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ABSTRACT: Doping graphene with boron has been difficult because of
high reaction barriers. Here, we describe a low-energy reaction route
derived from first-principles calculations and validated by experiments.
We find that a boron atom on graphene on a ruthenium(0001) substrate
can replace a carbon by pushing it through, with substrate attraction
helping to reduce the barrier to only 0.1 eV, implying that the doping can
take place at room temperature. High-quality graphene is grown on a
Ru(0001) surface and exposed to B2H6. Scanning tunneling microscopy/
spectroscopy and X-ray photoelectron spectroscopy confirmed that
boron is indeed incorporated substitutionally without disturbing the
graphene lattice.
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Monolayer graphene has generated great interest due to its
unique properties and potential applications.1−10 Its

energy-band structure with the Fermi energy at a Dirac point
leads to unusual electronic and magnetic properties, but a
feature of many potential applications is the need to shift the
Fermi energy away from the Dirac point, generating n-type or
p-type graphene.11−15 As in conventional three-dimensional
semiconductors, one easily infers that such doping can be
achieved by replacing C atoms with B atoms for p-type
conduction and with N atoms for n-type conduction. The
process for incorporating these elements in a graphene
monolayer without concomitant disturbance of the lattice,
however, has been difficult because of the strength of C−C
bonds. In particular, calculations have shown that a B atom can
push a C atom through free-standing monolayer graphene and
replace it, but the activation barrier is high.16 A common
approach has been to use ion irradiation to create vacancies or
divacancies, which can then easily accept substitutional
impurities.17,18 Although this process works, the quality of the
graphene is degraded. Successful doping of graphene by
adsorbates on the surface or at the edges of nanoribbons has
been reported,19,20 but such doping schemes are not as robust
and controllable as substitutional doping by impurities.
In this paper, we report first-principles calculations that

predict the possible doping of graphene by substitutional B by a
room-temperature process and experimental confirmation of
the process. The idea was motivated by the recent study on B
atoms replacing C atoms in freestanding monolayer graphene16

and Si penetrating through monolayer graphene.21−23 We now
report calculations showing that a B atom on top of monolayer

graphene on a ruthenium substrate simply pushes a C atom
through and takes its place. The process is aided by the
displaced C bonding with the Ru substrate, which reduces the
energy barrier to effectively zero (∼0.1 eV). The displaced C
atom is initially attached to the B atom, but it migrates away
with an activation energy of 0.8 eV. Thus, the process is
predicted to work at room temperature. The process works for
other substrates (Cu, Ir), also with very small barriers (∼0.2
eV). A similar process using N has an energy barrier of 1.85 eV
for a Ru substrate, which would require slightly elevated
temperatures, but the same process next to substitutional B has
a small barrier of 0.5 eV. Thus, the calculations predict the
possibility of forming BN islands in monolayer graphene.
Experimental verification of the prediction of room-temper-

ature doping by B was achieved. High-quality monolayer
graphene was grown on Ru(0001) substrate and then exposed
to B2H6, which can decompose to atomic boron at room
temperature. As the exposure time increases, scanning
tunneling microscopy (STM) topography shows more and
more “dark spots” in the atop areas of the moire ́ pattern.
Simultaneously, X-ray photoelectron spectroscopy (XPS)
shows a new peak, indicating that C−B sp2 bonds form.
Therefore, we conclude that the dark spots are caused by boron
atoms incorporated into the graphene sheet. High-resolution
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STM images of the dark spots show explicitly that B atoms are
incorporated substitutionally in the graphene lattice.
All calculations are performed within density functional

theory (DFT) and the local density approximation (LDA),24

using the Vienna ab initio simulation package (VASP).25,26 The
projector augmented wave (PAW) method27 is employed. The
electronic wave functions are expanded in plane waves with a
kinetic energy cutoff of 400 eV. The k-points mesh used in the
calculations is 1 × 1 × 1 owing to the large dimension of
simulation supercell. The k-points mesh and other parameters
were tested (see Supporting Information Figure S4). The
structures are relaxed until residual forces are smaller than 0.01
eV/Å. A slab of Ru(0001) comprising two layers of Ru atoms
was used, cleaved from crystalline Ru solid (lattice constants: a
= 2.68 Å, c = 4.22 Å). A 8% compression of 5 × 5 Ru(0001)
substrate is used in order to fit the 5 × 5 graphene supercell,
and the slabs of Ru(0001) are kept fixed because of the
calculation cost. A vacuum layer about 15 Å is used in the
direction perpendicular to Ru(0001) substrate to avoid
interactions between neighboring supercells.
First, we employ the climbing-image nudged elastic band

