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raphene, as individual sheets of
Gcarbon atoms bonded in a honey-

comb lattice, has unique structure
and electronic properties and has been
broadly investigated in electronics,' ~> com-
posites,® 8 sensors,” " solar cells,'>~"* and
electrode materials.">~'® However, the ab-
sence of a band gap and ambipolar trans-
port in the pristine graphene caused very
little progress in the applications of gra-
phene in functional devices.?® Therefore, it
is highly desirable to introduce the band
gap to graphene and thus tailor its transport
properties for practical devices. A variety of
methods have been proposed for introduc-
ing a band gap in graphene. For instance, a
band gap can be formed in graphene by
fabricating confined geometries such as
nanoribbons,>*'?? quantum dots,>> and
nanomesh.?* A band gap of 200 meV has
been observed in bilayer graphene by ap-
plication of an external electric field.?> Com-
bining graphene with particular substrates
was also found to induce the formation of a
band gap in graphene.?®?” Although these
methods can open up a band gap in gra-
phene, they are far away from the practical
applications due to their poor controllability
and complex process. For example, there is
no facile means for the formation of a
graphene layer that can be exfoliated from
or transferred from the graphene synthe-
sized on SiC,?® and the width of graphene
nanoribbon is required to be narrower than
10 nm to open up its band gap.?>?9*°
Theoretical and experimental studies de-
monstrated that the intentional doping
can modulate the band structure of gra-
phene and open a band gap between the
valence and conduction bands, thus tuning
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We report tunable band gaps and transport properties of B-doped graphenes that were achieved via

controllable doping through reaction with the ion atmosphere of trimethylboron decomposed by

microwave plasma. Both electron energy loss spectroscopy and X-ray photoemission spectroscopy

analyses of the graphene reacted with ion atmosphere showed that B atoms are substitutionally

incorporated into graphenes without segregation of B domains. The B content was adjusted over a

range of 0—13.85 atom % by controlling the ion reaction time, from which the doping effects on

transport properties were quantitatively evaluated. Electrical measurements from graphene field-

effect transistors show that the B-doped graphenes have a distinct p-type conductivity with a current

on/off ratio higher than 107, Espedially, the band gap of graphenes is tuned from 0 to ~0.54 eV with

increasing B content, leading to a series of modulated transport properties. We believe the

controllable doping for graphenes with predictable transport properties may pave a way for the

development of graphene-based devices.

KEYWORDS: graphene - controllable doping - tunable band gaps - p-type
transport properties - boron-doped - microwave plasma

the electrical properties.'® Several tech-
niques were reported to incorporate het-
eroatoms into graphenes through chemical
doping, such as electrothermal reactions
and chemical vapor deposition.>*~3* How-
ever, many doping issues, especially control
of doping concentration and correspond-
ing transport properties, remain largely
unresolved, so it is difficult to quantify the
doping effects yet. Here, we report the
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realization of tunable band gaps and transport proper-
ties for B-doped graphenes (GS) via controllable ion
doping using reactive microwave plasma. The doping
concentration was adjusted over a wide range by
controlling the doping duration. As a result, we can
quantify the doping effects in these as-doped GS since
both the doping concentration and intrinsic properties
are known. The capability of tuning the doping con-
centration, thus leading to tunable band gaps and
electrical properties in GS, is a necessary step for
approaching practical devices.

RESULTS AND DISCUSSION

Preparation of B-Doped Graphenes. To quantify the dop-
ing effects, it is essential to first understand the pristine
transport properties of GS, so we prepared the GS on
the SiO,/Si substrate by the mechanical exfoliation
method.! The GS samples were first annealed in vac-
uum to remove surface residues. Then, the GS sam-
ples were placed on a stage in a plasma-enhanced CVD
chamber (Supporting Information, Figure S1) and re-
acted with the ion atmosphere of trimethylboron
(TMB) decomposed by the low-energy microwave
plasma. Five GS samples were prepared with different
reaction times of 0, 2, 5, 10, and 20 min with the ion
atmosphere of the TMB and denoted as samples BGo,
BG;, BG,, BGs, and BGy, respectively. It should be noted
that the GS sample stage was not directly exposed to
the plasma ball to avoid possible etching. The TMB
molecule is easy to decompose and form gaseous B
atoms and has been widely used for p-doping for
diamond and related materials.>®

