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raphene consists of a monolayer

network of sp*-hybridized carbon

atoms.' ~> This unique 2-D structure
results in unique properties, such as a high
carrier mobility,** a high Young's modulus,
a high thermal conductivity,’ and a
low optical absorbance.?? All of these prop-
erties make graphene a material which
could be used in the fabrication of elec-
tronic  devices,'"® "2 supercapacitors,’>'*
batteries,’>'° solar cells,'”” sensors,'®°
polymer composites.2>?!

Chemical doping by ion implantation is
the common way to dope semiconductors.
Impurities are introduced in the crystal lat-
tice as substitutional atoms. For graphene,
boron and nitrogen are the best candidates
that could be used to substitute for carbon
atoms since both elements are carbon's
neighbors in the periodic table; that is, they
have three and five electrons in their outer
shells, respectively. Nitrogen atoms have
been explored as an effective dopant for
graphene. =% Boron has one fewer valence
electron when compared to carbon, and
therefore, it is expected to induce p-type
doping. Substitutional doping also has signif-
icant effects on the graphene structure; that is,
itintroduces chemical disorder since the B—C
bond is 0.5% longer than the C—C bond.?’

It is noteworthy that boron doping has
been successfully used to modify the elec-
tronic, mechanical, and oxidative properties of
graphite and carbon nanotubes® 32 The
maximum reported solubility of boron in
graphite has been 2.35% at 2350 °C*® The
substitutional boron atoms induced a per-
turbed flat geometry, and the modified elec-
tronic structure of the graphite plane was
verified by scanning tunneling microscopy.?®
In addition, boron is used as an effective

and
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ABSTRACT The introduction of foreign
atoms, such as nitrogen, into the hexagonal
network of an sp™hybridized carbon atom
monolayer has been demonstrated and con-
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stitutes an effective tool for tailoring the
intrinsic properties of graphene. Here, we
report that boron atoms can be efficiently

substituted for carbon in graphene. Single-layer gra
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phene substitutionally doped with boron

was prepared by the mechanical exfoliation of boron-doped graphite. X-ray photoelectron

spectroscopy demonstrated that the amount of sub

stitutional boron in graphite was ~0.22

atom %. Raman spectroscopy demonstrated that the boron atoms were spaced 4.76 nm apart

in single-layer graphene. The 7-fold higher intensity of the D-band when compared to the

G-band was explained by the elastically scattered

photoexcited electrons by boron atoms

before emitting a phonon. The frequency of the G-band in single-layer substitutionally boron-

doped graphene was unchanged, which could be

explained by the p-type boron doping

(stiffening) counteracting the tensile strain effect of the larger carbon—boron bond length

(softening). Boron-doped graphene appears to be a
and chemical properties of graphene.
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useful tool for engineering the physical

Raman

coating agent for carbon—carbon composites
for engineering applications,*® and boron-
doped carbons are used as high-performance
anode materials in lithium ion batteries>’
Scanning tunneling microscopy has demon-
strated that boron-doped multiwalled carbon
nanotubes exhibit a semimetallic character
with vanishing or narrow band gaps 323
Boron-doped graphene is of fundamental
interest because recent calculations have
shown that a sufficiently high boron concen-
tration gives rise to quantum interference
effects without affecting the outstanding
transport properties of graphene.* Further-
more, it has been shown that, in nanorib-
bons, the bonding of boron at the edges can
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Figure 1. (a—f) Typical SEM, TEM, and atomic-scale TEM images of the pure and boron-doped graphite. (g) X-ray diffraction
and (h) Raman spectra, (i) the C1s and (j) the B1s XPS spectra of pure and boron-doped graphite. There is no difference
between pristine and boron-doped graphite in the SEM and TEM images.

induce a transition from metallic to semiconducting
behaviors.>* To the best of our knowledge, this is the
first Raman study on boron-doped single-layer gra-
phene: previous works have only discussed boron
doping in graphite®*~3® and few-layered graphene.*
In the first case, ion implantation was used, whereas in
the second case, the samples were produced by arc-
discharge in the presence of gases.

