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Dry etching of {0001} basal planes of highly oriented pyrolytic graphite (HOPG) using active nitrida-
tion by nitrogen atoms was investigated at low pressures and high temperatures. The etching process
produces channels at grain boundaries and pits whose shapes depend on the reaction temperature. For
temperatures below 600 °C, the majority of pits are nearly circular, with a small fraction of hexagonal
pits with rounded edges. For temperatures above 600 °C, the pits are almost exclusively hexagonal with
straight edges. The Raman spectra of samples etched at 1000 °C show the D mode near 1360 cm~!, which

ﬁgl‘;vco rds: is absent in pristine HOPG. For deep hexagonal pits that penetrate many graphene layers, neither the
Graphene surface number density of pits nor the width of pit size distribution changes substantially with the nitri-
Dry etching dation time, suggesting that these pits are initiated at a fixed number of extended defects intersecting

{0001} planes. Shallow pits that penetrate 1-2 graphene layers have a wide size distribution, which
suggests that these pits are initiated on pristine graphene surfaces from lattice vacancies continually
formed by N atoms. A similar wide size distribution of shallow hexagonal pits is observed in an n-layer

Anisotropic etching
Hexagonal pits
Nitridation

N atoms

graphene sample after N-atom etching.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Chemical reactions involving graphite have long played impor-
tant roles in industrial processes, such as energy generation,
steelmaking, and electrolysis. Different grades of graphite exhibit
large property variations because of different impurity levels, grain
sizes, grain boundaries, and amorphous inclusions, which com-
plicate fundamental studies of these chemical reactions. Highly
oriented pyrolytic graphite (HOPG) has attracted much atten-
tion because of its well-defined structure with exposed basal
{0001} surfaces and high level of parallelism of graphene lay-
ers in different grains. HOPG serves as an excellent platform for
studying gas-solid surface reactions [1-5], self-assembly [6,7],
metal-surface interaction [8], and templated growth of nanomate-
rials [9,10]. Investigations of HOPG surface reactions have recently
gained in relevance as graphene has emerged as one of the most
exciting novel materials due to its unique electronic properties [11].
Of particular interest are surface processes that produce anisotropic
etching of graphene because they can be used to control the crystal-
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lographic orientation of graphene edges. This orientation influences
the graphene electrical and magnetic properties, and is thus crucial
for the fabrication of graphene-based devices [11,12].

Studies of the surface modification of carbon by gas—solid reac-
tions have had a long history. Oxidation experiments on HOPG
specimens in air or O,-containing gas mixtures have showed the
generation of pits of various sizes and shapes on the basal plane
depending on the reaction temperature, oxidant partial pressure,
and defect concentrations [1,2,4,13-19]. For pristine HOPG sur-
faces, oxidation at temperatures up to around 700°C seems to
produce primarily shallow (1-4 graphene layers), quasi-circular
etch pits, which appear to originate at localized intrinsic defects.
It has been confirmed that the pit number density increases with
defect density introduced by ion bombardment or inert gas plasma
[13-16,20]. Deeper pits are also formed on oxidized HOPG and are
thought to be associated with extended defects such as screw or
edge dislocations along <000 1> directions (the c-axis) that tran-
sect many graphene layers [17,21]. Multilayer pits seem to grow
several times faster than monolayer pits under the same oxida-
tion conditions [16,17]. Monolayer pits appear to initiate at the
same time and grow at similar rates, resulting in narrow size
(diameter) distributions. However, at higher temperatures the size
distribution of shallow pits becomes wider, indicating that the pits
originate at different times by the reaction of O, with carbon atoms
at perfect (non-defected) graphene locations as well as at defects
[1,13].
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Pit with
armchair edges

Fig. 1. Schematic of the {000 1} basal plane of graphite showing two possible ori-
entations for hexagonal etch pits.

