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Transmission electron microscopy has witnessed rampant development and surging point resolution
over the past few years. The improved imaging performance of modern electron microscopes shifts the
bottleneck for image contrast and resolution to sample preparation. Hence, it is increasingly being
realized that the full potential of electron microscopy will only be realized with the optimization of
current sample preparation techniques. Perhaps the most recognized issues are background signal and
noise contributed by sample supports, sample charging and instability. Graphene provides supports of
single atom thickness, extreme physical stability, periodic structure, and ballistic electrical conductiv-
ity. As an increasing number of applications adapting graphene to their benefit emerge, we discuss the

unique capabilities afforded by the use of graphene as a sample support for electron microscopy.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

High-resolution transmission electron microscopy (HR-TEM) and
scanning transmission electron microscopy (STEM) of thin samples
provides rich and versatile information at unsurpassed spatial
resolutions, often difficult if not impossible to obtain by any other
technique. Combining these techniques with other technologies
such as electron energy loss spectroscopy and energy-dispersive
X-Ray analysis provides further insight into the compositional and
functional characteristics of samples. Transmission electron micro-
scopy is also used to investigate the 3D organization of biological
macromolecules and assemblies, bridging the sample gap left by
other techniques such as Nuclear Magnetic Resonance spectroscopy
and X-Ray crystallography. When combined with experimental
sample conditions and preparation methods, a wealth of structural
and functional information can be extrapolated.

Electron microscopy has recently seen a dramatic improve-
ment in instrumentation with the emergence of hardware aberra-
tion correction [1-3]. However, imperfections in the preparation
of samples often become the limiting factor. Nano-materials, as
well as biological molecules are typically prepared across support
films that inevitably introduce an additional background signal,
attenuating that of the sample. Graphene shows great potential in
optimizing the preparation of nano-materials and biological
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samples in electron microscopy. Graphene layers are of single
atom thickness with regular/periodic structure, demonstrate high
electrical conductivity and are relatively stable under the electron
beam. In this manuscript we discuss and demonstrate some of the
outstanding capabilities of graphene TEM supports, the state of
the art as well as progress made in applying graphene supports in
both biological (especially cryo-electron microscopy) and materi-
als sciences electron microscopy.

2. Considerations in cryo-electron microscopy and use of
sample supports

Cryo-electron microscopy (Cryo-EM) refers to the electron
microscopy of frozen-hydrated protein complexes, cells and
tissue prepared by rapid vitrification [4-6]. This approach is the
accepted standard as flash-freezing retains bound water, thus
preserving ultrastructural detail in a near-native state. The EM
database (EMDB, www.ebi.ac.uk/pdbe/emdb/statistics_num_res.
html) catalogs biological structures determined by EM. While
modern electron microscopes routinely reach resolutions beyond
2 A, only 20% of deposited structures determined by cryo-EM
have reached sub-nanometer resolution, with a mere 3% exceed-
ing 5A resolution. The stark discrepancy demonstrates the
limitation stemming from the delicate nature of biological
samples, imposing limitations on handling and imaging. Hence,
it is increasingly being realized that an effort to push the
resolution of Cryo-EM will also require optimized sample pre-
paration techniques [7-9].
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Cryo-EM samples are weak-phase objects, in that electrons
passing through vitrified protein as opposed to amorphous ice
demonstrate an almost negligible difference in phase shift (elastic
interaction, ~14 mrad/nm and ~33.84 mrad/nm, respectively)
[10]. Unstained macromolecular complexes and small proteins
consequently demonstrate poor contrast. Cryo-EM samples are
also particularly sensitive to radiation damage caused by inelastic
interaction with the electron beam, necessitating low-dose ima-
ging (i.e., imaging at total electron doses below 20-30 e~ /A at
the specimen, or <50-100 e~ /A®> cumulative per tomogram).
This low dose tolerance further reduces the signal to noise ratio
(SNR) of acquired data due to the presence of shot noise.

Beam-induced resolution loss also represents a major obstacle
to ascertaining high-resolution information from frozen-hydrated
samples [11]. Inelastic interaction between the primary electron
beam and sample releases Auger and secondary electrons that
introduce areas of net positive charge and subsequent charging
effects across the sample. This effect is exaggerated when imaging
vitrified samples, particularly at liquid helium temperature since
the vitreous ice is an insulator [12]. As charge accumulates,
images demonstrate a truncation of resolution resembling that
of specimen drift. This phenomenon is especially exaggerated
upon tilting (i.e., electron crystallography) [11,13]. A completely
alternative model proposes that these effects are not in fact
attributed to charging, but rather that radiation damage within
the specimen produces stochastically distributed physical stres-
ses across the sample that induce similar sample instability [10].
Charge induced drift has been described as a manifestation of
repulsive Coulomb forces exerted between immobile surface
charges creating an overall instability across the sample [14].
The phenomenon has also been attributed to a lensing effect,
whereby varying electric fields perpendicular to the sample
induce image shift when tilted [11,15].

Several applications in cryo-EM (particularly 2D electron
crystallography and imaging at liquid helium temperatures
[7,13]) have demonstrated improved sample stability upon
including additional amorphous carbon layers (to presumably
dissipate specimen charge or physically stabilize the specimen)
[14,15]. Low concentration samples or preparations requiring
multiple steps (e.g., washing to remove unwanted low molecular
weight constituents) also necessitate an additional amorphous
carbon support to attach and retain protein concentrations [16].
Outside Cryo-EM, thin amorphous carbon has also been reported
to reduce charging and improve the stability of plastic embedded
tissue and cell sections [14]. In general, amorphous carbon is
widely used as a sample support in current and emerging [17,18]
methods in life science TEM.