(CI-NEB) method28 to study the energy barrier of a single
boron atom entering the graphene sheet by replacing one
carbon atom. We choose a configuration of a single boron atom
adsorbed on the bridge site of a pristine graphene sheet as the
start of the doping process (Figure 1a). For the final

configuration after the doping, one carbon atom in graphene
is replaced by boron, whereas the carbon atom is pushed down
to the Ru(0001) surface just below the doping site (Figure 1c).
The energy barrier along the whole path is shown in Figure 1d.
The energy of the final state is lower by 3 eV compared with
the initial state. Comparing with the results of ref 16. on the
penetration of a B atom on free-standing monolayer graphene,
it is clear that the decrease in the energy of the final state is
mainly due to the interaction between the carbon atom and

substrate. The substrate effectively exerts an attractive force that
drives the C atom down as the B takes the C atom’s place.
The calculated energy barrier (Figure 1d) shows that there

are three stages for the doping process. At the first stage
(configurations 0 to 2), the energy increases slightly by 0.1 eV.
It corresponds to the B atom beginning to merge into the
graphene sheet while one C atom moves down slightly. At the
maximum energy configuration, the distance between the B
atom and the removed C atom is 1.7 Å, whereas the distance
between the B atom and the substrate is 4.8 Å. Therefore, the
increasing energy mainly comes from the interaction between
the B atom and the graphene sheet. At the second stage
(configurations 2 to 5), the energy begins decreasing but only
by a small amount about 0.2 eV. In the third stage
(configurations 5 to 8), the energy decreases drastically. At
this stage, the C−C bonds are reformed as C−B bonds and the
interaction between the displaced carbon atom and the
substrate prevails. The energy barrier for the whole process is
merely 0.1 eV, which suggests that the process can take place
spontaneously at room temperature. To check how much the
substrate affects the doping process, we take away the substrate
and relax the doped structure. It shows that the displaced
carbon atom goes back to the carbon sheet and boron-doped
graphene is no longer a stable configuration. Therefore, the
substrate plays an essential role for successful doping. More
specifically, the process does not amount to simply replacing
three C−C bonds with three B−C bonds, which is known to
cost 1.3 eV in free-standing graphene.16 Instead, three C−C
bonds are gradually replaced by three C−B bonds, whereas the
displaced C atom forms bonds with the B atom and three
substrate Ru atoms, that is, it acquires tetrahedral bonding (see
Figure 1c). It is the simultaneous formation of this B−C−Ru3
bonded structure that reduces the barrier to essentially zero and
leads to the large energy gain. After the displaced carbon moves
away, though it looks like a boron atom has replaced a carbon
atom in graphene, which is counterintuitive given the C−C and
C−B bond strengths, the true final state of the system is a
substitutional boron in the graphene plus an intercalated
carbon atom. Such assistance by the substrate could also be
provided by Cu(111) and Ir(111) substrates. Our calculations
show that the energy barrier is ∼0.2 eV for these two substrates.
After the doping is complete, the next question is what

happens to the C atom that was pushed below the graphene
sheet. Figure 1d shows that the reverse process of the C atom
going back to the graphene sheet has an energy barrier of about
3 eV. If the energy barrier of the C atom diffusing away is less
than that, the carbon atom tends not to go back and the doping
process is irreversible. Therefore, we examine the energy barrier
for the intercalated C atom to make one step away from the
substitutional B atom. This barrier is about 0.8 eV (Figure 1e),
which also allows the process to occur at room temperature.
The diffusion barrier further reduces to 0.6 eV when the C
atom is farther away from the doping site. Therefore, the C is
effectively free when it reaches the substrate, whereby it should
be possible to obtain doped pristine graphene instead of some
complex carbon−boron structures.
As noted earlier, the above results were obtained by

compressing the Ru substrate by 8% in order to match a 5 ×
5 graphene supercell. Much larger and computationally costly
supercells are needed to accommodate graphene on an
uncompressed Ru substrate. The fact that we found that the
activation barrier for the B doping process is essentially zero
suggests that the error introduced by compressing the Ru