In addition to the predominant circular etch pits, some hexag-
onal pits have also been observed in HOPG oxidized in O, [1,2,18].
The hexagonal shape indicates that etching is anisotropic, i.e., that
carbon removal by O, is more efficient along a particular family
of crystallographic directions in the basal plane: the < 1010 > or
< 1120 > directions. Fig. 1 illustrates the two possible orienta-
tions of perfect hexagonal pits in a graphene sheet. A graphene
sheet cut parallel to a < 1010 > direction at the atomic level forms
an “armchair” edge and one cut parallel to a < 1120 > direction
forms a “zigzag” edge. Optical microscopic measurements per-
formed in the 1960s on natural Ticonderoga graphite single crystals
oxidized at 700-900 °C showed that large hexagonal etch pits grow
with their edges parallel to twin bands aligned with < 1010 >
directions, implying armchair edges [22,23]. The same hexago-
nal etch pit orientation was confirmed by Rodriguez-Reinoso and
Thrower using electron diffraction on HOPG surfaces oxidized in the
700-750°C range [24]. A study by Thomas et al. of oxidized Ticon-
deroga graphite crystals showed that the preferred crystallographic
direction for etching by O, switches as temperature is increased;
the hexagonal pits formed at 800 °C had edges in < 1010 > direc-
tions, whereas the pits formed at 1000°C had edges in < 1120 >
directions [25]. Hiura used scanning tunneling microscopy (STM)
to show that that the edges of hexagonal pits on HOPG basal planes
oxidized at a very high temperature (estimated near 2000°C) dur-
ing electron beam exposure are parallel to < 1120 > directions
[21].

Plasma treatments have been used to clean, roughen, or “acti-
vate” carbon surfaces for a variety of applications. Atomic oxygen
generated by radio frequency or microwave discharge sources
reacts more aggressively with carbon surfaces than molecular oxy-
gen [26-28]. Early O-atom oxidation studies, by Marsh et al. [27]
on a variety of carbon materials and by McCarroll and McKee [28]
on Ticonderoga graphite, found relatively large hemispherical and
conical etch pits. In the case of O-atom oxidation of HOPG basal

planes (0.7 Torr pressure, temperatures up to 190°C and expo-
sure times up to 20 min), circular pits up to several micrometers
in diameter and tens of nanometers in depth were formed, along
with channels along grain boundaries [3,29]. The high density of
etch pits and wide distribution of pit sizes resulting from O-atom
oxidation suggests that even at temperatures below 200 °C atomic
oxygen can abstract carbon atoms directly from a pristine graphene
sheet. Oxidation by O,, on the other hand, initiates etch pits only
at intrinsic defects even at temperatures up to ~700°C. Wong et al.
performed O-atom oxidation of single-crystal Ticonderoga graphite
(1Torr, 150°C, 5min) and found some hexagonal pits with edges
parallel to < 1120 > directions [30].

While the rate of carbon nitridation by N is insignificant com-
pared to that of carbon oxidation by O, interesting and important
chemical interactions between carbon surfaces and reactive
nitrogen species are known. Some examples include the forma-
tion of hard carbon nitride films by plasma nitridation [31], the
n-doping of graphene by reaction with nitrogen-bearing species
[32], and the formation of gaseous CN by the high-temperature
reaction of graphite with atomic nitrogen [33,34]. The latter,
“active” nitridation reaction is important for predicting the per-
formance of carbon-based ablative thermal protection systems for
high-speed atmospheric reentry vehicles [35]. We have recently
determined that approximately three carbon atoms are removed
per 1000 N-atom collisions with the surface of isotropic poly-
crystalline graphite at 1000°C and N-atom concentrations on the
order of 1 x 10~% mol m~3 [34]. The earliest studies of single-crystal
graphite surfaces exposed to atomic nitrogen are those of McCarroll
and McKee [28,36]. They exposed flakes of Ticonderoga graphite
to microwave-dissociated nitrogen at a total pressure of 2 Torr and
temperatures up to 1139 °C in a fast-flow reactor, and used optical
and scanning electron microscopy to characterize the resulting
morphology [28,36]. They found shallow, hemispherical pits at
720°C and well-defined hexagonal pits at 1100°C and 1138°C. The
hexagonal pits had edges parallel to < 1010 > directions, implying
armchair edges. More recently, O’Kell et al. [37] used a low-power
radio-frequency discharge to expose graphite and HOPG surfaces to
nitrogen plasma and demonstrated roughening of the surface but
did not observe any hexagonal etch pits. In the latter study, samples
were placed directly in the plasma at an unspecified temperature.

