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raphene, a single monolayer of car-

bon atoms arranged in a honey-

comb lattice, is attracting excep-
tional attention in view of potential
applications that exploit its unique elec-
tronic and transport properties.'”3 This
zero-gap semiconductor is characterized
by the linear dispersion of its valence and
conduction bands, which meet at inequiva-
lent charge-neutral points in momentum
space. Graphene shows an ambipolar
electric-field effect and an extremely high
mobility of charge carriers, described as
relativistic massless fermions, which results
in unique transport properties. For instance,
single- and double-layer graphene shows
anomalous, distinct quantum Hall
effects.*”” More recently, graphene’s un-
usual chemical properties, which in many
cases arise from its reduced dimensionality,
have become of interest.2? In particular, the
chemical functionalization of graphene
opens exciting possibilities for practical en-
gineering of the electronic properties of
graphene.®

The transport properties of graphene

depend strongly on the quality of its crystal-
line lattice, the presence of defects and
dopants, and charge transfer from adsorbed
or bound species.! Changes in conduc-
tance due to molecular adsorption are large
enough to permit the detection of indi-
vidual gas molecules by a graphene sen-
sor." Crystal deformations, due to either in-
trinsic thermal fluctuations or interactions
with the substrate, largely contribute to
electron scattering'! and any attendant de-
crease in conductivity and carrier
mobility."> ' In addition, corrugations and
defects are expected to affect the chemical
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ABSTRACT Low-energy electron microscopy and microprobe diffraction are used to image and characterize

corrugation in Si0,-supported and suspended exfoliated graphene at nanometer length scales. Diffraction line-

shape analysis reveals quantitative differences in surface roughness on length scales below 20 nm which depend

on film thickness and interaction with the substrate. Corrugation decreases with increasing film thickness,

reflecting the increased stiffness of multilayer films. Specifically, single-layer graphene shows a markedly larger

short-range roughness than multilayer graphene. Due to the absence of interactions with the substrate,

suspended graphene displays a smoother morphology and texture than supported graphene. A specific feature

of suspended single-layer films is the dependence of corrugation on both adsorbate load and temperature, which

is manifested by variations in the diffraction line shape. The effects of both intrinsic and extrinsic corrugation

factors are discussed.
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properties of graphene. Theoretical studies
show that surface defects and bonding ir-
regularities can lower reaction barriers.'® Ex-
trinsic ripples and curvature can, in fact,
produce structure distortions showing do-
mains of lower than hexagonal symmetry.'
Such domains can exhibit admixture of sp?
and sp® C orbital character and  orbital
misalignment, which in carbon nanotubes
are known to lead to increased reactivity."”
Thus, techniques which lead to the control
of topographic or morphological defects
can play an important role in improving the
properties of graphene for applications.
For instance, ultrahigh electron mobility
was recently achieved in suspended
graphene'® and attributed to the concur-
rent effects of reduced contamination, the
absence of interaction with the substrate,
and the decreased surface corrugation.
Considerable experimental and theoreti-
cal effort has recently been dedicated to is-
sues related to the morphology of
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single-layer graphene, addressing in particular the ori-
gin of any intrinsic corrugation and its relationship to
crystal stability. In one of the earliest of such experi-
ments, transmission electron microscopy revealed that
both single- and double-layer suspended graphene dis-
play perfect crystalline structure in the short-range but
are intrinsically corrugated in the long-range, with de-
formations in the out-of-plane direction extending to a
distance of 1 nm and a surface normal variation of 5°.°
A recent experimental investigation has shown that
long-wavelength ripples in graphene can be controlled
by inducing mechanical or thermal strain.® However,
it is believed that at finite temperature, even in the ab-
sence of applied strain, ripples at small wavelengths are
present in graphene sheets. In fact, buckling in the di-
rection normal to the lattice plane has been invoked to
explain the stability of 2D crystals, as it serves to effi-
ciently suppress long-wavelength phonons,?' 2 which
would otherwise cause lattice melting at any finite tem-
perature, as demonstrated by the pioneering work of
Peierls,** Landau,® and later by Mermin.? Recent theo-
retical studies confirm that the intrinsic corrugation in
suspended graphene originates from thermal fluctua-
tions and has a well-defined dependence on
temperature.?”28 At sufficiently small length scales,
such corrugation is well described by the theory of flex-
ible membranes in the harmonic approximation. At a
critical wavelength, estimated to be 20 nm, anharmonic
corrections, which couple the bending and stretching
modes, become dominant and prevent the membrane
from crumpling.?’

By contrast, corrugations measured in supported
graphene are expected to be extrinsic in origin, arising
from the interaction of graphene with the substrate. In
particular, scanning probe experiments have shown
corrugation wavelengths for supported graphene that
are in the range of 10—30 nm.'%?3" Analyses of the
height—height correlation functions in such measure-
ments indicate that graphene has a lower roughness
than the SiO, support;'® this arises because the ener-
getic cost of elastic lattice deformation prevents the
graphene film from conforming exactly to the substrate
topography. In one study of supported graphene us-
ing STM, corrugation was reported with a preferential
wavelength of 15 nm and attributed to an intrinsic ef-
fect® since it was not observed on the supporting
substrate.

