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ABSTRACT Owing to its unique electronic properties, graphene has recently attracted wide attention in

both the condensed matter physics and microelectronic device communities. Despite intense interest in this

material, an industrially scalable graphene synthesis process remains elusive. Here, we demonstrate a high-

throughput, low-temperature, spatially controlled and scalable epitaxial graphene (EG) synthesis technique based

on laser-induced surface decomposition of the Si-rich face of a SiC single-crystal. We confirm the formation of EG

on SiC as a result of excimer laser irradiation by using reflection high-energy electron diffraction (RHEED), Raman

spectroscopy, synchrotron-based X-ray diffraction, transmission electron microscopy (TEM), and scanning

tunneling microscopy (STM). Laser fluence controls the thickness of the graphene film down to a single monolayer.

Laser-synthesized graphene does not display some of the structural characteristics observed in EG grown by

conventional thermal decomposition on SiC (0001), such as Bernal stacking and surface reconstruction of the

underlying SiC surface.
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uch exciting materials physics

centered around graphene has

been uncovered in only a few
years since the realization that a single-layer
graphene sheet is stable.' 3 Control over
the synthesis of this material however is still
being developed and high-quality wafer-
scale graphene layers cannot be reproduc-
ibly fabricated. Various synthesis ap-
proaches have been suggested by different
research groups.>*~'2 The first graphene
studies were made on micromechanically
exfoliated highly oriented pyrolitic graph-
ite. While this method produces high-
quality graphene flakes, it is not suitable
for scaling and industrial production. More
recently, methods based on chemical vapor
deposition (CVD) on a transition metal film
or surface segregation of carbon out of a su-
persaturated metal (Ru) film were
proposed.” 193 Using these techniques,
graphene films were obtained over large ar-
eas; however, since the synthesis occurs at
high temperature (~1000 °C), the large dif-
ference in the thermal expansion coeffi-
cients between the materials leads upon
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cooling to the formation of wrinkles up to
tens of nm in height in the graphene layer.
Furthermore, the quality of the graphene
layer is sensitive to the grain structure of the
underlying metal: ultrasmooth essentially
single crystalline regions in the metal films
are required to obtain good quality
graphene. Finally, the graphene films grown
on metals must be subsequently trans-
ferred to substrates suitable for the fabrica-
tion of microelectronic devices. Other
graphene preparation methods based on
chemical synthesis® or unzipping of
nanotubes'''2 suffer from drawbacks such
as low yield and difficulty to controllably po-
sition the graphene films on a substrate.

A very promising route toward the syn-
thesis of well-controlled and uniform
graphene films for electronic applications
is thermal decomposition of SiC. By heat-
ing SiC in a vacuum, Si evaporates and a
layer of graphene forms, termed epitaxial
graphene (EG) because of its crystallo-
graphic relationship with the underlying
SiC lattice.** EG on SiC has recently been
shown to have a nearly ideal graphene
band structure,'* and the fabrication of ar-
rays of electronic devices on EG has already
been demonstrated.'® High decomposition
temperature however largely limits this
method to single-crystal SiC substrates in
ultrahigh vacuum (~1250 °C)*'® or inert
gas atmospheres (~1650 °C)."”'® The low-
est synthesis temperature reported so far is
950 °C using a carbon deposition method."®
These high synthesis temperatures coupled
with the relatively long growth durations
present challenges for materials integration,
cost, and synthesis throughput.

Here we report a novel method to syn-
thesize EG on SiC using pulsed KrF laser ra-
diation (A = 248 nm, pulse length ~ 25 ns)
in a vacuum attainable within short pump-
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Figure 1. Direct patterning of graphene on SiC using pulsed excimer laser irradiation (a) SEM image (acceleration voltage =
3 keV) of laser-processed SiC with a shadow mask placed in the beampath. (b) Spatial Auger mapping (acceleration voltage =
3 keV) of the intensity of the C (KLL) transition on a laser-processed SiC suface. The laser beam footprint and its spatial modu-
lation are clearly seen. The red and yellow pixels correspond respectively to single and double-layer graphene. (c) STM im-

age of graphene on the surface of 4H-SiC (0001). The surface shows terraces of height 0.3—0.4 nm. (d) Atomic-resolution STM
image of a region of the sample characterized in panel c. Bias voltage V, = 300 mV and the tunneling current It = 100 pA

for panels cand d. An STM image of a region displaying both single and double-layer graphene is shown in the Supporting In-

formation.