However, although the inner bulk of amorphous carbon is
conductive the surface is electrically insulated and films below
~4 nm in thickness demonstrate almost no electrical conductiv-
ity [19]. Only from ~5.6 nm does conductance begin to increase
linearly with thickness [14]. However, amorphous carbon is a
semiconductor rather than metal, and also suffers significantly
reduced conductivity at low temperatures (particularly helium
temperatures [12]). Furthermore, when imaged at higher magni-
fication, amorphous carbon supports introduce strong back-
ground signal. Consequently, this background signal attenuates
and even obscures that of unstained, vitreous samples [15].

3. Considerations for materials science TEM and the use of
sample supports

Materials science electron microscopy encompasses a wide range
of studies investigating 3- 2- and 1- dimensional volume defects,
material interfaces and dopants as well as nano-scale materials such

as nanoparticles, nanowires and nanotubes (to name a few) — All of
which necessitate atomic resolution. Bulk materials are convention-
ally thinned down to the required nanometer-scale thickness
(<20 nm, depending on the material and the accelerating voltage
used) by grinding, milling, and ion-polishing/milling or other
techniques such as focused ion beam (FIB) milling [20]. However,
by virtue these samples do not require a support film. Nano-scale
objects can often not be prepared as freestanding samples. Our
discussion will therefore mainly consider the study of small isolated
objects such as nanoparticles, inorganic molecules, nanocrystals,
quantum dots and nano-tubes/nanowires. Increasing interest in
these novel, nano-scale materials has introduced challenges with
sample preparation often unique to each study.

In the past, materials studies have more often been hampered
by resolution-limiting electron-optical aberrations. However,
with the introduction of aberration-corrected TEM the focus has
shifted to those limitations presented by sample preparation.
Gold nanoparticles have been prepared across amorphous carbon
supports and used as test specimens for assessing instrument
performance [21]. Individual heavy atoms can be visualized easily
when using ultra-thin amorphous films since beam-induced
migration is still slow enough to obtain high-resolution (high-
dose) images [22,23]. However, recent years have seen a tremen-
dous interest in low-dimensional and light-element materials.
High-resolution images of single-walled carbon nanotubes
(SWCNT’s) [24,25] have become common sight alongside lattice-
resolution images of graphene [26,27]. Moreover, chemical reac-
tions can now be studied inside carbon nanotubes (CNT's) [28].
The resolution and SNR that can be obtained from images are
sufficient to detect single-atom vacancies [26,29], topological
defects [25,27], exact atomic configurations across grain bound-
aries [30] and amorphous inclusions [31,32]. However, it should
be obvious that imaging at this precision would be difficult if not
impossible had an amorphous carbon support been used. Further-
more, sample platforms are of particular importance to dynamic
studies and in-situ experiments.

It should be emphasized, that many of these new materials
have so far only been imaged in freestanding geometries. Clusters
and nano-particles typically cannot be prepared as freestanding
samples. Smaller molecules (in particular endohedral fullerenes
and metal nanoparticles) have been imaged by HR-TEM after
insertion to SWNT’s and subsequent preparation as a freestanding
sample [33-37]. However, limited space and harsh insertion
procedures limit the applicability of SWNT containers in
HR-TEM/STEM. The success of this method does however present
a strong case for developing similar low-contrast graphene-based
supports for a wider variety of samples.

4. Graphene and the revival of crystalline TEM supports

Crystalline supports demonstrate almost no phase contrast down
to the resolution of their periodicity regardless of thickness. By
reducing support thickness, background amplitude contrast (noise)
introduced by secondary and multiple electron scattering within the
bulk of the support can also be minimized [38]. Dobelle and Beer
(1968) first demonstrated the benefits of crystalline TEM supports in
structural biology with the cleavage of graphite [39]. However, its
difficulty and limited efficiency ensured eventual obscurity. Simi-
larly, the use of thin graphite supports in material science had
already been explored several decades ago, with the visualization of
clustered and individual metal atoms bound to the atomic steps of
multiple graphitic layers [40].

Graphene has renewed interest in crystalline TEM supports
[7,8,17,38,41-47]. Pristine graphene is essentially electron trans-
parent down to a resolution of 2.13 A, which is still outside
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resolutions routinely resolved in cryo-EM [38]. In material studies
by HR-TEM, the periodic structure of graphene yields a diffracted
signal that can be easily Fourier filtered from images as necessary
[48]. Furthermore, a single-layer thickness of 0.34 nm (single-atom
thickness) [49] contributes only minimum background noise. Yet,
the highly ordered structure of graphene is remarkably strong both
mechanically and elastically [50-52]. Most interestingly, graphene is
a "ballistic” electrical conductor, demonstrating electrical conduc-
tivity more than 6 orders of magnitude higher than that of
amorphous carbon (converted to bulk units and assuming a thick-
ness of 3.4 A) [53-55]. High electrical conductivity is also demon-
strated at liquid Nitrogen temperatures [56,57] with charge mobility
even increasing at liquid Helium temperatures [58].

5. Graphene supports in life sciences TEM

Deposition of graphene oxide from solution referred to as
"drop casting” was a simple and effective way of producing
graphene TEM supports [42,59] and was somewhat reproducible
by checking solution concentrations according to UV-vis absorp-
tion spectra [42]. Most importantly, the presence of functional
groups (carboxyl, hydroxyl and epoxy [60,61]) rendered supports
sufficiently hydrophilic for the application of biological samples
and provided a precursor for further functionalization. An inter-
esting example is the decoration of graphene oxide sheets with
streptavidin by which biotinylated proteins can be directly
purified (by affinity) across highly transparent TEM supports [41].

