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Producing large-area single-crystalline graphene is key to realizing its full potential in advanced applications,
including twistronics. Yet, controlling graphene growth kinetics to avoid grain boundaries or multilayer
growth remains challenging. Here, we demonstrate the possibility to obtain single-crystalline graphene free of
multilayer domains via a facile one-step delamination of epitaxial graphene from silicon carbide (SiC). We find
that this is enabled by a specific surface reconstruction of 4H-SiC(0001) that we achieve under our growth
conditions. The high crystalline quality of graphene after delamination and transfer from the SiC substrate is

confirmed by the observation of key fingerprints of Dirac fermions in quantum transport: ambipolar charge
transport, Shubnikov-de Haas oscillations up to filling factor v = 4N + 2 = 74, with N the Landau index,
Berry phase of z, and half-integer quantum Hall effect in cm-sized crystals. The scalability of our process,
explored with recycled 4”-SiC wafers, represents an advance toward large-scale integration of high-performance

graphene applications.

1. Introduction

Realizing scalable applications of two-dimensional (2D) materials in
electronics, photonics, and quantum technologies requires large-area
single-crystalline films [1]. In the atomically thin limit, grain bound-
aries strongly affect 2D material properties: they lower carrier mobil-
ity (detrimental for high-performance electronics) [2] and mechanical
strength [3], increase chemical reactivity (compromising robustness
to harsh processing conditions) [4], and introduce material property
variability that complicates reproducible device manufacturing [5]. Sig-
nificant progress in synthesizing large-area single crystals, particularly
graphene, has been achieved using chemical vapor deposition (CVD) [6,
7]. A driving force behind this progress is the versatility of the grown
material in being transferable to virtually any substrate. Yet, key chal-
lenges in scalable CVD growth of single-crystalline graphene include
an extensive parameter space for growth optimization (e.g., controlling
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nucleation of carbon atoms and domain growth), and the require-
ment to develop and use expensive single-crystalline metal catalysts
to template the assembly of carbon atoms [6,7]. In contrast, epitaxial
graphene (epigraphene) growth on silicon carbide (SiC) capitalizes on
the commercial availability of single-crystalline SiC substrates, result-
ing in large-area single-crystalline graphene layers [8-10]. However,
the delamination and transfer of graphene from SiC remains less ex-
plored. So far, successful attempts have not revealed the Dirac nature of
the transferred material [10-13], and have faced two grand challenges:
(i) material degradation due to the harsh delamination and transfer
process results in defected graphene with low carrier mobilities [11,
12], and (ii) multilayer graphene domains (i.e., graphene patches) — a
ubiquitous defect in epigraphene — co-transfer with the top graphene
layer [10,13]. The presence of excess graphene layers, cumbersome to
control also in CVD growth, causes electronic inhomogeneity that limits
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high-performance applications [14]. Furthermore, for future twisted-
layer devices, avoiding grain boundaries and multilayer patches is
essential [15].

Here, we demonstrate the possibility to produce multilayer patch-
free large-area graphene single-crystals by selectively delaminating the
topmost graphene layer grown on SiC, while preserving its high elec-
tronic quality. Importantly, this relaxes the need for complex graphene
growth optimization — via epitaxial or CVD methods — aiming to sup-
press multilayer growth and grain boundaries. We verify the quality of
the transferred monolayer using a wide array of techniques, including
electrical transport measurements. Remarkably, we observe the half-
integer quantum Hall effect in centimeter-scale samples. This confirms
that the high electronic quality and single-crystallinity of the trans-
ferred graphene is preserved, because the presence of grain boundaries
or excessive disorder would prevent exact Hall quantization [16,17].

2. Methods

Growth of graphene

Epitaxial graphene on silicon carbide (epigraphene) was grown in
tight-confinement conditions by thermal decomposition of the silicon-
terminated face (0001) of single-crystalline 4H-SiC. The samples were
grown in an atmosphere of argon at 800 mbar, in the range of 1750 °C-
1950 °C, for 5 min [18]. The monolayer coverage of the graphene
samples was determined from transmission mode micrographs with
gamma correction [14]. Graphene was grown on 7 mm x 7 mm-chips
or 4”-sized wafers, 4” being the largest size possible to fit inside our
growth reactor. Graphene was grown three times on the same wafers
by removing graphene with oxygen plasma after each growth; the best
result is obtained by re-polishing wafers.

