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ABSTRACT: The synthesis of nitrogen-doped single-layer
graphene has been achieved on the copper surface by using
the nitrogen-containing sole precursor azafullerene. The
synthesis process, doping properties, and doping-induced
variation of local work function of graphene have been
investigated on the atomic scale by combining scanning
tunneling microscopy/spectroscopy, X-ray photoelectron
spectroscopy measurements, and density functional theory
calculations. Most nitrogen dopants are at the edges of
graphene islands and the graphene domain boundaries with
the pyridinic configuration. Graphitic nitrogen dopants
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arrange into curved lines within graphene islands after multiple growth cycles, which results from a doping process guided
by the edges of graphene islands. The doping-induced variation of local work function of the graphene surface has been
measured on the atomic scale by using scanning tunneling spectroscopy measurements. We find that the local work function
strongly depends on the atomic bonding configuration and concentration of nitrogen dopants. The local work function
decreases for graphitic nitrogen doping but increases for pyridinic nitrogen doping. This work provides new atomic-scale
insights into the synthesis of heteroatom-doped graphene from sole precursors as well as the strong correlations between
nitrogen doping and the local work function of the graphene layer.

1. INTRODUCTION

Graphene, the first discovered truly two-dimensional crystal-
line material, has demonstrated a wealth of extraordinary
properties that are promising for a wide range of
applications.' ™ Substitutional doping of graphene with
heteroatoms is one promising strategy for tuning the properties
of graphene to realize various functions.”® Nitrogen (N)-
doped graphene materials can potentially be used in field-effect
transistors, fuel cells, solar cells, lithium-ion batteries, super-
capacitors, sensors, photocatalysts, and gas storage.” "' The
synthesis of N-doped graphene from N-containing sole
precursors has recently demonstrated its feasibility with several
different sole precursors.'”'*~'7 A precise control of the
doping properties is crucial toward the applications of doped
graphene materials. By using the sole precursor azafullerene
(CsNH), the controlled synthesis of high-quality N-doped
graphene on the ruthenium (Ru) surface has been achieved, in
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which case the N-related defects exhibit a homogeneous
distribution, the dopant concentration is tunable, and the
primary doping configuration is pyridinic N.'” However, it
remains largely unexplored how the growth substrate affects
the resultant doping properties for the synthesis of heteroatom-
doped graphene from sole precursors. Copper (Cu) is the
most commonly used metal substrate for large—area graphene
growth by chemical vapor deposition (CVD)."® Therefore, it is
of both fundamental and practical importance to investigate
the synthesis of N-doped graphene on Cu using the same sole
precursor CsoNH. The work function, which is the minimum
energy required to emit an electron from the surface to
vacuum, is one of the most crucial parameters for various
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Figure 1. (a) STM image of the Cu surface covered with ~0.09 ML C4,NH. The inset shows the molecular structure of C;oNH. (b) STM image of
the Cu surface after annealing the sample in (a) to 700 °C. Graphene islands are highlighted by circles. (c,d) Bias-dependent STM images of a
graphitic N dopant in graphene. The inset in (d) shows a simulated STM image (1.2 nm X 1.2 nm) of a graphitic N dopant in graphene on
Cu(111). The simulation was performed with a tip—sample distance of ~1.0 A and a bias voltage of 0.1 V using Tersoff—Hamann model. Scanning
parameters: (a) Vi, = +2 V, I = 10 pA; (b) Vi = +2 V, I =10 pA; (c) Vias = +1 V, I = 10 pA; and (d) Vi = +10 mV, I = 3 nA. Scale bars: (a)

40; (b) 80; (c) 1; (d) 1 nm.

practical applications of graphene including high-performance
graphene-based electronic devices.'”?® Therefore, it is also of
high practical interest to investigate how the N doping impacts
the local work function of graphene. Recent studies have
reported that the graphitic N doping reduces the work function
of graphene;*' ™ in particular, atomic-scale experimental
studies of this effect down to an individual dopant level have
been performed by measuring the local contact potential
difference and the current—displacement spectra.””*° How-
ever, previous studies are controversial with respect to the
pyridinic N doping, which decreases the work function of
graphene in some studies’”’ but increases the work function
of graphene in other studies.”"”** Clearly, further experimental
studies are needed to resolve this issue. Probing spatially
resolved field emission resonances (FERs) by scanning
tunneling spectroscopy (STS) is an important technique for
investigating the spatial variation of local work function on
surfaces.”” > This technique can also potentially be used to
probe, on the atomic scale, the influence of heteroatom doping
on the local work function of graphene; however, such studies
are still lacking.

