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ABSTRACT: Atomic-level details of dopant distributions can significantly
influence the material properties. Using scanning tunneling microscopy, we
investigate the distribution of substitutional dopants in nitrogen-doped
graphene with regard to sublattice occupancy within the honeycomb
structure. Samples prepared by chemical vapor deposition (CVD) using
pyridine on copper exhibit well-segregated domains of nitrogen dopants in
the same sublattice, extending beyond 100 nm. On the other hand, samples
prepared by postsynthesis doping of pristine graphene exhibit a random
distribution between sublattices. On the basis of theoretical calculations, we
attribute the formation of sublattice domains to the preferential attachment of nitrogen to the edge sites of graphene during the
CVD growth process. The breaking of sublattice symmetry in doped graphene can have important implications in its electronic
applications, such as the opening of a tunable band gap in the material.

■ INTRODUCTION

Substitutional doping of a crystal offers a robust approach for
modifying the crystal’s properties, through the introduction of
foreign atoms into the host lattice structure.1,2 However, in
addition to the structure and composition of individual
dopants, the spatial distribution of the dopants also constitutes
an important factor that can be used to control material
properties.3 For example, in nanoscale semiconductor devices,
ordered versus randomly distributed dopants have been shown
to significantly enhance device performance.4 Therefore,
atomic-level control over dopant distributions provides an
important characteristic to be considered in the development of
functional nanomaterials. With recent advances in the
formation of two-dimensional materials such as graphene, and
its chemical doping with foreign atoms (e.g., nitrogen),5−10

there now exists an unprecedented opportunity to investigate
the distribution of dopants in two dimensions with atomic-scale
spatial precision.
Recently, we showed that individual dopants in graphene can

be visualized using scanning tunneling microscopy/spectrosco-
py (STM/STS),11,12 which provides both subatomic spatial
resolution and compositional sensitivity through the measure-
ment of electron tunneling characteristics at the surface.13 In
our previous studies, nitrogen-doped graphene was prepared on
polycrystalline copper foil by chemical vapor deposition (CVD)
from mixtures of methane and ammonia,11 and because of the
roughness of the copper-foil substrate, our initial attempts to
study the distribution of dopants in these samples were limited
to small scan areas, typically 30 nm × 30 nm. Nevertheless, our
previous STM measurements revealed an unusual sublattice
segregation of nitrogen dopants; of the two graphene

sublattices, nitrogen dopants were found to predominantly
occupy only one sublattice.11,12 However, in certain other
studies of nitrogen-doped graphene,14,15 the sublattice
segregation is not clearly observed. There are thus several
open questions about dopant sublattice segregation, including
the conditions under which it can be observed, the length scale
of the segregated domains, and a microscopic understanding of
the mechanism that drives the observed effect.
Here, in order to answer these questions, we have modified

the graphene growth method by using single-crystal Cu(111)
substrates, which allowed us to achieve large, atomically flat
terraces of as-grown graphene, thus enabling investigations of
dopant distributions on a large scale while maintaining atomic
spatial resolution. Using these substrates, we have performed a
systematic set of measurements to probe the influence of
various sample-preparation conditions on the dopant sublattice
distribution, and used density functional theory (DFT) to gain
insight into the segregation process.
Our present STM measurements reveal large (up to 100 nm

in size) well-separated domains where nitrogen dopants are
located on the same sublattice. These sublattice domains are
only present in samples grown by CVD, whereas other
methods of nitrogen dopingsuch as reaction with ammonia
or nitrogen ion bombardmentyield random distributions of
sublattices. On the basis of DFT calculations, we attribute the
observed segregation of sublattice domains in the CVD samples
to the way in which the nitrogen atoms are incorporated into
the graphene lattice during the growth process. Our findings,
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thus, provide new insights into the mechanism of graphene
growth. Furthermore, the presence of doped sublattice domains
could have important implications for extending the electronic
applications of graphene through, for instance, band gap
engineering.