Despite these important advances, further insight
into the corrugation of suspended graphene requires
measurements at both microscopic and mesoscopic
length scales, that is, at length scales from interatomic
distances to several hundred nanometers; this large
range of length scales has not been examined exten-
sively in previous suspended graphene experiments.
STM measurements have provided valuable insights on
supported graphene from the microscopic scale up to
~100 nm. However, since STM probing is accompanied
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by atomic forces due to tip—sample interaction, this
technique cannot be easily extended to suspended
graphene. Thus, a noninvasive approach is required.

In this paper, we describe such an investigation of
the corrugation in both freely suspended and SiO,-
supported exfoliated graphene layers. Our approach
takes full advantage of the multiple techniques offered
by a low-energy electron microscope (LEEM)3*33 to ob-
tain a full characterization of the corrugation features in
graphene. LEEM allows direct, real-space imaging of
the sample morphology over large surface areas (up to
several tens of micrometer), with lateral resolution of 10
nm and high structure sensitivity. In addition, this tech-
nique enables microprobe low-energy electron diffrac-
tion (w-LEED) measurements that are restricted to a sur-
face area of only a few square micrometers, thus
providing access to the reciprocal space. Most impor-
tantly p-LEED is sensitive to crystal deformations on
length scales from ~20 nm down to interatomic dis-
tances, thus complementing the real-space images by
providing additional information about corrugation at
very short length scales. By combining these two elec-
tron microprobes, we are able to access both the micro-
scopic and mesoscopic regimes and thus the crossover
length scale of both intrinsic and extrinsic corrugation.

RESULTS AND DISCUSSION

Imaging of Graphene Film Thickness. An important aspect
of our experiments is the ability to measure, in situ, the
thickness of each graphene sample. Specifically, LEEM
can be used to determine precisely the number of lay-
ers in thin films by analyzing the modulation in the elec-
tron reflectivity between consecutive Bragg peaks at
very low electron energy. Such intensity modulation,
generally referred to as quantum-size contrast,*3°
arises due to the quantized energy levels in the film
and the formation of quantum-well resonances (QWRs).
In the so-called phase accumulation model,3* QWRs
are described by the Bohr—Sommerfeld quantization
rule, which sets the condition for a resonance by the ex-
istence of constructive interference between electron
waves scattered at the film interface and at the surface:

2k(EImt + D, (E) + DE) = 27n (1)

Here, the scalar k(E) is the perpendicular wave vector
of an electron in the film, E its energy (relative to the
Fermi level), t is the interlayer distance, m is the film
thickness (in monolayers), ®(E) and ®y(E) are the
energy-dependent phase shifts for reflection of elec-
trons at the surface and at the interface, respectively,
and n is an integer. In the case of suspended graphene,
Dy(E) = Dy,((E), the phase shift for reflection at the
vacuum interface. The same condition can be assumed
to hold in the case of SiO,-supported graphene, as the
graphene film is known to be (partially) suspended on
the substrate.’’
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The one-dimensional phase condition described by
eq 1 is analogous to that for a resonance in a
Fabry—Perot cavity and explains why the LEEM micro-
scope can be effectively used as an electron interferom-
eter for probing the thickness of ultrathin films.3” Equa-
tion 1 can be inverted to determine the existence
condition for QWRs.3>% In this way, one obtains a for-
mula for the film thickness m, at which QWRs occur as
a function of the allowed wave vectors k(E), and the
quantum number, v:

[ (E) + PLE)N/ 2 + v

miE,v) = 1— kBt/n @

QWRs (and thus maxima in electron reflectivity) are
found for v = m — n, with 1 = v < m. Minima in reflec-
tivity are found for v = m — n — 1/2. 1t has been shown
that m — 1 quantum interference peaks, and thus m —
1 maxima and m minima in the electron reflectivity, are
produced by a film thickness of m layers.3*38

Figure 1 (top panel) shows a LEEM image of an area
composed of graphene layers of different thicknesses
on a SiO, substrate, each with a different gray scale in-
tensity. Characteristic LEEM /V spectra (obtained in
bright-field mode, i.e., using the specular beam) from
similar regions with graphene sheets ranging in thick-
ness from 1 to 6 ML are shown in the middle panel of
the figure. Solid and open circles in the bottom of Fig-
ure 1 indicate the electron energies at which maxima
(minima) in electron reflectivity are observed, respec-
tively. As can be seen, the predictions of the phase ac-
cumulation model obtained using eq 2, represented by
continuous (dashed) curves in the figure, match the ex-
perimental data closely. Details of the calculations are
given in the Methods section.

