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We describe new phenomena of structural reorganization of carbon adsorbates as revealed
by in situ atomic-resolution transmission electron microscopy (TEM) performed on spec-
imens at extreme temperatures. In our investigations, a graphene sheet serves as both
a quasi-transparent substrate for TEM and as an in situ heater. The melting of gold
nanoislands deposited on the substrate surface is used to evaluate the local temperature.
At annealing temperatures around 1000 K we observe the transformation of physisorbed
hydrocarbon adsorbates into amorphous carbon monolayers and the initiation of crystal-
lization. At temperatures exceeding 2000 K the transformation terminates in the formation
of a completely polycrystalline graphene state. The resulting layers are bounded by free
edges primarily in the armchair configuration.

1. Introduction

The recent past has witnessed tremendous gains in the capabilities of transmission electron
microscopy (TEM) for exploring the atomic configuration of materials, largely because of
dramatic improvements in the correction of lens aberrations. It is now possible to obtain
atomic-resolution images even of light-element materials, with a reduction in radiation
damage effected by the utilization of reduced acceleration voltages (for more background
info see ref. [1]). Our understanding of carbon systems, such as graphene or carbon nan-
otubes, has significantly benefitted from these instrumental developments. When a TEM
is exploited as a platform for in situ experimentation, dynamic phenomena can be studied
under direct observation of the atomic structure [2], but, owing to practical limitations,
such investigations have been limited so far to temperatures below about 1500 K [3-5].
Our recent investigations enabled observations of heat-induced transformations of carbon
adsorbates on a graphene substrate raised to temperatures in excess of 2000 K.

2. Experiment

In our experiments, a graphene sheet serves as both a quasi-transparent substrate for
transmission electron microscopy and as an in situ heater that can withstand unprece-
dented temperatures [6] owing to its high mechanical [7, 8], thermal [6] and chemical
stability. As reference points for the local temperature, we used the melting of gold par-
ticles (diameter dependent), the transition from amorphous to crystalline silicon nitride
(1600 K) and the evaporation of SiN (2000 K) [9]. The experimental concept and thermal
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calibration have been described in greater detail previously [9]. In brief, a graphene sheet
is transferred onto a Si/SiN membrane platform prestructured with windows and gold
contacts, resulting in a TEM-compatible geometry providing an electrically contacted
graphene substrate with a freestanding region for transmission of the electron beam Fig.
(1). The graphene layer was studied by aberration-corrected high-resolution transmis-
sion electron microscopy (AC-HRTEM) performed by a TITAN (80-300) FEI microscope
equipped with a Fischione 2510 biasing TEM holder and operated at an accelerating
voltage of 80kV. Electrical current was passed through graphene specimens by applying
a voltage between the gold contacts of the sample platform, achieving a typical current
density on the order of 2x 107 A /em? (assuming a graphene thickness of 0.34 nm per layer)
at an applied bias of 2V. The heat-induced transformations of gold nanoislands deposited
on graphene by thermal evaporation reveal the local temperature of the substrate. In this
letter we focus on the initial scientific results yielded by this experimental approach.
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Fig. 1: (a) Cross-sectional schematic illustration of the sample carrier design. (b) Optical
micrograph of the electrode support structure upon which a graphene sheet is suspended.

2.1 Temperature estimation during mild heating

Observations made during mild heating conditions help in the estimation of the temper-
ature for our sample geometry [1,9]. It is well known that the diffusion of Au adatoms
on the surface of gold nanoparticles is significant even at room temperature (RT) [10,11],
leading to continuous shape changes of the particles upon heating [12]. In the case of gold
nanoislands deposited on graphene, we were able to correlate a decrease in the particle
surface area-to-volume ratio with an increase in temperature [1]. Above a certain tem-
perature, the first particles form liquid drops and begin to evaporate [9,13]. According
to theoretical predictions and experimental findings, the melting temperature depends
strongly on the particle size, with gold particles ranging in diameter from 3 to 20nm
expected to melt between 800 and 1300 K [14].
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3. Observations in the Level of Individual Atoms

We now turn our attention to structural observations extending down to the level of in-
dividual atoms. Adsorbed hydrocarbon residues originating from the sample preparation
undergo remarkable transformations at the atomic level when exposed to high tempera-
tures. The use of a graphene substrate allows us to observe the precise atomic configu-
ration of the carbon adsorbates. Moreover, graphene enables locally high temperatures
to be reached while simultaneously providing a stable supporting surface that does not
interact strongly with the adsorbates.

3.1 Hydrocarbon deposits at room temperature

A typical hydrocarbon deposit on an as-prepared graphene sample at 300 K is shown in
Fig. 2a. Under electron irradiation at 80 kV, mobile hydrocarbon deposits are converted
to amorphous carbon, while hydrogen atoms are knocked out by electron impacts.

Fig. 2: AC-HRTEM images of carbon and hydrocarbon adsorbates (and gold nanoparticles) on
graphene (scale bars = 2nm). (a) Unfiltered image of carbon contamination and gold particles
on a bilayer graphene substrate prior to heat treatment. The upper left inset shows an FFT
of the entire image, containing diffraction peaks arising from the substrate (circled in white)
and from gold. (b) Same image as in (a) after Fourier filtering of the graphene substrate.
This procedure reveals the atomic structure of the amorphous carbon adsorbates, which is
clearly resolved in the thinnest areas. The inset shows the region in the dashed box at higher
magnification and contrast. The arrangement of atoms in the adsorbate can be interpreted as
a random combination of carbon pentagons, hexagons and heptagons. The shape of the gold
nanoislands (dark contrast at lower left and right) and their absence of encapsulating carbon
shells indicate that the sample had not yet seen temperatures in excess of about 425 °C.
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The resulting amorphous carbon adsorbates are comparably stable under further electron-
beam irradiation, and they do not easily desorb at high temperatures. In the thinnest
regions, we can even resolve the atomic structure of the adsorbates (Fig. 2b), which
appears to be amorphous, consisting of a seemingly random arrangement of carbon pen-
tagons, hexagons, heptagons and other (less-frequently observed) carbon polygons.