■ RESULTS AND DISCUSSION

Preparation of Cu(111) with large atomic terraces was
performed in an ultrahigh vacuum (UHV). The conventional
CVD scheme for growing graphene was modified to take into
account the UHV conditions,16 in particular by replacing the
precursor mixture of methane and ammonia with pyridine
(C5H5N) as a single source of carbon and nitrogen.17,18 The
use of a large precursor molecule also allowed us to lower the
precursor pressure to ∼1 mTorr (compared to ∼1 Torr for the
conventional CVD growth), which is more compatible with the
UHV environment.
Figure 1a shows an atomically resolved STM image of a

CVD-grown nitrogen-doped sample. As reported previ-
ously,11,14,15,19 the graphitic nitrogen dopants appear dark in
STM images, whereas the carbon atoms adjacent to nitrogen
appear bright due to an increase in the local density of states
(DOS).
The unit cell of graphene consists of two carbon atoms, each

occupying one of the two sublattices (A or B) that together
constitute the honeycomb lattice of graphene. These sites are
equivalent by symmetry in pristine graphene.20 However, when
carbon atoms are substituted by dopants, these two sublattices
can behave differently. Simulated STM images, Figure 1b, show
that charge transfer from nitrogen to graphene is maximized for
carbon atoms that are located on the sublattice opposite to that
containing nitrogen. These carbon atoms together form a
triangle encompassing the bright region surrounding the
nitrogen. Depending on the original sublattice position of the
dopant, these triangular features appear as mirror images of
each other, as illustrated by red and blue triangles in Figure 1b.
This behavior thus allows us to resolve the sublattice position
of each dopant in STM images; examples are highlighted in
Figure 1a.
Figure 1c shows the STM topography of a larger area (20 nm

× 20 nm) on a CVD-grown sample. Two important
observations are noteworthy: First, the concentration of
nitrogen dopants in the sample is 0.18%, which is much
smaller than the original content of nitrogen in the precursor
pyridine, 17%, indicating that the growth does not occur
molecule by molecule; rather, the precursor breaks down into
small fragments containing C or N. The growth of graphene
then involves diffusion of these fragments on the surface until
they reach a growing seed. The smaller content of nitrogen in
graphene than in the precursor suggests that nitrogen,
compared to carbon, either diffuses more slowly on the
Cu(111) surface or reacts at a lower rate with graphene (the
difference is ∼100-fold in this case), or nitrogen has a shorter
lifetime at the surface due to competing pathways such as
migration into the copper substrate or desorption via formation
of N2. We note that the dopant concentration in the pyridine-
grown samples is comparable to that in ammonia/methane
grown samples,11 indicating that similar growth mechanisms are
operating in both cases.
The second striking observation is that all nitrogen dopants

in Figure 1c are located on the same sublattice. This behavior
clearly contradicts the natural expectation of random dopant

Figure 1. STM images of nitrogen-doped graphene. (a) STM image (7
× 7 nm2, 1 V, 1 nA) of nitrogen-doped graphene on Cu(111) showing
three dopants on two different sublattices. Bright colors in the STM
image (red and yellow) correspond to carbon atoms surrounding
nitrogen dopants, and red and blue triangles indicate dopants on
different sublattices. (b) Simulated STM images of graphitic nitrogen
dopants located on two different sublattices. Green diamonds indicate
the unit cell of graphene, and black and white circles indicate the
sublattices. Carbon atoms in the vicinity of the nitrogen dopants
appear bright (red and yellow), forming triangles that appear as mirror
images for the two sublattices (highlighted by red and blue triangles).
(c) STM image (20 × 20 nm2, 1 V, 1 nA) of CVD(pyridine)-grown
nitrogen-doped graphene, showing all dopants located on the same
sublattice.
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distributions arising from equal probabilities of substituting the
equivalent sublattices of graphene with nitrogen.
To further explore the distribution of dopant sublattices, we

