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ABSTRACT: Heterogeneity in dopant concentration has long been important to the
electronic properties in chemically doped materials. In this work, we experimentally
demonstrate that during the chemical vapor deposition process, in contrast to three-
dimensional polycrystals, the substitutional nitrogen atoms avoid crystal grain
boundaries and edges over micron length scales while distributing uniformly in the
interior of each grain. This phenomenon is universally observed independent of the
details of the growth procedure such as temperature, pressure, substrate, and growth

precursor.
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D oping, alloying, and functionalization are common

strategies by which the electronic properties of materials
can be tuned. In three-dimensional (3D) polycrystalline
materials such as metals,' ceramics,”* and semiconductors,*™”
atomic impurities, and dopants are known to migrate toward
surfaces and grain boundaries during high-temperature
annealing processes, resulting in an inhomogeneous modifica-
tion of electronic and structural properties of the material. Such
chemical segregation is of great practical importance in
applications as diverse as structural steels," electronics,”®'>"!
and electrochemical cells.'* The chemical segregation can be
understood as a two-step process. First, elevated temperatures
used during annealing leads to enhanced diffusion, allowing
foreign atoms to reach the grain boundary." Second, electronic
interactions between hydrogenic states of the dopant atom and
the boundary states leads to binding of the dopant at the
boundary."*" These processes typically lead to the aggregation
of dopants at the grain boundary with a length scale of a few
lattice constants.'™' "

Recently, it has become possible to create large-area, true 2D
(monolayer) materials by chemical vapor deposition (CVD)
techniques. When grown by CVD, all of these materials grow as
a patchwork quilt of microcrystalline grains separated by edges
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and grain boundaries.'®"” The fast expanding set of materials
that can be grown this way include graphene,'® " hexagonal
boron nitride,”** and transition metal dichalcogenides.zé"25
These unique 2D materials are being explored for a host of
applications including electronics, sensors, and catalysis.
Chemical doping or alloying is a natural method that has
been explored to tune their electronic, mechanical, and
chemical properties.”® The interplay between dopants and
impurities with the edges or grain boundaries present in these
films is unexplored. Diffusion in 2D materials is a surface
phenomenon that includes several mechanisms that are not
present in bulk 3D diffusion.””® Further, grain boundaries are
1D objects in a 2D material, while they are 2D surfaces in a 3D
material. We thus expect dimensionality to play a key role in
the diffusion of dopant atoms to a grain boundary as well as in
the electronic interaction between dopants and grain
boundaries.

To study the functionalization process in such 2D materials,
we choose N-doped monolayer graphene produced by CVD on
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Figure 1. Raman spectra and statistics of pristine and N-doped graphene films. (A) Raman spectrum of pristine (black) and of N-doped (blue)
graphene films with D, G, D’, and 2D peak positions highlighted in yellow background. The inset shows a zoom-in plot in the range of G and D’
peaks. (B) Statistics of G peak frequencies on pristine (gray) and N-doped (blue) graphene samples over 25 X 25 (um)?* areas. (C) Statistical
relations between peak intensity ratios including D/G, D'G, 2D/G, and D/2D with respect to G peak frequency.

a copper substrate,'”*° which is a well-characterized member of
this family. Microscopic measurements of this functionalized
material have already revealed its atomic-scale doping forms
and local electronic properties.*’ > On the micrometer scale, it
is well-known that CVD graphene films are polycrystalline.'®'”
Therefore, these films are an ideal medium to study the spatial
homogeneity of atomic dopants within grains and across grain
boundaries. Here we use the high sensitivity of micro-Raman
spectroscopy to atomic N dopants and its induced charge
carriers in the graphene lattice to map the dopant distribution
over large areas of the films with submicron spatial resolution.
We complement these measurements with X-ray measurements
that give us elemental specificity and bonding information, and
atomic-resolution scanning tunneling microscopy (STM)
measurements near grain boundaries and edges that provide
us with a direct visual probe of dopant concentration at the
nanometer scale. The N-doped graphene films in our studies
were grown using low-pressure CVD technique on copper
substrates'®"? with a variety of growth conditions and
precursor gases, which are denoted as NG_Xm (recipe (a)
with Xm standing for a growth time of X-minute) and
NG_Pyridine (recipe (b)), respectively. Details of sample
preparation are described in Supporting Information S1. Some
of the measurements are conducted on samples with no further
preparation (“as-grown”), while other measurements detailed
below are performed on films transferred to insulating SiO,/Si
substrates (details of transfer procedure in Supporting
Information S2).

