Vol 45417 July 2008|doi:10.1038/nature07094

nature

LETTERS

Imaging and dynamics of light atoms and molecules

on graphene

Jannik C. Meyer"?, C. O. Girit"?, M. F. Crommie"? & A. Zett|"?

Observing the individual building blocks of matter is one of the
primary goals of microscopy. The invention of the scanning tun-
nelling microscope’ revolutionized experimental surface science
in that atomic-scale features on a solid-state surface could finally
be readily imaged. However, scanning tunnelling microscopy has
limited applicability due to restrictions in, for example, sample
conductivity, cleanliness, and data acquisition rate. An older
microscopy technique, that of transmission electron microscopy
(TEM)*?, has benefited tremendously in recent years from subtle
instrumentation advances, and individual heavy (high-atomic-
number) atoms can now be detected by TEM*” even when embed-
ded within a semiconductor material®>’. But detecting an indi-
vidual low-atomic-number atom, for example carbon or even
hydrogen, is still extremely challenging, if not impossible, via con-
ventional TEM owing to the very low contrast of light ele-
ments>>'*"?, Here we demonstrate a means to observe, by
conventional TEM, even the smallest atoms and molecules: on a
clean single-layer graphene membrane, adsorbates such as atomic
hydrogen and carbon can be seen as if they were suspended in free
space. We directly image such individual adatoms, along with
carbon chains and vacancies, and investigate their dynamics in
real time. These techniques open a way to reveal dynamics of more
complex chemical reactions or identify the atomic-scale structure
of unknown adsorbates. In addition, the study of atomic-scale
defects in graphene may provide insights for nanoelectronic appli-
cations of this interesting material.

The atomic-scale resolution of TEM comes at the price of requir-
ing that the transmitted electron beam reach the imaging lenses and
detector, and so TEM works only for ultra-thin, electron-transparent
samples. In high-resolution TEM and all related techniques—such as
electron diffraction, scanning transmission electron microscopy,
electron energy loss spectroscopy or elemental mapping—any sup-
port film or membrane provides a background signal that is most
significant for the smallest objects under investigation. Individual
nanoscale particles or molecules usually need to be supported by a
continuous membrane, as only tubular or rod-shaped nanoparticles
(such as carbon nanotubes) can be suspended across holes in the
membrane. Indeed, single-walled carbon nanotubes have been used
for low-background TEM studies of encapsulated molecules'>™'* or of
defects in the cylinder-shaped graphene sheets'®'”. However, the lim-
ited space, harsh filling procedures, and strongly curved shape of the
sheet limit the applicability and complicate the analysis.

As we demonstrate below, a graphene membrane provides the
ultimate sample support for electron microscopy. With a thickness
of only one atom, it is the thinnest possible continuous material.
Owing to its crystalline nature, a graphene support membrane is
either completely invisible or, if the graphene lattice is resolved by
a very-high-resolution microscope, its contribution to the imaging

signal can be easily subtracted. Graphene is also a good electrical
conductor and therefore displays minimal charging effects from
the electron beam. Remarkably, we find that a graphene membrane
enables single-adatom sensitivity even when using a common TEM
that does not resolve a graphitic lattice.

In order to observe adsorbates at the single-atom level, the gra-
phene support membrane must be exceptionally clean. In contrast to
an earlier graphene membrane preparation method'®, our approach
does not rely on electron beam lithography and is simple enough to
be reproducible in any basic microscopy laboratory (a detailed
description of the sample preparation is given in the
Supplementary Information). In brief, we start with graphene pre-
pared by mechanical cleavage with an adhesive tape'*?', and transfer
selected sheets to commercially available TEM grids. We use electron
diffraction analysis'® to verify the presence of a single layer. Figure 1a
shows alow-magnification view of a graphene sheet suspended across
the 1.3 pm holes of the perforated carbon foil, with a close-up shown
in Fig. 1b. More than 50% of the area on these graphene membranes
appears exceptionally clean, with no dramatic contrast in high-reso-
lution TEM images (Fig. 1b). As we now demonstrate, however, these
‘clean’ regions contain individual adatoms that are readily observable
by TEM. Although individual exposures can reveal useful data, a
dramatic improvement in the signal-to-noise ratio is achieved by
summing multiple subsequent frames (corrected for sample drift),
which effectively increases the exposure time beyond the dynamic
range of the TEM CCD detector. Summing as few as five frames yields
striking visual improvement with atomic-scale features (including
individual adatoms) becoming readily apparent, and summing 100
frames reduces the noise to below 0.12% (standard deviation in a
relatively featureless region of the graphene membrane).