Figure 1. Schematic process of a boron atom being incorporated as a
substitutional dopant in graphene. Light blue atoms are the top Ru
surface layer; dark blue atoms are the second Ru layer. (a) Initial
configuration (at the bridge site), (b) configuration with highest
energy, where boron forms bonds with the carbon below, and (c) final
configuration after doping is completed: the boron atom forms three
bonds with neighboring carbon atoms and one carbon atom is pushed
down to the substrate. (d) Energy barrier obtained from CI-NEB
method. (e) Schematic process of a carbon atom diffusing between the
interface of graphene and the Ru(0001) surface.
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substrate is not likely to negate the conclusion that the barrier is
in fact small enough for the process to occur at room
temperature. We proceeded, therefore to test the theoretical
prediction by performing experiments, which we describe next.
Samples were fabricated on Ru(0001) crystals in ultrahigh

vacuum (UHV) LT-STM system. These Ru(0001) crystals
were cleaned ultrasonically in high-purity acetone and ethanol
to remove organic contaminations on the surface. Prior to the
growth of graphene, the Ru(0001) surface was further cleaned
by several cycles of ion sputtering using Ar+ with energy of 1
keV and annealing at 1400 K in UHV chamber. Single-layer
graphene was epitaxially grown on Ru(0001) via pyrolysis of
ethylene (C2H4). The quality of the as-grown graphene was
checked by STM. Boron-doped graphene was prepared by
exposing the as-grown graphene/Ru to diborane (B2H6) at
room temperature. STM images were acquired in constant-
current mode, and all given voltage refer to the sample.
Differential conductance (dI/dV) spectra and maps were
acquired by using a lock-in technique with a 5 mVrms sinusoidal
modulation at 973 Hz, which is superposed to the bias voltage
Vbias. All the measurements were carried out at ∼4.2 K with
electrochemically etched tungsten tips, which were calibrated
against the surface states of the Au(111) surface prior to the
spectroscopic measurements.
Figure 2a shows the clean graphene surface as imaged by

STM. It reveals the characteristic moire ́ pattern, which has been

ascribed to geometric and electronic effects.29−31 We note that
each unit cell of the moire ́ pattern includes three different
regions: atop, fcc, and hcp regions. Figure 2b shows the
graphene monolayer after it is exposed to diborane (1 × 10−5

mbar) at room temperature for 200 s. In contrast to the clean
graphene surface, a few dark spots located at the atop regions
appear. Increased boron exposure time leads to an increasing
density of such dark spots, as shown in Figure 2c,d. Similar
features were found in multiple measurements, as illustrated in
Supporting Information Figure S1. By counting the number of
dark spots, we arrive at a concentration of such dark spots as a
function of boron exposure, which is approximately propor-

tional to the dose time of boron, as shown in Figure 2e, leading
us to associate these dark-spots with B dopants.
To confirm that the dark spots are caused by B dopants, we

performed XPS for pristine and B-doped samples (Figure 2f).
After exposure to B2H6, XPS shows two additional peaks at
187.6 and 189.1 eV in the XPS spectrum. The peak with lower
binding energy (centered at 187.6 eV) is related to non-
stoichiometric BxCy, and B-doped carbon nanoparticles.32,33