studied relatively large areas (100 nm × 100 nm) of graphene
with atomic resolution. Figure 2a shows an example. We
identified the sublattice position of each dopant as described
above for Figure 1, and obtained the local distribution of
dopants between sublattices A and B. This was done by
calculating the ratio of the number of dopants in either
sublattice (Ni; i = A, B) to the total number of dopants ( f i =
Ni/(NA + NB)) within a local radius. To ensure statistical
significance, a local radius of 5 times the average dopant
separation (dN−N) was used, corresponding to a sample size of
N ∼ 25. The resulting map is displayed in Figure 2b, where red
or blue represent regions where either sublattice is dominant.
The map clearly shows two well-separated red and blue
domains, with an average degree of sublattice segregation of ⟨f⟩
= 93%.
To compare the observed sublattice segregation with a

random distribution of dopants, we used a null hypothesis
under which the dopants randomly occupy the two sublattices
with an equal probability of P = 0.5. Such a random distribution
would yield an expected value of P and a standard deviation of
(P(1 − P)/N)1/2. A comparison between the experimentally
observed ratio, f, and the random distribution then would yield
a p-value with which the likelihood of the null hypothesis can
be evaluated. The corresponding map of p-values for this
sample is shown in Figure 2c. A threshold of 0.01 is used
(represented by white in the color scale), and for p-values less
than the threshold (green regions), the null hypothesis can be

rejected with a confidence level greater than 99%. These green
domains clearly constitute the dominant portions of the map.
Interestingly, the size of the domains extends over 100 nm,

and also there is a sharp boundary between the domains with a
width of ∼1 nm, smaller than the average interdopant
separation, ⟨dN−N⟩ = 2 nm. Note that the boundary between
the sublattice domains is independent of the structural grain
boundaries in graphene. The image in Figure 2a involves a
single lattice orientation of graphene, as evidenced by the
observation of a uniform Moire ́ pattern21 in the background.
Further examples of sublattice domains in the CVD samples are
shown in the Supporting Information, Figure S1, demonstrating
the generality of this observation.
To investigate the cause of sublattice segregation, we

examined a number of different methods for producing
nitrogen-doped graphene. These included postsynthesis treat-
ment of pristine graphene, by (a) reaction with ammonia or (b)
nitrogen ion bombardment.22,23 Figure 3 shows maps of dopant
distributions resulting from these two methods, and they
exhibit essentially a random distribution of sublattices, as
evidenced by small degrees of segregation, ⟨f⟩ < 60%, and
absence of continuous domains of p-values <0.01. This random
distribution is in strong contrast to the observation of large
sublattice domains in the CVD-grown samples.
Since the average dopant separation in samples prepared by

different techniques was variable, we have analyzed the
sublattice segregation, f, as a function of dN−N, and the result
is plotted in Figure 4. CVD samples exhibit large segregation
ranging from ∼80 to 100%, mostly centered around the 85−
95% range, whereas the post-treated samples exhibit

Figure 2. Distribution of nitrogen dopants in CVD(pyridine)-grown doped graphene. (a) STM image (100 × 100 nm2, 1 V, 1 nA) of CVD-grown
doped graphene on Cu(111). Dopant sublattices are highlighted by red (A) and blue (B) triangles. Scale bar = 10 nm. (b) Spatial analysis of
sublattice distribution. ▼ = sublattice A. △ = sublattice B. fA (or f B) represents the fraction of dopants in sublattice A (or B) within a local radius.
The color scale represents fA and f B and ranges from 0.5 (white) to 1 (red and blue for A and B, respectively). ⟨dN−N⟩ = average interdopant
separation. ⟨f⟩ = average degree of sublattice segregation. (c) Map of p-values corresponding to the ratios shown in map b, obtained under a null
hypothesis.
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segregation approaching 50%. However, no systematic trend
with dN−N is observed among all the samples.
We rule out the electronic nature of interaction between

