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G
raphene is a unique two-dimensional
material. Although it is atomically
thin, it has an enormous material

strength.1 Therefore, graphene membranes
are considered as important new tool, for
example, as support for transmission electron
microscopy, as ultimately thin and imperme-
able membranes,2 or for DNA sequencing.3

Furthermore, membranes are an ideal con-
figuration to study the microstructure and
morphology of graphene by transmission
electron microscopy (TEM). We focus on
graphene grown by thermal decomposition
of silicon carbide. This material is available
in high quality on large areas4,5 and has
extensively been investigated with regard to
electronic applications.5�8 With respect to
membranes, which have not been reported
so far for graphenegrownonSiC, thismaterial
system has the advantage of being robust
and chemically inert. Moreover, the graphene
layer is tightly connected (with epitaxial
control) to the SiC substrate frame.
The structure of graphene membranes ren-

ders it aperfectcandidate forTEMinvestigations,

which, in turn, have been carried out on
materialobtainedfrommechanicalexfoliation,9

chemical vapor deposition onmetal surfaces,10

or chemical exfoliation.11,12 In particular,
high-resolution TEM (HRTEM) is used to
study defects, grain boundaries, or the in-
corporation of dopands into the graphene
sheet.13�16 These fabrication methods, how-
ever, necessitate a transfer of graphene to
suited TEM grids,12,17,18 which can be
avoided with the approach presented here.
For graphene grown on SiC, on the other
hand, HRTEM is so far only conducted in
cross section19 as membranes were not
available. In this letter, we present a reliable,
high-yield fabrication method for freely
spanned membranes consisting of bi- and
trilayer graphene. This development en-
ables detailed plan-view TEM characteriza-
tion and provides a platform for new types
of experiments.

RESULTS AND DISCUSSION

Fabrication. The fabricationprocess is based
on the photoelectrochemical removal of the
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ABSTRACT We present a fabrication process for freely sus-

pended membranes consisting of bi- and trilayer graphene grown on

silicon carbide. The procedure, involving photoelectrochemical

etching, enables the simultaneous fabrication of hundreds of

arbitrarily shaped membranes with an area up to 500 μm2 and a

yield of around 90%. Micro-Raman and atomic force microscopy

measurements confirm that the graphene layer withstands the

electrochemical etching and show that the membranes are virtually

unstrained. The process delivers membranes with a cleanliness

suited for high-resolution transmission electron microscopy (HRTEM)

at atomic scale. The membrane, and its frame, is very robust with

respect to thermal cycling above 1000 �C as well as harsh acidic or alkaline treatment.
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SiC underneath the graphene layers such that the
membrane spans over a hole through the entire sub-
strate. A sketch of the manufacturing process is shown
in Figure 1. The n-type SiC substrate is ultrasonically cut
into discs of 3 mm diameter, thus, fitting into standard
TEM holders. Moreover, it is thinned down to a few
micrometers in the center of the disc using dimple
grinding from the back side. Subsequently, the gra-
phene layers are grown in argon atmosphere on the
front side (SiC(0001) basal plane) of the chip following
the process developed by Emtsev et al.4 The growth
temperature of 1750 �C is chosen such that around
60% of the sample area is covered with monolayer
graphene and 40%with bilayer graphene. This ensures
that no areas without graphene remain. The graphene
layers reside on a (6

√
3 � 6

√
3)R30� reconstruction

layer that is partially covalently bound to the SiC
substrate and is often referred to as buffer layer.21

As-prepared graphene is called MLG (monolayer
graphene) in the following. For some of the samples
presented here, the buffer layer is converted to a
graphene layer by the intercalation of hydrogen,22

resulting in bilayer graphene. This material is termed
quasi-freestanding bilayer graphene (QFBLG) as the
hydrogen intercalation reduces the interaction be-
tween the graphene layers and the SiC substrate.20

Despite remarkable differences in the electronic prop-
erties of MLG and QFBLG on SiC substrate, both
materials show very similar results concerning the
presented structural characterization after the sub-
strate is removed. Hence, in the following, the distinc-
tion between the two graphene materials is only
explicitly made where it is necessary for the interpreta-
tion of the findings.