The predominantly crystalline structure of graphene oxide
demonstrates transmission properties approaching those of pristine
graphene with sparse, nanometer-scale amorphous defects only
contributing weak phase contrast that rapidly tapers off at higher
resolution (Fig. 1, black). Single layer areas (~1 nm) also exhibit
significantly reduced inelastic scattering and therefore reduced
background amplitude (noise). However, the random deposition of
individual, few-micron sized graphene oxide sheets from solution,
produced samples with irregular thickness (Fig. 2). This was a major
limitation, particularly since each layer of graphene oxide intro-
duced an additional layer of amorphous material adding to back-
ground contrast. With limited electrical conductivity heavily
dependent upon the degree of oxidization [62], it was also unclear
as to how the insulating properties of bound oxide groups would
influence the charging of vitreous samples.

The growth of continuous, large-area graphene by chemical
vapor deposition (CVD) [63] addressed the fundamental limita-
tion of graphene oxide supports and did not suffer the same
attenuation of transparency or electrical conductivity. As
expected, the power spectra from images of a clean, single-layer
graphene demonstrate no phase contrast below its lattice resolu-
tion (Fig. 1, green; an image of clean single-layer graphene is
shown e.g., in Fig. 6(b)) and the background amplitude is
comparable to that of images from vacuum areas [38]. Early
samples produced using Ni foils were more graphitic in nature
given the high carbon solubility of Nickel [64]. Predominantly
single-layer graphene pushed the fundamental limit of crystalline
TEM supports and became feasible after the low carbon solubility
and large grain size of Cu foils ( <0.001 atom % at 1000 °C as
opposed to ~1.3 atom % [64]) was applied in a self-limiting CVD
process producing mainly ( > 95%) single-layer (~0.34 nm) con-
tinuous graphene [65]. A transfer-free method directly etched Cu
foils after CVD growth to produce TEM grids with single-layer
graphene spanning patterned 30-60 pm diameter holes [66].
However, the direct transfer of CVD graphene from Cu foils to
perforated amorphous carbon supports provided freestanding
areas of graphene and ample surrounding space with sufficient
contrast for focusing away from the region of interest — as is
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Fig. 1. (Color online) Comparison of background signal from graphene supports:
Power spectral densities calculated from images (~200 nm defocus, 0.87 A pixel
size) of thin amorphous carbon (red, ~3 nm thickness), monolayer graphene
oxide (black, ~1 nm thickness, partially reduced at ~300 °C in air [37]) and
monolayer pristine graphene (green, ~0.34 nm thickness, rendered pristine at
400 °C in vacuum) substrates. Insets show corresponding 2D power spectra for the
pristine graphene (A) and graphene oxide (B) samples-note the first diffracted
periodicity at 2.13 A and difference in phase contrast apparent by the appearance
(or lack, A) of Thon rings (B).

Fig. 2. (Color online) The inadvertent stacking of graphene oxide layers: An area of
1 um perforated amorphous carbon spanned by single (a) and double (a) layers of
freestanding graphene oxide (defocus —2 pum, pixel size 7.4 A) as indicated by
superimposed hexagonal diffraction patterns corresponding to each layer (insets).

required by cryo-EM [38]. After demonstrating the striking con-
trast of plasmid DNA across graphene without the necessity of
metal shadowing [38], a subsequent study succeeded in arranging
ordered arrays of DNA across graphene with the eventual aim of
routinely identifying individual bases by HR-TEM [66].
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However, the hydrophobic properties of graphene make the
conventional preparation of biological samples infeasible, limiting
the application of graphene in cryo-EM. Amorphous carbon
supports are rendered hydrophilic by ion plasma, disrupting the
surface and introducing (for example) -OH and C=0 groups.
However, graphene undergoes knock-on damage as incident ions
sputter carbon from the basal plane. A doping method based
on oxidative annealing was introduced, rendering graphene
TEM supports sufficiently hydrophilic with minimal structural
attenuation and maintained electrical conductivity [43]. Raman
spectroscopy also indicated the removal of amorphous trace
material during oxidative annealing (likely consumed as CO and
CO, during oxidization) that in addition to indicative Raman
shifts, further suggested oxidative doping rather than oxidation
of sp-3 bound contaminants (i.e., the creation of something
structurally closer to graphene oxide) [43].

With this method, the background of graphene and thin
amorphous carbon supports were compared according to the
signal-to-noise ratio (SNR) of layer lines diffracted by a periodic
viral structure (Tobacco mosaic virus, TMV). On average the
graphene samples demonstrated an increase in SNR of up to
100% [43]. Fig. 3 shows an example of TMV prepared across
graphene in which the SNR is improved by no less than 150%
(Fig. 3(b)) as compared to 2 nm amorphous carbon (Fig. 3(a)).
What is perhaps most striking is the appearance of a 9th layer line
at ~7.7 A, demonstrated by an FFT profile plot (Fig. 3(c)) calcu-
lated for another image (not shown) taken from the same
published dataset [43]. It is difficult to quantitatively and defini-
tively ascertain improved imaging stability afforded by the high
electrical conductivity of graphene supports. However, a recent
article compared vitrified preparations of TMV with the addition
of nano-crystalline graphene and carbon nanotubes (CNT) [67]. In
this case, results similar to those in Fig. 3(c) suggested that an
improvement in signal compared to the freestanding vitrified
sample (i.e., no additional graphene or CNT) was likely due to
improved sample stability afforded by the graphene either by
acting to dissipate sample charge, or by presenting a support
structure of increased beam resistivity to reduce random physical
specimen movements [10].