nitrogen dopants as a driving force for the formation of
sublattice domains in our samples. Theoretical calculations (see

the Supporting Information, Figure S2, as well as refs 24 and
25) show that the N−N interaction in graphene is repulsive,
relatively weak, and short-range, vanishing at less than 1 nm
distance from the dopant site. However, experimentally,
samples with large degrees of sublattice segregation (i.e., the
CVD samples) exhibit ⟨dN−N⟩ ∼ 2−3 nm, much longer than
the operating range of the N−N interaction in graphene.
Moreover, the ion-bombarded sample that has a small ⟨dN−N⟩
of ∼1 nm, shows the least amount of sublattice segregation.
The fact that sublattice segregation is only observed in CVD

samples suggests that sublattice selectivity is a consequence of
the CVD growth. To shed light on the details of the growth
process, we studied the energetics of nitrogen-doped graphene
by performing DFT calculations for graphene nanoribbons on
Cu(111). Two types of edges in the nanoribbon were
considered: zigzag and Klein edges.26,27 Our calculations
show that, independent of the position of nitrogen, the
graphene ribbon bends toward the substrate,28−30 so that the
terminating edge-atoms can form direct bonds with copper, as
illustrated in Figure 5a. This achieves low-energy edge
structures for the two distinct zigzag registries with the nearly
lattice-matched Cu(111) substrate, with the terminal carbon
atoms from each edge being from the same sublattice.
However, this configuration results in significantly different
energies for various substitutional positions of nitrogen, as
presented in Figure 5b. We find that, in all cases, the energy is
lower when nitrogen is located at the edge rather than inside

Figure 3. Spatial analysis of dopant distribution in postsynthesis doped graphene. (a, b) Graphene doped by reaction with ammonia. Map size 100 ×
100 nm2. (c, d) Graphene doped by nitrogen-ion bombardment. Map size 40 × 40 nm2. (a, c) Local distribution of dopant sublattices and (b, d) the
corresponding p-values.

Figure 4. Sublattice segregation vs interdopant separation measured
for five different samples prepared under various conditions: ■, CVD
growth; ●, reaction with ammonia; ▲, nitrogen-ion bombardment.
Error bars represent the interquartile range.
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the ribbon,31 while the zigzag edge is slightly more stable
(<0.04 eV) than the Klein edge. More importantly, for either
edge, the energy is lower by ∼1.3 eV when nitrogen is located
on the outermost edge-atom (positions 1 vs 2 or 13 vs 12).31

This energy gain is due to the formation of a nitrogen lone-pair
at the graphene edge.32 Figure 5c shows the lone-pair states at
the zigzag edge of the nanoribbon for two cases: nitrogen
located at position 1 or position 2. When nitrogen is at the edge
(N1 in Figure 5c), the lone-pair state is lower in energy by ∼3
eV compared to the case where carbon is at the edge (C1 in
Figure 5c), resulting in a higher affinity of nitrogen toward the
graphene edge.
Recent theoretical studies of graphene growth on copper

have reported that carbon dimers are the dominant growth
intermediates, as they are more stable than adsorbed monomers
by ∼2 eV.33,34 When considering the addition of these
intermediates to the growing edge of graphene in a step-flow
picture (Figure 5d),35−37 our calculations suggest that the
dimers attach to the honeycomb lattice with a preferential
orientation such that nitrogen is located at the outermost site.
Given the energy difference of 1.3 eV between the two edge-
sites, each corresponding to one sublattice of graphene, and the
growth temperature of 950 °C, the equilibrium ratio between
the numbers of nitrogen dopants in each sublattice would be a
small fraction, 5 × 10−6. As a result, of the two sublattices at the
edge, one is preferred. As long as the relative atomic
configuration between graphene and copper is preserved during
growth, the step-flow picture replicates the same sublattice for
nitrogen dopants row after row (Figure 5d), thus forming