Immediately after growth, the graphene is covered
with a 40 nmgold layer to keep it free fromcontamination

during the following process steps and to protect the
graphene layer from the harsh environment during the
electrochemical etching. If no protective layer is used
on top of graphene, it is heavily damaged during the
etching process. A titanium/gold etching mask is de-
fined on the back side of the sample by standard
e-beam lithography: Titanium and gold are evaporated
on the back side of the sample and a lithographically
structured PMMA resist serves as mask for the subse-
quent wet-chemical removal of the metals. The gold is
dissolved in an iodine/potassium iodine solution and
the titanium is removed in 1% hydrofluoric acid. In this
way, the back side of the sample can be densely
covered with arbitrarily shaped structures that prede-
fine shape and position of the suspended membranes.
Wherever the titanium/gold mask is removed, gra-
phene layers, which are occasionally grown on the
back side of the sample, are removed by reactive ion
etching in oxygen plasma. Subsequently, the SiC sub-
strate is exposed to the electrochemical etching pro-
cess in these unprotected areas.

SiC is known as an extremely robust material that
withstands harsh acidic and alkaline conditions. It can,
however, be electrochemically etched in potassium
hydroxide solution when hole-type charge carriers
are present23 following the reaction:

SiCþ 8OH� þ 6hþ f [Si(OH)2O2]
2� þCOþ 3H2O

(1)

For n-type SiC, the holes hþ can be provided by
applying ultraviolet light. For this purpose, we use a
HeCd laser with a wavelength of 325 nm. A similar
setup was used by Shivaraman et al. to underetch
nanomechanical resonators of graphene grown on
SiC.24 An etching rate of 4 μm/h is obtained by apply-
ing the maximal laser intensity, but a smaller rate can

Figure 1. Scheme of the fabrication process. (a) Starting point is a disc of 3 mm diameter of n-type SiC, which is thinned to
≈100 μmbymechanical polishing. (b) The sample is dimple ground to a final thickness of 2�10 μm in its center. (c) Graphene
is grown in argon atmosphere following the process developedby Emtsev et al.4 (d) If quasi-freestanding graphene is desired,
hydrogen intercalation is performed using the procedure described in ref 20. (e) A gold layer is evaporated on the front side
and a titanium/gold layer on the back side of the sample. (f) The etchingmask is patterned using e-beam lithography andwet
chemistry. (g) The SiC substrate is selectively removed using photoelectrochemical (PEC) etching. (h) Protective and etching
mask are removed by wet chemistry and the sample is critical-point dried.
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be adjusted by reducing the UV light intensity. Note
that no large-angle etch pits are formed but rather
vertical-wall, projective etching takes place due to the
shadows cast by the protective metal layer. As a result
of the increasing sample thickness in radial direction,
the membranes in the center become freestanding
first, and suspended membranes are created more
distant from the center subsequently. A duration of
the etching that leads to an etching depth of three
times of theminimal sample thickness is typically used.
This implies etching times of 2�6 h and leads to
suspended membranes in a circle around the center
of the sample with a diameter of a few hundred
micrometers (see Figure 2a). Thus, hundreds of arbi-
trarily shaped membranes can be fabricated simulta-
neously. After etching, the gold layer on top of the
graphene and the gold/titanium etching mask are
removed in an iodine/potassium iodine solution and
1% hydrofluoric acid. Using X-ray photoelectron spec-
troscopy, we confirmed that the gold is entirely re-
moved. To prevent rupture of the membranes when
taking the sample out of the liquid, a critical point
drying system is used.

For all fabricated rectangular membranes (widths
up to 7 μm and lengths up to 40 μm) and circular
membranes with diameters up to 20 μm, a yield of
around 90% is achieved. Larger circular membranes
tend to rupture and for membranes with a diameter of