6. Graphene supports in materials science TEM

There are some difficulties associated with the use of graphene
supports in HR-TEM/STEM that must be overcome before their

full potential may be exploited. First, atomic-resolution images
inevitably require high electron doses that may introduce knock-
on damage across the support. Such radiation damage can be
limited by limiting acceleration voltages (below a threshold of
~80-90 keV [68]). Fig. 4 shows an area of graphene free from
defects after an exposure of ~10'°e~/nm? at 80 keV (Fig. 4(a)).
However, after and electron dose of only 10”7 e~ /nm? at 300 keV,
significant structural damage is apparent (Fig. 4(b)). This is not an
issue when imaging biological molecules across graphene since
the dose tolerance of the sample is several orders of magnitude

Fig. 4. (Color online) Beam induced defects: At 80 keV the crystalline structure of
graphene is stable at high doses but begins to demonstrate extensive defects left
by knock-on damage (inset, red box) after comparatively low electron dose at
300 keV (~107 e~ /nm?). Note that the inset area was imaged at 80 keV after brief
dose at 300 keV.

70
23A
v

Intensity (a.u.)

Layer line (A)

Fig. 3. (Color online) The improved SNR of samples imaged across graphene as opposed to thin amorphous carbon: TMV was imaged across freestanding areas of 2 nm
thick amorphous carbon (a) and single-layer graphene ((b), (c)). The transparency of either support can be compared according to the SNR of the 3rd and 6th order layer
lines (23 A and 11.5 A, respectively) in the Fourier transform of individual TMV fibers ((a) and (b) insets, SNR’s labeled in red). But what is most striking is the appearance
of a 9th layer line (7.7 A) in the FFT profile plot (c) sampled from another TMV/graphene micrograph (not shown) — attesting to the remarkable transparency and imaging

properties of graphene.
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lower (<3000e~/nm? per exposure). However, atomic-resolu-
tion imaging of low-contrast adsorbates on graphene requires
doses that prohibit operation beyond the knock-on threshold.
Graphene films prepared under ambient conditions contain
significant amounts of contamination. Although significantly less
than conventional amorphous carbon films, this contamination
contributes to background signal. However, whilst this is an
obstacle to atomic HR-TEM studies, in life sciences TEM the
contribution of such adsorbates are perhaps no greater than that
of buffer solution constituents in which samples are prepared and
vitrified. Exclusive of these adsorbates, it is difficult to specifically
attach objects to pristine graphene given the inert properties of
the material (as in cryo-EM). Most likely, defect sites will be
required to capture features of interest in a controlled manner.
Several early publications have discussed potential observa-
tions of light-element, contaminant molecules and atoms across
graphene [48,69-71]. Here we demonstrate the potential of
graphene supports by studying slightly larger adsorbate "con-
tamination” bound to the surface [72,73]. This adsorbate is more
stable under the beam; hence, its internal structure can be
revealed. Fig. 5 shows a low magnification image demonstrating
the typical degree of contamination normally observable across
graphene (Fig. 5(a)). We show an area of adsorbate spanning the
graphene at atomic resolution before and after elimination of the
graphene lattice from the image by Fourier filtering (Fig. 5(b) and
(c), respectively). After filtering, the pristine graphene can no
longer be distinguished (as if imaging vacuum), providing an
unobstructed view of adsorbate’s atomic structure (Fig. 5(d)).
Although single exposures (Fig. 5(b) and (c)) yield much insight,
the signal to noise ratio (SNR) is vastly improved after averaging

several frames (Fig. 5(d), averaging 8 frames). We clearly see the
atomic structure (Fig. 5(d), overlay) of the amorphous adsorbate
across its thinnest area, resembling planar sp?, yet amorphized
graphene in its appearance and contrast [32]. This suggests the
adsorbate is likely to consist primarily of stray carbon. Thus, the
use of graphene supports at an acceleration voltage below the
knock-on threshold facilitates the structural elucidation of thin,
non-periodic (amorphous) adsorbates, as just demonstrated else-
where [74].

Having demonstrated the contamination found across gra-
phene prepared in ambient conditions, the nature of this con-
tamination is worth discussion. These membranes are prepared in
atmosphere, either by mechanical cleavage or CVD synthesis, then
transferred to TEM grids and heated (~200-300 °C) prior to
insertion to the TEM. In all cases we see a landscape of pristine,
crystalline areas interspersed with an amorphous carbon network
(Fig. 5(a) and (b)). One way to remove this contamination is to
heat the graphene membrane in the vacuum prior to beam
exposure [45,46,75] (once the contamination is exposed to the
beam, its fixation and transformation into amorphous carbon
ensures it cannot easily be removed). In fig. 6 we show a graphene
membrane (monolayer, prepared by CVD across copper) that has
been heated (before imaging) to 500 °C in the TEM’s vacuum for
1 h. The graphene membrane is now largely pristine/atomically
clean, with only grain boundaries [30] and folds [76] retaining
contamination (Fig. 6(a)). After exposure of the same sample to
ambient conditions (air) for ~10 min, subsequent observation
reveals what are striking degrees of contamination after such
brief exposure (Fig. 6(c)-(e)). Initially, the graphene is covered
with a continuous film (Fig. 6(c)) that is quickly decomposed into

A
A

&
L e ot
SRR e

&
;
B

Fig. 5. (Color online) HR-TEM images of contamination across graphene: (a) Low magnification of a typical as-prepared graphene membrane. Featureless regions are
atomically clean areas, while slightly darker gray patches are amorphous carbon contamination as shown in panel (b). (b) High-resolution TEM image of amorphous
contamination, also after removing the graphene lattice by a Fourier filter (c). (d) Average of 8 frames, with structure indicated by geometric overlay. Overlay coloring

corresponds to polygons of 5 (green), 6 (blue) and 7 (magenta) carbon atoms.
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Fig. 6. (Color online) The propagation of amorphous contamination: (a) Pristine graphene after heating in vacuum (500 °C, 1 h). Note the amorphous decoration at grain
boundaries and folds, otherwise the graphene is atomically pristine ((b), within the delineated area in panel (a)). ((c)-(e)) formation of amorphous contamination on the
same sample after exposure to air (c) and subsequent dose of ~10% e~/nm? (d) and ~2*10% e~ /nm? (d). ((c)-(e)) are at the same scale.

