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raphene’ currently lies at the cen-

ter of one of the most active fields

of research in science and engi-
neering, due to its exotic physics,2™* to in-
teresting challenges in its growth and, most
importantly, to its promise for use in elec-
tronic systems of the future.>® The most
widely explored form of graphene is ob-
tained in small pieces, in a poorly controlled
process of mechanical or chemical exfolia-
tion from bulk pieces of graphite."* Prom-
ising approaches to large area graphene in-
clude epitaxial growth on silicon carbide
substrates (SiC),”° and chemical vapor
deposition (CVD) on metal surfaces.'® 2
Most envisioned applications require a
scheme for transferring graphene from
these growth substrates to substrates of in-
terest for device integration. In the case of
CVD, etching the metal releases the
graphene and prepares it for transfer, us-
ing stamps or related processes.'’ '3 In this
case, most demonstrations focus on use as
transparent conducting films.'"'*'4 By con-
trast, research in SiC centers on the forma-
tion of high performance transistors and
circuits. This record of work, particularly
when combined with schemes that might
allow formation of ribbons of graphene by
controlled growth on crystalline step
edges,'” makes the SiC system interesting
for further exploration in active electronic
devices. Two recent reports describe meth-
ods for transfer of graphene from SiC;'8?
both rely on mechanical peeling rather than
etching. In the first, thin films of Au depos-
ited onto graphene grown on the Si-face of
a SiC wafer provide the adhesion necessary
for transfer.’® A thin, polymeric backing
layer serves as a mechanically strong sup-
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ABSTRACT Here we report a technique for transferring graphene layers, one by one, from a multilayer deposit

formed by epitaxial growth on the Si-terminated face of a 6H-SiC substrate. The procedure uses a bilayer film of

palladium/polyimide deposited onto the graphene coated SiC, which is then mechanically peeled away and placed

on a target substrate. Orthogonal etching of the palladium and polyimide leaves isolated sheets of graphene

with sizes of square centimeters. Repeating these steps transfers additional sheets from the same SiC substrate.

Raman spectroscopy, scanning tunneling spectroscopy, low-energy electron diffraction and X-ray photoelectron

spectroscopy, together with scanning tunneling, atomic force, optical, and scanning electron microscopy reveal key

properties of the materials. The sheet resistances determined from measurements of four point probe devices

were found to be ~2 k€)/square, close to expectation. Graphene crosshar structures fabricated in stacked

configurations demonstrate the versatility of the procedures.
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port for the peeling process, in an overall
scheme conceptually similar to those de-
signed for the transfer of random networks
and aligned arrays of single-walled carbon
nanotubes.?’ Removal of the polymer and
the Au using orthogonal etching methods
after peeling and transferring to another
substrate completes the process. This pro-
cedure separates the adhesive layer (i.e., Au)
from the structural component (i.e., poly-
mer), thereby allowing separate optimiza-
tion of each. Examination of data from Ra-
man spectroscopy, atomic force microscopy
(AFM), X-ray photoelectron spectroscopy
(XPS), and other techniques suggests the
possibility for selective transfer of only the
uppermost graphene layer on the SiC."® To-
tal areas are limited, however, by the moder-
ate adhesion of Au to graphene. In another
report, thermal adhesive tape was shown to
enable large area transfers, but in a mode
that removes almost all of the graphene lay-
ers (typically several) from the SiC."®
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Figure 1. Schematic illustration of procedures for layer-by-layer transfer of graphene grown in a multilayer deposit on a SiC
wafer to other substrates. (a) Multilayer graphene grown on the Si face of 6H-SiC. (b) Bilayer of Pd and Pl deposited on the SiC
as an adhesive layer and mechanical support, respectively, for peeling and gently transferring graphene to a target sub-
strate. Only the top graphene layer is removed and transferred. (c) The same SiC substrate coated again with Pd/PI, fol-
lowed by transfer to produce another graphene film. (d) Same process repeated a third time.