While published studies mentioned above [28,36] suggest that
anisotropic dry etching by N atoms in graphite basal plane is pos-
sible, much is still unknown about this process and the optimal
reaction conditions for producing such surface etching have not
been determined. In the few studies published to date the reac-
tion parameters have not been characterized well. One significant
issue with plasma exposure studies is that the reactive environ-
ment is seldom well-defined. If specimens are placed directly in
the discharge region, they are exposed to a mixture of electrons,
ions, atoms and molecules in various excited states, and a variety
of competing surface reaction mechanisms may operate in paral-
lel. In previous studies, the concentrations of these reactive species
at the sample location were difficult to determine and were not
reported. Experiments with specimens placed sufficiently down-
stream of the discharge region, such as the experiments reported
here, have the advantage that populations of charged and excited
species are insignificant, so that surface reactions can be attributed
to one dominant reactive species, in this case N atoms.

Here, results are presented on the surface morphologies of HOPG
and n-layer graphene samples that result from etching by N-atom
nitridation. The reaction conditions in this study have been defined
much better than in previous studies. Nitridation is performed
in a flow reactor coupled to a microwave discharge and a tube
furnace. The N-atom concentration at the sample location is con-
strained by measurements of N-atom concentrations entering and
exiting the furnace using a gas-phase titration technique. Atomic
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force microscopy (AFM), scanning electron microscopy (SEM), and
Raman spectroscopy are used to characterize the modifications
of the HOPG basal plane by etching. Limited experiments are
also conducted on n-layer graphene. It is confirmed that efficient
anisotropic etching of HOPG and n-layer graphene can be achieved
by N-atom active nitridation. The morphology and size distribu-
tion of etch pits produced at different temperatures are discussed
in detail.

2. Experimental
2.1. Materials

The HOPG specimens were acquired from SPI Supplies (SPI-2
grade). This grade of HOPG has a specified grain size of 0.5-1 wm
and a mosaic angle of 0.8° +-0.2°. The mosaic angle is a measure of
parallelism of graphene layers in different grains, with smaller val-
ues reflecting greater uniformity. Before each experiment, HOPG
specimens were cut into 5mm x 5 mm or 2 mm x 5 mm pieces and
then cleaved using either adhesive tape or a razor blade. The final
sample thickness was about 0.5 mm. To investigate whether nitri-
dation by N atoms of another form of highly oriented graphite
exhibits similar behavior, we also performed a limited number of
experiments with n-layer graphene samples (7-10 layers) made
from Kish graphite (Covalent Materials, AP70 grade). These sam-
ples were prepared by mechanically exfoliating the basal plane of a
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Kish graphite specimen using adhesive tape and then pressing the
exfoliated flakes against a SiO,/Si wafer (300 nm oxide layer).

2.2. Nitridation of materials

The nitridation setup consisted of a 100 W microwave dis-
charge unit coupled to a quartz flow tube inserted through a
high-temperature tube furnace. A quartz boat holding a specimen
was loaded into the flow tube near the center of the furnace prior to
heating. The distance between the discharge cavity and specimen
was about 78 cm. Nitrogen was introduced upstream of the dis-
charge through an electronic mass flow controller and evacuated
downstream of the furnace by a dry scroll pump. During heating
and cooling, pure N, flow was used. Upon reaching the desired
temperature, the discharge was turned on to start the N-atom nitri-
dation process, or a particular gas mixture was introduced to study
the effects of gas composition. Experiments were performed at
furnace temperatures from 500 to 1000°C, in 100°C increments.
In some experiments, oxygen was added to the molecular nitro-
gen flow at the titration port upstream of the furnace. Nitrogen
(Ultra High Purity, 99.999%), oxygen (Research Purity, 99.9999%),
and nitric oxide (Ultra High Purity, 99.5%) gases were obtained from
Matheson Tri-Gas and used as-received.