down times in commercial processing tools (~107¢
Torr). Under these synthesis conditions, the thermal dif-
fusion length in SiC during the laser pulse (Lt ~ 4.1
wm) is much larger than the optical absorption length
(a1~ 76 nm): the laser can thus be considered as a sur-
face heating source on SiC. As a result, the substrate is
held essentially at room temperature except for the thin
SiC surface layer that absorbs the laser light.2° This
new synthesis technique presents many advantages.
Because only the SiC surface is heated, SiC-on-Si could
be used as a substrate, which would allow a scaling be-
yond the 2 inch SiC wafers currently available as well
as integration with CMOS electronics. Furthermore, this
synthesis process is compatible with conventional mi-
croelectronics fabrication. Finally, synthesis and pat-
terning can be done in one step by simply shaping or
masking the laser beam.

RESULTS AND DISCUSSION

In initial experiments, n-type (3 X 10" cm~3) 4H-
SiC(0001) chips (5 mm X 5 mm), on-axis, cut from a
single crystal wafer were irradiated with a KrF exci-
mer laser beam in a UHV chamber (P < 107° Torr)
equipped with an in situ RHEED setup (Supporting
Information, Figure S1) to monitor the graphene for-
mation process. Irradiation was performed at ~1.2
J/em? average fluence on a 2 mm? spot size (3.25 mm
X 0.625 mm) over a 25 mm? area of the sample for
500 pulses. The SiC was oriented in the [1010] azi-
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muth in the electron beam and consequently the
SiC (21) RHEED streaks were observed. After irradia-
tion, two new RHEED streaks appeared correspond-
ing to a plane (d) spacing of 1.23 A, which matches
the (11) reflections of graphite, as expected from the
epitaxial relationship of the graphite lattice with re-
spect to the underlying SiC substrate (Supporting In-
formation, Figure S1).2"22 After these results, a sec-
ond set of experiments was conducted in a non-UHV
chamber (P =~ 1078 Torr) with the goal of confirm-
ing the formation of graphene and determining its
thickness, structural quality, and uniformity by using
a range of complementary analytical techniques.

To demonstrate the ability to pattern EG during syn-
thesis, a shadow-mask was placed in the laser beam
path. A focusing lens was also used to reduce the beam
size by 5X (Figure 1a). Occasionally a visible lumines-
cence was observed upon laser irradiation but we did
not study its spectral or temporal characteristics. Sur-
face compositional mapping using scanning auger elec-
tron spectroscopy (s-AES) confirmed that the carbon
concentration at the surface of SiC in the laser-
irradiated regions was higher than in the rest of the sub-
strate (Figure 1b). The thickness of the carbon-rich re-
gions was estimated using the ratio of the Si (LVV, E =
92 eV) to C (KLL, E = 271 eV) peak areas.>'®?' Surface
enrichment of C equivalent to a monolayer or a bilayer
only were observed (Supporting Information, Figure
S2). Scanning tunneling microscopy (STM) was used to
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Figure 2. Synchrotron X-ray diffraction of laser-synthesized and thermally grown epitaxial graphene (EG). (a) Specular scan,
(b) radial scan across the (10) rod of EG, revealing that a peak located at the g, expected for the (10) rod (2.55 A~"). The peaks
located at 2.37 and 2.67 A~" are SiC surface reconstruction peaks. The plots are offset for clarity. (c) Azimuthal phi-scan of
the (100) in-plane peak of laser-synthesized EG (sample B). The off-peak signal is equal to the baseline indicating that there
is no randomly oriented graphene on the SiC substrate. (d) Rocking scan about the (0002) peak of laser-synthesized EG

(sample A).

