sur-
ace and thus leads to such a low graphene growth rate that is
ependent only on the cavity’s orifice height. In this experiment the
nnealing temperature and the growth duration are inherently the
ame for all three growth surfaces. Therefore, the graphene thick-
ess is essentially correlated only with the orifice height. This can
e understood as in the following manner. Assume that the SiC
ample is held in a hermetically sealed and nonreactive enclosure
hich is surrounded by vacuum at temperatures high enough to

reak the Si C bond (e.g., >1100 ◦C) [11]. In this case, the Si atoms
vaporated from the SiC surface are fully trapped inside this closed
nvironment. In the thermodynamic equilibrium, since the evap-
rated Si atoms recombine on the SiC surface and the evaporation
ate of Si (ne) is balanced with its condensation rate (nc) in the close
icinity of the sample surface, graphene does not form at any tem-
erature. The graphene growth can be facilitated only if some of the
apor phase Si is released out of the confinement through a hole or
n orifice created on the wall of the enclosure. The growth rate of
raphene is then simply proportional to the Si release rate which
an be tuned only by changing the dimensions of the leak area for
he fixed temperature. Assuming a uniform velocity and density
istribution of Si vapor inside the cavity, the growth rate under the

nfluence of such a closed Si confined medium can be written as
g = ne − nc = N/S, where N = Ava� is the release rate of Si through
he leak area of A, � is the Si vapor density acting on the sample
urface of S and va = (8 kT/�m)1/2 is the average thermal speed of
he Si atoms with mass m at temperature T in the vapor [3,10].

In our experiments, we used 3 mm wide and 10 mm long n-type
H SiC substrates as the cap material. The cap has three equally
paced cavities with the same surface area, S = 1.5 mm × 3 mm  but
ith different depths on its Si-terminated face. The cavities were

abricated by dry etching technique in three subsequent processes.
he cavities labeled as C1, C2 and C3 in Fig. 1(a) have the etch
epths of d1 = 0.5 �m,  d2 = 1.0 �m and d3 = 2.0 �m,  respectively as
etermined by a surface profiler with a height resolution better
han 0.01 �m.  After the chemical cleaning and oxide removal pro-

ess in diluted HF acid, the capping substrate was  then annealed
y resistive heating at 1450 ◦C for 15 min  in a UHV chamber with
ase pressure of P < 1 × 10−10 mbar. This annealing procedure does
ot only remove the possible traces of surface contamination
avities with different orifice heights of d1 = 0.5 �m,  d2 = 1.0 �m, d3 = 2.0 �m.

and remaining surface oxide, but also creates a non-reactive thin
graphitic layer over the cap surface. The presence of such a chemi-
cally inert and high temperature compatible graphitic layer at the
interface between the SiC/SiC stack, prevents the fusion welding
of the SiC cap with the underlying SiC substrate during the high
temperature annealing process.

The pre-annealed cap was placed on top of a C-face SiC sample
with the same dimensions and polytype as the capping substrate.
The cavities on the capping substrate provide well defined gaps
with rectangular orifices between its surface and the sample sur-
face as illustrated in Fig. 1. The uniformity of the separations
between the two  semi-transparent SiC substrates was verified by
optical microscopy and optical interference patterns. Following
the thermal cleaning cycle as described in Ref. [10], the sample-
cap stack was annealed in UHV for 20 min  at 1500 ◦C for the
graphene growth. The sample temperature was measured remotely
by an optical pyrometer with 1 ◦C resolution. During the graphene
growth stage the maximum chamber pressure was recorded as
2 × 10−8 mbar. After splitting the stack, the regions on the sam-
ple surface, which were positioned underneath the cavities C1,–C3
during the annealing process, were characterized individually by
atomic force microscopy (AFM) and Raman spectroscopy measure-
ments.

3. Results and discussion

The surface morphology of our samples before and after the
annealing process was investigated by AFM. The topography image
shown in Fig. 2(a) is taken from the surface of as-received 4H SiC,
which is composed of about 0.5–0.6 �m wide atomically flat terra-
ces due to ∼0.1◦ miscut angle of the wafer surface. These well
ordered arrays of the terraces are created during the preparation
of the epi-ready wafer surface. After annealing the sample with
the cap, we found that different morphologies were developed on
the sample surface regions S1, S2 and S3 positioned underneath
the cavities C1, C2 and C3 respectively. On the surface S1, which
had the highest confinement during the growth, a large number
of well ordered and 1–4 �m wide stepped terraces were observed
(Fig. 2(b)). Compared to the non-modified initial SiC surface, the
height of the formed terraces is measured to be about 2 nm in aver-
age. Similar modification of the SiC surface has also been observed
when the SiC crystals were annealed at high temperatures by
other confinement controlled sublimation techniques [3,7]. Previ-
ous studies pointed out that the edges of these stepped terraces
act as nucleation centers for the graphene formation [12,13]. The
surface S2, on which the growth is carried out under one half of the
confinement of the S1 surface, the surface morphology was found
to be topographically rougher with a large number of travertine like
flakes (Fig. 2(c)). The majority of these flakes spread over the terrace