Activation of the discharge dissociated a fraction of the molecu-
lar nitrogen flow. The N-atom concentration at the sample location
was determined as follows. The total gas pressures were mea-

30.5

0.0

Fig. 2. Comparison of HOPG sample surfaces after different treatments: (a) pristine surface after cleavage; (b) pure N, flow at 1000 °C for 310 min; (c) O2/N; flow at 600°C
for 130 min (Co, = 6.8 x 10 mol m3, P=1.87Torr). (d) N/N; flow at 500°C for 80 min (Cy =5.9 x 10-> mol m~3, P=1.88 Torr). All AFM images are 5.13 pwm x 5.13 wm in

size.
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Fig. 3. Comparison of HOPG surfaces after nitridation at 600 °C and 1000 °C as imaged by AFM. Shallow and deep circular pits are shown in (a). A close-up of the upper region
of (a) is shown in (b). Several deep hexagonal pits near channels are shown in (c). Shallow and deep hexagonal pits of different depths are shown in (d). Image sizes are

1.46 pm x 1.46 wm for (a) and (c); and 0.73 pm x 0.73 wm for (b) and (d).

sured upstream and downstream of the furnace using capacitance
manometers. The gas temperature at these locations was assumed
equal to the surface temperature of the flow tube wall, measured
using type K thermocouples. The mole fractions of atomic nitrogen
entering and exiting the furnace were measured by gas-phase titra-
tion with nitric oxide that was added incrementally through a flow
controller. The titration reaction N+NO — N, +O is rapid, with a
room-temperature rate coefficient of 3 x 10~!1 cm3 mol~'s-1[38].
At the titration endpoint all the N atoms are consumed in the reac-
tion and their number density is equal to the number density of
added NO molecules, which is calculated from the measured NO
flow rate. The fast titration reaction ensures that all N atoms in the
flow are consumed rapidly within a short distance from the titration
ports. The endpoint was determined using a residual gas analyzer
(Stanford Research Systems, RGA200) to detect the excess NO that
appears once the endpoint has been passed.

Because the total gas pressure and the N-atom mole fraction at
the sample location must lie between their upstream and down-
stream values, the above set of measurements, together with the
furnace temperature, provides enough information to set the upper
and lower limits of the N-atom concentration at the sample loca-
tion. For example, for the tests conducted at 1000 °C, the upstream
and downstream N-atom mole fractions are 0.38% and 0.19%,
respectively, and the mole fraction at the sample location must
lie between these values. Tighter constraints for the N-atom con-
centration at the sample location were obtained by interpolation,
using a one-dimensional reactive-flow model that incorporates the
Hagen-Poisseulli flow relation, the ideal gas law, and N-atom losses
by gas-phase and surface recombination. Details of this model and

experimental approach are presented elsewhere [34]. Using this
procedure, we have obtained the following test conditions at the
sample location for data presented in this paper. For tests done
at 500°C, the N-atom concentration was 5.9 x 10> molm~3 at
a total pressure of 1.88 Torr. For 600°C, the N-atom concentra-
tion was 3.7 x 10-5 mol m~3 at a pressure of 1.87 Torr. For 1000°C,
the N-atom concentration was 5.8 x 10~> mol m~3 at a pressure of
1.83 Torr. The estimated 1 - o uncertainty of the measured N-atom
concentration is 10%. The bulk flow velocity at the sample loca-
tion was maintained at about 28.0ms~! for all temperatures by
adjusting the N, flow rate.

2.3. Characterization methods

AFM imaging was performed on a Pacific Nanotechnology
Nano-R instrument. SEM images were obtained with a JEOL 6100
field-emission scanning electron microscope. Raman spectroscopy
was performed using a home-built micro-Raman apparatus. The
excitation source was a diode laser operating at a wavelength of
532 nm with an output power less than 5 mW. The laser beam was
focused to a spot size of about 1 wm on the sample surface. The
Stokes Raman signal was collected through a 40x objective with a
numerical aperture of 0.6 and dispersed by a spectrograph onto a
liquid nitrogen-cooled CCD detector. For each sample, several spec-
tra were collected at different positions along a scan line, about
10 pm long. There was no significant variation of the spectra along
the scanned linear region.
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3. Results and discussion
3.1. Effects of reactant gas

In Fig. 2, AFM images of samples treated in different atmo-
spheres are shown in order to understand the effects of gas
composition and possible O, impurities. Fig. 2a shows the topog-
raphy of a pristine HOPG surface. Fig. 2b shows the surface of a
sample treated in pure N, flow at 1000 °C for 310 min and Fig. 2c
shows the surface of a sample after 130 min in an O,/N, mixture
(molar ratio 0.3/100) at 600 °C. No obvious changes in topography
are found after these two surface treatments. Several particles are
observed in Fig. 2b, possibly due to adhesive residue from sample
preparation by tape-cleavage [39]. Fig. 2d shows the surface of a
sample exposed to an N/N, mixture (molar ratio 0.2/100) at 500 °C
for 80 min. Significant modification to the surface in the form of pits
and channels produced by nitrogen atoms is evident.