Here, we report the synthesis of N-doped graphene on the
Cu(111) surface using the sole precursor CgNH. The
synthesis process, doping properties, and spatial variation of
local work function are investigated on the atomic scale by
combining scanning tunneling microscopy (STM)/STS, X-ray
photoelectron spectroscopy (XPS), and density functional
theory (DFT) calculations. STM/STS measurements provide
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atomic-scale insights into the synthesis process, doping
properties, and local work function of N-doped graphene on
Cu. XPS can reveal the bonding configurations of N atoms in
the graphene layer. By combining XPS and STM observations,
we find that pyridinic N is the predominant doping
configuration in the produced graphene layer, and a small
percentage of N dopants are in graphitic N configuration. We
have observed that graphitic N dopants arrange into curved
lines within the graphene islands and that the number of
curved lines increases with growth cycles and their shape is
similar to the edges of graphene islands. STM and XPS
measurements reveal that the edge of graphene islands guides
the formation of these curved lines of graphitic N dopants
during multiple growth cycles. The doping-induced variation of
local work function of the graphene/Cu surface is measured on
the atomic scale by analyzing the FERs recorded by STM. We
find that the local work function decreases by 0.10 + 0.02 eV
due to single graphitic N dopant and decreases further with
increasing concentration of graphitic N dopants; in contrast,
the local work function increases due to pyridinic N dopants.
The observed doping-induced variation of local work function
is qualitatively consistent with our DFT calculations.

2. EXPERIMENTAL AND THEORETICAL METHODS

The growth experiments were performed using an ultrahigh
vacuum (UHV) system with a base pressure lower than 2 X
107" Torr. Before being loaded into the UHV system, the
Cu(111) single crystal (Princeton Scientific) was first soaked
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Figure 2. (a) STM image showing the curved line of bright spots (graphitic N dopants) in the graphene island. The dashed line is added as a guide.
(b,c) Bias-dependent STM images of the same region highlighted in (a) showing that the curved line is composed of graphitic N dopants. (d) The
maximum number of curved lines of graphitic N dopants in one graphene island as a function of growth cycles. Scanning parameters: (a) Vi, = +3
V, I =10 pA; (b) Viys = +1 V, I = 50 pA; and (c) Vi = +50 mV, I = S nA. Scale bars: (a) 14; (b) 4; (c) 4 nm.

in a hydrochloric acid solution (1 M) for 1 h to remove the
natural oxide layer and then ultrasonically cleaned in deionized
water, acetone, and isopropanol. After that, the Cu(111)
surface was further cleaned in UHV by repeated cycles of Ar*
ion sputtering (1.5 keV, 1 X 1075 Torr, 30 min) at room
temperature and subsequent thermal annealing. An anneal
temperature of ~850 °C was used in the initial cycles to
remove bulk impurities such as sulfur, and the anneal
temperature in the subsequent cycles was in the range of
600—700 °C. The cleanness of the prepared Cu surface was
checked by using STM. The C;,NH molecules were prepared
following the procedures reported by Xin et al.”” and were
thoroughly degassed in UHV prior to molecular deposition.
The deposition of CsoNH molecules was performed by thermal
evaporation at ~330 °C from an Al,O; crucible. The Cu(111)
substrate was held at room temperature during molecular
deposition. The growth of N-doped graphene was performed
by annealing the C;NH/Cu(l11) sample from room
temperature up to 700 °C with a step of 100 °C and a dwell
time of S min at each temperature step.