The intensity modulations in the /V spectra of exfoli-
ated multilayer graphene samples closely resemble the
previously reported spectra of epitaxial graphene on
SiC.3%40 The single-layer LEEM IV spectrum of SiO,-
supported graphene (dashed curve in Figure 1, middle)
is instead completely featureless. The identification of
this featureless spectrum with single-layer graphene is
confirmed by LEED measurements, which show a clear
6-fold symmetry, in contrast to the 3-fold symmetry ob-
served for multilayer samples. As expected, no Bragg
peaks were observed in the LEED [V spectrum of single-
layer graphene. In fact, no such peaks can be seen for
suspended or SiO,-supported single-layer graphene, as
the Bragg condition originates from constructive inter-
ference between waves scattered at different crystal
planes.

LEEM Imaging of Graphene Corrugation. Due to its high lat-
eral resolution and thickness sensitivity, LEEM provides
access to the local morphology of suspended and sup-
ported graphene samples. Figure 2 shows LEEM images
of a large multi-thickness graphene flake on the SiO,
substrate, into which micrometer-sized cylindrical cavi-
ties have been etched, as described in the Methods sec-
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Figure 1. (Top) LEEM image of a multi-thickness graphene
sheet supported on SiO,: the local thickness is indicated by
the labels; (middle) LEEM IV spectra of supported graphene
films of differing thicknesses. The spectra demonstrate large
variations in the electron reflectivity as a function of the
electron kinetic energy (start voltage). The intensity modula-
tions observed in multilayer samples (continuous lines) are
induced by electron confinement. The curves have been off-
set for clarity. (Bottom) Solid (open) circles identify the elec-
tron kinetic energies and film thicknesses at which maxima
(minima) in electron reflectivity are observed. The continu-
ous (dashed) lines represent the predictions for such
maxima (minima), obtained using eq 2 for different quan-
tum numbers v, with the film thickness treated as a continu-
ous variable.

tion. The disks correspond to the suspended portions
of the film. The variation in the local thickness of the
film (indicated by labels in Figure 2A) becomes evident
at an electron kinetic energy of 4.2 eV, due to the
quantum-size contrast. In all samples under study and
for all thicknesses examined, the suspended portions of
our samples appeared brighter in LEEM than those sup-
ported on SiO,. This is consistent with the reduced in-
tensity and broader width of the zero-order diffraction
IV curves recorded on all SiO,-supported samples (see
Figure 2). This type of contrast arises due to surface cor-
rugation because the finite angular acceptance of the
microscope rejects e-beam reflections from surface
planes tilted beyond the cutoff angle as determined
by a contrast aperture.*! Thus, a surface that scatters
the e-beam over a wide range of off-normal angles will
appear darker than a flat one, aligned normal to the
beam. We note that this effect occurs even if the wave-
length of the corrugation is below the lateral resolu-
tion of the microscope.
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LEEM images at higher magnification show clearly
the origin of the contrast difference observed between

Graphene trilayer
—— suspended
- - - supported
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Figure 2. (A) LEEM image at 4.2 eV of suspended disks and SiO»-
supported graphene (disk diameter is 5 pm). The local thickness, in units
of graphitic layers (indicated by labels), was determined by measuring
the electron reflectivity curves in the energy interval of 1 to 8 eV; (B) LEEM
image of the same region at electron kinetic energy of 38 eV; (C) LEEM im-
age of the suspended portion of the single-layer region at electron ki-
netic energy of 10 eV. (Bottom) Zero-order diffraction LEED IV curves of
SiO,-supported and suspended trilayer graphene.
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Figure 3. (A—C) LEEM images at 10 eV illustrating the morphology of
suspended and SiO,-supported graphene: (A) single layer, (B) bilayer,
and (C) trilayer suspended graphene disks and surrounding supported
areas. (Bottom) Intensity autocorrelation function curves of the SiO,-
supported (dashed line) and suspended regions shown in (A).
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suspended and supported regions. High lateral resolu-
tion images of single, double, and trilayer graphene are
shown in Figure 3A—C. The higher reflectivity of the
single-layer suspended disk (A) is due to the presence
of large flat regions normal to the e-beam (appearing
bright in the figure), which in some cases extend up to
lengths of about 50 nm. These bright areas are fewer
and smaller on the supported part of the film but be-
come larger on thicker samples. We observe that the
patterns in Figure 3 change when tilting the e-beam il-
lumination, which causes different surface planes to be-
come visible. This behavior confirms that the contrast
observed in LEEM arises from variations in the local sur-
face normal of a static smooth surface. It can be ar-
gued that the more pronounced corrugation observed
in supported regions might be induced by the interac-
tion with the substrate'®?°~3' and therefore is extrinsic
in origin. Adsorbates are another possible source of cor-
rugation. It is, in fact, known that even small quantities
of impurities can determine crystal deformation, as has
been pointed out in a recent STEM study.*?