Figure 2a shows a TEM image in which an individual carbon
atom, attached to the graphene membrane, is identified by an arrow.
We recorded eight consecutive images essentially identical to that of
Fig. 2a (each a summation of 20 frames on the CCD), demonstrating
that the carbon atom did not adsorb or desorb during the time of
exposure. To identify the adatom, image simulations were carried
out as described in the Supplementary Information. The good agree-
ment between the TEM data and image simulation (Fig. 2b, ¢) con-
firms the carbon atom identification. Simulations for individual
boron, nitrogen or oxygen adatoms also provide reasonable fits;
however, carbon is the dominant component of vacuum contam-
ination and surface adsorbates within our TEM, making these other
candidates unlikely.

Closer inspection of Fig. 2a also reveals faint atomic-scale structure
distinctly different from carbon adatoms. To highlight these faint
features, we show in Fig. 2d a summation of 100 consecutive TEM
frames for the same physical region. Figure 2d reveals a moderate
density of additional dark features (dark grey points, a selection of
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Figure 1| Graphene membrane sample as observed by TEM. a, Low-
magnification overview image of a suspended graphene sheet on the
perforated carbon foil. b, High-resolution close-up of a graphene membrane.

which are identified with red arrows) with identical intensity profiles,
all with a central dip reduction near 0.6% of the mean bright-field
intensity (Fig. 2e). By comparing the TEM image data for these
additional features to adatom simulations, we rule out any adatom
heavier than helium, as well as a substitution of carbon atoms in the
graphene membrane by other elements. However, a hydrogen ada-
tom results in the correct 0.6% dip in the bright-field intensity,
shown by the red curve in Fig. 2e. The large number of essentially
identical adatom profiles, along with the excellent agreement with the
simulated contrast, provides convincing evidence that we have, for
the first time to our knowledge, detected individual hydrogen atoms
by TEM.

We emphasize that we do not claim to have resolved a hydrogen—
carbon distance, which would require advanced aberration-corrected
instrumentation. However, detecting an isolated hydrogen atom
against a nearly invisible background only requires an adequate sig-
nal-to-noise ratio. Electron scattering from hydrogen has been
detected previously in electron diffraction experiments®, and was

We observe small, extremely clean areas with diameters of 10-50 nm where
no contrast is visible, separated by regions with thin amorphous adsorbates.
Scale bars; 1 um (a), 10 nm (b).

found to produce a three to four times lower signal than carbon, in
agreement with our values. In order to verify the uniqueness of the
hydrogen atom identification, we consider whether alternative struc-
tures may lead to the observed contrast. The contrast match to simu-
lations, using edges or vacancies in the sheet as reference, is better
than a factor of two (see Supplementary Information) in our experi-
ment. For an adatom on the sheet, only hydrogen or helium can
produce the observed contrast. We rule out helium, as it will not
bind to carbon and is not present anywhere in the experiment. We
considered all known defects of graphene sheets. All vacancies,
relaxed® or not, will produce a white spot. An adatom-vacancy
pair'®, even with the minimum separation below the resolution of
our microscope, would show a white-and-black symmetric intensity
at a detectable level according to simulations, and was indeed
observed. A Stone-Wales defect® is also expected to have a white-
and-black symmetric contrast with zero mean value. Extended
defects, such as dislocations, would not produce the rotationally
symmetric contrast of an adatom. Finally, a single-layer graphene
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Figure 2 | Adatom images. a, Carbon adatom (indicated by black arrow).
b, Intensity profiles from several images of the carbon adatom (black traces),
and a simulated profile (red trace). Inset, simulated image. ¢, Carbon adatom