In order to confirm the presence and structure of the
nitrogen dopants in our N-doped graphene films, we have used
multiple analytical tools to characterize the samples. First, we
performed X-ray photoelectron spectroscopy (XPS) measure-
ments on both as-grown as well as transferred films to show the
presence of N dopants® and estimated the N concentration in
the N-doped graphene films (Supporting Information S3). In
our full coverage samples (NG_10m), the doping level
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estimated is 0.4%. Next, to identify the doping form of N
dopants across the entire N-doped graphene film, we
performed soft X-ray near edge X-ray absorption fine structure
(NEXAFS) spectroscopy measurements with its scanning mode
(scanning NEXAFS) over the entire sample. In line with
previous measurements,*> we find sharp N Is-to-7* and -to-c*
resonances at ~400.8 and 408 eV with strong electric
polarization dependence. This provides clear evidence of
graphitic N doping form in which an N dopant forms sp
bonds with each of its three nearest C neighbors. Using the
scanning mode of operation (lateral resolution of SO ym), we
have confirmed that >90% of all the dopants are in the
substitutional form over the entire film (Supporting Informa-
tion S4). Finally, atomic resolution STM is performed at a large
number of spots on N-doped graphene films. STM topography
(Supporting Information SS) and spectroscopy, clearly show
the substitutional nature of the nitrogen dopant,®® and
consistent with the X-ray measurements, we find that >90%
of all defect structures arise from the substitutional nitrogen
dopant. The concentration of N dopants extracted from STM
measurements (~0.25—0.35%) is consistent with the other
techniques. Thus, all of the analytical techniques indicate
consistently that the N dopants in our films are primarily in the
graphitic form and in the subpercent range.

While X-ray measurements give us large-scale information on
the nature of the dopant, they do not have sufficient spatial
resolution to study dopant homogeneity. On the other hand,
STM imaging has atomic resolution but cannot be used to
survey large areas comparable to the grain size in our films. We
thus chose micro-Raman spectroscopy with a diffraction-limited
resolution as a technique capable of sufficient spatial resolution
along with the ability to survey large areas of the film. Figure 1A
shows typical Raman spectra (532 nm laser excitation) taken
from a pristine graphene and a NG_10m film on SiO,/Si
substrates. The Raman spectrum from pristine CVD graphene
shows sharp and intense G and 2D bands with a 2D/G ratio of
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Figure 2. Optical images and Raman maps of pristine and N-doped graphene films. (A—C) Pristine graphene. (A) Optical image of a CVD grown
pristine graphene with two seeds highlighted by arrows. (B) Map of the intensity ratio of D/2D Raman bands in the area highlighted by the
rectangular box in (a). (C) 2D width map taken at the same area as in (B). (D—F) N-doped graphene with 10 min growth (NG_10m). (D) Optical
image of a fully covered NG_10m sample. (E,F) D/2D intensity ratio and 2D width maps in the area highlighted by the box in (D).

~4 and a ne§ligib1e D band, similar to mechanically exfoliated
samples.>*™>° In contrast to pristine graphene, the NG_10m
film shows strong D and D’ bands in the Raman spectrum, and
the intensity of the 2D band is significantly suppressed. The G
band frequency displays a blue shift as shown in the inset of
Figure 1A.