3.2 Transformations at moderate temperatures (~1000 K)

The situation changes, however, when we apply temperatures of ~ 1000 K (indicated by
partial melting of the gold particles) at a heating current of 2 x 107 A/cm?. First, the
adsorbates reorganize into structures characterized by large areas consisting of single-layer
amorphous carbon containing some crystallized domains (Fig. 3). Second, gold atoms
originating from the surrounding nanoislands are incorporated into the carbon matrix, as
marked by the arrows in Fig. 3b. Our AC-HRTEM images taken at 1000 K appear to be
similar to those obtained by Turchanin et al. [15] from annealed samples characterized at
RT—i.e., both crystalline and amorphous domains are observed.
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Fig. 3: (a) AC-HRTEM image of single-layer carbon adsorbates on a graphene substrate at
1000 K. (b) Fourier-filtered and magnified region from (a): here, crystalline domains (shaded
in color) are evident in some regions, whereas others are still amorphous. Many edge sites and
vacancies are occupied by individual gold atoms (black spots, several indicated by arrows). Scale
bars are 2nm in length.
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3.3 Transformations at extreme temperatures (~ 2000 K)

When we raise the temperature to approximately 2000 K (the heating current is now
increased by a factor of two, and silicon nitride close to the imaged region begins to subli-
mate), the adsorbate transformation ends in fully crystallized graphene domains separated
only by atomically sharp boundaries (Fig. 4a). In other words, the amorphous carbon
contamination has been transformed almost completely into a polycrystalline graphene
layer situated on top of the existing graphene substrate. Image pairs 1 to 3 in Fig.
4b illustrate various dynamic rearrangements of carbon bonds that occur at the grain
boundaries, leading to greater crystallinity. The thermally induced healing of defect-like
vacancies inside a crystalline grain is captured in image pair 4 of Fig. 4b. We observe a
polycrystalline graphene sheet having a domain size of 1 to 3nm lying on top of a defect-
free crystalline graphene substrate (Fig. 4a). Some of the adsorbate grains are aligned
with the underlying graphene lattice; however, other crystalline domains appear to be
randomly oriented. Owing to the small domain size, we obtain a large number of grain
boundaries within the field of view of the AC-HRTEM image. In agreement with previ-
ous studies by other authors [16,17], we find that the grain boundaries consist of carbon
pentagons and heptagons arranged in such a manner as to connect adjacent domains of
differing orientation without dangling bonds.

Since the polycrystalline adsorbate layer does not completely cover the underlying sub-
strate, we are able to observe a large number of “free edges” of individual grains. In
contrast to previous room-temperature HRTEM observations of beam-induced holes in
graphene [18,19], these edges are formed and observed under high-temperature annealing.
Most strikingly, most of the annealed edges exhibit an armchair-type configuration (Fig.
4c). The contrast at the edges is in agreement with the presence of carbon atoms; the
slightly stronger contrast of the edge atoms compared to the lattice in Fig. 4 is a result
of the contrast transfer function (CTF) of the microscope at the present conditions. In a
statistical analysis of the edge configurations (see Ref. [1]), 58 % of all visible edges could
be assigned clearly to one of the geometries calculated in Ref. [20]. Among the classified
edges, a dominant fraction —83 %— exhibits the armchair conformation, 14 % manifest
the 5-7 reconstructed zigzag edge structure, and only 3 % are found in the unreconstructed
zigzag geometry.

These observations are in excellent agreement with expectations from theory (Table1 in
Ref. [20]): The unreconstructed armchair edge and the 5-7 reconstructed zigzag are the
two lowest-energy edge configurations. In light of these calculations, it is surprising that
AC-HRTEM characterizations of freestanding graphene samples at room temperature [18,
19] observed a slight preponderance of the unreconstructed zigzag configuration, especially
since the energy of the latter is 0.33eV/A (or 1.1eV per atom) higher than that of
the armchair edge [20]. It has been speculated previously that this finding arises from
the unreconstructed zigzag edges being less sensitive to radiation damage [18]. In the
case of high-temperature annealing, however, the thermodynamically preferred armchair
configuration appears to be most stable, as observed not only in our measurements but
also in recent investigations performed by Song et al. [22].
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Fig. 4: (a) Fourier-filtered micrograph showing fully developed grains (shaded in color) of
graphene. The filtering procedure worked perfectly only in the central part of the image. This
micrograph was recorded during extreme heat treatment above 2000 K, as estimated from the be-
havior of freestanding SiN located close to the sample (amorphous SiN is known to crystallize at
1600 K [21] and to begin decomposing around 2000 K [9]). (b) Numbered image pairs capturing
dynamic rearrangements of carbon bonds during constant heating (left image = starting con-
figuration; right image = after 1005s). (¢) Markers indicate armchair-type atomic configurations
at the free edges of adsorbate layers. Scale bars are 2nm in length.

4. Conclusions

In summary, we have presented atomically resolved in situ TEM studies of the heat-
induced evolution of hydrocarbons on graphene. Temperature profiles with maxima up to
~ 2000 K were obtained by passing an electrical current through a freestanding graphene
substrate. We found that extreme heat activates a transformation of adsorbed hydro-
carbons on top of graphene into atomic monolayers of amorphous carbon, followed by
crystallization. The resulting polycrystalline layers consist of free edges showing predom-
inantly armchair configuration.
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