the characteristic amorphous patches we often see intersecting
areas of pristine graphene (Fig. 6(e)). Furthermore, the transition
occurs at a rather low dose (10% e~ /nm?, Fig. 6(d)). It is important
to re-iterate that the adsorbate layer is present upon exposure,
and changes morphology under the beam as opposed to deposi-
tion during irradiation (this is clearly demonstrated by the
supplementary video S1). These results imply that ex-situ prepara-
tion and transfer through air cannot produce extended atomically
clean graphene films. We may further conclude that the specific
(clean) deposition of small objects across graphene will require
(1) in-situ preparation of clean graphene in vacuum (e.g., heating)
and (2), deposition of the “sample” (i.e., ad-atoms, molecules,
clusters, etc.) in-situ or at least within the same vacuum system.

Supplementary material related to this article can be found
online at http://dx.doi.org/10.1016/j.ssc.2012.04.038.

By passing electrical current, graphene TEM supports may also
serve as an in-situ heating platform [45,46,77-79]. Joule heating
of the graphene membrane can reach temperatures in excess of
2000 K [45,46,77,78], at which carbon adsorbates reorganize into
polycrystalline layers [46]. The transformation of gold particles
(at melting point) can already be observed across graphene at
lower temperatures. Fig. 7 shows the heat-induced evaporation of
gold particles across graphene as observed by HR-TEM (Fig. 7(a)-(c)).
Whilst this phenomenon may also be studied using conventional
amorphous carbon films, structural detail of an encapsulating carbon
shell was previously difficult to obtain. Lee et al. first published
images of an amorphous carbon shell encapsulating gold particles
prepared across graphene, after using image post-processing (Fourier
filtering) to remove the contrast of the gold particle [80]. Westen-
felder et al. succeeded in removing the gold particles after heating,
thereby isolating the carbon shells [45,46]. As shown by Fig. 7(d), the
structure of the carbon shell is now apparent for further investigation.
Importantly, we not only recognize the shape of the shell, but also
remarkably observe a highly amorphous structure where layers of
graphitic carbon appear in planar view. These results attest to the
remarkable properties of graphene in observing miniscule detail

consisting of as little as several disordered layers of graphitic carbon
that would otherwise be impossible to analyze having used tradi-
tional amorphous carbon film.

7. Conclusion

Recent technical manuscripts have clearly demonstrated the
benefits of graphene in the preparation of samples for cryo-EM —
enhanced crystalline and electrical properties stand to drastically
improve the stability and signal of weak-phase biological samples
[38,42-44,59]. The highest resolution structure determined by
cryo-EM to date is that of Aquaporin-0, solved using 2D electron
crystallography to a resolution of 1.9 A [81]. Crucial limiting
factors such as specimen flatness, stability and charging were
addressed by sandwiching the 2D crystals between thin amor-
phous carbon films [13,81]. A previous study has already demon-
strated the potential benefits of conductive TiSi glass films in
dissipating charge and reducing consequent drift at high-tilt [82].
Hence, functionalized CVD graphene should be a direct substitute
capable of maximizing SNR, reducing charging and perhaps most
interestingly, providing an “atomically flat” support for 2D
crystals. Although not specifically related to TEM, a study eval-
uated the biocompatibility of CVD graphene with the culture of
mouse hippocampal neurons [83]. The promotion of neuron
sprouting and outgrowth across CVD graphene compliments
techniques where samples are cultured directly across TEM grids
[84]. Electrically conductive graphene supports would not only
improve imaging stability but perhaps also provide exciting
possibilities for electrically stimulated and time-resolved studies
of neuron structure by cryo-EM.

Concerning materials science applications, the insights from
recent, atomic-resolution images of adsorbates across graphene
can be divided into three categories. First would be the imaging
of “contamination” across graphene [48,69,71], including the
example presented in Fig. 5. Importantly, these high-resolution,
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Fig. 7. (Color online) Evaporation of gold particles by Joule heating across graphene: ((a)-(c)) The gold particles melt during in-situ observation at temperatures of
<1300K, 1300 K and > 1300 K, respectively, leaving behind an encapsulating carbon shell. (d) High-resolution image of the carbon shell. In the left part of the image, the
underlying graphene lattice was removed by a Fourier filter and the contrast was increased. Adapted from previous studies [45,46].

high-signal-to-noise ratio images of small clusters of light-ele-
ment contamination, indicate that similar quality high-resolution
images might be obtained from small molecular clusters [85] that
will require controlled deposition across a clean graphene sup-
port. However, this relies upon addressing the experimental
difficulties discussed previously. The second category demon-
strates how graphene has proven itself essential to in-situ
experiments [46,78]. Here, the benefits of its high chemical
inertness, mechanical and thermal stability as well as electrical
conductivity, open new avenues for in-situ EM that go beyond
reducing background signal. In-situ heating has also alleviated
(to some extent) contamination issues and allowed new insights
into low-contrast features such as adsorbed objects. The final
category includes the straightforward use of graphene as a
transparent sample support for high-resolution imaging. This
has only been demonstrated in a few cases so far. Lee et al. [80]
demonstrated the visualization of the soft-hard interface, where
the “soft” part would otherwise not be visible with conventional
supports. Extremely small Co-based nanocrystals [86] and c¢BSA-
Quantum dots [89] have also been imaged with remarkable SNR
having been prepared across graphene.