Although LEEM cannot provide absolute height in-
formation, the LEEM images in Figure 3 can be used to
estimate the horizontal correlation length. The bright
regions correspond to clean flat areas, where local
height variations are small and correlated (we note
that different bright regions may have different
heights). Thus, the horizontal correlation length & (i.e.,
the distance beyond which height fluctuations are no
longer correlated) corresponds to the average size and
distribution of these bright regions. We have computed
& by measuring the full width at half-maximum of the
autocorrelation function central peak from intensity
profiles taken across the LEEM images (see the lower
part of Figure 3). In this way, we find values of 24 + 0.3
and 30 = 0.3 nm for single-layer supported and sus-
pended graphene, respectively, which increase to ~36
nm for both supported and suspended bilayer
graphene. Our value of 24 nm for supported single-
layer graphene compares favorably to previously re-
ported correlation lengths measured by STM on SiO,-
supported graphene, which vary in the range of 10 to
about 30 nm.'®?*31 The weak oscillations observed in
the autocorrelation function of single-layer suspended
regions (see Figure 3) reveal a preferential ripple wave-
length of several tens of nanometers (~60 nm), which
points to the mounded nature of the suspended
graphene surface.

Finally, we note that the high lateral resolution LEEM
images in Figure 3A—C clearly show that the disk edges
appear rough. This roughness, which is due to the im-
perfect edge definition of the etched well, indicates that
graphene has the flexibility to conform to edge sur-
face features at the 10 nm scale. In addition, a close ex-
amination of the images also reveals the presence of
darker lines (resembling veins) extending across the
graphene throughout the supported and suspended re-
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gions. As can be seen by comparing Figure 2A,B, these
are not steps separating regions of different thickness.
The origin of these features could be short wavelength
wrinkles in the graphene membrane, in accord with

similar observations reported in a recent STEM study.*?

LEED Measurements of Surface Corrugation. Due to the in-
trinsic sensitivity of the line shape of diffracted elec-
tron beams to local height variations, microprobe low-
energy electron diffraction (u-LEED) was used to probe
the roughness of SiO,-supported and suspended re-
gions of uniform thickness. In particular, p-LEED meas-
urements allowed us to access lattice distortions at
length scales below the horizontal correlation length
(few tens of nanometers in single- and double-layer
graphene), thus complementing the LEEM data pre-
sented in the previous section.

The most prominent feature that was observed in
all graphene samples was the broadening of the diffrac-
tion profile with increasing perpendicular electron mo-
mentum transfer. Figure 4 shows profiles of the central
diffraction beam of single-layer suspended graphene
at multiple kinetic energies, together with best fits ob-
tained using a multidimensional Lorentzian. This line
shape provides an excellent approximation to the ex-
pected diffraction line shape for rough surfaces (see the
Supporting Information provided). The fit function was
convolved with a Gaussian in order to take into account
the response function of the instrument, which has a
transfer width of 10 nm. This width is constant within
the energy range of pertinence to this study.

Figure 5 shows the variation of the half width at half-
maximum (hwhm) of the (00) diffraction beam as a
function of increasing perpendicular momentum trans-
fer of the probe electrons, k; = (kiy — Kouw)? = 2|kiy|,
for SiO,-supported and suspended graphene (left and
right panels in the figure, respectively). Each data point
in the figure was obtained by fitting the (00) diffrac-
tion beam with a multidimensional Lorentzian line pro-
file, as shown in Figure 4. As can be seen, film thick-
ness and the presence of a supporting substrate have
a significant influence on the evolution of peak broad-
ening. We observe that peak broadening is always less
pronounced in suspended than in supported samples.
For example, suspended bilayer graphene films show
such narrow diffraction peaks that their widths are com-
parable to those of thick supported graphite films.

The broadening of the central diffraction peak with
increasing k is not observed on thick graphite films
on SiO, (which are expected to be atomically flat) that
have undergone the same preparation and cleaning
procedure as that used for graphene (see the curve la-
beled TG in Figure 5). For all graphite flakes, the hwhm
was less than 0.05 A~", and nearly independent of k.
This value is considerably smaller than that measured
on SiO,-supported and suspended single-layer
graphene (=045 A~"atk, =8 A™").
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Figure 4. Profile across the (00) diffraction beam of
single-layer suspended graphene at multiple electron en-
ergies. Multidimensional Lorentzian fits are shown as
solid lines. See text for details. The curves have been off-
set for clarity.
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Figure 5. Variation of the (00) diffraction beam hwhm (circles) for different
graphene films as a function of the electron momentum transfer k,, meas-
ured at room temperature. The dashed vertical lines indicate resonances cor-
responding to out-of-phase diffraction conditions in multilayers. The continu-
ous lines represent best fits using eq 3. The hwhm curves for SiO,-supported
and suspended graphene are shown in the left and right panels, respectively.
The film thickness is indicated by the numeric labels; TG refers to thick graph-
ite film on SiO,.
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All curves in Figure 5 show the presence of several
sharp peaks in the width of the central diffraction beam
(indicated by the dashed vertical lines in the figure). In
single-layer graphene, such peaks are observed when
higher-order diffraction spots enter the Ewald sphere.
Forinstance, atk, = 5.8 A~"and k, ~ 9.7 A7", the peak
width of the zeroth order diffraction beam reaches dis-
tinct maxima, which correspond to a sharp decrease in
the diffraction intensity due to the appearance of the
first- and second-order diffraction spots, respectively. In
multilayer films, additional maxima in peak width can
be observed at electron wavelengths that correspond
to out-of-phase diffraction conditions, that is, to maxi-
mum destructive interference between waves that are
backscattered at the different layers. We observe that,
under these conditions, the diffraction line shape can-
not be described in a simple way as arising from local
height variations of the graphene surface because other
contributions to broadening may come into play (e.g., in-
elastic scattering, diffuse elastic scattering due to correla-
tion between adsorbates or defects; we can exclude
broadening due to the amorphous SiO, substrate, as no
evidence of zero-order diffraction can be observed on it).
Therefore, data points corresponding to these values of
k, were not considered in the analysis that follows.