In the present study, we prepared single-layer gra-
phene substitutionally doped with boron via the me-
chanical exfoliation of boron-doped graphite. The
boron-doped graphite was prepared by thermally
treating graphite with a boron compound at 2450 °C
using a graphite furnace. The aim of this work is to
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investigate how substitutional doping and chemical
disorder change the properties of graphene.

RESULTS AND DISCUSSION

Single-crystal graphite (Kish graphite), prepared by
precipitation from molten iron, was used as a host
material for boron doping.*® The graphite was several
nanometers thick and exhibited a rectangular plate-
like morphology and a flat surface with a metallic luster
(Figure 1a). A transmission electron microscope (TEM)
image showed that the Kish graphite consisted of
stacked thin layers and had a predominantly rectan-
gular edge structure (Figure 1c). There was no change
in the macro- and nanotexture of graphite, even after
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Figure 2. (a) Optical microscope image of the boron-doped single-layer graphene (indicated by the arrow) on an SiO,/Si
substrate; (b) Raman spectrum obtained using a 633 nm laser line, and spatial maps of (c) Ip/lg, the intensities of the
(d) D-band, (e) G + D-band, and (f) G'-band. The integrated intensity of the D-band is 7-fold that of the G-band.

the boron doping at high temperatures (Figure 1b,d).
High-resolution TEM (HRTEM) images of both samples
did not reveal any distinctive differences between the
pristine and boron-doped graphite (Figure 1e,f). How-
ever, boron doping induced a subtle change in the
crystallographic structure, which was verified by the
decrease in the interlayer spacing of the graphite (002)
diffraction line (Figure 1g) and the higher intensity
D-band (defect-induced mode) in the Raman spectra
(Figure 1h).*' X-ray photoelectron spectroscopy (XPS)
was used to confirm the presence of the boron atoms
that were introduced via the high-temperature ther-
mal treatment of graphite (Figure 1i,j). The strong Cls
spectra peak located at 284.4 eV was assigned to the
sp2-bonded carbon atoms, and the small B1s spectral
feature at 282.2 eV corresponds to the presence of
boron atoms in graphite.*> A subtle downshift in the
binding energy and a slight increase in the full width at
half-maximum (fwhm) intensity were detected in the
C1s peak of the boron-doped graphite. The change in
binding energy could be explained through the low-
ering of the Fermi level by the formation of a chemical
bond between carbon and electron-deficient boron.
The increase in the fwhm is attributable to the increase
in structural disorder due to the longer boron—carbon
bonds. The new peak observed at 282.2 eV (insets in
Figure 1i) comes from the carbidic boron—carbon
bond compound; this also confirms the presence of
boron atoms in graphite.*? In addition, the presence of
the substitutional boron atoms in graphite was verified
again by a close observation of the B1s region in the
spectrum (Figure 1j). The strong peak located ca.
186.5 eV was assigned to a boron cluster and boron
carbide, whereas the broad and weak peak at ca. 187.0 eV
originated from the substitutional boron atoms within
graphite.*? These results showed that the amount of
substitutional boron in graphite from the total boron
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concentration (0.69 atom %), calculated via the curve
fitted areas for their corresponding spectra, was 0.22
atom %. In addition, the diamagnetic susceptibility of
boron-doped graphite was —1.66 x 10~ ° emu/g at
room temperature, which is around 1/5 of the value
expected for pristine graphene. The substitutional
boron atoms act as electron acceptors, which lower
the Fermi level, and decrease the diamagnetic suscept-
ibility. This observation also supports the presence of
boron atoms at trigonal sites.