In the following, we demonstrate a process for se-
quential transfer of single layers of graphene from multi-
layer deposits on SiC, over large areas with high yields, en-
abled by the replacement of Au with Pd. A unique and
important feature of the process, as demonstrated explic-
itly in the following, is that it can be repeated to enable
a layer-by-layer transfer of multiple, large area sheets of
graphene from a single SiC substrate. Low energy elec-
tron diffraction (LEED), X-ray photoelectron spectroscopy
(XPS), atomic force microscopy (AFM), scanning tunneling
microscopy (STM), scanning tunneling spectroscopy
(STS), scanning electron microscopy (SEM), and optical
microscopy reveal the nature of the grown and trans-
ferred material. Four-point probing of graphene on insu-
lating substrates indicates sheet resistances comparable
to those of single-layer graphene derived from CVD on
Cu.”® In a final example, we demonstrate the ability to ma-
nipulate graphene into stacked geometries, as an ex-
ample of the versatility of these approaches.

RESULTS AND DISCUSSION
Figure 1 illustrates steps for multiple transfers of
single-layer graphene from epitaxial material on a
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SiC(0001) wafer. The first involves growth on SiC at
1550 °C (Figure 1a), using conditions described in the
experimental section. Depositing a thin layer of Pd and
then coating with polyimide (Pl) prepares the substrate
for transfer, where the PI/Pd/graphene film is peeled
away manually (Figure 1b) and then gently placed onto
a target substrate. Removing the PI film followed by
the Pd film leaves only the transferred graphene. Re-
peating this sequence of steps (except for the graphene
growth) with the same SiC substrate allows additional
layers of graphene to be removed and transferred (Fig-
ure 1c,d). We successfully transferred up to six layers
with area yields of almost 100% for the first two or three
layers and 30% for the subsequent layers. Details ap-
pear in Supporting Information. In the following, we fo-
cus on a representative case of two transfers.

The LEED pattern in Figure 2a, corresponding to
the SiC(1 X 1) of SiC(0001), and an ex situ AFM image
(Asylum Research MFP-3D) in Figure 2b show the state
of the substrate before growth but after heating over-
night at 600 °C. After growth at 1550 °C for 2 h, the sub-
strate formed thick, multilayer graphene deposits, as
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Figure 2. Characterization of a SiC(0001) substrate and epitaxially grown graphene. (a) LEED pattern recorded in situ with
E, = 174.3 eV on SiC after degassing overnight at 600 °C. The data reveal the expected (1 X 1) SiC(0001) pattern. (b) A typi-
cal 4 pm X 4 pm tapping-mode AFM image of the SiC. (c) LEED pattern with E, = 174.7 eV, collected after growth, show-
ing a (1 X 1) pattern from graphene. (d) AFM image of graphene on SiC, showing extended terraces and some wrinkles in
the graphene. (e) XPS spectrum of the C 1s region of the as-grown sample exhibiting a SiC peak at 283.7 eV, graphene peak
at 284.5 eV, and an interface layer peak at 285.2 eV. (f) Background subtracted Raman spectrum showing G and 2D peaks,
which suggests multilayer graphene. The D peak was not observed in this sample.

evidenced in situ by the expected change in the LEED
pattern from that of SiC(1 X 1), corresponding to the
SiC(0001) substrate, to graphite (1 X 1), corresponding
to graphene (Figure 2¢).2"?2 Figure 2d shows an AFM
image of a representative 4 pm X 4 pm area. The
wrinkles, formed during relaxation of compressive
strains induced by cooling, are consistent with previ-
ous reports.”> XPS and Raman spectroscopy data in Fig-
ure 2e and 2f, respectively, provide additional data.
The three peaks in the C 1s XPS spectrum (Kratos Axis
Ultra photoelectron spectrometer) at 283.7 eV (red
curve), 284.5 eV (green curve) and 285.2 eV (blue curve)
can be assigned to SiC, graphene, and an interface
layer, respectively.?’?* Thickness calculations that use
relative intensities of the SiC and graphene peaks and
calculated inelastic mean-free paths of both SiC and
graphene at the kinetic energy of the C 1s photoelec-
tron yield a thickness of ~2.50 nm. Details on data fit-
ting and calculation are described in Supporting Infor-
mation. The background-subtracted Raman spectrum
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(JY Horiba LabRam HR800) collected with 532 nm exci-
tation through a 100X air objective (laser spot diameter
~1 wm) shows the expected G and 2D peaks at 1591.1
and 2735.3 cm™’, respectively (Figure 2f).?> Details on
spectra correction are also reported in Supporting Infor-
mation. These positions are blue-shifted compared to
those of graphene layers derived from HOPG, consis-
tent with compressive strains mentioned above.” The
width of the 2D peak (FWHM) is 72.6 cm™, typical for
epitaxial graphene whose thickness is larger than bilay-
er.® The absence or low intensity of the D peak, which
is expected to lie between 1300—1400 cm ™', suggests
that the deposits have a low density of defects.