Quantitative Analysis of the Short-Range Roughness in
Graphene. The analysis of the angular intensity distribu-
tion of diffraction data is a powerful investigative tool
for characterizing surface disorder and roughness on a
vast class of systems, including random, self-affine, and
mounded surfaces.*** Relevant examples of applica-
tion can be found in epitaxial growth processes.* 8 As
will be shown below, LEED line-shape analysis allowed
us to estimate an important parameter that is com-
monly used to quantify surface roughness, the rough-
ness exponent o. This parameter describes the short-
range behavior of the height—height correlation
function, which, below horizontal correlation length,
scales as a power law with exponent 2a. In fact, « meas-
ures surface roughness. It ranges from 0 to 1: small
(large) values indicate jagged (smooth) morphology
on short length scales.

The data set presented in Figure 5 allows us to de-
termine accurately the dependence of broadening on
momentum transfer, demonstrating that the zero-order
diffraction width increases according to a power law
(continuous lines). Deviations from linearity are small
and become important only in the case of single-layer
graphene. This behavior can be understood invoking
the model developed by Yang, Wang, and Lu,**444°
which describes the general principles of diffraction
from rough surfaces (a summary of the model can be
found in the Supporting Information provided). This ki-
nematic model predicts that the diffraction line shape,
which is connected to the height—height correlation
function of the rippled surface by a Fourier transform,
can be expressed as a function of the parameters de-
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scribing roughness on self-affine surfaces. For suffi-
ciently large perpendicular momentum transfer k , the
diffraction profile does not show a & function character
but becomes purely diffusive (i.e., broadened). This oc-
curs when Q = (wk,)? >> 1, where w, referred to as in-
terface width, is the standard deviation of the surface
height.*® In this case, the hwhm of the zero-order dif-
fraction scales according to a power law of the electron
momentum transfer k:*

hwhm(00) = Zn~"k* (3)

Zg4 defines the half width of the scaling function that de-
termines the actual shape of the peak profile. The pa-
rameter m (roughness length) also describes roughness
in the short range and is defined as: = éw "* From
this definition, it follows that 7 is proportional to the av-
erage width of correlated areas (i.e., the flat regions in
the continuously bent graphene film). Note that m is not
dimensionless, but m =[L]“"* (where L is a length).

Rigorously, eq 3 is only valid for self-affine surfaces.*
It is unclear whether graphene can be considered
purely self-affine. In the case of thin supported films,
self-affinity might be inherited from the SiO, substrate,
to which the graphene partially conforms. Suspended
as well as thicker supported films show different char-
acteristics. The oscillatory behavior in the autocorrela-
tion function observed in single-layer suspended
graphene (see for example Figure 3) suggests that the
large wavelength ripples show a preferential periodic-
ity, so that the surface can be more appropriately con-
sidered as mounded. In this case, the hwhm is expected
to depend on both the correlation length and ripple
wavelength.*® However, we observe that, for sufficiently
large values of the momentum transfer, diffraction
theory predicts that peak broadening results from cor-
rugations at length scales much smaller than the corre-
lation length.** Thus, the effect of the surface curva-
ture at large wavelengths can be neglected and eq 3
can be safely assumed to hold validity.

Experimentally, the roughness exponent « was ob-
tained by fitting the data in Figure 5 using eq 3. The
data points corresponding to the out-of-phase diffrac-
tion condition were not included in the fit for a two-fold
reason. (i) Other broadening contributions may be-
come important, as anticipated; (ii) one of the hypoth-
eses that form the basis of Yang's model does not hold,
and the model cannot be applied. Z; was calculated nu-
merically after finding « (see the Supporting Informa-
tion), which allowed us to determine the short-range
parameter m. The values of a and m for suspended and
supported graphene are shown in Table 1 as a function
of film thickness. As can be seen, two distinct regimes
can be identified corresponding to single- and multi-
layer graphene. For single-layer graphene, we measure
values of a close to 0.5. This value is consistent with the
roughness exponent of the height—height correlation
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TABLE 1. Roughness Exponent a and Roughness
Parameter 1) as a Function of Film Thickness for
Supported and Suspended Graphene at Room
Temperature (TG is for Thick Graphite Films Supported on
Si0y; 1 is in Units of [A](«"/)