Micromechanical exfoliation of boron-doped gra-
phite with adhesive tape was used to obtain high-
quality boron-doped single-layer graphene. The exfo-
liation was performed by the repeated folding and
unfolding of the tape, which was attached to boron-
doped graphite, and the flakes were transferred to a
SiO,/Si substrate. Optical microscope images show
graphene flakes of atomic and micrometer thickness
(Figure 2a). The Raman maps were measured using a
633 nm laser line on optically transparent, large single-
layer graphene (as indicated by the arrow in Figure 2a).
Raman maps constitute an efficient method for study-
ing the effect of the number of layers and defects in
graphene.”*** The boron-doped graphene exhibited
two bands characteristic of graphene: the G-band at
1580 cm™ ' corresponding to the stretching vibration
of the carbon—carbon bond, and the G'-band at
2725 cm™ ' due to a second-order two-phonon pro-
cess, activated by double resonance processes.**¢ In
addition, three new bands appeared at 1345, 1622, and
2950 cm ™ ',*>¢ which were attributed to the defect-
induced double resonance Raman feature (the D- and
D’-bands) and the combination of G + D (the combina-
tion of phonons with different momentum around the
T"and K points). The intensity of the D-band was 7 times
greater than that of the G-band, and the peak intensity
of the D’-band was equal to that of the G-band (Figure 2b).
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Figure 3. (a) First-order and (b) second-order resonant Raman spectra of boron-doped single-layer graphene using laser lines
from 457 to 633 nm. The laser excitation energy dependency of the (c) D-band and (d) G'-band frequencies.

The low intensity of the D-band in boron-doped graphite
(Figure 1h) indicates a strong interaction between the
boron and carbon atoms in different layers. More
specifically, the scattering amplitude of a photoexcited
electron by a boron atom in bilayer graphene is
expected to be a half of the value for single graphene
because the electronic structure of AB-stacked bilayer
graphene is either a symmetric or an antisymmetric
combination of wave functions of & electrons in the
two layers. For multiple layers, since the wave function
consists of the wave functions for various layers, the
scattered amplitude becomes inversely proportional to
the number of layers. These two bands (e.g., the D- and
D’-bands) are closely associated with the density of
defects in graphene.*”**® However, in order to ensure
structural integrity, the number of defects should be
kept to a minimum because the sample was prepared
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by thermally treating the graphite with a boron com-
pound at 2450 °C. Thus, the strong defect-induced
peaks (the D- and D'-bands) originate by chemical
disorder from the substitutional boron atoms em-
bedded within the graphene. The Raman features of
the boron-doped graphene are similar to those of the
defective graphene prepared by ion bombardment, at
10" Art/cm?.%7® Assuming the substitutional boron
atoms to be equivalent to vacancy-like defects, the
following empirical equation was used to measure the
defect density in ion-bombarded graphene: Ip/lg =
102/Lp?, where Ip/lg is the intensity of the G-band
divided by the intensity of the D-band and L indicates
the density of defects in graphene.*” The calculated
average boron—boron distance (Lp) in boron-doped
single-layer graphene within the laser spot size was
~4.76 nm. The boron atoms were predicted to be
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Figure 4. (a) Raman spectra of single-layer graphene samples with different amounts of boron doping, using a 532 nm laser
line. The relationships between the G-band position (b) and the G'-band position (c) and Ip/lg. The Raman spectra of the
defective graphene prepared by argon plasma are shown for comparison in (a) by the dark circled points given in (b) and (c).

substituted into the sp®-carbon hexagonal network
with an average boron—boron distance of 4.76 nm,
in order to relieve the strain generated by the longer
boron—carbon bond. In other words, the substitutional
boron atoms can induce a breaking of the translational
symmetry of the sp? hexagonal carbon network, there-
by resulting in the evolution of the D-band intensity
caused by both electron-defect elastic scattering and
electron—phonon inelastic scattering.*® The calculated
average boron—boron distance of ~4.76 nm within
graphene corresponds to the scattering length for
elastic scattering. According to Jiang's theoretical
studies,>®*" a typical lifetime for emitting a phonon is
1 ps (for the LO G-band in graphite) and 0.65 ps (for the
LO G-band in a (10,10) nanotube) for a photoexcited
electron with energy less than 2.5 eV. If we multiply the
Fermi velocity of graphene (10° m/s), a mean free path
for a photoexcited electron to emit a phonon is
650 nm. If we adopted a time of 0.03 ps for emitting
any phonon among the LA or TA or LO or TO phonon
modes, a mean free path for emitting any of these

KIM ET AL.

phonons should be on order of 30 nm. This means that
the photoexcited electron is scattered elastically by
boron atoms before emitting a phonon. Thus, we
believe that the large intensity of the D-band in boron-
doped single-layer graphene could be explained by the
electron—boron elastic scattering process.