The transfer processes occurred immediately after
such measurements, for each cycle. Figure 3a provides
a picture of two large (~1 cm?) transferred sheets of
graphene derived from a single deposit on SiC, on sub-
strates of SiO,/Si. The sizes are limited only by those of
the SiC pieces and the sample mount in the growth
chamber. The low magnification optical micrograph in
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Figure 3. Properties of graphene transferred from SiC to SiO»(300 nm)/Si. (a) Digital camera image showing two transferred
graphene films derived from a single SiC growth substrate. The films are uniform over square centimeter areas. (b) Optical im-
age of a graphene sheet in panel a collected near the edge of the film. (c) AFM image of a representative region indicating
a uniform thickness of ~0.5 nm. (d) Raman spectrum showing the expected D, G, and 2D peaks. The 2D peak is well-fitted to
a single Lorentzian form. (e) C 1s core-level XPS spectra of a SiC substate collected immediately after growth of graphene
(black line), after the 1st transfer step (red line), and after the 2nd transfer step (green line). The peak associated with
graphene weakens while one from SiC becomes stronger after each transfer step.

Figure 3b reveals good film uniformity, with a small
fold near the edge on the lower right. Imaging by AFM
near the edge indicates a thickness of ~0.5 nm, as
shown in Figure 3c. Raman spectroscopy (Figure 3d) re-
veals D, G, and 2D peaks at 1347.9, 1597.0 (FWHM =
15cm™1), and 2690.0 cm™ ! (FWHM = 35.3 cm™), re-
spectively. The appearance of the D peak implies a cer-
tain amount of defects, possibly partially introduced
by the transfer processing, although still much lower
than previous results.'® The shape of the 2D band
matches a single Lorentzian line shape with narrow
width (FWHM = 35.3 cm™"); both features are consis-
tent with single layer graphene.?’~% Red-shifting of this
band relative to that on SiC can be attributed to relax-
ation of compressive strain upon release. The ratio of
the G and 2D bands (l,p/l)'? and the blue-shifting of the
G band relative to material on SiC (Figure 3d) are likely
influenced by residual doping associated with residues
from Pd and/or its etching solution (HCl/FeCls-based),
consistent with observations in other contexts.3%*' Per-
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forming XPS on the transferred sheet of graphene re-
vealed the presence of Fe with an atomic percentage of
0.1554; no substantial amount of Pd was observed. C
1s XPS spectra (Figure 3e) collected from the SiC sub-
strate before the first transfer (black), after the first
transfer (red), and after the second transfer (green), pro-
vide additional evidence for single layer nature of the
transferred material. The carbon signals from graphene
and SiC decrease and increase, respectively, in a se-
quential manner. The calculated thicknesses show a de-
crease in the graphene thickness on SiC from 2.1 to
1.53 nm and 0.68 nm corresponding to the spectra be-
fore transfer, after first transfer, and second transfer, re-
spectively. The consistent change in thickness for each
transfer suggests a layer-by-layer mode. Although the
exact thicknesses are somewhat larger than expectation
for single layer graphene, the discrepancies can be at-
tributed to the selection of parameters for the fitting
(i.e., the inelastic mean-free path for graphene and SiC).
Such outcomes are insensitive to the conditions for
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peeling, over the range examined, includ-  (a)
ing various speeds and directions, using
tweezers as well as stamps of poly(dimeth-
ylsiloxane), both along the length of the
substrate and perpendicular to the terrace
steps.