STM and STS measurements were performed using a
Unisoku UHV low-temperature STM system (USM1500S)
with a base pressure lower than 2 X 107! Torr. All of the
STM/STS measurements were carried out at 77 K with
tungsten tips that were prepared by electrochemical etching
and subsequently cleaned by annealing in UHV. The STM
images were recorded in a constant current mode. The
differential conductance (dI/dV) spectra were recorded, with
the feedback loop off, by using a lock-in technique with a small
ac modulation signal (853 Hz, 20 mV). The Z—V spectra were
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measured by recording the tip displacement as a function of
the bias voltage with a closed feedback loop and a current set
point of 10 pA. The Z—V curves were numerically differ-
entiated to obtain the dZ/dV curves. XPS measurements were
performed using a Physical Electronics PHI 5200 XPS system
with an Al Ka X-ray source (1486.6 eV) and a hemispherical
analyzer with a pass energy of 44.7 eV. The instrument was
calibrated by using sputter cleaned Au [4f,/, = 84.0 £ 0.1 eV
binding energy (BE)] and Cu (2p;/, = 932.7 + 0.1 eV BE)
foils.

The theoretical configurations of the pristine graphene,
graphitic N-doped graphene, and pyridinic N-doped graphene
on Cu(111) are obtained based on geometry optimization
calculations using the DFT method implemented in Vienna Ab
Initio Simulation Package.”®*” All the calculations are obtained
based on the generalized gradient approximation within the
Perdew—Burke—Ernzerhof method, with Grimme’s D2
correction term to describe the van der Waals interaction
that is present in the system. The plane wave energy cut-off
was set to 500 eV, and the energy convergence criteria were set
to 107 eV/atom. The force convergence limit on each atom
was set to 0.01 eV/A for the structural optimization
calculations. The lattice parameters of the simulation cell are:
a=b=1282 A (ie. S atoms along both a and b directions)
and ¢ = 25.86 A that consists of 4 Cu(111) surface layers (i.e.
100 atoms with thickness ~6.1 A) and a graphene layer (i.e. 54
carbon atoms). The lattice parameter on the Cu(111) surface
is ~2.569 A. The vacuum layer is ~16.75 A. In this work, the
predicted work functions of all the systems considered are
based on the method proposed by Butler et al.*” The simulated
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STM image is obtained based on the Tersoff—Hamann
formalism that is implemented in the BSKAN code.

3. RESULTS AND DISCUSSION

3.1. Edge-Guided Doping Process. The C,,NH
molecules were prepared following the procedures reported
by Xin et al,>” and the molecular structure is shown in the
inset of Figure la. A representative STM image of the Cu(111)
surface is shown in Figure la after room-temperature
deposition of ~0.09 monolayer (ML) C4,NH onto the surface.
The molecules aggregated into islands on the terraces as well
as across the step edges of the Cu surface. The molecular
arrangements in the islands are not highly ordered (see Figure
S1). After annealing this CsoNH/Cu(111) sample up to 700
°C, the C;uNH molecules transformed into graphene islands,
as highlighted by dashed circles in Figure 1b. Differential
conductance (dI/dV) measurements (see Figure S2) and
atomic-resolution STM imaging (see Figure 1) verified that the
obtained islands are graphene patches.”” Each growth cycle
includes the dosing of CsuNH molecules onto the Cu surface
at room temperature and subsequent annealing to 700 °C.
After the first growth cycle, the graphitic N dopant was
observed only on very few graphene islands, while the vast
majority of graphene islands are free of the graphitic N dopant.
Graphitic N refers to N atoms that substitute C atoms and are
sp” bonded to three atoms in the graphene lattice. Figure 1c,d
shows bias-dependent STM images of a graphitic N dopant
within the graphene island, which were recorded at +1 V and
+10 mV, respectively. At +1 V, the graphitic N dopant is
imaged as one bright spot. Atomic-resolution STM imaging of
the graphitic N dopant appearing as a dip can be achieved at
+10 mV, where a common interpretation is that the local
density of states is strongly suppressed at the graphitic N site
but greatly enhanced at the surrounding nearest six carbon
sites in the other sublattice.'®**** Alternative explanation
supported by theoretical calculations put forward the effects of
destructive quantum interference, either resultin§ from the
electron wave functions of surface C and N atoms™* or from s
and p, tip orbitals in the STM junction.*” The presence of the
dip above the N atom in the STM images is also confirmed in
our DFT simulation of the STM image (see the inset of Figure
1d) based on Tersoff—Hamann method.*"** On the dI/dV
spectra recorded at the point defects of the type shown in
Figure lc,d, there is no resonance at the Dirac point but a
resonant state appears above the Dirac point (see Figure S3),
which also suggests that this type of point defect is not a
vacancy but a graphitic N.*7°° Despite the existence of
graphitic N dopants within some graphene islands after the
first growth cycle, their spatial distribution is sporadic and
random.