Si0,-supported suspended
thickness (layers) « m [ mn
1 0.49 = 0.04 77120 054 £0.02 841N
2 0.80 = 0.04 646 0.80 == 0.05 144 £ 25
3 0.80 = 0.06 8114  0.82=*0.06 131£24
4 0.77 = 0.07 104 £ 28
6 0.80 = 0.05 133 £25
8 0.80 = 0.05 157 £ 25
TG 0.87 = 0.07 32770

function reported in two recent scanning probe
studies.'®3! The rougher short-range morphology of
single-layer supported graphene results from the inter-
action with the SiO, substrate, to which the graphene
partially conforms.3! Conversely, in both suspended and
SiO,-supported multilayers, « saturates to ~0.8. Note
that a similar value of « is observed even at bilayer
thickness, which suggests that the increased stiffness
of the bilayer is already sufficient to warrant a smooth
short-range morphology. The smoother texture of sup-
ported multilayers is confirmed by the monotonic in-
crease of m with film thickness.>' This suggests that the
films become progressively flatter with increasing thick-
ness. Large values of v are observed in the case of sus-
pended graphene even at bilayer thickness, suggesting
the presence of very large flat regions (namely, areas
over which the height—height correlation function is
constant). Finally, we observe that the rough short-
range morphology of SiO,-supported single-layer
graphene reported in this study is consistent with the
broadening of the momentum distribution curves pre-
viously observed in microprobe angle-resolved photo-
electron spectroscopy experiments on the same sys-
tem.>?

Effect of Adsorbates and Temperature Dependence. We now
discuss the effect of electron and photon irradiation
on the LEED peak width in single and bilayer suspended
graphene. As reported in the methods section, our
samples were treated using electron stimulated desorp-
tion (ESD). Figure 6, left panel, shows the hwhm vs k.
of single and bilayer films, for different exposures to
electron and photon beams. Open circles (curves la-
beled A) indicate hwhm data that were acquired shortly
after the standard preparation procedure used in this
study, which corresponds to an irradiation time of 30
min with 60 eV electrons (see the methods section). The
other curves (labeled B, open triangles) were mea-
sured after much longer irradiations with electrons
(about 3 h and 30 min, at energy >10 eV) and pho-
tons (~ 50 eV, for about 1 h). As can be seen, only sus-
pended single layer graphene displays a notable nar-
rowing of the peak width after prolonged irradiation.
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Figure 6. Left: variation of the (00) diffraction beam hwhm for single- (1) and
double-layer (2) suspended graphene at room temperature, as a function of
the electron momentum transfer k, . The curves labeled A (open circles) were
measured after irradiating the film for 30 min with 60 eV electrons. Curves B

(open triangles) were measured after a longer irradiation (see

hwhm curves of single-layer suspended graphene at different temperatures,
for different exposures to e-beam (A and B). Sample temperature is indicated

by the labels.

Conversely, the hwhm curves of suspended bilayer
disks do not differ appreciably before and after long ir-
radiation. The LEED peak narrowing observed in single
layer graphene results from an increase in value of the
parameter m, rather than that of « (see Table 2). Thus,
we can relate the narrowing of the zero-order diffrac-
tion to the improved sample cleanliness that was
achieved by ESD. We argue that the roughness may
vary significantly as a result of small variations in adsor-
bate concentration, due to the reduced stiffness of
single-layer films. This suggests that the corrugation in
single-layer exfoliated graphene can be affected by ad-
sorbates and thus is, at least in part, extrinsic in origin.
In order to gain a more detailed understanding of
the corrugation in graphene, we investigated the ef-
fect of temperature change on the LEED peak broaden-
ing in suspended single-layer and bilayer films. Con-
trary to bilayer graphene, single-layer graphene
displays temperature-induced changes in the shape of
the zero-order diffraction peak. The effect of tempera-
ture on line broadening of single-layer graphene is
shown in the right panel of Figure 6, for short (A) and
long (B) e-beam irradiation times. The curves at high
and low temperatures were acquired after those at
room temperature. As can be seen in both cases, a
change in sample temperature leads to a noticeable
change in the slope of the hwhm versus k, . Peak-profile
analysis shows that, independent of electron and
photon irradiation time, the roughness parameter « in-
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TABLE 2. Roughness Exponent « and Roughness Parameter 1) as a Function of Film Thickness for Suspended Graphene
at Different Temperatures and for Different Irradiations Times: (A) Irradiation of 30 min with 60 eV Electrons; (B)
Irradiations with Electrons (about 210 min, at Energy >10 eV) and Photons (~50 eV, for about 1 h); v is in Units of

short irradiation (A)

[A](a—‘l)/a

thickness (layers) temperature (K) «
1 435 0.49 = 0.02
1 297 0.54 = 0.02
1 155
2 435 0.73 = 0.08
2 297 0.80 == 0.05
2 155

creases with decreasing temperature (see Table 2) and
reaches a maximum value of 0.64 at 155 K. Thus,
temperature-induced changes in peak broadening can
be clearly resolved from those induced by adsorbates,
which affect v. The observed variation of a suggests
that the film roughness decreases at wavelengths well
below horizontal correlation length and coherence of
the probe electron beam (~20 nm in both cases). In this
instance, LEED peak narrowing is due to an increase of
coherent scattering at short wavelengths, which we at-
tribute to a reduced deformation of the lattice at low
temperature.