Although O, can react with HOPG in the 500-600 °C tempera-
ture range, we found that N atoms are substantially more reactive
than O, at similar molar concentrations, causing obvious topo-
graphic changes to the HOPG basal plane (Fig. 2c and d). This implies
that surface modification due to oxidation by oxygen impurities or
residual air leaks in the system is insignificant. These results also
confirm that active nitridation of HOPG by N, is negligible under
our experimental conditions.

3.2. Effects of temperature on the shape of pits

Fig. 3a and b shows the HOPG surface after N-atom nitridation at
600 °C for 24 min, and Fig. 3c and d shows surfaces after nitridation
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Fig. 4. Raman spectra of HOPG: (a) pristine surface after cleavage; (b) surface after
21 min of nitridation at 1000 °C. Each spectrum is an average of multiple spectra at
several positions.

at 1000 °C for 43 and 9 min, respectively. Although the figures show
pits with various shapes and depths, we can categorize them in
two groups: shallow pits (less than 1 nm deep) and deep pits (from
several nanometers to tens of nanometers deep). These two types
of pits appear after nitridation at all temperatures from 600°C to
1000°C.
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Fig. 5. Different HOPG surface morphologies revealed by AFM after nitridation at 1000 °C: (a) typical deep hexagonal pits; (b) a deep terraced pit; (c) terraced hexagonal pits
showing a 30° rotation. Reaction time is shown in each figure. Depth profiles of the line scans, indicated by arrows in (a), (b), and (c), are shown in the bottom right panel.

Image sizes: (a) 2.2 um x 2.2 wm; (b) and (c¢) 1.46 pm x 1.46 pm.
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Most shallow pits are either ~0.35nm or ~0.7 nm in depth.
Given that the separation between adjacent graphene layers in
graphite is 0.335nm, these depths correspond to 1 or 2 etched
graphene layers. The shallow pits imaged in Fig. 3a and b have a
variety of diameters (ranging from ~20nm to ~100 nm), indicat-
ing that they were formed at different times during the nitridation
process. This suggests that N atoms are able to initiate shallow
pits not only at preexisting defects, but also on a pristine graphite
surface without defects. One interesting finding is that it is more
difficult to find shallow pits on samples after 1000 °C nitridation.
In Fig. 3d, several shallow pits are shown after 9 min of nitrida-
tion. For longer nitridation times, we only observed sub-nanometer
steps and extended shallow features together with deep hexagonal
pits and channels. This is evident in the upper region in Fig. 3c. It
is obvious that lateral removal of carbon atoms by N atoms is fast
at 1000°C, leading to the removal of large areas of graphene lay-
ers. Hence, any formed shallow pits seem to expand rapidly during
nitridation at 1000 °C, resulting in large shallow features without
well-defined hexagonal boundaries.

An important observation in Fig. 3 is that the shape of etch
pits changes with the reaction temperature. At 500 °C (Fig. 2d) and
600 °C (Fig. 3a and b), the pits are mostly circular, with some semi-

-
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hexagonal pits with rounded edges and corners. Circular pits imply
that carbon removal by N atoms does not have a strong directional
preference within the basal plane. At temperatures above 600 °C,
the pits are almost exclusively hexagonal with straight edges. The
well-defined hexagonal pits indicate that net carbon removal is
significantly more efficient along one of the crystallographic direc-
tions. No significant changes in the general morphology of etch
pits was observed between 700°C and 1000 °C, therefore in this
paper we do not show images of samples treated at intermediate
temperatures.