An important observation is that, after multiple growth
cycles, the graphitic N dopants arrange into curved lines in the
graphene islands. One of these curved lines is highlighted with
the dashed line on the STM image in Figure 2a. Figure 2b,c is
bias-dependent STM images of the region marked with a
square on Figure 2a, recorded at +1 V and +50 mV,
respectively. Such curved lines are absent on the graphene/
Cu(111) sample obtained after multiple growth cycles using
the precursor Cg, (see Figure S4). It is clear that the curved
line is composed of graphitic N dopants. Atomic-resolution
STM images, such as Figure 2c, indicate that the distribution
of graphitic N dopants is random between the two sublattices
of graphene. It is worth mentioning that the sublattice
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segregation of graphitic N dopants was observed for the N-
doped graphene/Cu samples prepared by CVD from a mixture
of methane, hydrogen, and ammonia or by CVD from a sole
precursor pyridine.'”***" In addition, we find that more
curved lines of graphitic N appear in one graphene island with
more growth cycles (see Figure SS). More interestingly, our
experiments show that the maximum number of curved lines
N, in one graphene island is always one less than the number
of growth cycles #, that is, N, = n — 1, as shown in Figure 2d.
After the first growth cycle, the curved line of graphitic N does
not exist although there are sporadically distributed graphitic N
in some graphene islands. After two growth cycles, there is one
curved line of graphitic N in some graphene islands but none
for the other graphene islands. After three growth cycles, there
are two curved lines in some graphene islands, one curved line
in some graphene islands, and none for the other islands.
Basically, after multiple growth cycles, on the Cu surface, there
exist graphene islands with different numbers of curved lines,
and the maximum number of curved lines in one graphene
island is linearly correlated with the number of growth cycles.
The relation shown in Figure 2d serves as an important basis
for discovering the mechanism for the formation of the
observed curved lines of graphitic N. Despite recent studies on
the synthesis of N-doped graphene from N-containing sole
precursors,'”'*~"7 this is the first-time observation of curved
dopant lines in the graphene layer. We attribute the formation
of the observed curved lines to an edge-guided doping process
in which the N atoms are incorporated into the graphene
lattice from the graphene edges during the growth process,
which is to be discussed later by combining STM and XPS
results.

XPS measurements have been performed to confirm the
existence of N dopants and identify their bonding config-

urations in the §raphene lattice based on the BE positions of N
eaks.”/10:21:24,57~

p 3° Figure 3 shows the XPS N 1s spectra of the
Raw Data N1s
- ==-Background 398.4 eV
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Figure 3. XPS N 1s spectra of the N-doped graphene layer on the
Cu(111) surface.

synthesized N-doped single-layer graphene on the Cu(111)
surface. This sample was prepared by 11 growth cycles, and the
coverage of graphene is ~0.7 ML according to STM
measurements. The peak at 398.4 eV BE can be attributed
to pyridinic N,”'**"*#327%¢ yhich confirms that N atoms have
been successfully incorporated at the edges of the graphene
lattice. XPS results indicate that the predominant doping
configuration is pyridinic N and the concentration of graphitic
N, which is ~9 X 10> ym™> according to STM measurements,
is lower than the detection limit of XPS. The concentration of
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graphitic N achieved on our sample is much lower than the
samples prepared by CVD or ion implantation,'®'®#375%
Pyridinic N originates from sp*-hybridized N atoms bonded
with two sp*-hybridized C atoms at the edges or vacancy
defects in the graphene layer; therefore, the pyridinic N atoms
always accompany vacancy defects or edges in the graphene
layer. Within graphene islands, we did observe some vacancy
defects (see Figure S6), but the amount is much less than
graphitic N dopants. Therefore, the vacancy defects within
graphene islands, even if they are related to pyridinic N, are not
the dominant source of the observed pyridinic N peak on XPS
spectra. The dominant source is most likely the N dopants at
the edges of graphene islands and the graphene domain
boundaries. This assignment explains the formation of dopant
lines within graphene islands with increasing growth cycles, as
discussed below. We scanned the edges of graphene islands
and the graphene domain boundaries with the intent to resolve
the atomic structure of pyridinic N dopants. The obtained
atomic-resolution STM images (see Figure S7) exhibit many
different features that might be related to pyridinic N, or
intermediate species during the transformation from Cs,NH to
graphene, or other types of defects. We find it is difficult to
identify which features on STM images correspond to pyridinic
N dopants mainly because many different factors contribute to
the atomic structure of edges and boundaries. Nonetheless, the
pyridinic N peak on XPS spectra and the negligible amount of
vacancy defects within graphene islands suggest that pyridinic
N dopants predominantly exist on the edges of graphene
islands and at graphene domain boundaries. It is noted that,
with increasing graphene coverage, graphene islands coalesce
with the formation of domain boundaries with many vacancy
defects (see Figure S7). As indicated by XPS measurements
(see Figure 3), the amount of pyridinic N detected by XPS is
much larger than graphitic N even for a high graphene
coverage (~0.7 ML), which suggests that pyridinic N dopants
exist not only at the edges of graphene islands but also at the
graphene domain boundaries.