A comparison between the Raman spectra from our N-doped
graphene films and those in the literature on sp*hybridized
carbon materials with defects reveals important similarities and
differences. Our observation of the D and D’ bands is broadly
consistent with the presence of defects in graphene lattice,*> >
although their intensities have been observed to vary depending
on the nature of the defect.”*~* Blue shifts of the G band
frequency have been observed either due to the presence of
charge carriers*** or compressive strain*>*® in graphene. In
the N-doped graphene samples, STM topography, to§ether
with density function theory (DFT) calculations*” and
transmission electron microscopy (TEM) measurements,””
indicate that graphitic N dopants stay in the graphene plane
with minimal changes in the bond lengths. In particular, DFT
calculations show that graphitic nitrogen in graphene perturbs
the bond lengths by <1% and its structural effect is limited to
the nearest few lattice sites (details in Supporting Information
$6).%° This results in almost no local strain in graphene lattice
when compared to other defect forms, and thus we can make
the reasonable approximation that the G band frequency shift is
a measure of charge carrier density in our N-doped graphene
samples. Doping also has an impact on the 2D band. The
suppression of 2D band intensity can result from the presence
of defects in graphene®™ > as well as from free charge
carriers.*>** Substitutional doping in carbon nanotubes has
been reported to generate a double-peak structure in the 2D
band due to the electron and phonon renormalization near the
charged impurities.** However, we do not observe a clear
splitting in the 2D band in Raman spectra from our samples,
which is in line with previous measurements on nitrogen-doped
graphene.'”?%3"*%% This interesting difference might stem
from geometric differences around N dopants in the two
systems and requires further investigation.
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Having established the basic features in the Raman spectra of
our N-doped samples, we use micro-Raman mapping (64 X 64
pixels) to probe the dopant homogeneity over 25 X 25 um®
areas of each sample. The samples show a high degree of spatial
inhomogeneity. As a first quantification of the inhomogeneity,
Figure 1B shows the statistical distribution of G band
frequencies taken over a pristine and an NG_10m sample.
The statistical mean of the G band position for sample
NG_10m is 1589 cm™" while pristine graphene has an average
G band position of 1584 cm™. Previous STM measurements>°
have shown that the NG_10m sample is on average electron
doped with a carrier concentration of ~7.5 X 10"?cm™ and,
consistent with angle-resolved photoemission spectroscopy
(ARPES) measurements,”" the ratio of charge carrier density
to N dopant concentration is approximately constant (~0.42 e/
N) over a wide range of N concentration. Assuming that the
average blue shift of the G band (~5 cm™) can be attributed
solely to the carrier doping, we can estimate from previous
measurements on electrostatically doped graphene®™** that the
carrier concentration is ~7.0 X 10'* cm™ in our film, which is
in excellent agreement with the STM results.

Using the aggregated Raman spectra obtained from our
mapping measurements, we can gain further insight into the
effect of dopants on the characteristic features seen in the
Raman spectra. We do this by using the G peak frequency as
the independent variable and plot the intensity ratios of the
characteristic bands in Raman spectra as a function of G band
frequency in Figure 1C for both pristine graphene (left panel)
and for NG_10m (right panel). The key observations are (a)
both the D/G and D’/G intensities are linearly proportional to
the G peak frequency shift; (b) the intensity of 2D peak
decreases monotonically with increasing G peak frequency; and
(c) the D/2D ratio combines the opposing trend of D/G and
2D/G ratios on the G peak frequency and thus shows the
steepest dependence as a function of G peak frequency. The
broad qualitative trends of the D, D', and 2D bands as a
function of defect density are observed in a number of defective
carbon systems reported before’>>® but the quantitative
numbers for peak intensity ratios are often different from
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Figure 3. Effect of growth time and precursors on the dopant homogeneity. (A) Maps of the intensity ratios of D/2D Raman bands from NG_Sm,
NG_8m, NG_14m and NG_pyridine samples. (B) Maps of 2D width taken at the same areas on the same samples as in (A).

