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This technical note describes the transfer of continuous, single-layer, pristine graphene to standard Quan-
tifoil TEM grids. We compare the transmission properties of pristine graphene substrates to those of
graphene oxide and thin amorphous carbon substrates. Positively stained DNA imaged across amorphous
carbon is typically indiscernible and requires metal shadowing for sufficient contrast. However, in a prac-
tical illustration of the new substrates properties, positively stained DNA is imaged across pristine graph-

ene in striking contrast without the need of metal shadowing. We go onto discuss technical
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considerations and the potential applications of pristine graphene substrates as well as their ongoing

© 2010 Elsevier Inc. All rights reserved.

1. Introduction

Despite the benefits of highly transparent crystalline substrates
being long since recognized, technical difficulties with their prep-
aration have prevented wide scale application (Dobelle and Beer,
1968; Hahn and Baumeister, 1974). Recent developments in the
large scale synthesis of pristine graphene (Li et al., 2009c) present
interesting possibilities for structural techniques that up until now
have required amorphous carbon substrates (e.g. 2D electron crys-
tallography and new emerging methods (Benesch et al., submitted
for publication; Kelly et al., 2008; Rhinow and Kiihlbrandt, 2008)).

Crystalline substrates are effectively transparent to transmis-
sion electron microscopy (TEM) at resolutions below their period-
icity, and at higher resolutions the periodic nature of the signal
facilitates subtraction if necessary (Meyer et al., 2008a). At crystal-
line periodicities of 2.13 and 1.23 A, respectively (Meyer et al.,
2007), structural details of pristine graphene are outside the reso-
lutions typically resolved in biological TEM. At a single layer thick-
ness of 0.34 nm (Eda et al., 2008), the minimal scattering cross-
section of pristine graphene also minimizes background (noise)
contributed by inelastic and multiple scattering within the sub-
strate. Other remarkable properties are also derived from the
highly ordered structure of graphene, including high mechanical
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strength/elasticity (Lee et al., 2008; Wang et al.,, 2009a; Zak-
harchenko et al., 2009) and “ballistic” electrical conductivity, also
at liquid nitrogen temperatures (Heersche et al., 2007; Zhang
et al, 2005). Although the threshold for knock-on damage is
~86 keV (Zobelli et al., 2007), we have found graphene substrates
to be remarkably stable, withstanding acceleration voltages of up
to 300 keV under the typically lower electron dose conditions (as
little as 20-30 e/A?) of biological TEM. The electrical conductivity
of graphene, converted into bulk units and assuming a thickness
of 3.4 A, is more than six orders of magnitude higher than that of
amorphous carbon (Chen et al., 2008; Robertson, 1986; Ziegler,
2006). Hence, graphene substrates may potentially reduce the ef-
fects of charging and improve the imaging stability of insulating
materials like amorphous ice.

In previous work we introduced the use of graphene oxide (G-
0), a hydrophilic derivative of pristine graphene with semi-crystal-
line properties (Pantelic et al., 2010). Surface bound, oxidized func-
tional groups contribute to the hydrophilic properties of the
substrate, but also introduce a weak background signal. Oxidiza-
tion also increases the thickness of pristine graphene to ~1 nm
(Stankovich et al., 2006; Wang et al., 2009b), consequently increas-
ing inelastic scattering within the substrate and introducing addi-
tional background noise. But in particular, deposition from solution
produces substrates composed of overlapped/stacked platelets that
are thus inhomogeneous.

Chemical vapor deposition (CVD) is a method of chemically pro-
ducing continuous areas of pristine monolayer (>95%, and recently
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completely monolayer (Li et al., 2009a,b)) graphene across thin Cu
foils of any size (Li et al., 2009c; Yu et al., 2008). From these Cu
foils, the graphene is directly transferrable to standard Quantifoil
TEM grids by evaporation of solvent (to adhere the graphene) fol-
lowed by chemical wet etching (to dissolve the Cu foil). This tech-
nical note discusses a method by which graphene is transferred
and compares the substrate to previous graphene oxide and amor-
phous carbon substrates. The high transparency of the substrate is
illustrated by an example in which positively stained double-
stranded DNA is imaged in high contrast, without the necessity
of metal shadowing.