Both STM and XPS measurements suggest that the edges of
graphene islands play a dominant role in the formation of
dopant lines. During the first growth cycle, graphene islands
nucleate on the Cu surface and N atoms prefer to substitute at
the edges of graphene islands with the pyridinic conﬁguration,
which has been suggested by theoretical calculations. 9 The
preferential doping of heteroatoms at the edges or domain
boundaries was also observed in doped graphene materials
prepared by using other methods.'”*"~®> During the second
growth cycle, the existing graphene islands continue to grow
and, at the same time, new graphene islands nucleate on the
Cu surface. When the existing islands continue to grow further,
part of the pyridinic N atoms at the edges transform into
graphitic N atoms in the island, leading to a line of graphitic N
dopants in the island. The shape of the formed dopant lines is
similar to that of the island edges. When new graphene islands
nucleate, N atoms prefer to stay at the edges of islands with the
pyridinic configuration and there is no line of graphitic N in
the island. Therefore, after two growth cycles, some islands
have a line of dopants while the others have no line of dopants.
With more growth cycles, the existing graphene islands grow
larger while more lines of graphitic N form in the island and,
simultaneously, new graphene islands nucleate in each growth
cycle. Therefore, we can identify the lower limit for the age of
each graphene island by counting the number of dopant lines
in the island. If the number of dopant lines is #, the island is >n
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+ 1 cycles of age. We think # + 1 is the lower limit because we
cannot exclude the possibility that, occasionally, none of the
pyridinic N atoms transform into graphitic N while the
graphene island grows during a growth cycle. For example, if n
= 0, the graphene island was formed in the last growth cycle or
earlier, corresponding to >1 cycles of age; if n 1, the
graphene island was formed in the cycle before last or earlier,
corresponding to >2 cycles of age. The graphene islands
shown in (a—f) in Figure SS are one to six cycles of age,
respectively. Although the preferential doping at the edges of
graphene with heteroatoms has been observed,”' this is the
first report on the transformation from pyridinic N on the
graphene edges into graphitic N within the graphene layer. The
observed edge-guided doping process represents a new and
important discovery for the synthesis of heteroatom-doped
graphene from sole precursors.

It is interesting to note that, for the synthesis of N-doped
graphene from C NH, the selection of growth substrate
strongly affects the spatial distribution of N dopants in the
obtained graphene layer. For the synthesis on Ru(0001), the N
dopants distribute homogeneously in the graphene layer;'’
however, for the synthesis on Cu(111), the N dopants in the
graphene layer distribute along the curved lines due to an edge-
guided doping process, as discussed above. The observed
dependence of dopant distribution on the growth substrate is
most likely related to the interactions between N and different
growth substrates. Sforzini et al. investigated the N' ion
implantation of epitaxial monolayer graphene and H-

intercalated quasi-freestanding monolayer graphene, both
grown on 6H-SiC(0001), and found that the support of
graphene has multiple influences on the N doping of the
graphene layer.”®

The number ratio of N and C atoms in the precursor C;oQNH
is N/C = 1:59, so the concentration of graphitic N would be
~6.4 X 10° um™? if all atoms from the precursor remain on the
surface and all N atoms are incorporated into the graphene
lattice as graphitic N. However, the concentration of graphitic
N on our sample (~9 X 10° yum™2) is much lower. Previous
studies have suggested several factors that may contribute to
the difference between the concentration of N dopants in
graphene and the content of N in sole precursor.'®'” One
important factor worth mentioning here is that the formation
energies for incorporating N dopants into the graphene lattice
are higher than the formation energy of pristine graphene.®”**