other defect forms due to the small size and distortion that
graphitic N dopants create. As an example, the D/D’ ratio of
~2 for the graphitic N dopants is smaller than that observed
from other structural defects such as vacancies. This ratio has
been used in the past to characterize the nature of defects in
graphene.*' In the limit of large perturbations to the graphene
lattice, the D/D’ ratio observed is large; this includes D/D’
ratios of 13 for out-of plane atoms bonded to C, 10.5 for
vacancy-like defects, and 3.5 for grain boundary-like defects.*"
On the other hand, charged impurities such as atoms or
molecules that are merely adsorbed on the graphene surface
without significant structural disorder are predicted to produce
negligible D and D'.>* The D/D’ ratio of ~2 from our N-doped
graphene lies in between the two limits, consistent with the idea
that the chief role of graphitic N dopants is to add charge to
graphene, while creating only small structural disorder in the
lattice. A second example is the ratio of intensities of the D
peak to the G peak, I g, which is a function of the dopant
concentration pp. Previous measurements on ion- damaged
graphene resulted in an empirical model®*** for I, sa(pp) that
depends on two fitting parameters, the defect size rg and range
of influence of the defect r,. Using this model to fit the
observed ratios of Iy, from our spectra along with the dopant
concentration measured by X-ray and STM measurements
requires that the dopant size r; ~ 3 A and radius of influence r,
~ 7 A, values that are significantly smaller than that assumed in
the literature for other types of defects. These values are
however completely consistent with our STM measurements
and DFT calculations for the size and influence of the graphitic
N dopant.

While there are interesting differences in the Raman spectra
between our N-doped samples and other types of defective
graphene as noted above, it is very clear from the experiments
that the Raman spectrum is very capable of distinguishing
between pristine graphene with no defects (intense G and 2D
bands with a well-defined frequency and no D and D’ bands)
and defective graphene (presence of D and D’ bands, weakened
2D band and blue-shifted G band). In what follows, we use the
Raman maps on our samples to study the interaction between
N dopants and the two other sources of structural disorder in
CVD graphene, grain boundaries and nucleation seeds. First,
we characterize the effect of these structural features on the
Raman spectrum of a pristine graphene sample. The nucleation
seeds can be directly identified by optical contrast in a
microscope, as shown in Figure 2A. The two darker regions
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highlighted by arrows are the nucleation seeds of two domains
where multilayer graphene is typically found.>> We expect a
grain boundary to exist in the graphene monolayer between
these two seeds. Indeed, Raman spectral maps show evidence
for both features as indicated in Figure 2B, which is the D/2D
ratio map imaged at the same area highlighted by the black
rectangle in Figure 2A. This map shows a line of higher D/2D
ratio than the surroundmg area, consistent with the presence of
a grain boundary.’® The existence of multilayers at the
nucleation seeds is also confirmed by an image of the 2D
bandwidth shown in Figure 2C.>> 36

Having understood the effect of grain boundaries and similar
structural features on the Raman spectra of pristine graphene,
we are now in a position to study the interaction between these
structural features and N dopants in chemically doped
graphene. Shown in Figure 2E is a D/2D ratio map over a
monolayer of NG_10m film (optical image shown in Figure
2D). The map shows a clear patchwork structure as might be
expected from a polycrystalline sample. Surprisingly, however,
the figure shows that the D/2D intensity is much smaller near
the grain boundaries relative to the interior of the grains (which
are relatively uniform), in complete contrast to our measure-
ments on pristine graphene. For the NG_10m sample, the
average D/2D ratio at the grain boundary is ~0.1, while it is 1.7
in the interior of the grains. This compares to a D/2D ratio of
~0.04 at the grain boundary and ~0 in the interior for pristine
graphene. The surprising conclusion that one reaches from
these numbers is that the N dopant concentration at the grain
boundaries is much lower than that in the interior, while the
interior of the grains is fairly uniformly doped. This conclusion
is also supported by the behavior of other features of the
Raman spectrum (G peak frequency shift, D/G, D’G, and 2D/
G intensity ratios) as well as by direct STM imaging near the
grain boundary (see below).