On the atomic scale, the geometric evolution of the etch pit
edges likely involves multiple bond-breaking, bond-forming, and
bond-reconstruction events as revealed recently by TEM studies
[40,41]. However, on a mesoscopic scale, the temperature depen-
dence of the pit shapes can be understood using a simple activation
energy argument. The transition from circular to hexagonal pit
shapes with increasing temperature suggests that the cumula-
tive effect of the nitridation reaction can be described by effective
activation energies for carbon removal that differ along the two
principal directions. In the simplest case, we can assume that
the nitridation reaction rates follow an Arrhenius behavior with
temperature-independent activation energies and pre-exponential

Fig. 6. Images of HOPG surface after nitridation at 1000°C: (a) AFM image showing arrays of overlapping hexagonal pits within channels; (b) AFM image showing different
pit orientations on two sides of a channel; (c) SEM image showing channels and hexagonal pits with hexagons and dotted lines overlaid on these features. The reaction time
for (a) and (b) is 62 min and the image size is 3.66 pwm x 3.66 wm. The reaction time for (c) is 21 min and the scale bar is 2 pm.
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Fig. 7. Formation of pits and channels on three HOPG samples after nitridation at 1000 °C for (a) 9 min, (b) 24 min, and (c) 62 min. The gas pressure and N-atom concentration

are provided in the experimental section. All images are 10.25 pm x 10.25 wm in size.

factors. Hence, the experimental results can be interpreted as fol-
lows. At low temperatures, the reaction rates along < 1010 >
and < 1120 > directions are similar although they have differ-
ent activation energies; the difference in activation energies is
compensated by different pre-exponential factors. With increas-
ing temperature the nitridation reaction along the direction with
lower activation energy begins to dominate and pit shapes become
increasingly hexagonal.

Fig. 4 compares the Raman spectrum of a pristine HOPG surface
with a spectrum from a sample etched for 21 min at 1000°C. As
shown in trace (a), a freshly cleaved HOPG surface shows three
Raman features in the 1000-3000cm~! range: the G mode at
~1585cm~!, the G* mode at ~2430cm!, and the G’ mode at
~2700cm~!. The G mode arises from the in-plane vibration of C-C
bonds with Ep; symmetry. The G* and G’ modes are due to dou-
ble resonance scattering processes involving two phonons: two
in-plane transverse optical phonons (G*) or the combination of a
longitudinal phonon and a transverse phonon (G’) [42,43]. An addi-
tional Raman feature appears at ~1360 cm~! for the etched sample,
as shown in trace (b) in Fig. 4. This feature is the D mode which
originates from a defect-induced Raman process consisting of four
steps: (1) photo-excitation of an electron-hole pair, (2) inelastic
scattering of the electron (or hole) by a phonon, (3) elastic scatter-
ing of the electron (or hole) by a defect, and (4) recombination of
the excited electron and hole [44,45].

In our data, the contribution to the D band by step-edges can
be ruled out by comparing traces (a) and (b) in Fig. 4. Since
the Raman spectra were obtained by several linear scans along
a 10 m distance, and step-edges appear both on the pristine
and nitridated HOPG surfaces, D band should be observed for
the pristine sample if step-edge contribution is large. Thus, the
appearance of the D band is due to features produced by N-atom
etching, i.e., channels and hexagonal pits. The Raman process in
graphite and n-layer graphene has been studied extensively, and
it has been shown both theoretically and experimentally that
the D band is strong at armchair edges, but very weak at zigzag
edges [44-46]. The presence of the D band in our data would
thus suggest an increased population of armchair edges on the
etched surface, implying that hexagonal pits grow preferentially
by removing carbon atoms along the < 1120 > directions. How-
ever, given that the D band is not absent at zigzag edges, we
cannot claim this with certainty before an atomic-resolution study,
such as STM, is performed. We note, however, that the formation
of armchair edges would be consistent with the observation of
McCarroll and McKee, who concluded that armchair edges were
formed by N-atom nitridation of Ticonderoga graphite at ~1100°C
[28,36].

In the following two sections, we will focus on nitridation exper-
iments at 1000 °C, which produce nearly perfectly shaped deep
hexagonal pits and networks of deep channels.