Transfer of graphene

Metal films (gold, silver or nickel) were deposited on the surface of
as-grown epigraphene using an electron beam evaporator (Lesker PVD
225) at a base pressure of 5x10~7 Torr, with deposition rate R = 1 A
s~1. Metal thicknesses used for the experiments include 20, 50, 100 and
200 nm. Graphene delamination occurs in all cases, but thicker films
provide better mechanical stability for successful transfer. After metal
deposition, the samples were spin-coated with PMMA (polymethyl-
methacrylate) resist (350 nm), and post-baked at T = 170 °C for t = 5
minutes. The polymer/metal/graphene layer was peeled off from the
SiC substrate by hand using thermal release tape (Nitto Denko Corp.)
with release temperature Tyeease = 120 °C or 170 °C, and deposited on
the target substrate upon heating to T' > Tyejease- PMMA was removed
using oxygen plasma or heated acetone, after which the metal layer
on top of the transferred graphene was removed using liquid metal
etching.

Device fabrication

Electrical devices were fabricated on graphene transferred onto
SiO,/Si (285 nm oxide thickness) using standard electron beam lithog-
raphy, where electrical contacts were fabricated using physical vapor
deposition of 5 nm Ti followed by 95 nm Au. For chip-sized devices,
contacts were evaporated through a shadow mask. After fabrication
of the devices, they were spin-coated with a layer of at least 100 nm
PMMA as encapsulating layer before measurements.

Atomic force microscopy of graphene

Atomic force microscopy was performed in standard tapping mode
or Peak Force tapping mode using a Bruker Dimension Icon AFM. The
tip RTESP-300 was used (n-doped silicon) with resonance frequency
fo =300 Hz and spring constant k = 40 N/m.

Optical mapping of graphene wafer

A wafer of graphene on SiO,/Si (Fig. 4c) was optically mapped
using a Nikon L200ND automatic microscope with a 50X objective,
and the bilayer content on the graphene was determined using image
post-processing (thresholding using e.g., the software ImageJ).
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Electrical measurements

Electrical measurements were carried out using a Physical Property
Measurement System (PPMS) from Quantum Design, at temperatures
from T = 300 K to 2 K, and magnetic fields up to B = 14 T. Samples
were biased with a DC current of 10 nA or 100 nA for small Hall bars,
and 100 nA-30 pA for large (5 mm x 5 mm) graphene devices using
a Keithley 6211 current source, and sample voltages were measured
using an Agilent 34420 A nanovolt meter. The electrostatic bottom gate
was DC-biased in the range —50V < ¥, < 60V using a Keithley 2400
source meter. All electrical measurements were carried out in four-
probe configuration. In gated measurements, leakage currents were
kept below 0.6 nA. The noise floor in the zero-resistance state in Fig. 3i
was calculated as the RMS of the voltage in the flat (I < 3 pA) region.

Raman spectroscopy

Raman spectroscopy was carried out using a WITec alpha300 R
Raman microscope with a 532 nm laser and 600 g/mm grating. Raman
spectra of graphene on SiO,/Si were normalized by the intensity of the
G-peak, at ~1600 cm~!, and graphene spectra of pristine epigraphene
on SiC were normalized to the peak at 1714 cm~! which represents the
SiC substrate. The spectrum of the SiC substrate was obtained focusing
20 pm down into the substrate on the same spot as the graphene
spectrum.

For the detailed Raman analysis of Fig. S3, the 2D- and G-peak
positions were extracted from large-area scans of 100 spectra in areas
of 27.1 x 26.8 um? for graphene on SiO,/Si and 41.6 x 45.2 ym? for as-
grown epigraphene using single-Lorentzian fits to 2D- and G-peaks. The
shifts of the Raman 2D- and G-peak positions relative to the intrinsic
graphene point (wg . ®,po) were decomposed into contributions from
mechanical strain and charge transfer (doping) following Lee et al [19].

Selected-area electron diffraction

Selected Area Electron Diffraction (SAED) measurements were per-
formed using a transmission electron microscope (TEM) operated at
an acceleration voltage of 300 kV. The electron wavelength (1) cor-
responding to this voltage (V) was calculated using the relativistic
equation:

PP m

eV
2m,eV (1 + 2m(,cz)

where h is Planck’s constant, m, the free electron mass, and ¢ the speed
of light. For 300 kV, the calculated wavelength was 0.0196 A.