domains with preferential sublattices as observed experimen-
tally.38 However, we note that the experimental values of
sublattice segregation are typically much smaller than the
theoretical value estimated from the Boltzmann distribution,
indicating that kinetic factors also play a role.
The observation of surprisingly large domain sizes (∼100

nm), substantially greater than intrinsic length scales in the
graphene−copper system such as the Moire ́ pattern (max. 6
nm), points to structural details of the growth process. One
scenario could be that individual islands of growing graphene,
each dominated by one type of dopant sublattices, would merge
and form sublattice domains with sharp boundaries. However,
such a scenario would likely involve the formation of structural
grain boundaries between the sublattice domains,39,40 unless
the islands are grown in perfect registry with the substrate. An
alternative scenario is that the sharp transition between
sublattice domains is caused by an abrupt change in the
underlying Cu structure rather than the graphene itself. For
instance, transient terrace steps or surface adatoms are readily
formed at the fluidic surface of Cu at ∼1000 °C due to high
surface mobility,41 and graphene is known to grow continu-
ously over various terraces and facets of the Cu substrate,42 and
induce surface reconstruction43 such as step bunching44 or
terrace expansion.45 It remains an open challenge for future
modeling of graphene growth on Cu to understand the subtle
interplay between Cu interface structure, the edge of the
graphene lattice, and the adsorbed species that feed the growth,
all at a growth temperature very close to the bulk Cu melting
point (1085 °C).46

Figure 5. Calculated structure of nitrogen-doped graphene on Cu(111). (a) Optimized structure of a graphene nanoribbon, doped with nitrogen at
one edge, on a Cu(111) slab. Two types of edges are included: zigzag (bottom edge, atoms 1 and 2) and Klein (top edge, atoms 12 and 13). (b)
Relative energy of nitrogen-doped nanoribbon vs dopant position. Position 1 is chosen as the reference. (c) pDOS of the nanoribbon for the zigzag
edge (atoms 1 and 2). Red curves respresent nitrogen, and green curves represent carbon. LP indicates the lone-pair state. (d) Schematics of a step-
flow model for the CVD growth of graphene.
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The ordered domains of dopant sublattices could have
important implications. For example, in magnetic applications
of graphene and spintronics, the unpaired electrons of the
dopants can exhibit paramagnetic properties,31,47,48 and the
breaking of the sublattice symmetry can induce spin-polarized
transport.49,50 Moreover, a recent theoretical study of single-
sublattice nitrogen-doped graphene51 has shown that the
unbalanced population of dopant sublattices results in the
opening of a band gap in the graphene electronic structure, and
the gap is tunable with dopant concentration; for example, 45
and 550 meV for 0.5 and 8% doping, respectively. The presence
of such a band gap and the quasi-ballistic nature of carrier
mobility in the unperturbed sublattice51 offer new possibilities
for graphene-based field-effect transistors.52 Our efforts to
measure charge transport in these sublattice-polarized materials
are ongoing.

■ CONCLUSION
In summary, nitrogen dopants in CVD(pyridine)-grown
graphene prefer to occupy the same sublattices, forming well-
separated domains as large as 100 nm. These sublattice
domains are formed only when dopants are incorporated into
graphene during growth; they are absent when pristine
graphene is doped postsynthesis by reaction with ammonia
or by nitrogen ion bombardment. The observation of sublattice
segregation in CVD(pyridine)-grown samples, therefore,
provides important information about the mechanism of
graphene growth on coppera popular approach for large-
scale production of grapheneand opens up new possibilities
to tailor the properties of graphene for electronic and magnetic
applications.