Natural questions that arise from our observation of dopant
inhomogeneity are whether the observed effect of dopant
segregation is limited to the grain boundaries, and what the
possible role of the growth conditions is on the observed
inhomogeneity. To gain further insight into these questions, we
grew a series of samples using the same growth process with
varying growth times of 5, 8, 10, and 14 min. Using optical
microscopy we confirm that the fabricated samples are in a
range from a partial monolayer (NG _Sm) through a fully
formed monolayer (NG _8m, and NG_10m) to a partially
formed bilayer (NG_14m). While the basic features are similar
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for both as-grown and transferred samples, the transferred
samples show better Raman spectra since the background signal
is significantly smaller. Shown in Figure 3A(1-3) (D/2D ratio
images) and Figure 3B(1-3) (2D width images) are
representative data obtained on transferred samples. A clear
picture of the evolution of the dopant distribution is obtained
from the D/2D ratio images. At short time (NG_Sm), the area
in the immediate vicinity of the nucleation seed is relatively
undoped, while the regions outside the central core are doped.
The dopant distribution at the very edge of the individual
grains is generally not resolved in the Raman images (with the
exception of places where the low N concentration is observed
at grain boundaries when two grains merge, such as in the white
rectangle area shown in Figure 3A(1)). When the N-doped
graphene first forms a complete monolayer (NG_8m), both the
nucleation seed and the grain boundary contain less N dopants
than the other regions of the film. As time progresses, the
doping in the interior of the film becomes more uniform
(NG_10m) but the grain boundary remains undoped. For even
longer time (NG_14m), large bilayer patches begin to form
around the nucleation seeds, but the grain boundaries always
stay undoped. On the basis of the fact that the second layer
usually grows from the same seed as the first layers> and there
is a second layer island within each patch, we can infer that each
patch is one structural domain and therefore the regions of low
dopant concentration at the boundaries of patches are indeed
the structural grain boundaries of graphene. To confirm that
these results are not specific to the use of NH; as a dopant gas,
we have used pyridine as a single precursor to grow N-doped
monolayer graphene. Raman spectral maps of this sample
(NG_Pyridine) are shown in Figure 3A(4) and Figure 3B(4).
These maps clearly exhibit the same basic phenomenology as
the ammonia doping process that lower N density is observed
at the grain boundaries. The estimated average widths of the N
depleted boundaries for samples grown with different times are
similar (about 0.6—0.8 um wide). Meanwhile, the N-doped
graphene films grown with pyridine have a narrower width of N
depleted region (around 0.5 ym). Estimations of these widths
are given in Supporting Information S4. Despite the difference
in the absolute values of the widths, all of our samples
consistently exhibit lower N concentration at the graphene
grain boundaries.

While Raman spectra give us detailed information on defect
and doping concentration in graphene films, they do not
directly measure the nature of the defects giving rise to the D
and D’ bands, and the technique is optically limited in spatial
resolution to ~0.5 pum. To complement Raman spectroscopic
measurements, we use atomically resolved STM measurements
that in the past have been employed to successfully image N
dopants in graphene.’* > The room-temperature STM
measurements are performed on as-grown N-doped graphene
films on Cu foil after annealing at 300 °C for 30 min to
improve surface cleanliness.

Shown in Figure 4A is a STM topographic image (displayed
in derivative mode) of a 500 X 500 nm* area on a NG_10m
sample (raw image is shown in Supporting Information S8).
The overall background variations arise from the polycrystalline
nature of the copper foil substrate. The graphene monolayer
forms a continuous film across this rough terrain. When grains
of graphene with different rotational angles or translational
shifts merge to%ether, a defect line is usually formed at the grain
boundary.'®'”®” One such rotational grain boundary is

observed in Figure 4a, as highlighted by the black dashed
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Figure 4. Direct visualization of dopant segregation in large-area
graphene by STM. (A) Differential STM image (500 nm X 500 nm,
1.5V, 0.1 nA) of an as-grown NG_10m sample. The black dashed line
shows the location of a grain-boundary. (B,C) Magnified STM images
(26 nm X 2.6 nm, 0.5 V, 10 nA) of the corresponding areas
highlighted in (a). Scalebar = 1 nm. (B/,C’) Fast Fourier trans-
formations of STM images shown in (B,C), respectively. (D)
Magnified STM image (45 nm X 310 nm, 1.5 V, 0.1 nA) of the
corresponding highlighted area in (a). (E) N-concentration as a
function of distance from the grain boundary. The red solid line is a
linear fit to the data. The red dashed line shows the bulk limit of N-
concentration in this sample.