25 μm the yield is reduces to≈30%. In Figure 2b, three
ruptured and one intact membrane with a diameter of
25 μm are shown among many intact smaller mem-
branes. Small cracks are often observed in the largest
circular membranes but rarely in the smaller ones (see
Figure 2c,d). A closer look at the membranes at the rim
of the area in Figure 2 reveals that just before the
membranes become free-standing, pieces of SiC resi-
duals with irregular, sometimes dendritic shape are
present. They appear bright in dark-field scanning
transmission electronmicroscopy (DF-STEM). Onmem-
branes closer to the sample center, rod-like residuals
are occasionally found in various concentrations. Using
energy dispersive X-ray spectroscopy (EDX), we con-
firmed that these residuals consist of SiC that is prob-
ably redeposited when the etching process is stopped.
This agrees well with AFMmeasurements on top of the
membranes (Figure 2e), where such rod-like residuals
were not observed implying that they are adsorbed on
the etched side of the membrane. However, most of
the membrane area is free from these contaminations
(see Figure 2c,d). In particular, no contaminations from
the chemicals involved in the fabrication process are
found with EDX on the whole membrane except a very
small amount of fluorine. The stripe-like features seen
in Figure 2c�e are caused by the contrast variations
between two to three carbon layers. This arrangement
of areaswithdifferentgraphene layer count is awell-known

Figure 2. (a) Dark field (DF) scanning transmission electronmicroscopy (STEM) image obtained at 10 kV of >200 membranes
processed in parallel on one sample. A yield of approximately 90% is achieved. Only for the largest circular membranes
(diameter 25 μm), the yield is reduced to≈30%. (b) Detailed view of panel a. (c and d) DF-STEM image of membranes with a
diameter of 25 and 15 μm, respectively. Red circles in panel c indicate small cracks in the membrane. (e) Atomic force
microscopymeasurement of amembranewith 25μmdiameter, obtained in tappingmode (free oscillation amplitude 200 nm,
force constant 9 N/m). (f) Corresponding section taken at the line indicated by arrows in panel e.
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feature of graphene growth on SiC.4 For QFBLG mem-
branes this means that bi- and trilayer graphene areas
are present. Formembranesmade fromMLG, however,
the question arises whether the buffer layer is con-
verted to a graphene layer by the removal of the sub-
strate. The results of the Raman measurements indi-
cate that the buffer layer is, indeed, converted (see
below).

By the proposed fabrication, we expected to obtain
monolayer graphene membranes from a QFMLG sam-
ple. Unfortunately, such membranes could not yet be
prepared. All membranes made from QFMLG were
found to be completely destroyed when imaged in
STEM after the fabrication process. Although the rea-
son for damaging of the QFMLG membranes is up to
nownot fully understood, the tensile strain observed in
QFMLG20 might lead to rupture of the membranes
when the substrate is removed. In contrast, MLG and
QFBLG are compressively strained, and the strain can
be released out-of-plane when the substrate is removed.

Raman Characterization. The presented membranes
open the possibility to conduct Raman spectroscopy
on graphene grown on SiC without the disturbing
influence of the substrate (cf. Figure 3a). The Raman
spectrum of graphene is dominated by three signals
denoted as G-, D- and 2D-band in the following. The
G-band at a Raman shift of ≈1580 cm�1 originates
from the zone centered optical phonon. Its full width
at half-maximum (fwhm) and position can be used to
estimate doping and strain in the sample. As the

D-band (located at ≈1350 cm�1) requires a defect for
activation, its intensity can be used as ameasure for the
defect density.25,26 Its overtone, the 2D band (located
at ≈2700 cm�1), however, is not defect related. As it is
strongly dependent on the local electronic band struc-
ture and mechanical properties it is widely used to
determine the number of graphene layers, stress and
doping level.27

To obtain spatially resolved Raman data, scanning
Raman microscopy (SRM) with 532 nm laser excitation
was used in a confocal backscattering setup with a
100�/NA = 0.9 objective to reduce background and to
allow for submicrometer lateral resolution and high
surface sensitivity. By suspending the graphene mem-
branes, we were able to suppress the two phonon SiC
signal in the spectral range of the D- and G-bands of
graphene to a level that permits the evaluation of the
G- and D-band without the need of subtracting a SiC
reference spectrum as it is commonly applied28

(cf. Figure 3a). To keep the acquisition timeswithin reason-
able limits, whole membranes are typically imaged with a
600 grooves/mm grating (see Figure 3b and Figure 4a),
resulting in a spectral resolution of 2.6 cm�1 and a
resolution power of R≈ 6500 in the center of the grating.
As this limits thesignificanceofpeakpositionsmeasured in
thismode, high resolutionmeasurements, conductedona
1800grooves/mmgrating (spectral resolution of 0.7 cm�1,
R≈ 24000), are used when positions are to be discussed.