Raman maps of a boron-doped single-layer gra-
phene were recorded to confirm this prediction
(Figure 2c—f). The relatively homogeneous spatial im-
age of Ip/lg (the integrated intensity of the D-band
divided by the integrated intensity of the G-band)
(Figure 2c) indicates the homogeneous incorporation
of boron atoms into trigonal sites of graphene.
Figure 2d—f shows spatial images of the intensity of
the D-band, the G + D-band, and the G'-band, respec-
tively, which verify the presence of boron atoms across
graphene. The undulation in the brightness of each
map comes from the step used to get the Raman map
(ca. 200 nm) (The laser spot size is —500 nm).

The vibrational properties of the boron-doped single-
layer graphene were further investigated using
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different laser lines between 457 and 633 nm
(Figure 3a,b). The G-band frequencies do not depend
on the excitation laser energy because it is a Raman-
active first-order mode, whereas the peak frequency of
the D-band and the G'-band features increases with
increasing laser excitation energy. Such a dispersive
behavior was well explained by a double resonance
process.*>*® The D’-band located at 1620 cm ™' showed
a weak dispersive behavior. The excitation laser energy
dependence of the frequencies of the D-band
(Figure 3¢c) and the G'-band (Figure 3d) was plotted
for the boron-doped single-layer graphene. Both figures
were fitted using straight lines. The slope from the
D-band was 37.4 cm™ '/eV, which was about half that
of the slope from the G'-band (76.7 cm™'/eV). The
strong dispersive behavior of the G'-band occurs be-
cause it is a second-order process related to a phonon
near the K point in graphene. Such a low value of the
D-peak dispersion slope, as revealed by theoretical
calculation of the Raman D-peak dispersion as a func-
tion of doping,>? supports the hole-doped graphene by
the substitutional boron doping.

Raman studies were carried out on several graphene
samples with different amounts of substitutional boron
atoms (Figure 4a). The Raman spectra of defective
graphene prepared by an argon plasma*’**® are shown
for comparison in Figure 4a. The upshifted G-band
position in the argon plasma applied graphene can be
explained by the formation of point-like defects. How-
ever, for our boron-doped single-layer graphene, there
was no distinctive upshift in the G-band position, even
though the G-band is upshifted for both hole and
electron doping.53 In addition, a consecutive increase
in the intensity of the D- (1350 cm™') and D'-bands
(1620 cm ") and a continuous decrease in the intensity
of the G’-band were observed as the amount of sub-
stitutional boron atoms (defect density) increased. The
extremely low intensity of the G’-band and the asym-
metric shape of the G-band suggest the saturation of
substitutional boron doping in the graphene layer.>*
However, when the relationship between the G-band
position and Ip/Ig was plotted (Figure 4b), a substantial
difference in the G-band position for the defective ion-
implanted and the boron-doped graphene was apparent.
The constant G-band position for the single-layer
graphene with different amounts of boron could be
explained by the stiffening caused by p-type doping®
counteracting the softening caused by the boron-
induced tensile strain.>>>° If the origin of the downshift
is due to changes of the tensile strain, the downshift of
the G’-band (the same C—C bond stretching vibration)
would be slightly smaller than twice the downshift of
the G-band. Thus, we compared the G’-band position
as a function of Ip/Ig for both boron-doped and argon-
implanted single-layer graphene samples (see Figure 4c).
The continuous downshift of the G'-band position for
boron-doped single-layer graphene is clearly observed

KIM ET AL.

when the value of Ip/Ig increases up to 3. The slope of
the downshift is 4 cm™'/(Io/lg) for the G'-band, which is
twice the value of 2 cm™ '/(Ip/lg) for the G-band.
However, for Ip/lg = 4 or higher, a large variation of the
G’-band position appears. In this case, a simple model
based on the change of the spring constant for the
vibration does not work anymore because, for such
larger amounts of doping, the electronic structure is
modified by strain, and the double resonance condi-
tions for the phonon g vectors could be modified.