edges onto the neighboring terraces. Unlike S1 and S2, the surface
morphology on S3 reveals domain like features with distinct ridges.
The presence of such flaky structures seen in Fig. 2(d) is associated
with the growth of thicker graphene layers on the corresponding
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the substrate’s Raman signal. Similar to the method described in
Ref. [22], a scaled reference spectrum of bare SiC is subtracted
from each measured spectra to extract the substrate’s attenua-
tion fraction which is defined as e−2˛t. Here,  ̨ = 0.02 ± 0.002 is the
ig. 2. (a) Tapping mode AFM topography image of as-received 4H SiC(0 0 0 −1) su
aken  from Ref. [10]. (b), (c) and (d) are the AFM topography images of the 4H SiC

urface. Over a 5 �m × 5 �m area, the rms  roughness of the sur-
aces S1, S2 and S3 are 2.1 nm,  10.4 nm and 9.8 nm, respectively.
hese measured values are higher than the rms  roughness of the
ristine SiC surface (0.6 nm).

We  also performed Raman spectroscopy on all the three sur-
aces S1–S3 to verify the growth of graphene and as well as to
etermine its thickness. The measurements were conducted by
sing a green laser with 532 nm wavelength. A number of sin-
le point measurements were performed on randomly chosen
pots of all the capped surface regions. We  obtained both SiC and
raphene induced Raman signatures from each measured spot. The
aman spectra of epitaxial graphene on SiC has a significant SiC
ackground, thus we removed the substrate spectrum from every
easured data to obtain the pure graphene related Raman traces

ontaining only 2D, G and D mode band peaks. The inset of Fig. 3
epicts the background subtracted spectra of the graphene layers
cquired from the corresponding surface regions. The appearance
f D band peaks in our measurements is due to the local defects
nd disorders in the grown layers [14–16].  In all the obtained spec-
ra, the 2D band peaks do not contain extra features, meaning that
hey can be best fitted with a single Lorentzian function. Smooth
nd non-convoluted shape of the 2D peaks implies that the stacking
f graphene on each capped region is turbostratic [17,18]. This type
f stacking structure is known to be typical for the layers grown on
he C-face surface of SiC. Further analysis of each spectrum inferred
hat the average 2D band peak position and measured intensity vary

epending on the capped surface. For the region S1, the average
D peak position is ∼2720 cm−1 whereas it is slightly blue-shifted
oward ∼2716 cm−1 and ∼2709 cm−1 for the surfaces S2 and S3,
espectively. Similar shifts observed for the 2D peak positions of
 displaying an array of preparation induced atomically flat terraces. The image was
1) sample surfaces S1, S2 and S3 after high temperature annealing, respectively.

the epitaxial graphene layers have been previously attributed to
the residual compressive strain imposed by the mutual coupling
between the grown layers [19,20] and the SiC substrate and/or to
the charge transfer doping effect [21].

For a quantitative comparison, the layer thickness at each
capped region of the sample is determined by the attenuation of
Fig. 3. The graphene thickness on 4H SiC(0 0 0 −1) as a function of the cavity orifice
height. The inset depicts the SiC background subtracted typical Raman spectra of the
graphene layers that were grown on the 4H SiC(0 0 0 −1) sample surfaces S1–S3.
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Fig. 4. (a), (b) and (c) are the large area 2D band intensity Raman maps of the graphene layers grown on S1, S2 and S3, respectively. (d), (e) and (f) are the corresponding
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ndividual Raman spectra acquired from different points of the mapped areas show
ffset  along the vertical axis for clarity.

xperimentally obtained value for the absorption coefficient per
ingle layer graphene and t is the graphene thickness in mono-
ayers (MLs). The average value of the thicknesses calculated from

 randomly chosen points on each of the surfaces S1–S3 are plot-
ed as a function of the cavity orifice height in Fig. 3. This analysis
ields that in the average nearly 2 MLs  of graphene is grown over
he region S1. The graphene thickness was found to increase quite
inearly with the orifice height reaching about 3–4 MLs  over S2 and
bout 7–9 MLs  over S3.

In our experiment the annealing temperature and the growth
uration are inherently the same for all three growth surfaces.
herefore, the graphene thickness is essentially correlated only
ith the orifice height. In our growth design, the Si atoms

vaporated from the sample surface leak into UHV through the
ectangular orifices with well defined cross-sectional areas at the

wo sides of the cap/sample stack. Hence, the total leak area of the
tack is defined as (A = 2wd) for each cavity. For the fixed sample
urface area and growth temperature, the Si release rate and thus
he graphene growth rate in our experiments is determined only
a), (b) and (c), respectively. The single point 2D peak Raman spectra in (d)–(f) are

by the height (d) of these orifices (see Fig. 1). From the slope of the
line in Fig. 3, the orifice height dependent growth rate of graphene
is calculated to be ng/d = 6.3 × 10−3 ML/s. for T = 1500 ◦C. This lin-
ear behavior is in accordance with the leak rate model discussed in
Section 1.