confirm that the C-rich regions of the surface were in-
deed graphene. The surface of the laser-processed re-
gions was smooth with large terraces 5.5 + 0.5 A high
(Figure 1c), consistent with twice the distance between
subsurface Si planes in SiC (0001) (2.52 A). We also
observe 3.5 + 0.5 A steps around smaller features,
consistent with expected graphene layer thickness
(3.40 R).2372° We conclude that these steps consti-
tute the boundaries between regions of graphene
with different number of layers. Atomic-resolution
STM on the smooth regions of the film displayed a
honeycomb symmetry, a signature of single-layer
graphene (Figure 1d).2°~ 28 The lattice constant
measured from the topograph in Figure 1d is 2.2 =
0.2 A, consistent with the expected graphene lattice
constant (2.46 A). From a large atomic-resolution to-
pograph, we confirmed that this single layer of
graphene extends continuously over more than a
10 nm X 10 nm area. Notably, no periodic surface re-
construction of SiC (0001) was observed (Support-
ing Information, Figure S3), which is a common fea-
ture of thermally grown EG on SiC (0001).

Additional structural characterization of laser-
synthesized EG was performed with X-ray diffraction at
the Stanford Synchrotron Radiation Lightsource (SSRL).
On similar SiC substrates, a film of thermally grown EG
was used as a reference, where an average thickness of
5 *= 2 layers had been measured in situ at the end of
the growth by X-ray photoelectron spectroscopy
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(XPS)."2° A specular scan of the thermally grown EG
displayed a broad peak centered at g, = 1.85 A~", with
a fwhm =0.55 A" (Figure 2a) corresponding to a ~1.1
nm thick (3—4 layers) graphene film, in agreement
with the XPS data. Two films of laser-synthesized EG
were studied. Sample A was made using 500 1.2 J/cm?
pulses at 20 Hz; sample B was made using 500 1 J/cm?
pulses at 20 Hz. Sample A displayed a broad peak (g, =
1.89 A~1, fwhm = 0.66 A~") corresponding to an aver-
age of two to three graphene layers in agreement
with a separate estimate obtained by s-AES on the
same film. The d-spacing of the laser-synthesized EG
film (d ~ 3.32 A) is close to that of thermally grown
EG (d =~ 3.40 A) and bulk graphite (d = 3.35 A). No
specular diffraction peak was observed in sample B
(Figure 2a). High-resolution grazing incidence X-ray
diffraction was used to study the structure of the EG
in the film plane (Figure 2b). Sample B displayed
the typical features of the graphene unit cell as
shown in a radial scan along the (10) direction of
the graphene lattice (g, = 2.55 A7, ag = 2.46 A).3°3"
Because of the lack of specular diffraction, we con-
clude that sample B is a graphene monolayer over
the area sampled by the X-ray beam. An L-scan (i.e.,
out-of-plane scan) of this peak in sample A (data not
shown) had no intensity oscillations, suggesting
that the graphene layers are not Bernal-stacked.
The in-plane crystalline coherence length in sample
B was ~40 nm, as determined by the fwhm of the
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Figure 3. Raman spectra of laser-synthesized EG and thermally grown EG. (a) D and G Raman peaks of mono- (black trace),
bi-, or trilayer (blue trace) and many-layer graphene (red trace). The Raman spectrum of the 4H-SiC(0001) substrate is in-
cluded (green trace). The SiC substrates are different (see Experimental Section), hence the differences in the Raman spec-
tra of the bare substrates. (b) 2D Raman peak of laser-synthesized EG (blue and black traces) and thermally grown EG (red).
Curve fitting of the 2D peak using a single Lorentzian for laser-synthesized EG and multiple Lorentzians for thermally grown
EG (yellow line). The data is normalized to the maximum peak height.