The STM image for nanoparticles is shown in Supporting
Information Figure S3. The peak with binding energy of 189.1
eV can be associated with sp2 C−B bonds33,34 present in
graphene, indicating the formation of substitutional bonds. It is
clear that sp2 C−B bonds, that is, B doping, dominates.
In order to unveil the detailed structure of B dopants in the

graphene lattice, we acquired atomically resolved STM images
of B-doped graphene on Ru(0001). Figure 3a shows a

representative STM topography of B-doped graphene. The
dashed circle indicates an undoped atop region. Its close-up
topography is shown in Figure 3b,c. The solid-line circle in
Figure 3a indicates a doped atop region. Its close-up
topography is shown in Figure 3d,e. Figure 3e reveals one
bright spot connecting to three less-bright spots in the
honeycomb lattice. We infer that the central bright spot is
the B dopant, which is bonded to three carbon atoms. We note
that boron atoms appear dark in the low-resolutions image,
whereas they appear bright in the high-resolution image. This
effect arises because a low-resolutions spot is an average of the
bright boron spot and the surrounding three dark spots in the
low-resolution image. The dark spots clearly overwhelm the
central bright spot and the region appears dark. Figure 3c
shows the honeycomb structure of the graphene lattice with
C−C distance of 1.64 ± 0.12 Å, indicating large tension strain35

in the graphene lattice in these atop regions (1.42 Å for that of
free graphene), due to the strong interaction between graphene
and the Ru substrate. The brighter B atoms in the high-
resolution image are consistent with similar STM observation
in B-doped graphene on a Cu substrate in ref 12. The low-
resolution images are different in the two papers because of the

Figure 2. STM images and XPS spectra of boron-doped graphene on
Ru(0001). (a) Moire ́ pattern of clean graphene on Ru(0001). (b)−(d)
Graphene exposed to diborane at room temperature for 200, 400, and
800 s, respectively (tunneling gap: sample bias Vbias = −200 mV,
tunneling current Iset = 10 pA). (e) B-dopant density in graphene/Ru
vs dosing time. The dopant density was acquired by counting the
number of B dopants in 50 × 50 nm2 (over two samples, 5 areas for
each sample). (f) XPS spectra of B-doped graphene on Ru(0001).

Figure 3. STM imaging of B dopants. (a) STM image of the most
common doping form observed on B-doped graphene on Ru(0001)
(Vbias = −120 mV, Iset = 10 pA); (b)−(e) Atomically resolved STM
images of graphene/Ru(0001) around atop regions with and without
B dopant showing honeycomb lattice of graphene, respectively (b, Vbias
= −85 mV; d, −200 mV, Iset = 300 pA; c, Vbias = −150 mV, Iset = 310
pA; e, Vbias = −200 mV, Iset = 1 nA). The B dopants in the lattice have
an apparent out-of-plane height of ∼0.2 Å. (f) dI/dV curves taken on a
B atom (top) and on surrounding atoms near the B atom on B-doped
graphene on Ru(0001), offset vertically for clarity (tunneling gap: Vbias
= −200 mV, Iset = 100 pA). (Inset) positions where the spectra were
taken.
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different substrates (different hybridization of π-bands in
graphene with 3d bands in Ru or Cu substrate). We note
that defects in graphene and adsorbates on graphene may also
be introduced during the exposure to boron, which could result
in change in STM topography. However, the intact honeycomb
lattice shown in Figure 3d,e suggests the absence of such
defects. Furthermore, adsorbates on graphene can also be
excluded as the origin of the dark spots because adsorption of
molecules or atoms on graphene would result in large
protrusion in STM topography,36,37 which is not in agreement
with our high-resolution STM results. In addition, we also note
that a few small bright spots were found in other two regions
(fcc and hcp) besides the dopants in the atop regions after
exposure to boron, as presented in Figures 2 and 3 as well as
Supporting Information Figure S2b. These spots disappeared
after annealing at 800 K (Supporting Information Figure S2c),
indicating that they are not stable at high temperature, whereas
boron dopants in the atop regions are stable even at higher
temperature. Furthermore, the B dopant atom can be
distinguished from the surrounding C atoms in the graphene
lattice by detailed STS measurements on B-doped graphene
samples. Figure 3f shows five differential conductance (dI/dV)
spectra on (the top violet curve) and around (the bottom four
curves) a B dopant. All the curves show two most prominent
features in the spectra: the depression near zero bias energy and
the state around −140 meV, which has been seen previously on
monolayer graphene on Ru(0001).30,38 The pronounced
difference occurs above the Fermi energy (EF). For empty
states above ∼150 meV, the intensity of dI/dV spectrum
increases more sharply with energy on the B dopant atom than
that on its surroundings.
The electronic nature of the graphene film is affected by the