It is important to note that the Debye—Waller ef-
fect is not expected to produce a broadening of the dif-
fraction peaks. Increasing vibrational amplitudes, in
fact, leave the average lattice constants unchanged
and therefore simply result in a decrease of the diffrac-
tion intensity.>® Our results are in agreement with the
theory of Fasolino, which predicts that phonon-induced
corrugations in graphene should occur on length scales
below 20 nm. Such corrugations, which may be re-
lated to the different bond lengths arising from the
multiplicity of the carbon bond, display a well-defined
dependence on temperature.?’ In fact, in the harmonic
approximation, the rms height variation across a flex-
ible membrane scales with temperature as (T/k(7))"2,
where k(7) is the bending rigidity. A detailed compari-
son with theoretical predictions for the above func-
tional dependence is impossible in our case because
of the interplay between intrinsic and extrinsic factors.
We underline that the effect of temperature is smaller
than that of adsorbates. This warrants the need for ad-
ditional, detailed investigations in order to discriminate
the different effects of temperature, adsorbate load-
ing, and substrate configuration.

CONCLUSIONS

LEEM and p-LEED measurements were used to
characterize the surface morphology, local thick-
ness, and crystal structure of suspended and SiO,-
supported graphene layers. Our results show clearly
that the corrugation observed on supported
graphene samples is quantitatively different than
that observed on suspended samples. While the
former is largely determined by the morphology of
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long irradiation (B)

M « M

%=1

411 0.50 + 0.02 L EpE]
0.64 % 0.03 9=

153 £ 50

144+25 0.74 + 007 150 = 50
0.78  0.06 9+ 19

the substrate, the latter is influenced by intrinsic
and extrinsic factors. Supported graphene samples
display a rough morphology at short wavelengths,
up to a thickness of several layers. This corrugation
decreases with increasing film thickness, as the
stiffer multilayer film becomes effectively suspended
on the hills of the SiO, substrate.

Suspended samples appear significantly smoother
in the short range than those supported on SiO,. For in-
stance, bilayer suspended graphene shows very nar-
row diffraction peaks, comparable to those measured
on thick supported graphite films. The smooth short-
range texture of suspended bilayer is confirmed by the
high value of the roughness exponent (~0.8). Micro-
probe diffraction measurements demonstrate, how-
ever, that suspended single-layer graphene films are
still corrugated. The roughness exponent, ~0.55 at
room temperature, is lower than that measured on mul-
tilayers. We note that the reduced corrugation of sus-
pended graphene reported here correlates well with
the significantly improved transport properties of sus-
pended graphene devices.'®

Most relevantly, our experiments provide evidence
that the corrugation in single-layer suspended
graphene is sensitive to adsorbate load and tempera-
ture variations. This behavior, which is characteristic of
single-layer graphene, is determined by the very high
flexibility of the crystal at this thickness. The weak tem-
perature dependence of the diffraction line shape ob-
served in single-layer disks points to a line broadening
mechanism that is only partially phonon-induced, and
thus intrinsic in nature, which supports the picture that
thermal fluctuations produce deviations from planar-
ity.2” However, we underline that the most important
contributions to corrugation in single-layer exfoliated
graphene are extrinsic. Our results, in fact, suggest that
interactions with physisorbed or chemisorbed species
can cause significant changes in the surface morphol-
ogy. We envisage that the ability to modify such corru-
gation, by means of temperature, boundary conditions,
deposition or removal of host adatoms and molecules
etc., will be crucial in assuming further control of the
transport properties of graphene, with important impli-
cations to the their future exploitation in practical de-
vices.

www.acsnano.org



METHODS

Electron Microscopy Measurements. LEEM is a structure-sensitive
technique that uses elastically backscattered electrons to image
a crystalline surface. All measurements described here were
made using the spectroscopic photoemission and low-energy
electron microscope (SPELEEM, Elmitec, GmbH) in operation at
the Elettra Synchrotron Laboratory. The instrument combines
LEEM imaging with low-energy electron diffraction (u-LEED) and
chemically sensitive energy filtered photoemission electron micro-
scopy (XPEEM). The microscope achieves its highest lateral reso-
lution (10 nm) when operated in LEEM mode** and allows
sample cooling to a minimum temperature of 155 K. The trans-
fer width of the microscope is equal to 10 nm. This value was ob-
tained by measuring the width of the LEED primary beam on a
step-free region of a clean W(110) crystal.>® The instrumental re-
sponse function of the microscope has been found to be pre-
dominantly Gaussian.