The interplanar spacing dj, was obtained from the SAED pattern
using the relation for a 2D hexagonal lattice:

AL
dy, = —, 2
= g (2

where L is the camera length (0.25 m) and R is the measured distance
from the central beam to the diffraction spot. R was determined from
the SAED image by measuring the distance to the (100) diffraction spot
multiple times to obtain an average value, and the measured R, gave
dygp = 2.20 A.

The lattice constant (a) was calculated from the d-spacing via the
relation for a 2D hexagonal lattice:

a\/§ a

3
dpc = = digo = )
2VA? + k% + hk
The error was estimated as the standard deviation of multiple R,
measurements.

3

Angle-resolved photoemission spectroscopy

Angle-Resolved Photoemission spectroscopy (ARPES) measurements
were carried out in ultra-high vacuum at room temperature. The sam-
ple was illuminated by 18.1 eV photons provided by a femtosecond
high-harmonic generation (HHG) light source [20].
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Field-effect mobility fits

We extracted the field-effect mobility in Fig. 3b and Fig. S6 from a
fit of the longitudinal resistivity p,, (B =0 T) to a model that accounts
for spatial fluctuations in the carrier density (charge puddles) near
the Dirac point [21]. Three fitting parameters were used: the mobility
uppr, the carrier density broadening én, and the residual resistivity
ps. The effective carrier density was calculated from the applied gate
voltage as

C
ng == (Ve = Vp). )

where C,, was taken as the capacitance for a 285 nm SiO, gate oxide,
Cy =121 pFm~2.

To account for charge density broadening around charge neutrality,
the carrier density was defined as a quadratic function near the Dirac
point and otherwise as a linear function [21]:

oy é |n,| < 6n/2
n(Vg) =< 4 on’ gl = (5)
Ing, [ng| > on/2.
The carrier density was used in the resistivity expression
1
p(Vy) = Ps (6)

—_—+
euppr 1(Vy)
and the fitting parameters u, én, and p, were determined by fitting the
measured p, ., Vs. V, to Eq. (6).

The density of charged impurities was estimated from the fitted
mobility value (y = upgpr) as

nimp = (50 nO/ﬂ)ﬂO (7)

with ny = 10'° em~2 and p = 10* em? V-1 571 [22].

Fits of Hall mobility vs. density

The Hall mobility vs. carrier density in Fig. 3c was obtained via
measurements of the longitudinal (p,,) and transverse (R,,) resistance
components vs. back-gate voltages at constant perpendicular magnetic
fields (B = -1 T, B =0T and B = 1 T). Data corresponding to the
charge puddle regime [23] close to charge neutrality (ny; = 0), where
R,,(B) is non-linear, were omitted.

At each gate voltage, the Hall coefficient was calculated as

=2 (8)

The carrier densities ny were calculated as

_ 1
Rye

"y ©
with e the elementary charge (e > 0) such that ny < 0 for holes and
ny > 0 for electrons.

The Hall mobilities were calculated as

[Ry|
i (B=0T)’ 10
The measured Hall mobility (uy) vs. carrier density was fitted to
the carrier density (n) using a model that combines charged impurity
and short-range scattering. Via Matthiessen’s rule, the total mean free
path is given by:

1 1 1

[_ = charge + Jshort ’ an
mfp Imfp mfp

with [24]

lf:::;gezA\/;, lshort ~ i (12)

mfp \/;
This yields
ABy/n

1 = . 1
mfp " B4 An 13
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Using the semiclassical relation for Dirac fermions,

el
o= e 14

h\/lm’
the mobility becomes
<
1+ (A/B)n’

where C = (50ny/niy,)p (C is called p in Eq. (7)) [22]. This was
linearized as:

yzC(l—%n) (16)

uy(n) = (15)

for small (A/B)n. Using C as a fitting parameter, a fit of the Hall
mobility y = puy (Eq. (10)) vs. carrier density n = ny (Eq. (9)) allowed
to estimate n;,, for the Hall measurements.
Temperature dependence of Shubnikov—de Haas-oscillations
The temperature dependence of the Shubnikov-de Haas (SdH) oscil-
lations in Fig. 3e (p,, vs. B) was analyzed within the Lifshitz-Kosevich
(LK) formalism [25,26]. The p,, vs.B-data at each constant temperature
T were normalized as
Pxx — Pxx(B=0T)
Pxx(B=0T)