A striking observation is the significant enhancement
of the Raman intensity on the membranes compared to

Figure 3. (a) Confocal Raman spectra of bilayer regions in a MLG sample. The `suspended' spectrum is recorded from a
freestanding membrane, while the `supported' spectrum was collected outside the membrane but within the same
measurement and hence, with identical parameters. The distinction is made from the LO phonon mode of SiC and the
residual two-phonon background between 1500 and 1900 cm�1. Inset: Secondary electron scanning electron microscopy
(SEM) image at 10 kV of a membrane with a diameter of 15 μm. (b) Spatial G-band intensity map of a freely suspended MLG
membrane, which is supported by a SiC frame (outer blue area). The stripe-like contrast inside the membrane stems from
stepwise variations between two and three graphene layers. The labeling of the stripesmatches the labeling of the very same
sample in panel a. (c) Raman intensity profile along the horizontal red line in panel b for the three major spectral
contributions, namely, G-, D- and 2D-band. The graphene layer count is indicated in the appropriate areas. The low intensity
at the outmost data points of the profile indicates the supported region.
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graphene on SiC substrate. The signal recorded on the
membranes fabricated from QFBLG is increased by a
factor of approximately five in peak intensity com-
pared to the Raman signal of graphene on SiC as
judged from the G-band intensity. This enhancement
is also visible for membranes produced from MLG
where however, a precise quantification was not pos-
sible due to the residual SiC two phonon signal in the
supported areas (cf. Figure 3a). We thus conclude that
the damping of the Raman signal of graphene on SiC,
which we observed in several previous measurements,
is caused by interactions with the substrate.

Figure 3b shows a G-band intensity map of a
membrane fabricated from MLG. The G-band intensity
can be assumed to be directly proportional to the
number of graphene layers probed by the laser. Hence,
it is possible to distinguish areas with different gra-
phene film thicknesses in a G-band intensity map.

Theoretically, an increase of the G-band intensity by a
factor of 2 is expected when comparing mono- and
bilayer graphene, whereas a factor of 1.5 is predicted
for a bilayer/trilayer contrast. We observe stripes in the
G-band maps (cf. Figure 3b), which are caused by the
stepwise variations of the number of graphene layers.
The stripes continue seamlessly along thewhole wafer,
undisturbed by the removal of the substrate. Ob-
viously, the stripes correspond to the contrast varia-
tions observed in the inset in Figure 3a and are located
at the step edges of the SiC substrate. As the G-band
intensity varies by a factor of 1.5 in the striped region
for membranes fabricated from MLG as well as QFBLG,
we conclude that for both membrane types bi- and
trilayer areas are present. This is confirmed in the
Raman intensity profiles in Figure 3c and gives convin-
cing evidence that the buffer layer of MLG samples is
converted to a graphene layer by the removal of the
substrate.

Furthermore, the ratio of the D-band intensity over
the G-band intensity (ID/IG) can be used to estimate the
mean distance of defects in graphene.25 For mem-
branes prepared fromMLG, we find rather small values
of ID/IG ≈ 0.25 for bilayer areas and ID/IG ≈ 0.1 for
trilayer areas (Figure 3a,c). Thus, we conclude that the
graphene is well protected from the harsh SiC etching
process by the gold protection layer. Outside the
membranes, we did not record any noticeable D-band
intensity (Figure 3a). Samples that have been interca-
lated with hydrogen before the metalization show a
significantly larger D-band intensity in- and outside the
suspended area and exhibit ID/IG values of 0.9 in trilayer
regions and 1.4 in bilayer regions (see Figure 4b).
Furthermore in both samples, QFBLG as well as MLG,
the absolute D-band intensity does not change sig-
nificantly from bi- to trilayers which suggests that the
additional graphene layer is essentially defect free (see
Figure 3c and Figure 4b). This supports the picture that
the defects are concentrated in the lowest graphene
layer, which originates from the buffer layer and is
affected strongest by hydrogen intercalation and elec-
trochemical etching. The fact that the D- to G-band
intensity ratio inside and outside the freestanding
membranes does not change for membranes fabri-
cated from QFBLG underlines that the etching proce-
dure does not have a strong influence on the defect
concentration of the membranes.