Some other applications further demonstrate that aside from
uniform crystalline background, a wider range of additionally
outstanding material properties make graphene an interesting
material for TEM investigation, and are worth noting. For exam-
ple, Mohatny et al., wrapped bacteria in graphene to retain bound
water during imaging [87]. Graphene has also been employed as
an electron-transparent membrane for environmental cells [88].

The use of graphene as a support film is promising for a variety
of microscopic applications, but this potential is not easily
exploited. Amidst the rapid development of experimental techni-
ques driven by a much larger range of potential applications,
what is at this point essential is the large-scale availability of
suitable graphene TEM supports and simplified handling/

preparation methods exercisable in any lab largely exclusive from
specialized equipment. In materials science the removal of
unwanted adsorbates and the controlled deposition of target
objects is a major obstacle. However, with the ongoing progress
in graphene synthesis and device preparation it is likely that we
will see TEM supports as one of graphene’s primary applications.

Acknowledgements

“Prof. Jannik C. Meyer and Prof. Ute Kaiser gratefully acknowl-
edge financial support from the German Research Foundation
(DFG) and the Ministry of Science, Research and Arts (MWK) of
the state Baden-Wiirttemberg within the Sub-Angstrsm Low-
Voltage Electron Microscopy (SALVE) project. Radosav S. Pantelic
and Prof. Henning Stahlberg gratefully acknowledge support from
the Swiss National Science Foundation (NCCRs Struct. Biol., Nano,
and TransCure), and the Swiss Initiative for Systems Biology
(SystemsX.ch).”

References

[1] M. Haider, S. Uhlemann, E. Schwan, H. Rose, B. Kabius, K. Urban, Nature 392
(1998) 768-769.
[2] O. Krivanek, Ultramicroscopy 78 (1999) 1-11.
[3] X. Zhang, Z.Hong Zhou, ]. Struct. Biol. 175 (2011) 253-263.
[4] M. Adrian, ]. Dubochet, J. Lepault, AW. McDowall, (1984).
[5] D. Studer, W. Graber, A. Al, AéAmoudi, P. Eggli, J. Microsc. 203 (2001)
285-294.
[6] D. Vanhecke, W. Graber, D. Studer, Method. cell biol. 88 (2008) 151-164.
[7] K. Mitsuoka, Micron 42 (2011) 100-106.
[8] W.H. Massover, Micron 42 (2011) 141-151.
[9] L. Schmidt-Krey, ]J.L. Rubinstein, Micron 42 (2011) 107-116.
[10] R.M. Glaeser, R.J. Hall, Biophys. J. 100 (2011) 2331-2337.
[11] ]. Brink, H. Gross, P. Tittmann, M.B. Sherman, W. Chiu, J. Microsc.-Oxford 191
(1998) 67-73.



1382 R.S. Pantelic et al. / Solid State Communications 152 (2012) 1375-1382

[12] A. Miyazawa, Y. Fujiyoshi, M. Stowell, N. Unwin, ]J. Mol. Biol. 288 (1999)
765-786.

[13] N. Gyobu, K. Tani, Y. Hiroaki, A. Kamegawa, K. Mitsuoka, Y. Fujiyoshi, J. Struct.
Biol. 146 (2004) 325-333.

[14] D.M. Larson, K.H. Downing, R.M. Glaeser, ]. Struct. Biol. 174 (2011) 420-423.

[15] U. Jakubowski, W. Baumeister, R.M. Glaeser, Ultramicroscopy 31 (1989)
351-356.

[16] R.A. Grassucci, D.J. Taylor, J. Frank, Nat. Protoc. 2 (2007) 3239-3246.

[17] J.L.P. Benesch, B.T. Ruotolo, D.A. Simmons, N.P. Barrera, N. Morgner, L. Wang,
H.R. Saibil, C.V. Robinson, ]. Struct. Biol. 172 (2010) 161-168.

[18] D.F. Kelly, D. Dukovski, T. Walz, 4703, PNAS 105 (2008).

[19] R-M. Glaeser, K.H. Downing, Microsc. Microanal. 10 (2004) 790-796.

[20] L. Lechner, ]. Biskupek, U. Kaiser, Microsc. Microanal. 17 (2011) 628-629.

[21] M. Haider, P. Hartel, H. M/°ller, S. Uhlemann, ]. Zach, Microsc. Microanal. 16
(2010) 393-408.

[22] C.T. Nottbohm, A. Beyer, A.S. Sologubenko, I. Ennen, A. Hiitten, H. Rdsner,
W. Eck, J. Mayer, A. Golzhduser, Ultramicroscopy 108 (2008) 885-892.

[23] B. Gamm, H. Blank, R. Popescu, R. Schneider, A. Beyer, A. Golzhduser,
D. Gerthsen, Microsc. Microanal., -1 ( (2012) 1-6.

[24] S. lijima, T. Ichihashi, Nature 363 (1993) 603-605.

[25] K. Suenaga, H. Wakabayashi, M. Koshino, Y. Sato, K. Urita, S. lijima, Nat.
Nanotechnol. 2 (2007) 358-360.

[26] M.H. Gass, U. Bangert, A.L. Bleloch, P. Wang, R.R. Nair, a.K. Geim, Nat.
Nanotechnol. 3 (2008) 676-681.

[27] J.C. Meyer, C. Kisielowski, R. Erni, M.D. Rossell, M.F. Crommie, A. Zettl, Nano
Lett. 8 (2008) 3582-3586.

[28] A. Chuvilin, A.N. Khlobystov, D. Obergfell, M. Haluska, S. Yang, S. Roth,
U. Kaiser, Angew. Chem. Int. Ed. 49 (2010) 193-196.

[29] A. Hashimoto, K. Suenaga, A. Gloter, K. Urita, S. lijima, Nature 430 (2004)
17-20.