2. Transfer and preparation of the substrate

Graphene is prepared by CVD across thin Cu foils according to
previous work (Li et al., 2009c¢). Following CVD, monolayer graph-
ene covers both sides of a 25-pum thick Cu foil. For single layer
transfer, one side of the foil must be pre-etched by floating across
10% Fe(NOs); aqueous solution for ~30-40 min, after which the
graphene on the lower side of the foil can be rinsed away in water.
The now single-sided foil is cleaned in 10% HCl solution for
~10 min to remove contaminants bound to the graphene. Quanti-
foil 200 mesh gold (highly flexible and resistant to copper etching)
TEM grids (Quantifoil Micro Tools GmbH, Jena, Germany) are plas-
ma cleaned for 30s (to improve adhesion to the graphene) and
placed across the Cu foil with the carbon side in direct contact with
the graphene. Small droplets of chloroform are placed across the
foil, spreading and saturating the space between the Quantifoil
and graphene. As the chloroform evaporates, the carbon of the
Quantifoil grids is pulled into close contact with the graphene
where it is strongly held in place (Meyer et al., 2008b).

Chloroform is preferable as an adhesion promoter, given its pur-
ity, and any incidental moisture can easily be seen floating across
the surface of the saturated area. Once dry, heating at 200 °C (in
air) for ~15 min also improves adhesion of the grids by evaporat-
ing any trapped moisture, but the temperature should be raised
slowly to avoid any boiling that may dislodge the grids. Once
cooled to room temperature, formvar plastic (0.5% concentration)
is coated across the attached grids, stabilizing them and promoting
a gradual etching of the copper from one side. It is important that
the formvar is coated only on one side, otherwise insufficient circu-
lation during etching leaves remnant trace copper and contami-
nants. After ~36 h etching in Fe(NOs); aqueous solution (2.5 wt.%
concentration, mildly agitated during etching by a mixer), only
the graphene remains bound to the Quantifoil grids. After thorough
rinsing in water, the formvar backing is dissolved in chloroform.

With delicate handling and use of thin, flat Cu foils and TEM
grids, the transfer of monolayer graphene is consistent and repro-
ducible. The only concern is minimizing precipitates and contami-
nation left by wet etching of the copper. Pre-filtering of etching
solutions through a 0.2 pm PTFE membrane minimizes coarse pre-
cipitates that tend to accumulate across the graphene. Cleaning of
transferred grids in HCl (minimum 7 vol.% concentration) for
approximately 2-4 h further removes any traces of etching solu-
tion and contamination otherwise bound to the graphene surface.

3. Comparison of substrates

The term “pristine” is somewhat subjective since substrates
may be free of bulk amorphous material and demonstrate high
transparency, but may nonetheless fail to be atomically pristine
(additional adsorbates bound to the surface of the graphene). For
full transparency, substrates are baked in high vacuum at temper-
atures >300 °C, beyond which stable groups bound to the graphene
surface are gradually released (Paredes et al., 2008; Zhang et al.,

2009). Fig. 1 compares signal from separate images of monolayer
pristine graphene (Fig. 1; green, ~400 °C vacuum heated), graph-
ene oxide (Fig. 1; black, prepared according to (Pantelic et al.,
2010)), and thin amorphous carbon (Fig. 1; red) samples. Power
spectra were calculated from images taken at 145,000 x magnifica-
tion (0.87 A unbinned image pixel size) at ~200 nm defocus. Data
were collected to pre-GIF CCD camera (1s exposure time, Gatan
MSC742 1024 x 1024 pixel, 24 pm physical pixel size) using a
FEI Titan low-base TEM equipped with image spherical aberration
corrector (spherical aberration Cs =0 mm, 2 pm) and Gatan Tri-
diem, operated at 80 keV. Beam intensity was kept to a nominal
count of ~10* electrons per pixel.

Compared to amorphous carbon, graphene oxide demonstrates
an approximate 40% reduction in phase contrast (note the logarith-
mic scale) and complete reduction/cancellation of signal up to
0.35 A~ (opposed to carbon reaching 0.42 A~!). However, in ab-
sence of amorphous oxidization, pristine graphene demonstrates
no phase contrast component other than the first reflection at
2.13 A. The first crystalline reflection also appears sharper in the
pristine graphene sample compared to the graphene oxide, which
sustains many crystal defects from the harsh oxidization process.
In fact, the only signal imposed by pristine crystalline substrates
below their periodicity is amplitude contrast/background primar-
ily from inelastic scattering within the substrate.