3.2. Doping-Induced Variation of Local Work
Function. To investigate how the local work function of
graphene is modulated by the N doping, spatially resolved dZ/
dV measurements were performed by using STM in the
voltage range from 2 to 7 V. The dZ/dV spectra exhibit a series
of resonances corresponding to the Stark-shifted image
potential states.”* Because of the STM tip in close proximity
to the sample surface and the resultant strong electric field,
these states are often referred to as FERs which have been used
to identify different metals on metal surfaces,”> probe the
spatial variation of local work function on surfaces,”’ > and
achieve atomic-resolution STM images on insulators.”® The
measurements of FERs have been used to investigate the local
work function of graphene on various substrates.”" > This
method is also desirable for probing, with high spatial
resolution, the influence of heteroatom doping on the local
work function of graphene; however, such studies are still
lacking.
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Figure 4. (a) Atomic-resolution STM image of graphitic N dopants in the graphene layer. Scanning parameters: V., = +10 mV, I = 1 nA. Scale
bar: 1.6 nm. (b) Two-dimensional visualization of the dZ/dV line spectra recorded along the arrowed line in (a) through a graphitic N dopant. The
tunneling current remained at 10 pA for the dZ/dV line spectra measurements. (c) Z—V point spectra recorded in the pristine graphene region (A)
and at the graphitic N site (B). (d) dZ/dV point spectra obtained by taking numerical differentiation of Z—V point spectra in (c).
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Figure 5. (a) STM image showing a curved line of graphitic N dopants. Scanning parameters: Vy;,, = +1 V, I = 10 pA. Scale bar: 3 nm. (b,c) dZ/dV
line spectra recorded along the line #1 and the line #2, respectively, on (a).

In order to identify the effect of graphitic N doping on the
local work function, along a straight line across a single
graphitic N dopant (see Figure 4a), we have measured the dZ/
dV line spectra (see Figure 4b). It is clear that the FERs shift
downward in energy due to the graphitic N doping. The peak
shift of FERs is not relevant to the contrast on the topography
image (see Figure S8) and thus can be ascribed to the variation
of local work function. The energy shift of the first FER
between the low work function region and high work function
region is rather sharp. At the boundaries between the two
different regions, we observed the coexistence of two peaks
instead of a smooth energy shift for the first FER. Such a sharp
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transition of local work function was previously observed on
the surface of hexagonal boron nitride on Ir(111)*” and in the
vicinity of a point defect consisting of a single adsorbed Cg,
molecule.”” The energy shift becomes smoother with an
increasing order of the FER, which is due to the increasing
separation between the surface and higher order FER.”” Figure
4c,d shows the Z—V and dZ/dV point spectra recorded at the
site A and the site B, respectively, on Figure 4a. By measuring
the peak shift of FERs between the graphene/Cu(111) and
Cu(111) regions, we have experimentally obtained the work
function of the graphene/Cu(111) surface as ~4.22 eV, see
Figure S9. The peak position of the first FER for pristine
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graphene/Cu(111) varies in the range of 3.64—3.96 eV
depending on tip conditions in our measurements with 10
PA, and for each tip condition, it shifts to higher energy values
with increasing current, see Figure S9. The energy shift of the
second FER is approximately equal to the variation of local
work function on the surface.””*>*® By analyzing the second
FER of dZ/dV spectra recorded with different tip conditions,
we find that the local work function of graphene decreases by
0.10 + 0.02 eV due to a single graphitic N dopant. It is worth
mentioning that different tip conditions may produce different
local electric fields, which leads to different energy positions for
FERs of the same order; however, the measured shift of the
second FER induced by N doping remains largely unchanged
with different tip conditions, as shown in Figure S11.