and the oscillations were isolated from the T = 2,4,10,20,50 K-
data by subtracting a nearly linear (spline) background fitted to the
oscillation’s center-line; for the 100 K-data a second-order polynomial
was subtracted. The SdH oscillation amplitudes A; were estimated as
the Ap,,/py.o-values at oscillation minima. The uncertainties in A;
- 0,4, — were estimated from the variance across different choices of
background subtractions, combined in quadrature with an 8% error
consisting of a conservative 5% experimental error and a 3% error for
differences in carrier densities at temperatures (because the effective
mass depends on the carrier density for Dirac fermions).

For each field B; corresponding to an oscillation minimum, the
amplitudes A;(T) were fitted in Figure S8a to:

Apxx/pxx,O = (17)

X
A(T,B) = Ao(B)m (18)
with X:
27r2kBTm (m./m,)
- e C e 1
heB ? a

where kj is the Boltzmann constant, e the elementary charge, and
m, the free-electron mass, and fitting parameters A,; and m,;/m,
(cyclotron mass normalized by free-electron mass).

The uncertainties in m,/m, (error bars in Figure S8b) were estimated
from fits to the upper and lower amplitude curves defined by A;(T) +
04t

mzl;ﬁ" _ miaiwer
Am,; = ————. (20)

’ 2

The mean cyclotron mass was calculated as the arithmetic mean of
all fitted values and its uncertainty estimated as the standard deviation
of all individual m,;/m, values. The prefactor Ay(B) describes the
magnetic-field dependent damping due to a finite quantum lifetime z,
and was written as [26]

Ag(B) = A exp <— z > (21)
T
where the cyclotron frequency is
w, =&, 22)
m

c
and the lifetime is related to the Dingle temperature T}, via

h

=_n"n_ 23
2rkgTy (23)

T
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Combining these expressions yields

222k T,
Ag(B) = A% exp [—%] 24)
with the logarithmic form

272k T,
In Ag(B) =In A} — 2 b 1 (25)

eh B

A linear fit of In A, vs. 1/B (S8c) provides the Dingle temperature T},
from the slope, and the corresponding quantum lifetime from Eq. (23).

The uncertainty in the Dingle temperature 7, was estimated using
standard Gaussian error propagation, combining the standard error of
the fitted slope of In A, versus 1/B with the uncertainty in the effective
mass. The uncertainty in the lifetime was obtained by propagating oy,
through Eq. (23).

Landau index plots
The Landau level index N was assigned to the Shubnikov—de Haas
(SdH) oscillation minima in p,,. Plotting 1/By versus N gives a linear
relation
1 4e 1 )
— == (N+=-), 26
By  hng ( 2 (26)

from which the slope yields the carrier density ;.

Thermodynamic modeling of exfoliation

We use thermodynamic modeling of externally driven transition
processes [27] to extract predictions for the probability of selective
exfoliation as a function of the characteristic terrace width. The model
reflects our picture of selective Si sublimation and graphene-plus-patch
formation that is summarized in the main text and developed and
further described in Fig. 4f. We treat exfoliation of any given section
of graphene as an example of a surface-termination problem where
the outcome is dependent on the environment (namely outcomes for
other graphene segments) but set by a competition between metastable
configurations (see insets of Fig. S14 and [27]). In practice, our pre-
dictions emerge after asserting a total-system-energy form (Fig. S15)
from DFT inputs (see Supporting Text, DFT-method subsection, and
Figs. S12-S14) and setting the ratio of outcome probabilities (for the
investigated graphene segment) to a Gibbs-free-energy weighting [27].

Density functional theory

Density functional theory predictions of motifs in the selective Si
sublimation, of the strength of Si-C anchor bonds, and (for illustration)
of the delamination were done in Quantum Espresso [28], using ultra-
soft pseudopotentials with the exchange—correlation approximation set
by the strictly parameter-free consistent-exchange vdW-DF-cx [29,30].
We used a slab geometry with a 4 x 4 x 3 repetition of the 4H-SiC unit
cell and tracked both surface relaxations and structure changes upon Si
atom sublimation.