Characterizations of B-Doped Graphenes. Atomic force
microscopy (AFM) characterizations indicate that the
reacted graphenes have a relatively smooth surface
after TMB treatment (Figure 1a), similar to that of
the undoped GS (Supporting Information, Figure S2). The
thickness is in the range of 1.1—1.3 nm, which is similar
to the reported AFM results for few-layer graphene
sheets, where the height of single-layer graphene is
found to be ~1 nm.'~®> Combined characterizations of
transmission electron microscopy (TEM, Figure 1b),
high-resolution TEM (inset, Figure 1b), and electron
diffraction pattern (Figure 1c) confirmed that the
doped graphenes remained crystalline, similar to a
previous report for H-doped graphenes.>® The boron
doping would not result in an obvious structural
degeneration of graphenes due to the fact that the
length of the B—C bond (1.49 A) is close to that of the
C—C bond (1.43 A).3"*® Meanwhile, as reported in
previous studies, > ! the electronegativity of the B
atom is lower than that of the C atom, leading to a
lower binding energy of the C—B bonds compared to
that of C—C bonds. Especially, the boron doping of
graphenes is relatively easy because the formation
energy of B-doped graphene from gaseous dopant
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atoms is about 5.6 eV/atom, which is much lower than
that of nitrogen doping (8.0 eV/atom), suggesting that
the B doping is more energetically favorable.?’

Chemical composition and bonding configuration
of the treated graphenes were studied by electron
energy loss spectroscopy (EELS). Typical EELS spectrum
(Figure 1d) of the graphenes reacted with 5 min
decomposition atmosphere of TMB shows two distinct
features at ~189.5 and ~284.7 eV, corresponding to
the K-shell ionization edges of B and C, respectively,
while the B signal is absent in the untreated graphene,
demonstrating that B atoms were incorporated into
the graphenes. The distinct 1s—x* (285 eV) and 1s—c*
(291 eV) peaks of the C K-edge are characteristic of sp*-
hybridrized carbon networks, which is consistent with
the previous reports for few-layer graphene or single-
walled carbon nanotubes.*>** A detailed inspection of
the B K-edge (inset, Figure 1d) also shows a discernible
¥ peak as well as a o* band, suggesting that the B
atoms are in the similar sp>-hybridized state as their C
counterparts.* * As reported in previous liter-
ature,*?*° the sharply defined 7* peak and broad
o* structure features of the B K-edge are typical
characteristics of sp>-bonded B atoms in hexagonal
BN networks. By comparing the EELS spectrum of
B-doped GS with that of h-BN sheets (Figure S5), we
found that the B K-edge is consistent with that of h-BN,
indicating that the doped B is in the characteristic sp*
hybridized state as in h-BN, which further proves that
most of the B atoms are substitutionally doped in the
GS, as schematically illustrated in Figure 1e, although a
part of B atoms located at the edge of graphenes
cannot be excluded. Additionally, signals associated
with other elements such as oxygen (532 eV) were
rarely detected in the EELS analyses.

For investigating the doping distributions in more
detail, we further performed spatially resolved EELS
mappings. The distributions of doped elements with a
trace amount were characterized by the EELS mapping
in published literature due to the high sensitivity of this
technique.®® > Figure 2a presents a zero-loss image of
a representative B-doped graphene (5 min reaction
with decomposition atmosphere of TMB), along with
its corresponding C (Figure 2b) and B (Figure 2¢) map-
pings. It can be seen that the C and B elements coexist
in the same regions, indicating that B atoms are
homogeneously distributed within graphenes without
any segregation domains.

The B content of the reacted graphenes was found
mainly to depend on the reaction duration with the
decomposition atmosphere of TMB. Figure 3a shows
X-ray photospectroscopy (XPS) spectra for the samples
after 0—20 min of ion reaction with TMB plasma.
Besides the C 1s peak at ~284.5 eV, the B 1s peak at
~189.7 was observed for the doped samples, while B
signal was not detected in the pristine graphenes. The
intensity of the B peak was increased by increasing the
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Figure 1. Structure and composition characterizations of the graphenes reacted with 5 min of the B ion atmosphere
decomposed from TMB plasma. (a) Typical AFM image of the reacted graphene. (b) TEM image and HRTEM image (inset) of the
reacted graphene, and the corresponding SAED pattern (c). (d) Typical EELS spectrum taken from the doped graphenes. (e)
Schematic structure of a B-doped graphene with B content of ~6.8 atom %, as detected in the synthesized graphenes.

Figure 2. (a) Zero-loss image of an individual graphene from the sample reacted with 5 min of the B ion atmosphere. (b) EELS
carbon mapping (blue) of the image shown in (a), and (c) EELS boron mapping (green) of (a). It is clear that the B atoms are

distributed uniformly within the doped graphenes.

duration of ion reaction with TMB decomposition gas.
Figure 3a,b shows the core-level XPS spectra of C 1s
and B 1s for the graphenes with and without ion
reaction. It is clear that the C 1s spectra of the doped
samples become asymmetric with the increase of the
doping duration. On deconvolution, we found two
peaks at 283.3 and 284.5 eV, the first one correspond-
ing to C—B bond and the second being a feature of the
C—C bond (sp*-hybridization).> > Importantly, the
intensity of the C—B bond increased significantly by
increasing the reaction time, suggesting that the in-
crease of doping duration leads to higher B content.>®
The B 1sat ~189.7 eV (Figure 3c) for the doped samples
can be assigned to the B—C bond, as previously
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reported,”**> which further confirms that the B atoms

are substitutionally doped into the graphenes. Accord-
ing to the previous report,>* the binding energy of the
B atoms bonded to the B and C atoms follows the order
B—B < B—C due to the electronegativity difference
between the two elements B < C. The gradual shift of
the B—Cbond to higher binding energy as the increase
of doping duration also confirms that the boron con-
tent in graphenes increases by increasing the reaction
time of TMB plasma.