3.3. Morphology of multilayer pits and channels at 1000°C

Typical surface morphology of a sample etched at 1000°C is
shown in Fig. 5a. In addition to shallow pits with depths of 1-2
graphene layers, significantly deeper hexagonal pits and channels
are formed. Some hexagonal pits are also observed within chan-
nels. Most deep hexagonal pits have flat bottoms, relatively vertical
edges and large width-to-depth ratios. This morphology is consis-
tent with the following notions: deep pits form at extended defects
propagating along the c-axis, pit depth is determined by the vertical
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Fig.8. Plotsofthe(a)size of the hexagonal pits, (b) channel width, and (c) pit number
density versus nitridation time at 1000 °C. The horizontal line in (c) represents the
mean pit density calculated from all samples. The nitridation conditions are provided
in Section 2.
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Fig. 9. Results for an n-layer graphene sample (n=7-10) on a SiO,/Si substrate: (a) optical image before nitridation (scale bar is 10 wm); (b) AFM image before nitridation;
(c) AFM image after nitridation at 1000 °C for 14 min. Height profiles of the line scans in (b) and (c) are shown under each image. Scale bar in height profile corresponds to 4

graphene layers. Image sizes: (b) 10.25 um x 10.25 wm; (¢) 5.13 wm x 5.13 pm.

extent of the defects, and lateral etching of all transected graphene
layers occurs at similar rates.

Deep terraced pits are also observed, although they occur less
frequently. Fig. 5b shows a deep etch pit, which extends downward
from the surface to a depth of about 50 nm in a series of concentric
hexagonal terraces. Each terrace is comprised of multiple graphene
sheets that have been etched laterally at the same rate, similar to
the pits shown in Fig. 5a. Fig. 5¢ shows terraced hexagonal pits in
which the deeper terraces are rotated about the c-axis with respect
to the top hexagon. The large dashed hexagons in Fig. 5c outline the
orientation of the topmost terraces of three etch pits; in this partic-
ular case, the top terrace is about 3.5 nm thick, as measured by an
AFM line scan. The two smaller dashed hexagons in Fig. 5¢ outline
deeper terraces, which appear to be rotated by about 30°. It seems
unlikely that the favored crystallographic direction for etching in
the basal plane would change with depth. Rather, these images sug-
gest that the local HOPG structure contains a stacking defect that
rotates the crystallographic orientation of adjacent graphene sheets
by 30°, switching the < 1010 > and < 1120 > directions relative
to the top layers.

The structural connection between hexagonal pits and channels
can be seen in Fig. 6. Fig. 6a and b shows AFM images of regions sep-
arated by channels for a sample nitridated at 1000°C for 62 min.
Dashed lines are used to trace channels on the surface and dot-
ted hexagons outline pits. Fig. 6a shows that arrays of hexagonal

pits are formed within channels; many of the pits overlap and have
rotated terraces as in Fig. 5c. Fig. 6b shows that the orientation of
hexagonal pits separated by a channel can differ significantly with
respect to each other. An SEM image of a sample etched at 1000°C
for 21 min is shown in Fig. 6¢, with channels marked by dotted lines
and individual hexagonal pits highlighted by white hexagons. This
SEM image shows a larger area than the AFM images in Fig. 6, and
reinforces the conclusion that etched HOPG surface is comprised
of channel-separated regions, within which groups of hexagonal
pits all have the same orientation. The miss-orientation of hexag-
onal pits on different sides of a channel indicates that channels
form along grain boundaries. Similar channels have been observed
by AFM on HOPG after oxidation and were also assigned to grain
boundaries [24,29]. The grain sizes determined from our AFM and
SEM images are in the range 2-4 pm, larger than the specification
of 0.5-1 wm provided by the HOPG supplier.

3.4. Time evolution of multilayer pits and channels at 1000°C

The AFM images in Fig. 7 show the time evolution of pits and
channels during nitridation at 1000 °C. Multi-layer hexagonal pits
and channels are formed after only 9 min of reaction (Fig. 7a),
and longer reaction times result in larger pits and wider channels
(Fig. 7b and c). The size distribution of multi-layer pits and chan-
nels at different reaction times is plotted in Fig. 8a and b. Here we
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define a multi-layer pit as at least 2 nm deep and size as the dis-
tance between the parallel edges of a channel or a hexagonal pit.
The mean width of the channel is typically ~20% greater than that
of the hexagonal pits at a given nitridation time. The size distribu-
tions shift to larger mean sizes with increasing exposure time but
distribution widths remain relatively unchanged at about 200 nm.
The general trend of increasing pit and channel width with reac-
tion time is obvious. Previous oxidation studies on HOPG by O,
molecules found that the sizes of monolayer and multilayer pits
grow linearly with time [16,17]. From our nitridation results, we
cannot conclude that the growth of deep hexagonal pits is linear as
a function of time.