Figure S shows two dZ/dV line spectra recorded across
graphitic N dopants in two different regions with different
dopant concentrations (see Figure 5a). Line 1 is across a
dopant in a region with a low concentration of graphitic N
dopants, while line 2 is across a dopant in a region with a high
concentration of graphitic N dopants. The energy shift of the
second FER is 0.10 eV for line spectra #1 and 0.22 eV for line
spectra #2. It is clear that the local work function of the
graphene surface decreases with the increase of graphitic N
dopant concentration. The dimension of the region in which
the local work function is tuned by graphitic N doping
increases with increasing doping concentration. For the
graphitic N dopant measured by the line spectra in Figure
4b, the distance between this dopant and its nearest neighbor
graphitic N dopant is ~2.9 nm. The distances are ~1.7 and
~0.6 nm for the graphitic N dopants measured by the line
spectra in Figure Sb,c, respectively. From the first FER on the
line spectra in Figure 4b, the dimension of the graphene region
with tuned local work function is ~2.1 nm in diameter. In
contrast, the corresponding dimensions are ~2.7 and ~3.1 nm,
respectively, for the line spectra in Figure Sb,c. Therefore, an
isolated graphitic N dopant affects its surrounding region with
a diameter of ~2.1 nm, and the affected region enlarges with
increasing dopant concentration.

The observed influence of graphitic N dopants on the local
work function of graphene is supported by our DFT
calculations. Figure 6 shows two different concentrations of

Figure 6. Two different concentrations of graphitic N used in the
DFT calculations of work function for N-doped graphene on
Cu(111). The Cu, C, and N atoms are in blue, brown, and yellow,
respectively. The simulation cells are indicated by the dashed lines.

graphitic N dopants in graphene. The predicted work function
is ~4.13 eV for the scenario in Figure 6a; in contrast, it is
~4.07 eV for the scenario in Figure 6b. The predicted work
function of pristine graphene on Cu(111) is ~4.19 eV, which is
in good agreement with the work function of ~4.22 eV derived
from our dZ/dV measurements (see Figure S9). Therefore, our
DFT calculations show that graphitic N dopants lead to the
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decrease of work function of graphene, which is qualitatively
consistent with our STM/STS observations.

The lifetime 7 of electrons in the FER can be extracted from
lifetime-broadened spectroscopic linewidths by using 7 =~ A/T,
where 7 is the reduced Planck constant and I is the full width
at half-maximum (FWHM) of the FERs. A Lorentzian fit was
used to find the FWHM of the resonances. From the two dZ/
dV point spectra in Figure 4d, the lifetimes of the first three
FERs measured at site A (pristine graphene region) are ~4.3,
~4.6, and ~4.6 fs, respectively; however, the lifetimes of the
first three FERs at site B (graphitic N site) are ~9.5, ~5.3, and
~5.3 fs, respectively. It should be noted that the lifetimes
derived from dZ/dV spectra underestimate the intrinsic
lifetimes of image potential states due to the broadening of
the peaks induced by electric field. """ The two spectra in
Figure 4d were recorded with the same tip condition and
measurement parameters. Nevertheless, it is obvious that the
graphitic N doping enhances the lifetimes of the FERs; and the
enhancement is 5.2 fs for the first FER and 0.7 fs for the
second and third FERs. The lifetime of electrons injected into
a FER is limited mainly by their interaction with bulk
electrons. The observed lifetime enhancement indicates that
the graphitic N doping decreases the coupling of electrons in
the FERs to bulk electrons, which coincides with the
theoretical prediction that the N—Cu distance is slightly larger
than the C—Cu distance.”’

In order to identify how the local work function of graphene
is affected by pyridinic N doping, dZ/dV line spectra were
measured from the edge to the interior of the graphene island,
as shown in Figure 7a—c. Figure 7b shows the dZ/dV point
spectra recorded at A and B sites in Figure 7a. It is clear that
the FERs measured at the edge shift upward in energy
compared to the ones measured in the interior of the graphene
island, which indicates that the local work function at the edge
is higher than that in the interior of the graphene island. For
the measurements in Figure 7a—c, the energy shift of the
second FER is 0.21 eV. It should be noted that the increase of
local work function at the graphene edge may be induced by
the graphene edge itself and/or pyridinic N doping at the edge.