3. Results and discussion
3.1. Transfer of single-crystalline monolayer graphene

We find that the success in selective one-step delamination and
transfer of monolayer graphene from the substrate relies on a specific
surface reconstruction — hereafter called a Type A surface — achieved
on the silicon-terminated face of 4H-SiC in our growth conditions (see
Methods) [18]. During growth, the SiC surface reconstructs, followed
by sublimation of silicon atoms (the so-called step-bunching stage), and
then the remaining carbon atoms crystallize into a buffer layer with the
continuous monolayer graphene atop [8,9]. In our growth process, the
surface reconstruction, and consequently the surface morphology, are
determined by the growth temperature. In a wide temperature range
between T, = 1750 °C and T ~ T, + 150 °C, our growth process min-
imizes step bunching and nearly eliminates multilayer formation. The
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resulting surface morphology is characterized by narrow terraces and
shallow steps, which we identify as hallmarks of the Type A surface.
Only large temperature excursions (' 2 T, + 150 °C) cause another
distinct surface reconstruction — hereafter called Type B — which is
characterized by wide terraces and higher steps. The Type A surface
morphology is key to selective monolayer delamination, whereas the
Type B surface reduces the selectivity of the delamination process.
Consequently, the temperature stability of the Type A surface allows to
significantly relax epigraphene growth optimization to suppress excess
graphene patches. The Type A surface is highly reproducible for 7 mm
X 7 mm-sized chips in our growth conditions [18]. We have observed
selective delamination in over 25 chips, and here we report detailed
characterization results from 10 of these.

Fig. 1a illustrates the delamination principle, where epigraphene is
covered with an “adhesive layer”: a thin metal film (+ > 20 nm) directly
deposited on graphene, with a thermal-release tape for mechanical sup-
port (see Methods). Notably, AFM inspection (Fig. 1b) reveals that all
excess graphene patches (false-colored), located beneath the topmost
graphene layer, remain on the SiC substrate after delaminating the
topmost graphene layer from a Type A surface (for a full set of AFM
images, see Fig. S1).

To quantitatively characterize the morphology of the Type A sur-
face, Fig. 1c shows histograms of terrace width for Type A epigraphene
grown at relaxed temperature conditions, T;, + 50 °C, compared to
the surface of Type B epigraphene grown at a higher temperature
T,+150 °C. Type A surfaces exhibit narrow terraces (w < 1 pm), whereas
the Type B surfaces exhibit wider terraces with a broader distribution
up to w < 5 pm. The corresponding step height histograms (Fig. 1d)
reveal shallow steps for the Type A surface, with ~ 75% of the step
heights being half a 4H-SiC unit cell (~ 0.5 nm). Type B exhibits higher
steps, exceeding 12 4H-SiC-unit cells (~12 nm). Altogether, the Type
A surface morphology allows for growth of narrow graphene patches.
Indeed, extensive AFM characterization of a Type A SiC surface after
graphene delamination reveals that all of the patches found display a
width w < 1.4 pm (see Fig. S2).

The stark difference between Type A and B surfaces in terms of
selective delamination is evident from optical microscope inspection of
the transferred graphene layer. Fig. 1e shows a representative graphene
monolayer transferred onto SiO,/Si. This monolayer, derived from a
Type A surface, is entirely free of multilayer domains. In contrast, Fig.
1f shows a representative graphene layer transferred from a Type B
surface, with excess graphene patches appearing as horizontal dark
stripes. These patches co-delaminated with the top graphene layer, an
issue reported in earlier work [10,13].