From Fig. 7a—c, the number of multilayer pits does not seem to
change significantly during nitridation. The pit number densities
were quantified as a function of reaction time in Fig. 8c. The pit
density is nearly time-independent and, along with the relatively
constant width of the pit size distribution, supports the notion that
these multilayer pits initiate at pre-existing extended defects at
about the same time and grow in size at similar rates. This behavior
contrasts that observed for shallow pits, which seem to be initi-
ated on defect-free HOPG surface as well as at defects, as discussed
above.

3.5. Nitridation of n-layer graphene

Fig. 9a is an optical image of an n-layer graphene flake on a
SiO,/Si wafer. The main portion of the flake is 7-10 graphene lay-
ers thick. The image barely resolves a thinner region that is 1-2
graphene layers thick at the bottom edge of the sample. This thin
region was resolved by AFM, as shown in Fig. 9b and the accom-
panying height profile of the AFM line scan. Some small graphene
patches appear on top of a larger uniform graphene sheet in the
as-prepared sample. These patches usually have thickness of 4-5
graphene layers.

Fig. 9c shows an AFM image of the n-layer graphene flake surface
after nitridation at 1000 °C for 14 min under the same conditions
as those used for the HOPG samples in Fig. 6. Hexagonal pits were
formed with a wide range of sizes from about 150 to 700 nm, but
all with depths equivalent to either 3 or 4 graphene layers. This
can be seen from the height profile of the line scan in Fig. 9c. The
formation of hexagonal pits on n-layer graphene confirms that N
atoms react with C atoms in the basal plane preferentially along a
specific crystallographic axis under these test conditions, as in the
case of HOPG. All pits have the same orientation, indicating that
the imaged part of the n-layer graphene sample presents a single
grain. The wide pit size distribution suggests stochastic pit initi-
ation on the n-layer graphene surface during nitridation, similar
to the mechanism for shallow pit formation on HOPG surfaces at
locations without defects, discussed above.

4. Conclusions

It was found that active nitridation of HOPG in N/N, mixtures
readily produces pits and channels at temperatures from 500 to
1000°C. Temperature has a pronounced effect on the shape of
the pits. At 600 °C or below, circular and rounded-hexagonal pits
are formed preferentially, indicating similar reaction probabilities
along < 1120 > and < 1010 > directions. At temperatures above
600 °C, pits shaped as well-defined hexagons are formed, indicating
anisotropic etching by N atoms. Analysis of the pit surface density
and size distribution suggests that formation of deep hexagonal pits
is initiated at a fixed number of extended defects intersecting the
basal plane. The nitridation reaction also occurs preferentially at
grain boundaries, most probably because of the higher density of
extended defects there, forming channels that are similar in width

to deep hexagonal pits. Our results suggest that shallow pits (1-2
graphene layers thick) are initiated in a stochastic manner on HOPG
surface regions free of extended defects. Similar experiments on
n-layer graphene (n=7-10) also produce shallow hexagonal pits
at 1000°C, with a depth equal to 3 and 4 graphene layers. The
results for n-layer graphene agree with our proposed mechanism
for shallow pits formation in HOPG.

Anisotropic etching of graphene, demonstrated here for N-atom
nitridation, can be used to modify and fabricate templates and
devices made of single-layer and n-layer graphene sheets with
defined edge structures [11]. The appearance of the Raman D mode
in etched samples supports the earlier reports of the formation of
armchair edges upon N-atom nitridation of graphite at a similar
temperature [28,36], although an atomic-resolution imaging study
is needed to confirm this conclusion. In contrast, anisotropic etch-
ing of graphene by other methods, notably hydrogen plasma [12],
has been shown to produce edges with zigzag orientation. Thus,
dry etching by different reactive species can potentially be used
for easy control of edge orientation in the production of graphene-
based devices. Fabrication of HOPG surfaces with deep hexagonal
pits may also prove useful for pit-templated synthesis [8,9,47] and
micropatterned cell adhesion [48].
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