■ METHODS
Experiment. The Cu(111) substrate was prepared in a UHV

chamber (base pressure 2.0 × 10−10 Torr) by repeated cycles of argon-
ion sputtering (2 kV, 1.1 × 10−5 Torr, 15 min) and annealing (650 °C,
20 min). For CVD growth, the substrate was heated in the UHV
chamber at 950 °C and pyridine (Sigma-Aldrich, anhydrous, 99.8%)
was background dosed at 0.5−1 mTorr for 5−10 min. The sample was
then further annealed at 950 °C for 20−30 min. Pyridine was
introduced to the UHV system following several cycles of freeze−
pump−thaw.
Reaction of graphene with ammonia was carried out in the UHV

chamber by heating a pristine graphene sample on copper at 950 °C
and dosing ammonia (Matheson, 99%) at 1 mTorr for 30 min. The
sample was annealed additionally for 30 min. A detailed study of the
reaction will be published elsewhere.
Bombardment of graphene with nitrogen ions was also performed

in the UHV chamber. Nitrogen gas (Tech Air, ultrahigh purity) was
bombarded at 100 V and 5 × 10−6 Torr onto pristine graphene on
copper at room temperature.23 The sample was subsequently annealed
at 950 °C for 30 min to heal the defects created by the ion
bombardment.
STM measurements were performed using an Omicron VT-STM

operating under UHV and at room temperature. STM tips were
prepared by electrochemical etching of tungsten wires in a 3 M NaOH
solution, and were cleaned in UHV by annealing at 800 °C for 30 min.
Images were obtained in the constant-current mode.
Theory. First-principles calculations were performed using DFT

within the local density approximation (LDA) as implemented in the
Quantum Espresso (QE) package.53 Norm-conserving pseudopoten-
tials with Perdew−Zunger (NC-PZ) fit of the Ceperley−Alder
electron gas results for exchange and correlation provided with the
package (Von Barth−Car direct fit) were used for STM simulations
with four valence electrons for carbon and five valence electrons for
nitrogen and an energy cutoff of 95 Ry for the plane-wave basis set.

The STM image simulation was carried out using the Tersoff−
Hamann approach,54 on a 7 × 7 nitrogen-doped graphene supercell
including 98 atoms. We applied a bias voltage of +0.5 V, hence probing
the empty states of nitrogen-doped graphene.

To calculate pDOS on individual atoms, a 12 × 12 nitrogen-doped
graphene supercell with 288 atoms was used. This relatively large
supercell gives a N−N separation of 3 nm which is comparable to the
experimental average value of 2−3 nm present in our samples. We
modeled the N-doped graphene by substituting one carbon in the
monolayer graphene by nitrogen and performing structural relaxation
of the resulting structure until the forces were less than 10−3 Ry/au.
We used Vanderbilt ultrasoft pseudopotentials with the PBE exchange-
correlation functional as implemented in the QE package, with the
lattice constant 1.43 Å (compared to the NC-PZ lattice constant of
1.41 Å). Nitrogen remained coplanar with the surrounding graphene,
with a nearest neighbor N−C distance of 1.42 Å (compared to 1.40 Å
for NC-PZ).

The graphene ribbon was constructed using 13 atoms and two
different Klein and zigzag edges, with or without a copper substrate.
The Cu(111) substrate was modeled with seven copper layers and was
strained with the lattice constant of pristine graphene, 2.44 Å. We used
ultrasoft pseudopotentials (A. Dal Corso) with the PZ exchange-
correlation functional as implemented in the QE package with 11, 5,
and 4 valence electrons for Cu, N, and C, respectively. The energy
cutoff was 25 Ry, and a uniform (12 × 1 × 1) Monkhorst−Pack k-
point grid was used. Substitutional nitrogen was introduced into the
graphene ribbon at different sites, and structural relaxation was
performed until the forces were less than 10−3 Ry/au. In view of the
substantial distortion observed in Figure 5a, we also considered the
role of van der Waals interactions using the semiempirical approach of
Grimme.55 The center of the ribbon is indeed pulled closer to the Cu
surface in this case, but the relative energy for N substitution in the
different sites remains the same as reported in Figure 5b within 0.1 eV.
The effect, therefore, is dominated by specific chemical interactions
between Cu and C versus N.
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