configuration according to ref. 30. d, Hydrogen adatoms on the same sample
(dark grey spots), a selection of which are indicated by red arrows. Black
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arrow again indicates the carbon adatom. e, Profile plots of selected
hydrogen adatoms from d (black traces). Red line is the simulated profile for
a hydrogen adatom. f, Configuration of a chemisorbed hydrogen atom (red)
according to ref. 25. All scale bars, 2 nm.
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membrane has a much smaller set of possible defects than graphite
(or few-layer graphene): for example, it can not have interstitials or
bonds between layers. Thus, we confirm the identification of the
hydrogen adatom.

In addition to individual adatoms, we observe by the same TEM
imaging methods the generation (by the electron beam) and
dynamics of defects (vacancies) in the graphene membrane, as well
as the dynamics of a variety of molecular-scale adsorbates. The
formation of vacancies owing to knock-on damage by the electron
beam is shown in Fig. 3a—c. We also observe vacancies that disappear
by interaction with mobile adsorbates. Larger adsorbates (small
molecules) become trapped preferentially at defects, and can be
observed at one position for typically one to five minutes.
Frequently, we see that the vacancy disappears along with the trapped
adsorbate (Fig. 3d—f), and the missing carbon atom has obviously
been resubstituted from the adsorbate. Further, we can directly
observe linear molecules on graphene membranes (Fig. 4) that
resemble an individual alkane or alkene carbon chain. These mole-
cules are found to spontaneously appear in the field of view, presum-
ably adsorbed onto the graphene membrane from the vacuum
contamination. We can follow their dynamics for several minutes,
as shown in Fig. 4b—d and in the Supplementary Videos.

The remarkable TEM imaging capability afforded by a suspended,
single graphene membrane warrants further discussion. For an ideal
graphene sheet, there are no components in the structure with a
period larger than 2.1 A, which is beyond the information limit of
approximately 2.9 A for the microscope used in the present studies
(JEOL 2010 operated at 100kV). Therefore, although the ideal gra-
phene membrane cannot be resolved under these conditions, any
perturbation to the crystalline structure can be detected as long as
a sufficient number of electrons can be recorded for statistical sig-
nificance. Indeed, our graphene membranes are highly stable in the
electron beam at 100 kV, allowing long data collection times on one
region. For example, all images in Figs 2—4 are recorded from gra-
phene membranes after between one and three hours of irradiation
(at ~7 A cm ™ 2). Moreover, the summation of 100 consecutive CCD
frames corresponds to an exposure time of 20 min, and distortions in
the membrane during this time are below the resolution limit. This
combination of a crystalline, atomically thin membrane along with
the high beam stability and the absence of an amorphous background
signal on the nominally clean membrane enables this unprecedented
single-light-atom sensitivity in TEM. In comparison, single-walled
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Figure 3 | Dynamics of defects. a—c, Generation of vacancies owing to
electron irradiation. Time between a and c is 50 min. d—f, Annealing of a
vacancy by interaction with an adsorbate. We observe two individual
vacancies (d), and then trapping of a larger adsorbate (e), corresponding to a
mass of a few carbon atoms, on one of the defects. After ~5 min, both the
adsorbate and one vacancy disappear (f), showing that the missing carbon
atom in the graphene sheet has been replaced by an atom from the adsorbate.
Scale bar, 2 nm.
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carbon nanotubes show strong deformations under the same dose
and energy of electron irradiation (see figure 5 of ref. 24), probably
because the cylindrical geometry allows beam-induced defects to
relax via local deformations more easily.