diffraction peak in the radial direction (fwhm =
0.017 A="). This figure may seem small but it should
be emphasized that it must not be compared to “do-
main sizes” or characteristic length scales extracted
using other techniques (e.g., low-energy electron
microscopy). Indeed, these other techniques are not
sensitive to atomic disorder and overestimate the
grain-sizes, whereas terraces may be composed of
multiple subdomains with smaller crystalline coher-
ence length.?? In fact, comparable in-plane coher-
ence length (~25 nm) was obtained for the refer-
ence thermally grown EG film, in agreement with
previously reported graphene grain-sizes measured
by X-ray diffraction on SiC(0001).3* We conclude that
the structural coherence length is most likely lim-
ited by the initial SiC surface quality'®3° and not by
the synthesis process. Interestingly, the SiC recon-
struction peaks (qr = 2.37 A""and g, = 2.67 A™")
were not observed in laser-synthesized EG while
they appeared in thermally grown EG (Figure 2b)
and have also been reported previously.?>33 Thus
the interface layer between the SiC substrate and the
laser-synthesized EG film has a different structure
than that of thermal EG.?"*° Because the
SiC—graphene interface affects the electrical proper-
ties of EG such as bandgap and doping,®**3° the ab-
sence of surface reconstruction could have impor-
tant implications for the electronic properties of the
film. An azimuthal (phi) scan of the in-plane (100)
peak was used to verify the in-plane texture of laser-
synthesized EG (Figure 2c). The substrate was ori-
ented with phi = 0° along the [1010] direction of SiC.
The absolute angle (30°) with respect to the under-
lying SiC lattice and the narrow fwhm (=3.5°) of the
diffracted intensity confirmed that laser-synthesized
EG was epitaxial and displayed the expected crystal-
lographic relationship with the SiC substrate. Finally,
the quality of the out-of-plane texture of laser-
synthesized multilayer EG (sample A) was measured
using a rocking scan about the (0002) peak (Figure
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2d). The film had only a small angular misorienta-
tion range (fwhm = 0.30°) relative to the substrate
normal, comparable to that of thermally grown EG
(Supporting Information, Figure S4).

Raman spectroscopy provides a semiquantitative
way of characterizing the thickness and structural qual-
ity of graphene layers."® We carried out Raman meas-
urements on the same films as those used for X-ray dif-
fraction using thermally grown EG as a reference (Figure
3). The features of Raman spectra are sensitive to the
bonding and stress between the substrate and the EG
layer.?”8 In laser-synthesized EG however there is no
surface reconstruction of the underlying SiC substrate
and the stress state of the EG film is likely different from
that of thermally grown EG. Therefore, Raman spec-
tra of laser-synthesized EG should not necessarily be
identical to that of thermally grown EG (Figure
3a).'®3® Nevertheless, the G and 2D peaks were
clearly visible in the differential spectra obtained by
subtracting the Raman spectrum of the bare SiC
sample from that of the graphitized samples (Sup-
porting Information, Figure S5). The D peak is due to
defects and disorder while the G band is the
symmetry-allowed graphite band. The graphene
peaks were located in the spectral regions (near
~1350 and ~1580 cm ™ for the D and G peaks, re-
spectively) where they have been previously
reported.>®~*' The presence and intensity of the D
peak are consistent with the relatively short coher-
ence length measured by X-ray diffraction and sug-
gest the presence of edge-termination defects in the
EG films. The second order of the D peak (2D peak)
is related to the thickness and electronic properties
of graphene.®® The wavenumber of the 2D peak in
laser-synthesized graphene increased from ~2635
to ~2665 cm™! as the layer number increased from
1 to 2—3 (Figure 3b). This tendency of the 2D peak to
shift to higher energy with thickness has been ob-
served in thermally grown EG before.3”*2 The 2D
peak of laser-synthesized EG was fitted with a single
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Figure 4. HRTEM images of graphene layers on 4H-SiC (0001) on-axis surface. Film thickness measurements are confirmed
via TEM. (Acceleration voltage = 200 kV) Dashed lines denote (a) a single graphene layer, (b) two graphene layers, and (c)
three graphene layers. Micrographs are taken in the [1010] SiC sample orientation.

Lorentzian having a fwhm of ~60 cm™! for mono-
layer EG and ~75 cm™! for 2—3 layer EG. The 2D
peak of thermal EG on the other hand was fitted by
multiple Lorentzians, in agreement with previous re-
ports. Single-peak fitting of the 2D peak has been
observed in multilayer thermally grown EG on the
C-rich SiC face and is a sign of electronic decoupling
between the graphene layers. This effect is respon-
sible for monolayer graphene-like properties of mul-
tilayer EG.3°*3 Thus, Raman spectroscopy suggests
that the graphene layers in laser-synthesized multi-
layer EG are not Bernal-stacked, in agreement with
the X-ray L-scans, and therefore they may be elec-
tronically decoupled, a feature not observed before
in EG grown on Si-terminated SiC. Electronic decou-
pling of the EG layers relaxes the requirement that
EG be a monolayer to exhibit graphene-like elec-
tronic properties.>°3°

Finally, high-resolution TEM (HRTEM) micrographs
taken along the [1010] zone axis of SiC confirmed the
presence of EG (Figure 4). Micrographs were taken on
three different EG films made in increasing order of la-
ser fluence (~1.1, ~1.2,and ~1.4 J/cm? with 500 pulses,
panels a to c), which led to thicker graphene layers.
The measured interlayer distance (3.31 = 0.04 A) agrees
with the interplanar spacing of graphite (d = 3.35 A)
and the X-ray diffraction measurements.