rippling and the presence of the B atoms. In Figure 4a, we show

spectra on (denoted by pink plus symbol) and far away (areas
within one unit cell of the moire ́ pattern) from a B dopant
atom. Although the overall features of the spectra are almost
the same, the spectra reveal the redistribution of the density of
states (DOS) of graphene on Ru(0001) in the atop, fcc, hcp
regions, indicating the corrugations in the STM topography are
the results of electronic structures. In addition, the spectra show
the enhancement of DOS above EF on the B dopant, compared

to that on the corresponding position at the undoped atop
region. To assess the amount of scattering introduced by the
dopant, we performed dI/dV mapping in a 6 × 6 nm2 area
containing a unit cell of moire ́ pattern with one graphitic B
dopant. Figure 4b shows a subset of these maps, acquired at
bias voltage from −0.5 to 0.5 V. Although in the STM images
the atop regions are brighter, they are darker in the STS maps
at positive voltage. In Figure 4b, the black arrows point to extra
intensity in one atop region, which is consistent with the STM
image of the same region in Figure 4a, indicating the presence
of boron.
Overall, the experimental evidence for substitutional boron

doping can be summarized as follows. Both the STM images
and STS maps show that a number of atop regions contain
distinct features. In these features, at the atomic scale, a
substitutional single atom in-plane in the graphene network is
distinct from the others, whereas the network remains intact.
The number of atop regions containing these distinct features
correlates linearly with the boron dose, and XPS data shows the
appearance of C−B sp2 bonds. We conclude, therefore that the
distinct atoms at substitutional sites are boron atoms.
To date, much effort has been focused on nitrogen doping to

fabricate n-type graphene. Thus, it is helpful to examine a
similar doping mechanism applied to nitrogen doping.
Calculations have found that the energy barrier of nitrogen is
larger compared with that of boron. When the carbon atom
starts being “kicked off”, the energy barrier undergoes an almost
linear increase. After the highest point, the energy has a drastic
dropping, which is caused by the bond forming between the
kicked-off carbon atom and the substrate. The energy barrier
for this process is about 1.85 eV. The energy decreases by 1.7
eV from the initial state to the final. The barrier of the carbon
atom diffusing across the interface is about 0.8 eV. Although the
doping process for nitrogen entails a higher energy barrier, it is
found that if a boron atom is first introduced to the graphene
sheet, followed by a nitrogen atom, the energy barrier to
incorporate the N atom substitutionally next to the B atom is
reduced to 0.5 eV. This result suggests that the N doping is
enhanced when B dopant is present.
In summary, we used first-principles calculations to reveal a

reaction path of a single boron atom replacing one carbon atom
in graphene on a Ru(0001) substrate with an energy barrier of
merely 0.1 eV. The substrate effectively exerts a driving force to
pull the C atom down and the C atom then migrates away. We
further demonstrated experimentally that the process works,
that is, one can fabricate B-doped graphene at room
temperature. We confirmed the presence of B dopants in the
graphene lattice by performing XPS for a pristine and boron-
doped samples. Furthermore, atomically resolved STM images
and STS spectra and maps show that single boron dopants are
incorporated into the monolayer graphene sheet.
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Figure 4. Spectroscopy and spectroscopic mapping around B dopants.
(a) dI/dV spectra taken on the B atom and its surrounding area for B-
doped graphene/Ru(0001). (Inset) positions where the spectra were
taken; (b) STS maps taken in the vicinity of a single B dopant for B-
doped graphene on Ru(0001) at different energies. (Tunneling gap:
Vbias = −200 mV, Iset =100 pA). The black arrows point to bright
features at the center of the doped atop region (pink + symbol in (a)).
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