The observation of stable and well-localized hydrogen adatoms on
graphene, in spite of the irradiation and room temperature condi-
tions, implies that these are chemisorbed rather than physisorbed
atoms. Strong bonding of hydrogen to graphite is possible if the
nearest carbon atom changes its bonds from sp” to sp’ configura-
tion**’, with the carbon atom displaced from the plane by about
0.36 A (Fig. 2f). Moreover, it was found?® that hydrogen cannot bind
to graphene if the carbon is confined to a plane (for example by
strong bonding to a substrate), whereas an isolated membrane can
deform easily to accommodate different types of bonds***. From the
observed density of hydrogen adatoms, we conclude that only about
0.3% of the carbon atoms in our graphene membrane are in an sp’
configuration with a hydrogen adatom.

Our real-time observation of molecular dynamics has important
implications for chemical diffusion and reaction dynamics studies.
As demonstrated above, a variety of molecular-scale adsorbates
become trapped on the membrane, and often detach again or decom-
pose after a few minutes. We can observe individual alkane-type
molecules and we can even follow their migration. Alkanes are an
essential ingredient of organic chemistry, and it therefore appears
likely that other, more complex, molecules could be observed after
deposition on graphene membranes. We find that the carbon chains
are sufficiently stable and localized for characterization even at room
temperature, and note that these adsorbates were only trapped on the
membrane after a moderate density of defects had been created by
irradiation.

In conclusion, we have demonstrated that graphene membranes
enable TEM visualization of ultra-low-contrast objects. The imaging
of individual hydrogen and carbon adatoms and carbon chains
demonstrates a new level of sensitivity that is relevant for organic
materials. A key strength of the TEM is its ability to image individual
entities rather than averaging over an ensemble, and direct imaging
promises insights ranging from the characterization of complex che-
micals and nanomaterials to biological molecules. The extremely
high sensitivity that a graphene membrane in the TEM provides with
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Figure 4 | Molecular scale adsorbates. a, Molecule suspended between
other adsorbates (arrow). b—d, Migration of a carbon chain, where one end
remains attached in each step. This migration is also shown in the
Supplementary Video. The contrast is in agreement with an alkane molecule.
Scale bar, 2 nm.
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respect to adsorbates has allowed us to detect even hydrogen, dem-
onstrating the ultimate in TEM atomic sensitivity. Whereas the study
of defects, vacancies and edges of the graphene sheet itself will pro-
vide insights for potential electronic modifications of this new mater-
ial, the placement of objects on graphene membranes will enable
unprecedented analysis by TEM, including electron spectroscopic
analysis, and the study of molecular dynamics.

METHODS SUMMARY

Graphene sheets are prepared on oxidized silicon substrates by mechanical
cleavage. After identification by optical microscopy, selected sheets are trans-
ferred to Quantifoil TEM grids (Quantifoil Micro Tools) with 1.2 pm holes. The
perforated TEM support film is brought into contact with the substrate and
graphene sheet by evaporating a drop of solvent. The substrate is then removed
by wet chemistry, while the graphene sheet remains attached to the TEM grids
(details are given in the Supplementary Information). TEM imaging is carried
outinaJEOL 2010 microscope operated at 100 kV. The sample holder is at room
temperature; the actual sample temperature may differ owing to electron beam
heating or the nearby decontaminator cold trap. A continuous sequence of
images is recorded on the CCD camera. The defocus value (60 nm) and presence
of vibrations is estimated from the thin amorphous coverage that intersperses the
clean areas of the graphene membrane for each frame, and ~5% of the frames are
discarded. Then, drift-compensated summations of up to 100 frames are per-
formed (with each frame verified for imaging parameters and vibrations) to
obtain an adequate signal-to-noise ratio. Orthogonal slices through the stack
of images (see Supplementary Information) clearly establish whether a feature of
interest has been static during the entire effective exposure time, or can be used to
detect interesting dynamics in the data.
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