All microprobe diffraction measurements were restricted to
circular regions 2 pm in diameter on defect-free, micrometer-
sized, well-defined single thickness graphene samples. This ap-
proach allowed us to illuminate only the central part of the sus-
pended graphene disks (diameter of 5 um) to avoid any edge
effects induced by the boundary. On supported samples, the cur-
rent density was kept to a minimum (less than 1 pA/pm?) in or-
der to prevent charging of the oxide substrate. For LEEM imag-
ing, larger illumination apertures were used, allowing us to
image both the supported and suspended portions of the
graphene flakes while avoiding illuminating the SiO, region
that surrounds them. Due to low-electron energy range used
(=80 eV), LEEM and LEED are not expected to produce appre-
ciable surface damage. Further, due to the noninvasive interac-
tion, they are unlikely to perturb the morphology of suspended
graphene sheets.

Phase Accumulation Model. Predictions for the energy of reflectiv-
ity maxima and minima were obtained with the phase accumu-
lation model, 38 by imposing the condition for the film thickness
m at which quantum-well resonances occur as a function of the
allowed wave vectors k and the quantum number v (see eq 2). In
our calculation, the phase shifts upon electron reflection at the
surface, which represents the leakage of the standing wave func-
tion beyond the boundary, were assumed to be equal to 0. This
approximation, which is essentially phenomenological, has been
widely used in previous studies.3>3® The phase shift at the other
surface plane was treated identically, as both terminating planes
of the graphene films are, in fact, equal in the case of suspended
samples. The same holds in the case of supported samples be-
cause the interface is partially suspended and the interaction
with the SiO, supporting substrate is minimal. We recall here that
the LEEM IV curves for suspended and supported samples are
identical.

The function k(E) was obtained by modeling the conduction
band of graphite in the IA direction using the simple tight-
binding scheme (i.e., E = & — 2tcos(ka)), where ¢ is the energy
of the band center, a is the interlayer distance, and t is 1/4 of the
bandwidth.*® The electron energy E is referenced to the Fermi
level and is given by E = (Exin — Evad) + &, wWhere Ey, is the ki-
netic energy (often referred to as start energy) of the electrons
impinging on the surface, E,, is the vacuum level (obtained as
the energy of the transition from LEEM to total reflection, ~0.75
eV in our case), and ¢ is the work function of graphite (i.e., 4.65
eV).”’

The band parameters (band minimum and maximum) were
adjusted to optimize the fit with the experimental data. The
curves shown in Figure 1 (bottom-right) reproduce the position
of experimental maxima and minima in electron reflectivity with
very good accuracy. They were obtained with E and Er equal to
5and 104 eV (relative to the Fermi level). These values compare
reasonably well with 4.4 and 10.7 eV reported in a recent ab ini-
tio study on multilayer graphene.®

Sample Preparation. The graphene samples were obtained by
micromechanical cleavage technique from Kish graphite crys-
tals (Toshiba Ceramics, Inc.) and placed onto a 300 nm SiO,/Si
substrate. The use of a patterned substrate, in which cylindrical
cavities 5 um in diameter were etched to a depth of 500 nm, en-
abled large areas of graphene layers to be effectively suspended.
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Great care was taken to eliminate any source of surface contami-
nation during sample preparation, ensuring that the graphene
surface under study was pristine. In particular, we stress that no
photolithographic patterning techniques were used on the
graphene sheets. To avoid charging the substrate under
photon and electron beam irradiation, the graphene flakes were
grounded by Au/Cr stripes evaporated through a metal shadow
mask. Prior to the experiments with the electron microscope, all
samples were inspected with an optical microscope to identify
the thinnest flakes.*®

Sample Cleaning Procedure. Several experiments were carried
out to determine the best surface preparation procedure for
the graphene. It was found that prolonged UHV annealing at
300 °C resulted in degradation of the graphene LEED pattern,
possibly due to the oxidation of the graphene due to the inter-
action with the underlying SiO; substrate.® Further, XPEEM meas-
urements showed that heating caused diffusion of Au and Cr
across the graphene from the nearby grounding stripes. These
two problems prevented us from cleaning samples by anneal-
ing. Electron-stimulated desorption of the adspecies was chosen
instead for in situ surface preparation. In fact, irradiation at room
temperature with low-energy electrons (in the range of 25—150
eV) was found to result in a rapid increase in the intensity of the
LEED patterns of both graphite and graphene flakes. The
samples were locally irradiated until the electron reflectivity of
the Bragg reflection at 60 eV reached maximum intensity, typi-
cally in ~30 min. As the samples were chosen not to be treated
thermally, we cannot exclude the presence of impurities, carbon-
ates in particular, on the films. Comparative LEEM experiments
were also carried out on HOPG; these experiments verified that
irradiation with 60 eV electrons produced very sharp LEED pat-
terns and led to the development of clean areas as large as 1 um.
The experiments on HOPG also showed that after e-beam irradia-
tion some degree of contamination remained in the form of is-
lands nucleated at steps, step bunches, or other surface defects.
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