To gain unambiguous insights into the
nature of the transferred layers, we per-
formed atomic resolution STM, and scan-
ning tunneling spectroscopy (STS). Meas-
urements using a UHV-STM system appear
in Figure 4a—d. The results indicate both (c)
honeycomb and trigonal lattices, the
former of which is expected for single-
layer graphene.3 The trigonal symmetry
observed in certain regions is likely not
due to the presence of multiple layers,
since the surrounding area shows hexago-
nal symmetry and there are no steps in
the surface. Rather, this symmetry is likely
caused by curvature and local doping of
the graphene. Data from STS yields infor-

(d)

mation on the local density of states, (e)
through the quantity (dI/dV)/(I/V), as

shown in Figure 4e. The blue curve corre-
sponds to an average of ~700 spectra re-

corded on different areas of the surface. é
The red curve represents similar data col- §2
3

lected from a sample of graphene exfoli-
ated from HOPG and deposited on the
Si(100) — 2 X 1:H surface. Clearly, the

T T
Monolayer (HOPG) on Si(100):H
Graphene (SiC) on SiO,/Si
Graphene (SiC) with Contamination

L ! L 1 L

graphene synthesized on SiC and trans- 0
ferred to SiO, has a higher density of states

03 0.6

0.0
Viv)

at low energies. This may result from the Figure 4. (a) Spatial derivative STM image of the transferred graphene film on SiO,/

expected stronger interaction between

Si. Viip—sample = —1.5 V and lgynnel = 100 pA. (b—d) The magnified areas of STM image
a. The trigonal structure was observed in image ¢ while honeycomb lattice were ob-

graphene and SiO,, as compared to a fully  served in images b and d. (e) The plot of density of states derived from (dI/dV)/(I/V)

H-passivated silicon surface. The green
curve shows spectra recorded over con-
tamination observed with the STM. The
density of states clearly shows that this contamination
is metallic and that it might be due to residual Fe from
etching solution. The minimum point in the curve for
transferred graphene occurs at a slightly positive bias,
implying that the film was p doped.

To provide preliminary electrical evaluation and to il-
lustrate an ability to build devices with transferred ma-
terial, we fabricated arrays of test structures for two-
and four-point measurements of sheet resistance. Fig-
ure 5 panels a—c show arrays of devices and a magni-
fied view of a representative case. Electrodes 1 and 2
provide a constant current of 0.1 A; electrodes 3 and 4
probe resistive drops in voltage in a region between
electrodes 1 and 2. The distance between electrodes 3
and 4 varies from 25 to 100 pwm. The results from five
different devices on the same film indicate an average
sheet resistance of 2.2 k{)/square, with a variation, from

www.acsnano.org

versus voltage (V) from STS of a graphene film derived from HOPG on Si and a trans-
ferred graphene film on SiO,/Si.

maximum to minimum value, of 0.9 k{}/square. These
resistances are comparable to those of single layer
graphene grown on Cu'® and are much lower than
those from chemically derived graphene film from
graphene oxide (GO).> The sheet resistances deter-
mined at these sub-mm scales might be somewhat dif-
ferent than those from large area measurement. More
complete studies of the electronic properties represent
topics of current work.