CONCLUSIONS

We report the preparation of boron-doped single-
layer graphene by the mechanical exfoliation of boron-
doped graphite. The boron-doped graphite was pre-
pared by thermally treating graphite with a boron
compound at 2450 °C in a graphite furnace. The
amount of substitutional boron atoms in a single
crystal of graphite was ~0.22 atom %, based on the
curve fitted areas of their corresponding peaks from
XPS measurements. The introduction of substitutional
boron atoms into a single graphene sheet was verified
by the 7-fold increase in the intensity of the D-band
and the equal intensity of the D’-band and the G-band.
In addition, the Raman maps of the defect-induced
bands confirmed the presence of boron atoms across
the graphene sheet. The Raman spectra reveal that the
boron atoms were on average spaced 4.76 nm apart in
the graphene layer.

Boron atoms have great potential as an efficient
doping agent for engineering the physical and the
chemical properties of graphene, and the correspond-
ing properties of boron-doped graphene should be
thoroughly investigated. Substitutionally introduced
boron atoms induce a large change in the coupling
interaction between the graphene layers; therefore,
the optical and transport properties of boron-doped
graphene should be investigated as a function of the
number of layers. In addition, the optical and transport
properties of free-standing boron-doped single-layer
graphene must also be determined in order to exclude
the effect of the SiO,/Si substrate. The introduction of
boron also increases the number of hole-type charge
carriers, which enhances the conductivity. If the amount of
boron could be increased to 4—5 atom %, it is predicted
that heavily boron-doped graphene would likely be a
superconductor.”” The decrease in the electron density
of the substitutional boron atoms is accompanied by an
increase in the electron density on nearby active carbon
sites. Thus, the chemical and electrochemical activity of the
boron-doped graphene, such as the oxygen reduction
reaction, should be evaluated. The combined effects of
substitutional nitrogen or phosphorus and boron atoms in
graphene should also be explored. Experimental methods
for distinguishing between single and double layers
in the boron-doped graphene and for controlling the
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amount of substitutional boron atoms in graphene
must also be developed. STM and TEM characterization
could also be used to visualize substitutional single
boron atoms in graphene. Highly conductive boron-
doped graphene could be used as a multifunctional

EXPERIMENTAL SECTION

The single-crystal Kish graphite used in this study was
provided by the Pohang Iron and Steel Company (POSCO,
Korea), and boric acid (H3BOs) (Wako Company, Japan) was
used as the dopant. The boron doping process was achieved by
mixing 5 wt % boric acid with graphite and thermally treating
the mixture at 2450 °C for 30 min using a graphite furnace in an
argon atmosphere. The atomic resolution transmission electron
microscopy (HR-TEM) images of graphene before and after
boron doping were obtained using a double Cs correction
(CEOS GmbH) equipped microscope (JEM-2100F, 80 kV, JEOL,
Japan). The doping type and the amount of boron in the
graphite were evaluated using X-ray photoelectron spectros-
copy (XPS, AXIS-ULTRA DLD, Kratos Analytical) with an mono-
chromatized Al Kot X-ray source with a 15 mA emission current
and a 15 kV accelerating voltage. The powder diffraction
patterns of graphite before and after boron doping were
obtained using synchrotron X-ray diffraction (SPring-8 BL0O2B2).
The sample for Raman study was fabricated using a simple
mechanical exfoliation procedure described in ref 1. The Raman
spectra of graphene on SiO,/Si were measured with different
spectrometers: a Witec confocal Raman spectrometer, equipped
with an excitation line of 633 nm and 100 x objective, was used to
perform Raman mapping. A triple monochromator Dilor XY
Raman spectrometer, equipped with an Ar—Kr ion laser and
100x objective, was used to perform multiwavelength Raman
spectroscopy. In both cases, the laser power was kept well
below 1 mW to avoid damage of the sample and heating effects.
Further measurements were taken with a Renishaw InVia
Raman spectrometer equipped with a 532 nm laser line and
100x objective.
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