line. The crystal orientations of the graphene grains on the two
sides of the dashed line are rotated ~18° relative to each other
as shown in Figure 4B,C. Having located the grain boundary,
we can use STM to directly image the dopant concentration as
a function of distance from the boundary. Figure 4D shows
such an example. In this STM image, N dopants appear as
bright features due to an enhancement of the density of states
at C sites around N dopants, as reported previously.*”*> Close-
up STM images obtained with atomic resolution clearly show
that the bright spots in Figure 4d are graphitic substitutional N
dopants (see Supporting Information SS and Figure S3 for high
resolution image). Figure 4D also clearly shows a depletion of
N dopants near the grain boundary, consistent with the Raman
results discussed above. We calculated the distance of each
dopant atom from the grain boundary and plot the density of
the dopants as a function of distance from the grain boundary
in Figure 4E. A linear gradient of N dopant concentration is
observed, starting from zero at the grain boundary. Given the
bulk value of N concentration of ~0.2% for this sample as
measured by STM, we estimate the width of the N depleted
region near the grain boundary to be ~0.7 yum. This depletion
region width is consistent with Raman measurements on the
same sample (NG_10m) described above.
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Figure S. Dopant segregation in nanoscale graphene islands. (A) Differential STM image (600 nm X 600 nm, 0.5 V, 0.5 nA) of a graphene island.
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Shaded boxes are areas where data are missing. (D) N-concentration as a function of distance from the graphene edge. Red solid lines are linear fits

to the data.

To study the effect of the growth conditions, such as
temperature and pressure, on the observed dopant inhomoge-
neity, we fabricated N-doped graphene under completely
different growth conditions. We used pyridine vapor as a single
precursor under UHV conditions (pyridine pressure of 107*
Torr and base pressure of 107" Torr) on a single crystal
Cu(111) surface between 800 and 950 °C, following the
procedure for pristine graphene growth.”® We can tune the
graphene coverage from isolated islands to complete mono-
layers depending on growth time and study the dopant
concentration near edges and boundaries. As an example, we
show in Figure SA a STM topography of a 300 X 400 nm? N-
doped graphene island on the stepped surface of Cu(111). The
graphene is identified by its apparent height on the Cu
substrate in STM image. We carefully studied the distribution
of dopants in this island by taking high-resolution STM images
across the island. Figure 5B shows one such STM image
obtained across one edge of the graphene island in Figure SA.
The bright features seen are the N dopants, and a few dark
spots are also seen due to the defects in the underlying Cu
substrate. This image directly demonstrates that the N dopants
avoid the edge of the island. By taking a sequence of such
images, we quantified the N dopant density over the entire
island and plot the result in Figure SC. We can clearly see that
the N dopants avoid the edges of the island from this image.
The N concentration as a function of distance from the closest
edge is plotted in Figure 5D. In this sample, a linear gradient of
N concentration is observed up to 60 nm from the edges, after
which the N concentration reaches a plateau at the bulk value
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of ~0.4%. In addition to this N depletion at the graphene island
edges, Figure SC also shows a N depleted region in the
nucleation region at the center of the graphene island, which is
also observed in the Raman results in Figure 3A. Our STM
results indicate that the basic phenomenology of dopants
avoiding structural defects in graphene is independent of the
details of the growth conditions such as temperature, pressure,
and the precursor gases used. We however note that the length
scale over which the dopants avoid edges and boundaries is not
a universal number but depends on the size of the graphene
grain with large depletion widths observed for the large grains.