To analyze line widths and peak positions we con-
ducted a high spectral accuracy mapping of a mem-
brane fabricated from QFBLG (cf. Figure 4a). According
to theory, Bernal stacked bi- and trilayer systems
should exhibit a pronounced asymmetry in their re-
spective 2D bands.27 However, this asymmetry is sup-
pressed in bilayer graphene grown on SiC and mani-
fests only in a slight but almost symmetrical broad-
ening in the 2D-band feature28,29 (cf. Figure 4c). When
removing the substrate, the asymmetry is not restored.

Figure 4. (a) Raman spatial intensitymaps for the G-band of
a QFBLGmembrane. (b and c) Single spectra extracted from
areas identified as bi- or trilayer regions by G-band contrast
for the D/G-band area or the 2D-band area, respectively. (d)
Zoom into the G-band signal of a bilayer area revealing the
splitting of the G-band feature.
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We therefore conclude that the absence of the asym-
metric peak shape is an intrinsic property of graphene
grown on SiC and is not introduced by interactions
with the substrate.

The 2D-band position is found at ≈2710 cm�1 out-
side the membrane, indicating that the QFBLG layer is
compressively strained in accordance to literature.30 As
the graphene layers relax as a consequence of the
removal of the substrate, the 2D-band position is red-
shifted to values around 2689 cm�1 on the mem-
branes. This coincides perfectly with results found for
(unstrained) exfoliated bilayer graphene.31 The release
of compressive stress is furthermore explicitly revealed
in the AFM images (Figure 2e,f) from the rough topo-
graphy on the membrane. We find a corrugation of up
to 160 nm on the membrane, whereas the atomically
smooth surface outside the membrane shows steps of
the SiC substrate. By applying surface triangulation
methods to the AFM topography image we estimate
an average 0.9% linear expansion of the membrane
compared to a flat layer. The expansion and corre-
sponding buckling of the membrane appears to be
largely isotropic (Figure 2e) indicating relaxation of
biaxial compressive stress upon removal of the SiC
substrate. In fact, the measured linear expansion nicely
corresponds to the relaxation of maximal strain (0.8%)
introduced into graphene on 6H-SiC upon cooling
from growth temperature as result of the different
thermal expansion coefficients.32

Since the graphenemembrane is relaxed, the G-band
position can directly be used to determine the doping
level. As the G-band positions at≈1582 cm�1 found on
trilayer areas correspond well to values observed for
quasi-neutral graphene layers,33�35 we conclude that
the intrinsic doping observed for graphene on SiC is
drastically reduced by the removal of the substrate. In
the bilayer areas, however, the G-band exhibits a clear
splitting with its components centered around 1576

and 1592 cm�1 (see Figure 4d). G-band splitting is
reported in literature for various situations like asymme-
trically doped bilayer graphene,36 uniaxially strained
graphene37 or due to the occurrence of the R0-peak
due to rotated layers.38 However, presumably none
of the above-mentioned scenarios are valid for the
G-band splitting of the membranes and its origin
remains a topic of further research.

Transmission Electron Microscopy. To analyze the struc-
tural properties of the graphenemembranes, HRTEM is
conducted using an image-side aberration-corrected
Titan3 80�300 microscope. It is operated at 80 kV to
prevent knock-on damage of the graphene mem-
branes.39 Already on the as-prepared membranes
(directly after the process sketched in Figure 1, without
any further cleaning), 50% of the area is residual-free.
This cleanliness is demonstrated in Figure 5a, which
depicts a HRTEM micrograph of a representative area
of a bilayer region of a membrane prior to any addi-
tional heat treatment in the microscope. The amount
of residuals can, however, be drastically reduced by
heating the sample to temperatures of a few hundred �C
or even higher. Furthermore, the membranes with-
stand in situ heating (GATAN double-tilt heating holder)
up to temperatures above 1000 �C in the microscope
under high-vacuum conditions as Figure 5b,c shows. A
nearly undamaged region of a membrane after the
thermal treatment is depicted in Figure 5b, whereas
Figure 5c shows a neighboring area where tiny holes
are intentionally generated by intense electron-beam
irradiation in order to visualize the two layers of
graphene in this region (the local number of graphene
layers is indicated). During the high-temperature treat-
ment, we occasionally observe that carbon-rich resi-
duals locally form small graphenoid crystallites on the
graphene membrane. This generates the rotational
Moiré pattern, which is visible in Figure 5c (upper right
corner, marked with R).