To further unveil the role of pyridinic N on the variation of
local work function, we measured dZ/dV spectra for graphene
islands on Cu(111) synthesized from Cg, and for the ones
synthesized from CyNH. For the graphene/Cu sample
prepared by using Cg, as the precursor,””> there is no N
dopant on the graphene edges. In contrast, by using C;oNH as
the precursor, the graphene edges are decorated with pyridinic
N dopants, as discussed above. STM images show a dark line
near the edges of graphene islands on both samples, as shown
in Figure 7a where the point A is on the dark line. To identify
the difference in local work function between the edge and the
interior of graphene islands, dZ/dV point spectra were first
recorded at one randomly selected point on the dark line near
the edge and then, with the same tip condition, at one selected
point that is within the graphene island and 5 nm away from
the first point. These two dZ/dV point spectra are called one
pair of dZ/dV spectra, and the energy shift of the second FER
between the two spectra in one pair is the variation of local
work function between the edge and the interior of graphene
islands. We performed such measurements on numerous
different graphene islands with 119 pairs of dZ/dV spectra on
the sample without N dopants and 110 pairs on the sample
with N dopants.
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Figure 7. (a) STM image showing the edge of a graphene island on Cu(111). Scanning parameters: Vi, = +2 V, I = 10 pA. Scale bar: 2 nm. (b)
dZ/dV point spectra recorded at the two ends of the line in (a). A is near the edge of graphene island, and B is in the interior of graphene island.
(c) dZ/dV line spectra recorded along the line from A to B in (a). (d) Statistics of the energy shift of the second FER between the edge and the
interior of graphene islands for non-doped graphene/Cu (blue) and N-doped graphene/Cu (red). The statistics is a result of 119 and 110 pairs of
dZ/dV point spectra for the non-doped and N-doped samples, respectively.

Figure 7d is the statistics of the energy shift of the second
FER between the edge and the interior of graphene islands.
Although different tip conditions have been used for different
pairs, the peak shift values shown in Figure 7d are not related
to the variation of tip conditions because the tip condition
remains unchanged during the measurement of the two dZ/dV
point spectra in each pair. Hence, the variations of peak shift
values in Figure 7d reflect the variations of local work function
along the edges of graphene islands on the two samples. For
non-doped graphene islands, the increase of local work
function at the edge relative to the interior of graphene island
ranges from 0.01 to 0.18 eV, which clearly indicates that the
local work function increases for non-doped graphene edges
and, at the same time, varies with the atomic structure of edges.
The non-uniform distribution of intermediate species on the
edges leads to the variation of the atomic structure along the
edges. It is interesting to note that, for N-doped graphene
islands, the increase of local work function at the edge relative
to the interior of graphene island ranges from 0.03 to 0.30 eV,
which is obviously different from the range for non-doped
graphene edges. For the N-doped graphene sample, the
variation of local work function along the edges can be ascribed
to the non-uniform distribution of both intermediate species
and pyridinic N dopants. The statistics in Figure 7d show that
overall N-doped graphene edges have higher local work
function than non-doped graphene edges, which indicates that
pyridinic N increases the local work function of graphene. The
observed increase of local work function of graphene induced
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by pyridinic N is qualitatively consistent with our DFT
calculations (see Figure S12).

The doping-induced variation of local work function is
caused by electron transfer. Work function is the difference
between the vacuum level and the Fermi level. From our DFT
calculations, the Fermi level shifts upward for graphitic N
doping due to electron transfer from N to surrounding C
atoms; in contrast, the Fermi level shifts downward for
pyridinic N doping due to electron transfer from surrounding
C atoms to N. As a result of electron transfer, the N site is
positively charged for graphitic N doping but negatively
charged for pyridinic N doping, as shown in Figure S13.

4. CONCLUSIONS

In summary, we have investigated the synthesis and properties
of N-doped graphene on Cu(111) from the sole precursor
CsoNH by using STM measurements, XPS measurements, and
DFT calculations. We observed that graphitic N dopants
arrange into curved lines within graphene islands after multiple
growth cycles due to an edge-guided doping process, which is a
new and important discovery for the synthesis of heteroatom-
doped graphene from sole precursors. The doping-induced
variation of local work function of the graphene/Cu surface has
also been measured on the atomic scale by recording spatially
resolved FERs with STM. The local work function decreases
by 0.10 + 0.02 eV due to single graphitic N dopant and
decreases further with increasing concentration of graphitic N
dopants; in contrast, pyridinic N dopants increase local work
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function. This work provides new atomic-scale insights into the
process for incorporating N atoms into the graphene lattice as
well as the correlations between the type of nitrogen doping
and the variation of local work function, which are essential to
the design, preparation, and practical applications of doped
graphene materials.
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