[30] P.Y. Huang, CS. Ruiz-Vargas, AM. van der Zande, W.S. Whitney,
M.P. Levendorf, ] W. Kevek, S. Garg, ].S. Alden, CJ. Hustedt, Y. Zhu, J. Park,
P.L. McEuen, D.A. Muller, Nature 469 (2011) 389-392.

[31] C. Gomez-Navarro, ].C. Meyer, R.S. Sundaram, A. Chuvilin, S. Kurasch,
M. Burghard, K. Kern, U. Kaiser, Nano Lett. 10 (2010) 1144-1148.

[32] J. Kotakoski, A. Krasheninnikov, U. Kaiser, J. Meyer, Phys. Rev. Lett. 106
(2011)105505 106 (2011).

[33] TW. Chamberlain, A. Camenisch, N.R. Champness, G.A.D. Briggs,
S.C. Benjamin, A. Ardavan, A.N. Khlobystov, J. Am. Chem. Soc. 129 (2007)
8609-8614.

[34] A. Chuvilin, E. Bichoutskaia, M.C. Gimenez-Lopez, T.W. Chamberlain,
G.A. Rance, N. Kuganathan, ]. Biskupek, U. Kaiser, A.N. Khlobystov, Nat.
Mater. 10 (2011) 687-692.

[35] Z. Liu, K. Yanagi, K. Suenaga, H. Kataura, S. lijima, Nat. Nanotechnol. 2 (2007)
422-425.

[36] L. Guan, K. Suenaga, Z. Shi, Z. Gu, S. lijima, Phys. Rev. Lett. 94 (2005) 2-5.

[37] T. Zoberbier, T.W. Chamberlain, J. Biskupek, N. Kuganathan, E. Bichoutskaia,
S. Eyhusen, U. Kaiser, A.N. Khlobystov, J. Am. Chem. Soc. (2012).

[38] R.S. Pantelic, ] W. Suk, C.W. Magnuson, J.C. Meyer, P. Wachsmuth, U. Kaiser,
R.S. Ruoff, H. Stahlberg, J. Struct. Biol. 174 (2011) 234-238.

[39] W.H. Dobelle, M. Beer, ]J. Cell Biol. 39 (1968) 733-735.

[40] S. Iijima, Optik 48 (1977) 193-214.

[41] Z. Liu, L. Jiang, F. Galli, I. Nederlof, R.C.L. Olsthoorn, G.E.M. Lamers,
T.H. Oosterkamp, J.P. Abrahams, Adv. Funct. Mater. 20 (2010) 2857-2865.

[42] R. Pantelic, J. Meyer, U. Kaiser, W. Baumeister, ]. Plitzko, J. Struct. Biol. 170
(2009) 152-156.

[43] R.S. Pantelic, J.W. Suk, Y. Hao, R.S. Ruoff, H. Stahlberg, Nano Lett., (2011).

[44] D. Rhinow, M. Bueenfeld, N.-E. Weber, A. Beyer, A. Goelzhaeuser,
W. Kuehlbrandt, N. Hampp, A. Turchanin, Ultramicroscopy 111 (2011)
342-349.

[45] B. Westenfelder, J. Meyer, ]. Biskupek, G. Algara-Siller, L. Lechner, ]. Kusterer,
U. Kaiser, C. Krill, E. Kohn, F. Scholz, J. Phys. D: Appl. Phys. 44 (2011) 055502.

[46] B. Westenfelder, ]J.C. Meyer, ]J. Biskupek, S. Kurasch, F. Scholz, C. Krill,
U. Kaiser, Nano Lett. (2011).

[47] U. Kaiser, ]. Biskupek, J. Meyer, ]. Leschner, L. Lechner, H. Rose, M. St,/oger-
Pollach, A.N. Khlobystov, P. Hartel, H. M,/°ller, Ultramicroscopy (2011).

[48] J.C. Meyer, C.O. Girit, M.F. Crommie, A. Zettl, Nature 454 (2008) 319-322.

[49] G. Eda, G. Fanchini, M. Chhowalla, Nat. Nanotechnol. 3 (2008) 270-274.

[50] C. Lee, X. Wei, J.W. Kysar, J. Hone, Science 321 (2008) 385.

[51] X.B. Wang, HJ. You, F.M. Liu, M. Li, L. Wan, S.Q. Li, Q. Li, Y. Xu, R. Tian,
ZY. Yu, D. Xiang, ]J. Cheng, Chem. Vap. Deposition 15 (2009) 53-56.

[52] K.V. Zakharchenko, M.I. Katsnelson, A. Fasolino, Phys. Rev. Lett. 102 (2009)
046808.

[53] J.H. Chen, C. Jang, S. Adam, M.S. Fuhrer, E.D. Williams, M. Ishigami, Nat. Phys.
4 (2008) 377-381.

[54] ]. Robertson, Adv. Phys. 35 (1986) 317-374.

[55] K. Ziegler, Phys. Rev. Lett. 97 (2006) 266802.

[56] H.B. Heersche, P. ]Jarillo-Herrero, ].B. Oostinga, LM.K. Vandersypen,
A.F. Morpurgo, Nature 446 (2007) 56-59.

[57] Y. Zhang, Y.W. Tan, H.L. Stormer, P. Kim, Nature 438 (2005) 201-204.

[58] K. Novoselov, A. Geim, S. Morozov, D. Jiang, Y. Zhang, S. Dubonos,
L. Grigorieva, A. Firsov, Science 306 (2004)666 306 (2004).

[59] N.R. Wilson, P.A. Pandey, R. Beanland, R.J. Young, L.A. Kinloch, L. Gong, Z. Liu,
K. Suenaga, J.P. Rourke, S.J. York, ]. Sloan, Acs Nano 3 (2009) 2547-2556.