All our characterization data confirm that laser-
irradiation of SiC (0001) leads to the formation of EG,
which can be as thin as a monolayer over large areas.
The fluence of the laser pulse controls the thickness of
the EG layer with nearly single-layer accuracy. We find
that laser-synthesized EG on the Si-terminated face is of
equal structural quality as graphene grown thermally
in UHV on the same substrate. While higher-quality
films have been recently grown in an Ar
atmosphere,’”'® ours is the first report of laser-based
synthesis of graphene. The quality of thermally grown
graphene has been continuously improved in the last 8
years by fine-tuning the synthesis process. Conse-
quently, we surmise that there is also much room to im-
prove our laser-based process and there is no funda-
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mental obstacle to the synthesis of higher-quality
material.

Laser irradiation certainly heats-up the SiC surface;
however, a simple estimate demonstrates that the EG
formation mechanism is not exclusively thermal de-
composition but is consistent with a photophysical
component often observed in UV laser processing of
transparent dielectrics.** To form a graphene mono-
layer, approximately 0.37 Si atoms/A? must sublime
away. The maximum Si effusion rate during the pulse
can be calculated using the Hertz—Knudsen—Langmuir
equation (see Supporting Information). During the irra-
diation with a 1 J/cm? pulse lasting 25 ns, approximately
107° Si atoms/A? sublime away. Therefore, even after
500 pulses the total amount of thermally sublimed Si
is much smaller than that needed to form a graphene
monolayer. Even if the surface reached the melting
point of SiC (~2700 °C)—which is highly unlikely since
we find no evidence of melting by SEM analysis - the
amount of sublimed Si during the 500 pulses is only
~1072 atoms/A2. These estimates strongly suggest that
the thermal effusion flux is not sufficient to cause the
formation of an EG layer in our irradiation conditions.
We hypothesize that the EG forms during a strongly
out-of-equilibrium process where the high-energy
(5 eV) photons promote photophysical Si—C bond
cleaving and allow the Si evaporation rate at the SiC sur-
face to exceed the equilibrium effusion flux at any given
temperature. The photophysical formation mechanism
we postulate here is fundamentally different from ther-
mal processes previously observed in laser-irradiation
of SiC.*46

CONCLUSION

We developed an alternative room-temperature
technique to synthesize EG on SiC that is scalable,
does not need UHV, and can be integrated with
other fabrication technologies. Laser-synthesis of
EG allows the synthesis and patterning of graphene
in one single fabrication step and could be used for
rapid prototyping of devices. The structural quality

www.acsnano.org



of the EG made by laser-synthesis on SiC (0001) is
similar to that of thermally grown EG on SiC (0001).
There are however significant differences between
the two materials as no surface reconstruction of the