Pristine monolayer graphene (~0.34 nm thickness) demon-
strates a minimal background (baseline) up to one order of magni-
tude less than the amorphous carbon sample, with monolayer
graphene oxide closely comparable (Fig. 1; green and black curves).
The minimal background imposed by the pristine graphene sub-
strate is further emphasized by comparison to a power spectral
curve calculated from an empty frame (vacuum, void of any sample
scattering) exposed under the same electron dose per pixel (Fig. 1;
magenta). The reduced inelastic cross-section of the pristine
graphene sample minimizes inelastic scattering within the
substrate thus reducing background, as confirmed by EELS. Fig. 2
compares the inelastic energy loss of graphene oxide (Fig. 2; black)
and pristine graphene (Fig. 2; green) samples at 1 and 3 layers
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Fig.1. Comparison of introduced substrate signal by power spectra: a comparison
of power spectral densities calculated from images (collected at ~200 nm defocus
and 145,000x magnification) of thin amorphous carbon (red, ~3-4 nm thickness as
determined by Quartz crystal meter), monolayer graphene oxide (black, ~1 nm
thickness, heated at ~300 °C in air to partially reduce oxidization and optimize
transmission properties (Pantelic et al., 2010)) and monolayer pristine graphene
(green, ~0.34 nm thickness, annealed to pristine at 400 °C in vacuum) substrates.
The magenta curve is calculated from an empty frame (vacuum, exposed with the
same nominal count of ~10* electrons per pixel) and provides a baseline by which
the transparency of the pristine graphene sample can be further appreciated.
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(Fig. 2a and b, respectively, found by surveying different areas of
the grid) to thin amorphous carbon (Fig. 2; red). Multiple spectra
collected at 0.4 s exposure time and energy dispersion of 0.1 eV/
pixel (using a 30 um objective aperture) were aligned and aver-
aged for each sample. A 2.0 mm GIF aperture was tuned for an
average zero-loss peak width of 0.645-0.68 eV.

At up to three layers thickness the pristine graphene sample
maintains a discrete peak with minimal loss at lower energies,
mainly due to the reduced thickness of the sample. Although also
demonstrating significantly reduced inelastic loss, the semi-amor-
phous graphene oxide sample yields a broader/higher mean energy
loss that increases by an order of at least two with additional layers
(Fig. 2b; black). This increase is not necessarily linear given the in-
homogenous oxidization of individual graphene oxide layers. The
increased scattering by monolayer graphene oxide may perhaps
be considered not so significant. However, the accumulation of
amorphous bulk with each oxidized layer diminishes the benefits
of the substrate rapidly with more layers - a particularly pertinent
consideration given the in-homogeneity of graphene oxide sub-
strates deposited from solution.

Upon exposure to air, the pristine graphene gradually becomes
interspersed with sparsely accumulated adsorbates that begin to
attenuate transmission properties. After ~90 min ambient
exposure (at room temperature) the samples nonetheless remain
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Fig.2. Comparison of inelastic scattering by EELS: the reduced baseline/background
component (noise) demonstrated by either graphene-based sample is attributed to
reduced inelastic scattering cross-sections, as confirmed by EELS. The energy loss
within amorphous carbon (red), graphene oxide (black), and graphene (green) at
monolayer (a) and three layers (b) are compared.

largely near-pristine (Fig. 3; green) as adsorbates initially tend to
localize around sparse defects within the graphene structure.
Interestingly, the areas most degraded by amorphous accumula-
tion (Fig. 3; blue) still demonstrate a reduction in phase contrast
compared to graphene oxide beyond 0.17 A~! (Fig. 3; black).
Hence, exposure/handling of substrates within reasonable limits
during sample preparation should not yield significant attenuation
of the pristine substrates transmission properties.

4. A practical illustration of substrate transparency using
positively stained DNA

Due to the relative simplicity and effectiveness, DNA samples
are still often prepared at room temperature across amorphous
carbon substrates. However, the particularly poor contrast of un-
coiled DNA across amorphous carbon necessitates the use of metal
shadowing techniques. Hence, in a practical illustration of the
background properties of pristine graphene, we sought to image
DNA without metal shadowing.