Having shown the basic phenomenon of dopant inhomoge-
neity in N-doped graphene and excluded growth conditions as
a factor of this observation, we consider briefly its consequences
for the graphene film quality. Our measurements on even our
best N-doped graphene films show variations in the G peak
frequency between 1585 and 1592 cm™". This translates to an
electronic doping in the graphene that varies from 2.0 X 10" to
1.1 X 10" carriers/cm® This variation is a direct consequence
of the N-dopant inhomogeneity and is also reflected in STM
spectroscopy measurements, which show that the Dirac point
can vary from the Fermi level to —400 meV in different areas of
the same sample. Such electronic inhomogeneity is also
reflected in the carrier concentration measured in graphene
FETs made from N-doped graphene. Indeed, carrier concen-
tration measured from transport devices is significantly (2—3
times smaller) than that measured from spectroscopy,
indicating that the carriers show some degree of localization
over the micron length scale (details in Supporting Information
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$9). All of these facts indicate that large-scale dopant
inhomogeneity is a serious problem in electronics applications
of functionalized 2D materials.

To gain further insight into the dopant inhomogeneity, we
use Monte Carlo (MC) techniques to simulate the kinetics of
dopants at high temperatures in a graphene sheet. Because the
experimental conditions at the growth temperature are
complex, we simulate various boundary conditions to obtain a
comprehensive picture of the dopant kinetics (for full details of
the MC calculation, see Supporting Information S10). The
system’s initial configuration involves random placement of the
correct percentages of dopant at vertices in the lattice and the
simulation is subsequently run at a temperature of T = 1000 K,
where phase space is sampled using a standard Metropolis MC
algorithm. In all cases studied, the system is first allowed to
equilibrate for 100000 steps, and the simulation is
subsequently run out for a further 100 000 steps to study the
behavior of nitrogen in the lattice after thermalization.

The snapshot in Figure 6A shows a typical configuration of
dopant atoms in a graphene flake with a grain boundary inside.
We compile all the snapshots of the dopant atom
configurations taken during the production part of the
simulations and generate an average density of nitrogen
atoms in the sheet as shown in Figure 6B for multiple flake
sizes. This figure clearly shows that the density of nitrogen
atoms is reduced both near the edges of the sheet and around
the grain boundary in the sheet, while it is relatively constant in
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the interior of the sheet. To quantify this, we calculate the
distance of all the dopant atoms from their nearest edges during
the production part of the simulations and plot the density of
the dopants as a function of the distance from the nearest edge
in Figure 6C. We can see from this figure that the dopant
density is indeed strongly reduced at the edge, and the length
scale of this density reduction increases as a function of
increasing system size. We extract a skin depth for each system
size by fitting an exponential to the MC data. The extracted
skin depth as a function of inverse system size is shown in
Figure 6D. We note that the largest system we have considered
is about 2 orders of magnitude smaller than the typical grain
sizes seen in our experiments. Thus, we would not expect our
skin depths to be directly comparable to the experimental
values. However, it is encouraging that the skin depth trend
seen in our simulations is consistent with the trend seen in the
experiments, and a naive extrapolation of the simulated skin
depth is also consistent with experimental values. We note that
the results for the static and relaxed lattices are almost
indistinguishable, indicating that strain is playing a negligible
role in the dopant inhomogeneity.

Our simulations do not address the effect of the substrate or
the reaction kinetics of the true growth process where nitrogen
and carbon atoms are present both on the surface and in the gas
phase. While open questions still remain about the exact nature
of the differences in the interactomic forces between N and C
atoms that lead to the observed segregation, the fact that our
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simulations are able to capture the essential quantitative
behavior observed in the experiments without involving these
additional complications indicate that the bonding and
coordination energies of the N dopant in the graphene lattice
play a key role in the observed phenomena. These general
energetic considerations are expected to hold in any 2D system,
and they present a challenge as well as an opportunity for
creating new functionalized 2D materials.

B ASSOCIATED CONTENT
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The material contains sample fabrication process (S1 and S2),
XPS (S3), NEXAFS (S4), STM (SS and S8), and transport
(S9) measurements on samples, DFT calculations (S6),
algorithm for estimating the width of N-depleted region near
grain boundaries (S7), and Monte Carlo simulations (S10).
This material is available free of charge via the Internet at
http://pubs.acs.org.
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