[60] D.R. Dreyer, S. Park, C.W. Bielawski, R.S. Ruoff, Chem. Soc. Rev. 39 (2010)
228-240.

[61] K. Erickson, R. Erni, Z. Lee, N. Alem, W. Gannett, A. Zettl, Adv. Mater. 22
(2010) 4467-4472.

[62] C. Gomez-Navarro, R.T. Weitz, A.M. Bittner, M. Scolari, A. Mews, M. Burghard,
K. Kern, Nano Lett. 7 (2007) 3499-3503.

[63] A. Reina, X.T. Jia, J. Ho, D. Nezich, H.B. Son, V. Bulovic, M.S. Dresselhaus,
J. Kong, Nano Lett. 9 (2009) 30-35.

[64] S. Chen, W. Cai, R.D. Piner, J.W. Suk, Y. Wu, Y. Ren, J. Kang, R.S. Ruoff, Nano
Lett. 11 (2011) 3519-3525.

[65] X.S. Li, W.W. Cai, J.H. An, S. Kim, J. Nah, D.X. Yang, R. Piner, A. Velamakanni,
I. Jung, E. Tutuc, S.K. Banerjee, L. Colombo, R.S. Ruoff, Science 324 (2009)
1312-1314.

[66] A. Cerf, T. Alava, R.A. Barton, H.G. Craighead, Nano Lett. 11 (2011) 4232-4238.

[67] D. Rhinow, N.E. Weber, A. Turchanin, A. Goelzhaeuser, W. Kuehlbrandt, Appl.
Phys. Lett. 99 (2011) 133701.

[68] A. Zobelli, A. Gloter, C. Ewels, G. Seifert, C. Colliex, Phys. Rev. B 75 (2007)
245402.

[69] TJ. Booth, P. Blake, R.R. Nair, D. Jiang, EW. Hill, U. Bangert, A. Bleloch,
M. Gass, K.S. Novoselov, M. Katsnelson, Nano Lett. 8 (2008) 2442-2446.

[70] R. Erni, M.D. Rossell, M.T. Nguyen, S. Blankenburg, D. Passerone, P. Hartel,
N. Alem, K. Erickson, W. Gannett, A. Zettl, Phys. Rev. B 82 (2010) 165443.

[71] F. Schaeffel, M. Wilson, ]J.H. Warner, ACS nano (2011).

[72] A. Chuvilin, J.C. Meyer, G. Algara-Siller, U. Kaiser, New ]. Phys. 11 (2009)
083019.

[73] J. Meyer, A. Chuvilin, U. Kaiser, Microsc. Microanal. 15 (2009) 126-127.

[74] P.Y. Huang, S. Kurasch, A. Srivastava, V. Skakalova, ]. Kotakoski, A.V.
Krasheninnikov, R. Hovden, Q. Mao, J.C. Meyer, J. Smet, D.A. Muller, U. Kaiser,
Nano Lett., (2012).

[75] Y.-C. Lin, C.-C. Lu, C.-H. Yeh, C. Jin, K. Suenaga, P.-W. Chiu, Nano Lett. 12
(2011) 414-419.

[76] K. Kim, Z. Lee, B. Malone, K. Chan, B. Aleman, W. Regan, W. Gannett,
M. Crommie, M. Cohen, a. Zettl, Phys. Rev. B 83 (2011) 1-8.

[77] J.Y. Huang, F. Ding, B.I. Yakobson, P. Lu, L. Qi, J. Li, PNAS 106 (2009) 10103.

[78] K. Kim, W. Regan, B. Geng, B. Aleman, B.M. Kessler, F. Wang, M.F. Crommie,
a. Zettl, Phys. Status Solidi RRL 4 (2010) 302-304.

[79] N. Young, M. van Huis, H. Zandbergen, H. Xu, A. Kirkland, Ultramicroscopy
110 (2010) 506-516.

[80] Z. Lee, K.-]. Jeon, A. Dato, R. Erni, T.J. Richardson, M. Frenklach, V. Radmilovic,
Nano Lett. 9 (2009) 3365-3369.

[81] T. Gonen, Y. Cheng, P. Sliz, Y. Hiroaki, Y. Fujiyoshi, S.C. Harrison, T. Walz,
Nature 438 (2005) 633-638.

[82] D. Rhinow, W. Kuehlbrandt, Ultramicroscopy 108 (2008) 698-705.

[83] N. Li, X. Zhang, Q. Song, R. Su, Q. Zhang, T. Kong, L. Liu, G. Jin, M. Tang,
G. Cheng, Biomaterials 32 (2011) 9374-9382.

[84] R. Cole, G. Matuszek, C. See, C.L. Rieder, ]. Electron Micr. Tech. 16 (1990)
167-173.

[85] A. Chuvilin, U. Kaiser, E. Bichoutskaia, N.a. Besley, A.N. Khlobystov, Nat.
Chem. 2 (2010) 450-453.

[86] J.H. Warner, M.H. Rimmeli, A. Bachmatiuk, M. Wilson, B. Biichner, ACS nano
4 (2010) 470-476.

[87] N. Mohanty, M. Fahrenholtz, A. Nagaraja, D. Boyle, V. Berry, Nano Lett. 11
(2011) 1270-1275.

[88] M. Krueger, S. Berg, D.A. Stone, E. Strelcov, D.A. Dikin, J. Kim, LJ. Cote,
J. Huang, A. Kolmakov, ACS nano 5 (2011) 10047-10054.

[89] Y. Wu, K. Eisele, M. Doroshenko, G. Algara-Siller, U. Kaiser, K. Koynov,
T. Weil, ACS Nano 2012.