Plasmid DNA of pSK-CIC-ec1, encoding for the Escherichia coli
chloride proton antiporter (CIC) is a double stranded plasmid of
approximately 7 Kbp and was a generous gift from the Joseph Min-
dell group (NIH). The plasmid was prepared for imaging according
to a protein-free spreading technique (Bratosin-Guttman, 1992). A
20 pl aliquot of plasmid DNA at a concentration of ~5 pg/ml was
diluted in 30 pl of ammonium acetate (0.25 M concentration), then
left to incubate for approximately 1 min. Used to promote spread-
ing, 1.25 pl of Tris (dimethylaminomethyl) phenol (DMP-30, SPI
#02823, SPI supplies, West Chester, USA) freshly diluted in dis-
tilled water to 2% concentration was then added. A droplet of the
final solution was placed across a covered sterile Petri dish and left
to incubate for ~30 min. DNA spread by diffusion across a DMP
monolayer formed at the air-water interface of the droplet was
picked up with a graphene grid (pre-baked in vacuum at 400 °C
for ~35 min) and immediately stained for 1 min with 1% uranyl
acetate (diluted from 2% stock with 50% ethanol) before washing
thoroughly in 50% ethanol by blotting and wetting repeatedly.
The positively stained plasmid DNA was imaged at liquid nitrogen
temperature in TEM brightfield mode using an FEI Titan KRIOS
operated at 80 keV. Data were recorded at 37,000x magnification
with 2-fold binning for a final image pixel size of 4.4 A using a

100 -

10° L most affected regions
P graphene oxide
g 10°
_: | least affected regions
2 t—————
2
H 4
£ 10 Il
©
=
] 10‘1
& WA

3 \ .
£ \ 7N -
107 \/ O\ A A 2.13A
L4 AL,
= \—"f'«r,_n,q__ s
B e
10"U 1 | 1 1 L L
0.04 0.1 0.2 0.33 0.46 0.5

spatial frequency (A")

Fig.3. Effects of exposure and consequent attenuation of signal: a comparison of
signal calculated from images (145,000x nominal magnification and ~200 nm
defocus) of monolayer graphene oxide (black) and different areas of an exposed
monolayer pristine graphene sample are presented (green, blue). The exposed
graphene sample remains largely near pristine as demonstrated by a representative
region (green). The blue curve is representative of localized regions most affected
by the amorphous accumulation of adsorbates.
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Gatan Ultrascan 4000 CCD camera (4096 x 4096 pixel, 15 um
physical pixel size) at 2 s exposure time.

Fig. 4 shows positively stained relaxed circular plasmid DNA
spread across pristine graphene, in strong contrast despite the ab-
sence of metal shadowing. Given the high substrate transparency,
buffer constituents contribute more to background than they
would across thicker substrates. Although one may expect a com-
pletely “transparent” background, in this example the majority of
apparent background is likely the bound DMP-30 that is now more
apparent given the transparency of the substrate. Such an applica-
tion of pristine graphene to the imaging of positively stained DNA
in high contrast without the necessity of metal shadowing serves
well as a practical illustration of the substrates high transparency.

5. Conclusion

With further development we anticipate numerous applications
of CVD graphene substrates to a wide variety of samples and

Fig.4. Application of graphene substrates to the imaging of DNA: given the high
transparency of graphene, relaxed circular plasmid DNA is discernable with
particularly strong contrast (brightfield TEM, 37,000x nominal magnification and
—2.5 um defocus), without the necessity of metal shadowing or darkfield TEM.
Rather than completely transparent, the minimal background present is likely the
DMP-30 monolayer used to spread the DNA.

techniques where amorphous carbon has been previously required.
As a purely crystalline substrate free from attenuation by oxidiza-
tion (Pantelic et al., 2010), pristine graphene is transparent to TEM.
However, in the absence of oxidization the substrate is inherently
hydrophobic. In a practical illustration of the substrates high trans-
parency, we have demonstrated the use of a DMP-30 monolayer in
the imaging of DNA across graphene without the necessity of metal
shadowing. As a hydrophobic substrate pristine graphene may also
be currently suited to other monolayer-based approaches (Kelly
et al., 2008) and hydrophobic molecules.

The direct transfer of pristine graphene from CVD foils produces
a continuous, monolayer (0.34 nm) substrate covering approxi-
mately 90% of a Quantifoil grid. Hence, unlike graphene oxide sub-
strates deposited from solution, CVD transferred substrates are
much thinner and homogenous in thickness. Wider applications
of this substrate will be feasible once suitable hydrophobic treat-
ments are developed. Traditional glow discharging/plasma clean-
ing methods are limited as the highly thin graphene substrates
suffer direct knock-on damage/etching (consequently attenuating
the physical and transmission properties of the substrate, data
not shown). The properties of graphene oxide are strongly attenu-
ated by coarse and harsh chemical oxidization. However, an in situ
treatment of pristine graphene substrates rendering them hydro-
philic while minimizing attenuation of the graphene’s inherent
properties (i.e. a controlled, gentle chemical functionalization or
gas annealing) should be feasible and preferable. The trial and
development of such processes is the focus of ongoing work.
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