To demonstrate additional capabilities of the pro-
cesses, we built crossbar structures (Figure 6a) by
double transfer of pre-patterned graphene films. Here,
we first transferred graphene films from one SiC wafer
to two different SiO,/Si substrates. The films were then
separately patterned into 100 wm ribbons by photo-
lithography and etching with an O, plasma. Finally, the
resulting graphene ribbons were transferred from one
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Figure 5. (a) Digital camera image showing arrays of devices fabricated on a film of graphene transferred to a SiO,/Si substrate.
(b) Low magnification optical image of some devices. (c) Representative optical image of a device configured for four-point prob-
ing, with notation identifying each Cr/Au contact. (d) Sheet resistances determined from several different devices.
of the SiO,/Si substrates to the other in a manner that dure. Figure 6 panels c and d present height and phase
aligned the ribbons in an orthogonal fashion. The SEM ~ mode AFM images from the same 20 pum X 20 um
image (Hitachi S-4800 FE-SEM) in Figure 6b reveals only ~ AFM scan. The thickness of the vertical ribbon was ca.
a few tears associated with this double transfer proce- ~ 0.5—0.6 nm.
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Figure 6. (a) A graphene crossbar structure fabricated by transferring patterned graphene twice with perpendicular align-
ment. (b) Low magnification SEM image of graphene crossbar structure. (c) Height mode and (d) phase mode AFM images
of the same structure.
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CONCLUSIONS

The transfer techniques reported here offer an
ability to produce multiple, large area, single-layer
graphene films from multilayer deposits on a SiC
substrate. These outcomes might be useful for the
creation of single-layer graphene from SiC and for its
heterogeneous integration, for example, into a

EXPERIMENTAL METHODS

Epitaxial Growth of Graphene Layers on SiC Substrates. The growth
used rectangular (5 mm X 25 mm) pieces of SiC(0001) wafers
(I1=VI, Inc.) coated with layers of Ta (200 nm; electron beam
evaporation; Temescal BJD1800) on their back sides (C-face) to
serve as heating elements. Each substrate was loaded into a UHV
chamber (2 X 107° Torr) and heated, via current passed through
the Ta, overnight at 600 °C, monitored by an infrared thermom-
eter (CHINO IR-CAQ; e = 0.90). Increasing the temperature to
1400 °C under a flux of Si (Si;Hs; 2 X 107 Torr) improved the sur-
face morphology for the growth step.3* Annealing under atomic
hydrogen (4.2 X 10~°Torr) at 1550 °C for 2 h finished the growth.

Transfer Process of Graphene Layers from SiC Substrates. After growth,
a SiC substrate was deposited with a thin layer of Pd (100 nm;
electron beam evaporation; Temescal BJD1800) followed by
coating with polyimide (PI; ca. 1.4 um, from poly(pyromellitic
dianhydride-co-4,4'-oxidianiline) amic acid solution spun cast at
3000 rpm for 30 s, partially cured at 110 °C for 2 min). Next, the
Pl/Pd/graphene film was peeled away manually and then
smoothly placed onto a substrate, such as SiO,/Si substrate (300
nm SiO,, Process Specialties, Inc.). Removing the PI film by reac-
tive ion etching (March RIE; 20 sccm O,, 150 mTorr, 150 W, 30
min) followed by the Pd film by wet etching using a commer-
cially available HCI/FeCls-based chemistry (Pd Etchant TFP,
Transene, Inc.) left only the transferred graphene on the
substrate.

Sample Preparation for STM measurement. A layer of graphene
was transferred onto a Si substrate with 300 nm thermal oxide,
and then cut to a size of 2 mm X 8 mm. Electrodes of Au (60 nm;
electron beam evaporation; Temescal BJD1800) evaporated
onto both ends provided electrical connections.

Device Fabrication for Sheet Resistance Measurement. The electrodes
were defined by photolithography followed by Cr/Au deposi-
tion (5 nm/50 nm) using an electron beam evaporator and lift-
off in acetone. Oxygen plasma etching (Plasma Cleaner PDC-32G,
Harrick Plasma, Inc.; 200 mTorr, medium RF level, 3 min) re-
moved the graphene outside of the device channel, using a pat-
terned layer of photoresist as a mask, to electrically isolate each
device. Finally, the photoresist film was removed by using
n-methyl-2-pyrrolidone based solvent stripper (Remover PG,
MicroChem Corp.) The sample was rinsed with isopropyl alco-
hol and dried with N, gas flow.
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