3.2. Surface characterization of transferred graphene

In sharp contrast to earlier reports of graphene delamination from
SiC [13] and graphite [31], we find that Type A surfaces enable
several metals to selectively delaminate monolayer graphene, with
gold in particular resulting in excellent crystalline quality. Fig. 2a
shows a comparison of Raman spectra collected for graphene trans-
ferred onto SiO,/Si using gold, silver, and nickel. For reference, the
uppermost panel in Fig. 2a shows the characteristic spectral features
of epigraphene, namely, a broadened and suppressed 2D-peak [32],
and buffer layer bands in the 1350-1570 cm~! range [33]. After gold-
assisted transfer to SiO,/Si, the typical Raman features are similar to
those of graphene exfoliated from high-quality graphite crystals [34],
with high crystalline quality indicated by absence of the defect-induced
D-peak (~1350 cm™1), and a sharp, symmetric 2D-peak with full-width
at half-maximum (FWHM) 28 cm~!. Fig. 2a further shows that silver
and nickel, which also enable highly selective monolayer delamination
(later demonstrated in Figs. 3h and S11), result in defected graphene,
as indicated by a noticeable D-peak (most pronounced in the case of
nickel). Additionally, we note that all graphene Raman peaks red-shift
after transferring graphene from SiC to SiO,/Si, likely due to the release
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Fig. 1. Production of single-crystalline monolayer graphene. (a) Illustration of delamination of epigraphene from a Type A SiC surface, where excess graphene
patches are left behind on the substrate, i.e. on the buffer layer. (b) AFM topography map of the Type A SiC substrate after graphene delamination, where all
the excess graphene patches remain after delamination; these are overlaid in false color (blue). (c) Terrace width histogram obtained from AFM data, normalized
to probability, for Type A and B SiC surface reconstructions. (d) Same as (c) for step height. (e) Optical micrograph of epigraphene delaminated from a Type A
SiC substrate and transferred to SiO,/Si. Note the absence of graphene patches. (f) Same as (e) with graphene delaminated from a Type B surface, where bilayer

patches co-delaminated with the top graphene layer.

of compressive strain upon delamination from the SiC substrate [32]. A
more detailed Raman analysis [19] (see Fig. S3) indicates compressive
strain for epigraphene, and tensile strain and p-doping for graphene
on SiO,/Si. Fig. 2b shows a selected-area electron diffraction (SAED)
pattern of graphene delaminated from SiC and transferred onto an
amorphous carbon-TEM grid, showing diffraction spots of graphene
with lattice parameter a = 2.54 + 0.02 A (see Methods), higher than
the theoretical value (a = 2.46 A), indicating a graphene lattice under
tensile strain.

The linear Dirac dispersion of the transferred graphene is confirmed
by ARPES measurements performed with E = 18.1 eV photons and spot
size ~100 pm [20]. Fig. 2c shows the typical band structure of as-grown
epigraphene, with the Fermi level (Ey) positioned 400 meV above

the Dirac point, consistent with other reports on epi%raphene [36].

This corresponds to an electron density n = % :TF) ~ 7.0 x 10'?
F

cm~2 with the Fermi velocity vy = 1.3 x 10® ms™! extracted from the
fit of the ARPES peak intensity positions (see Supporting Text). After
Au-assisted transfer onto SiO,/Si (Fig. 2d), graphene turns p-doped
due to interaction with the oxide. Interestingly, the Fermi velocity of
carriers nearly doubles to vy = 2.2 x 10° ms™!, approaching values
reported for suspended graphene [37]. This increase, along with the
momentum broadening Ak = 0.11;\_1, small for graphene on a SiO,/Si
substrate, is a consequence of high crystallinity and reduced electron—
electron screening in the local dielectric environment [38]. We note
that the suppressed photoemission intensity of the Dirac state at posi-
tive momenta in Fig. 2d arises from the experimental geometry, and the
right-branch dispersion remains traceable at higher binding energies
(see Fig. S4). Altogether, the combined electron diffraction, Raman, and
ARPES analyses demonstrate that the crystalline quality of graphene is
retained after delamination and transfer from the SiC substrate.

3.3. Electrical transport of transferred graphene

Magneto-transport measurements reveal that epigraphene trans-
ferred onto SiO,/Si exhibits transport properties that are indistinguish-
able from those of high-quality exfoliated graphene flakes on the same
substrate. Fig. 3a shows a typical Hall bar device on SiO,/Si produced
by gold-assisted delamination. To protect graphene from the ambient,
devices were passivated with PMMA resist before measurements of the
longitudinal resistivity, p,, (= R, W /L), and transverse resistance,