Figure 5. HRTEM images (|Cs| < 5 μm, Fourier-filtered applying bandpass filter 0.5 Å to 1 nm) of suspended graphene
membranes. (a) Pristine graphene membrane (bilayer region) before any additional thermal treatment (cleaning). The outer
regions show amorphous residuals from the preparation. (b) After thermal treatment at 1070 �C, nearly undamaged regions
of bilayer graphene membrane clearly reveal the {1100} lattice spacing (inset shows calculated Fourier transform). (c)
Nanometer-sized holeswere intentionally createdby intense electron-beam irradiation in a neighboring region to (b) in order
to visualize the local number of graphene layers (1 = monolayer graphene, 2 = bilayer graphene). Graphenoid residuals (R)
formed during high-temperature treatment are indicated by a rotational Moiré-pattern in the upper right corner.
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CONCLUSIONS

In conclusion, we present a reliable fabrication
technique for bilayer graphene membranes, created
from graphene grown on SiC. The membranes are
spanned over holes in the SiC substrate frame and
can be patterned in various geometries and sizes. The
stable and well-defined attachment of the graphene

sheet to the substrate is given by its epitaxial growth.
These membranes allow for a refined characterization

of the graphene layer, for example, Raman studies

without the disturbing influence of the substrate and

enable TEM studies in plan-view. Furthermore, this

chemically and thermally robust membrane system

may be a valuable tool for novel experiments.

METHODS
Mechanical Preparation. To facilitate the preparation of mem-

branes from the epitaxial graphene, the SiC was mechanically
prepared as follows. First, TEM-conform discs (diameter 3 mm,
thickness∼100 μm) were prepared from the original SiC wafers
by ultrasonic disc cutting (GATAN Ultrasonic disc cutter, Model
No. 601). Second, the discs were thinned down to around
100 μm from the back side. The low rate for KOH etching
necessitates further back-thinning of the substrate down to a
few micrometer in the region where the membranes form
(central region of each TEM sample). Therefore, each sample
was dimple ground and polished (GATAN dimple grinder,
Model No. 656). This leads to a strongly reduced aspect ratio
of the etch channels and thus to a more defined etching
behavior.

Photoelectrochemical Etching. We use a HeCd laser (Kimmon IK
3552R-G) with a wavelength of 325 nm and a continuous-wave
power of 55 mW (spot diameter≈2mm) to provide UV-light for
the photoelectrochemical reaction. The electrochemical etch-
ing is performed in a 1wt%potassium hydroxide solution using
a standard electrochemical cell, equipped with a platinum
counter electrode and a silver/silver chloride reference elec-
trode. The etching is conducted at an anodic potential of
400 mV using a Jaissle 1030DA potentiostat.

Raman Spectroscopy. Scanning Raman microscopy and point
spectroscopy was carried out on a Horiba LabRAM Aramis
confocal Raman microscope (excitation wavelength 532 nm
(2.33 eV)) with diffraction limited laser spot sizes well below
1 μm (Olympus �100 objective, N.A. 0.90). The incident laser
power was kept as low as possible to avoid structural damage
to the sample. Specimens were aligned on an optical table
and relocated by means of bright field optical microscopy.
High resolution single point spectra were obtained with
1800 grooves/mm high precision (0.7 cm�1) optical gratings.
Scanning Raman Microscopy was carried out utilizing SWIFT
module and with reduced spectral resolution on (600 grooves/
mm grating providing 2.6 cm�1 resolution at fixed position) in
order to keep integration times as low as possible. Focus
position was optimized before mapping acquisition by a se-
quence of confocal depth scans and then fixed to optimized
position. Sample light collection was carried out by a multi-
channel CCD camera and separated from elastically scattered
fractions by a holographic notch filter. XY-scanning was con-
ducted by a directly software controlled Mertzhäuser scanning
table.

Electron Microscopy. Scanning electron microscopy (SEM) in
transmission mode (DF low-kV STEM) was conducted at 10 kV
acceleration voltage using a high-resolution Zeiss Supra 40 with
Gemini column.

For HRTEM imaging, an image-side aberration-corrected
Titan3 80�300 microscope was used. It was operated at 80 kV
to prevent knock-on damage of the graphene membranes.39

With the Cs-value (|Cs|) set smaller than 5 μm, {1100}, lattice
planes can be clearly revealed by HRTEM.
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