We  further analyzed the homogeneity and the thickness uni-
formity of the layers on each capped region by large area Raman
mapping of the 2D band peak intensities. The measurements were
acquired with a laser excitation wavelength of 532 nm by raster
scanning mode with 1 �m step size. The 2D band Raman intensi-
ties are collected within the spectral range between 2575 cm−1 and
2850 cm−1 and the obtained maps are plotted in Fig. 4. The mea-
sured 2D peak intensity distributions are used to infer the thickness
homogeneity of the graphene layers on each capped region. For
the fixed incident laser power, relatively high intensity regions in

the maps correspond to thicker graphene layers and the intensity
variations can be associated with the graphene thickness non-
uniformity. The maps in Fig. 4(a), (b) and (c) depict the 2D peak
intensity distribution over the regions S1, S2 and S3, respectively.
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he trend observed in the thickness versus cavity height in graph
f Fig. 3 repeats in these maps. While the average 2D intensity is
elatively lower on the map  of S1 with the strongest Si confine-
ent, it clearly increases with increasing d on the surfaces S2 and

3. We  have also observed that the relative variation of the peak
ntensity values tend to increase with d indicating better unifor-

ity for thinner grown graphene. On the surface S1, 2D map  is the
moothest while on the S2 surface, spatially extended high inten-
ity protrusions are visible and their patterns resemble its AFM
opography image displayed in Fig. 2(c). The surface S3, which was
ominated by thicker domains, exhibits the largest 2D mode inten-
ity values. Compared to S1, the 2D mode maps of S2 and S3 reveal
harp intensity variations. These observed variations can be quanti-
ed by individual single point 2D peak Raman traces obtained from
ifferent spots of the mapped areas. The plots in Fig. 4(d), (e), (f)
orrespond to the 2D Raman traces (between 2575 and 2850 cm−1)
f the points labeled with the numbers in Fig. 4(a), (b), (c), respec-
ively. The high frequency background noise was filtered out from
ll the obtained spectra by Fourier filtering. From the filtered data,
he intensity variation �(I2D) in the region S1 is calculated to be
9% whereas it reaches up to the values of ∼20% for S2 and ∼27%

or S3. These results show that the regions exposed to high Si vapor
ensity during high-T annealing process yield more homogeneous
raphene than the surfaces under the influence of low Si vapor
ensity.

Consistent with the shift in the 2D peak positions, the aver-
ge full width half maximum (FWHM) of individual 2D bands
ecreases from 62 cm−1 (for S1) to 34 cm−1 (for S3) as the thick-
ess of graphene stack increases. These obtained FWHM values
re still greater than those of the layers (∼28 cm−1 for 1 ML  and
25 cm−1 for 100 ML)  grown on the C-face surface of a semi-

nsulating (SI) SiC substrate3 where the corresponding 2D peak
ositions (∼2701 cm−1) do not change by the graphene thickness.
owever, in our experiments the graphene layers are grown on
eavily doped (nominally n-type ∼1 × 1018 cm−3) SiC substrates.
hus, we expect a strong mutual wave function coupling between
he doped substrate and the grown layers. The electronic cou-
ling between the substrate and the upper most layers of thinner
raphene stack gives rise to such broadening of the 2D peak FWHM.
e believe that the shift in the 2D bands and the broadening of

WHM can be greatly precluded when an SI SiC substrate is used
nstead of a doped one for the graphene growth.

. Conclusions

We have investigated the effect of the degree of Si confinement
n the thickness and uniformity of epitaxial graphene on the C-face
urface of SiC that was capped with another SiC. During the high
emperature annealing process, the Si atoms decomposed from the
ample surface were confined separately inside three individual
avities with different depths etched on the Si-face surface of the
apping substrate. After the graphene growth stage, the part of the

ample surface capped with a 0.5 �m wide cavity was found to
e modified by wide terraces with about 2 nm high steps. On the
ther hand, capping with deeper cavities gives rise to either traver-
ine shaped or domain like features with sharp ridges on the SiC

[

cience 264 (2013) 56– 60

surface morphology. Raman spectroscopy measurements on each
capped region of the sample surface revealed the presence of epi-
taxial graphene with a thickness that increases linearly with the
height of the cavity orifice. This result suggests that, without chang-
ing the growth parameters, the number of graphene layers can be
controlled with a desired precision only by varying the amount of
the trapped Si atoms in the vicinity of the substrate surface. Com-
pared to capping with deeper cavities, in which the Si vapor was
weakly confined, the capping process with a shallow cavity yielded
only a few layer graphene on the corresponding side of the sam-
ple surface. As determined by large area 2D band Raman mapping,
the graphene layers grown underneath the shallow cavity with
strong Si confinement exhibited a greater homogeneity with larger
length scales than the nonuniform graphitic layers grown under
the influence of deeper cavities.
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