a c
.3 As—érown. 04 As-grown
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Fig. 2. Surface characterization of graphene delaminated from SiC. (a) Raman
spectra (532 nm laser) for as-grown epigraphene on SiC (black line) along
with the 4H-SiC substrate underneath the graphene (green line), and graphene
transferred from SiC to SiO,/Si using different metals (gold, silver, and nickel).
(b) SAED pattern of graphene transferred from SiC onto a holey carbon TEM
grid. The hexagonal spot array represents graphene with lattice parameter
a =254 +0.02 A. The diffuse halo is characteristic of amorphous carbon of the
TEM grid. (c) ARPES band structure for as-grown graphene on SiC represented
as an energy-momentum cut through the K-point in the Brillouin zone as
indicated in the inset. The dotted line is a linear fit to the band dispersion
close to the Fermi level used to extract the Fermi velocity. (d) Same as (c) for
graphene transferred to SiO,/Si. As a consequence of the polarization of the
light, only one branch of the band structure is visible [35].
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R,,. Fits of p,, to the field-effect response [21] in Fig. 3b (using
Eq. (6)) yield a carrier mobility uppr = 8670 cm? V-1 s~ at 300 K,
in agreement with those extracted from low-field (|B] < 1 T) Hall
effect measurements. The Hall mobilities (uy = |Ry|/px(B = 0T))
exhibit only a weak linear decrease with carrier density (ny = ﬁ)
in the range ny ~ 1-4 x 10'2 cm~2, as shown in Fig. 3c. The carrier
mobility is limited by charged impurity scattering, typical of graphene
on Si0,/Si [22,39], with a charged impurity density ny,, ~5—6x 10!
cm~2 obtained from fits to uppy and uy (see Tables S1-S2). The
values of room-temperature carrier mobilities are high considering
substrate-scattering effects, metal residues (see S5) and the polymer
encapsulating layer. At low temperatures, these limit the mobility
values to upzr = 11,000 cm? V-1 571 and py = 12,500 cm? V-1 571 at
T =2 K. Altogether, the observed room-temperature carrier mobilities
in transferred graphene approach the upper limit for graphene on
SiO,/Si substrates [40], and exceed typical mobilities reported for
epigraphene, which are in the 1000 cm? V-! s~1-range [41].

The observation of the half-integer quantum Hall effect (QHE) gives
unequivocal evidence that all electronic properties of graphene are
preserved after transfer from SiC [42,43]. Fig. 3d presents the gate
response of p,, and R,,, measured at T = 2 K and B = 14 T, which
shows quantum Hall plateaus in R,, and vanishing p,, at filling factors
|[v] =2,6,10 (v = 4N + 2 with Landau index N) [43]. The observation
of QH plateaus for filling factors |v| > 2 is noteworthy because they
are difficult to observe for epigraphene due to disorder (intervalley
scattering) caused by the stepped SiC substrate [44]. This indicates
that the corrugation of epigraphene due to the steps in SiC and the
concomitant interaction with the buffer layer [45] is not inherited by
the transferred material (this is also supported by AFM data in Fig. S5).

Higher-order Landau levels up to filling factor v = 74 are also
observable in the magnetoresistance of the transferred graphene device.
Fig. 3e shows Shubnikov-de Haas (SdH)-oscillations for electrons in
the metallic limit (n; ~ 3.8 x 10> cm™2) at different temperatures,
persisting up to T = 150 K. At large N, Landau levels are closely
spaced in energy, so their manifestation as quantum oscillations in p,,
requires a small disorder-induced energy broadening. To quantify the
energy broadening, we analyzed the temperature- and field-dependence
of the oscillation amplitudes within the Lifshitz—Kosevich formalism
(see Methods and Fig. S8) [25,26]. From this, we estimate the cyclotron
mass to m,/m, = 0.044 +0.0056 with m, the free-electron mass, lifetime
7 =50.8 £ 6.59 fs, and Dingle temperature T;, = 23.9 + 3.10 K, with the
errors given as the expanded uncertainty with coverage factor k = 1.
These are typical values for exfoliated graphene on SiO,/Si at similar
carrier densities [26,42]. Fig. 3f shows a plot of BL versus N, where
By denotes the magnetic field strength corresponding to Landau index
N at an SdH-oscillation minimum in p,, at T = 2 K (see full data in Fig.
S7). A linear fit yields carrier densities n, (Eq. (26)) in agreement with
those from linear Hall slopes (ny). Extrapolating to 1/By = 0 yields
the intercept N ~ —% reflecting the Berry phase of = in monolayer
graphene [42,43].