EXPERIMENTAL SECTION

Sample Preparation (Laser Synthesis of Epitaxial Graphene on SiC).
N-type (nitrogen, 3 X 10" cm~3) 4H-SiC(0001) wafer, on-axis,
with chemical mechanical polishing (CMP, Ra = 1 nm) on the Si
face was purchased from SiCrystal AG, which was used for
RHEED, X-ray diffraction, and TEM characterizations. High-purity
semi-insulating (p = 1 X 10° () - cm) 4H-SiC(0001) wafer, on-axis,
was also purchased from Cree: the wafer was epiready polished
by NovaSiC up to an atomically flat surface (Rq = 1 A), which was
used for STM and Raman measurements. The substrates (5 mm
X 5 mm) were cut from the wafers and treated by sequential ul-
trasonic bath in acetone, methanol, and isopropyl alcohol (for 5
min to remove grease), Piranha cleaning (mixture of H,SO, +
H,0, (1:1) for 3 min to wipe off metal powder and organic con-
taminants) and HF etching (10% HF solution for 3 min to remove
the surface oxide). The sample was placed in a high-vacuum
(HV) chamber (base pressure ~ 1077 Torr, pumpdown time ~
2 h) designed for pulsed laser deposition (PLD). The SiC surface
was irradiated with a pulsed KrF excimer laser (Lambda Physik
LPX 210i, N = 248 nm, pulse length ~ 25 ns) with a nonhomog-
enized beam. The beam intensity profile was measured with 1
mm interval at the removable beam blocker with hole (20 mm
X 10 mm) near the laser exit port, and the regions with higher
fluence than average were blocked by shadow mask (stainless
steel). The SiC substrate with specially designed holder was
loaded, inside the chamber, perpendicular in the direction of
the laser beam. The experiments were performed at ~1.1, ~1.2,
and ~1.4 J/cm? with 500 shots (20 Hz, 25 s) to synthesize mono-
layer, bilayer, trilayer graphene, respectively. The vacuum condi-
tion of ~107° Torr was used for all experiments.

Sample Preparation (Thermal Growth of Epitaxial Graphene on SiC). The
substrates (5 mm X 5 mm) were cut from the same wafer (N-
type) used for the laser-synthesized EGs and treated by sequen-
tial ultrasonic bath in acetone and methanol. The sample was
placed in an ultrahigh vacuum (UHV) chamber (base pressure ~
107° Torr, pumpdown time ~ 10 h) equipped with an in situ
XPS and RHEED setup. The sample was first heated up to ~800
°C and Si was evaporated to remove the surface oxide. The
sample was then heated up to 1400—1500 °C depending on
the number of graphene layers.

Scanning Tunneling Microscopy (STM). STM data were acquired by
low-temperature ultrahigh-vacuum (UHV) STM with base pres-
sure < 3 X 107" Torr and measurement temperature of 77 K.
After loading into UHV, the graphene sample was heated up to
800 °C for a few hours in the UHV chamber. The pressure was
kept below 2.5 X 1078 Torr during this outgassing procedure.
The STM tip (polycrystalline Pt/Ir) was prepared by in situ field
emission over an atomically clean Ag(111) surface prepared by
repeated cycles of Ar sputtering and annealing. The tip condition
was verified by inspecting topography and spectroscopy on
Ag(111) before switching to the graphene sample. The Ag(111)
crystal also served as a reference for calibration.

Grazing Incidence X-ray Diffraction (GIXD). GIXD experiments were
performed at the Stanford Synchrotron Radiation Lightsource
(SSRL) on Beamline 7-2. The experiments were conducted at am-
bient conditions with an X-ray energy of 8 keV and an inci-
dence angle just above the SiC critical angle (about 0.4 de-
grees). The diffracted beam was collimated with 1 millradian
Soller slits and detected with a Vortex detector.

Raman characterization. Micro-Raman measurements were per-
formed at room temperature on both laser-synthesized EG and
thermally grown EG samples. A LabRam Aramis (Horiba Jobin
Yvon) microscope equipped with a X100 objective was used.
The excitation source was a 633 nm HeNe laser (spot size, ~1
rm) with a power of 5 mW, taking special care to avoid surface

www.acsnano.org

SiC surface is observed in laser-synthesized EG. Fur-
thermore, multilayer EG synthesized with the laser is
not Bernal-stacked strongly suggesting electronic
decoupling between the layers.

heating. The integration time was 10 s (Figure 3a) and 15 s (Fig-
ure 3b) at each spot.

Transmission Electron Microscopy (TEM). TEM samples were pre-
pared using a focused ion beam (FIB, FEI Strata 235DB dual-
beam FIB/SEM) lift-out technique. Prior to ion milling, the
samples were protected with amorphous carbon paint as a cap-
ping layer to preserve the initial surface integrity. The samples
were then prepared by FIB milling with a Ga ion beam at 30 keV
to a thickness of ~80 nm. Then the samples transferred to a Cu
TEM grid with Omniprobe were inserted into and FEI CM20 TEM
operated at an accelerating voltage of 200 kV. After finding the
[1010] zone axis of SiC using its diffraction pattern (data not
shown), cross-sectional observations of the interface between
graphene and SiC, bright-field TEM images, were taken for three
of the samples.
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