We use quantum transport to verify the single-crystallinity of our
large-area graphene, through the demonstration of the half-integer
quantum Hall effect in near-centimeter-sized devices. A zero-resistance
state (p,, = 0) has been difficult to achieve in graphene produced
by any other method, notably CVD graphene, due to grain bound-
aries [16,46,47], or even epigraphene due to bilayer patches [14,17].
Yet, graphene transferred from SiC allows for p,, = 0 even when
silver, known to give slightly defective graphene (see Fig. 2a), is used
as the delamination layer. Fig. 3g shows a 7 mm X 7 mm SiO,/Si
substrate covered with silver-assisted transferred graphene, fitted with
electrical contacts by shadow mask deposition. Room-temperature mo-
bilities extracted from van der Pauw measurements are of the order of
1000 cm? V-1 571 (see Fig. S6). At low temperatures, the gate voltage
response of p,, and R, (Fig. 3h) exhibits QH plateaus for filling factors
[v] =2,6, 10, 14. We verified the zero-resistance state by measuring the
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current—voltage (I-V) curves at the v = +2-plateaus across diagonal con-
tacts VX; and V. Fig. 3i shows the I-V curve in logarithmic scale (see
plot in linear scale in Fig. S9) that confirms the non-dissipative state
for both holes and electrons, limited by the noise floor of V,,,, = 83 nV.
The voltage signal increases exponentially for currents above a critical
value (I, ~ 3 pA), indicating breakdown of the QHE. Significantly,
the zero-resistance state provides evidence for the absence of grain
boundaries or major doping or structural inhomogeneities across the
entire graphene area, because these would short QH edge currents and
result in a finite longitudinal resistance [16,46].

3.4. Wafer-scale graphene transfer

We demonstrate the scalability of our process through the delamina-
tion and transfer of epigraphene grown on recycled 4”-SiC wafers (see
Methods), shown in Fig. 4a. Epigraphene growth on recycled wafers
results in a predominantly Type B surface morphology where up to
40% of the area contains excess graphene (see Fig. 4b). The transferred
graphene, in contrast, exhibits a remarkably low bilayer content. We
quantified this by optical mapping of graphene transferred onto SiO,/Si
substrate (Fig. 4c) via the optical contrast difference between mono-
and bilayer graphene [14]. In total, we sampled 300 microscope images
on the 4"-wafer, each corresponding to an area of 290 x 190 pm?. An
example with 1% bilayer content is shown in Fig. 4d, and the result
of the wafer mapping is shown in Fig. 4e (color map) and Figure
S10 (histograms). The median value of the bilayer graphene content
of the transferred graphene is 4.3%, implying a ~10-fold reduction of
excess graphene layers with respect to the as-grown material using our
delamination method.

3.5. Type A epigraphene

Our experiments also provide an alternative perspective on epigr-
aphene growth and the significance of SiC surface morphology for
producing patch-free graphene. In addition to gold and silver as de-
scribed earlier, we find that nickel — reported to delaminate graphene
multilayers from SiC and graphite [10,13,31] — leads to highly selective
monolayer delamination from a Type A substrate (see Fig. S11). To in-
terpret these results, we introduce a thermodynamic exfoliation model,
where we use (i) free-energy differences to predict surface termination
and structure [27] and (ii) density functional theory (DFT) to model
Si sublimation by tracking surface relaxations [27,28]. We compute
parameters for a total-system-energy descriptor using van der Waals
(vdW)-inclusive DFT [28-30] (see Methods, Supporting Information
and Figs. S12-S15). The Type A epigraphene in our model is illustrated
in Fig. 4f: SiC terraces are covered with a buffer layer, patches are
anchored to the substrate by chemical bonds to Si atoms at the step
edges, and the top graphene layer extends over the whole substrate.
The vdW attraction between graphene and the patch is slightly stronger
than that between the patch and buffer, but weaker than the Si-C
anchoring per carbon atom involved. Hence, our model predicts that
wide patches are likely to co-delaminate with the top graphene layer,
because as its width increases, the net impact by vdW forces outweighs
the Si-C anchoring (see Fig. S15). This gives an interpretation why a
Type A surface (with its narrow patches) enables selective monolayer
delamination.

4. Conclusion

In summary, we have shown that the ability to produce single-
crystalline graphene, free from graphene multilayers and grain bound-
aries, stems from our capability to achieve a specific (Type A) surface
reconstruction of 4H-SiC. We transferred the graphene monolayer from
the SiC substrate without compromising its crystalline quality, resulting
in high carrier mobilities and preservation of all graphene-specific
quantum transport features. Furthermore, by extending our process to
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recycled wafers, we demonstrate that the high cost associated with the
SiC substrate [48] can be circumvented. Our results thereby establish
SiC as an attractive generic platform — alternative to CVD on metal cat-
alysts — for the mass production of single-crystalline graphene needed
in high-performance applications.
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