The secondary ion mass spectroscopy (SIMS) measure-
ments were performed to further confirm the B concen-
tration in the doped GS samples. For SIMS measurements,
GS suspensions prepared by the mechanical exfoliation
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Figure 3. (a) XPS spectra for the samples reacted with different times of the B ion atmosphere. (b) C 1s core-level XPS spectra
of the B-doped graphenes. The C 1s bands are fitted by two peaks, C—B at 283.3 eV and C—C at 284.5 eV (dotted lines). (c) B 1s
core-level XPS spectra the B-doped graphenes. The B—C bond of doped graphenes gradually shifts to higher binding energy
with an increase of the ion reaction time. (d) Dependence of the B content on the ion reaction time measured by the secondary

ion mass spectroscopy.

method were dip-coated on Si substrates several times to
form a thick GS film (Figure S3). Meanwhile, Si substrates
without GS film were also measured to eliminate the
influence from the substrate. Prior to SIMS measurements,
all samples were annealed at 400 °C in vacuum for 30 min
to remove surface residues. The SIMS measurements of
the doped GS samples show that the B concentrations are
~363, 752, 11.31, and 13.85 atom % for doped GS
samples BG;, BG,, BGs, and BGy, respectively, but the B
concentration for the undoped GS (BGy) is lower than 0.01
atom %, demonstrating tha B was indeed incorporated
into graphenes by our doping method (Figure S4). On the
basis of the SIMS measurements, we found that the boron
content increases from 0 to ~13.85 atom % with an
increase of the reaction time from 0 to 20 min, as shown
in Figure 3d. Although the precise control of the doping
concentration is needed to optimize the experimental
parameters, this method already showed a strategy for
tuning the B doping. Notably, the highest B concentration
reported here is significantly higher than the previously
reported value (3.1 atom %) for B-doped graphenes via
the arc-discharge approach using packed boron/graphite
electrodes®” and can be comparable to that of B-doped
single-walled carbon nanotubes (20 atom %).>> The high
doping level achieved here is most probably due to the
use of gaseous TMB, which can be decomposed easily to
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form an ion reaction atmosphere, instead of boron pow-
der as the doping precursor.

Although the samples were not directly exposed to
the plasma, we believe the forming B ion reaction
atmosphere by the microwave plasma is essential for
boron doping. As previously reported,*® the micro-
wave plasma can sufficiently decompose the TMB to
form B gaseous ions. When the graphenes were ther-
mally annealed in a decomposition atmosphere of TMIB
at an appropriate temperature, the surrounding gas-
eous B ions were expected to adsorb into the gra-
phenes. As demonstrated in the theoretical report,®®
the adsorbed B atoms in GS will undergo a sp*-
hybridization and form C—B bonds with C atoms
because the forming energy of the C—B bond is lower
than that of the C—C bond for the electronegativity
difference between the two atoms B < C.3” The sub-
stitution of B atoms in the hexagonal network will
occur within the plane surface through thermal diffu-
sion because the diffusion length of B atoms in gra-
phenes is far larger than the one-atomic thickness.

Electrical Measurements of Undoped and B-Doped Gra-
phenes. To evaluate electrical properties of the B-doped
graphenes, we fabricated graphene-based field-
effect transistors (FETs) on SiO,(300 nm)/p*-Si sub-
strates with Ti/Au (10 nm/20 nm) source—drain
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Figure 4. (a) Scheme of bottom-gated graphene FETs. (b) AFM image of a typical FET. (c) Ips—Vps curves of a undoped
graphene FET at different V. The width of the graphene is ~1.6 um, and effective channel length is ~1.9 um. (d) Vg
dependence of the Ips measured at Vps = 0.1 V. The Ips shows a bipolar gating effect with a Dirac point near zero V. (€) Ips—Vps
plots of a typical FET (W ~ 1.2 um, L ~ 1.7 um) made of B-doped graphenes reacted with 5 min boron ion atmosphere at

different V. (f) Ips— Vg curve plot at Vps = 0.1, 0.3, and 0.5 V.

electrodes (Figure S6). The investigation of the elec-
trical properties of graphenes from field-effect transistors
is a routine and well-accepted approach.'® The gra-
phene, bridging the source and drain electrodes, behaves
as the conducting channel, and gate voltage was applied
to the highly doped p-type Si substrate using the standard
back-gate geometry. Figure 4 shows a schematic config-
uration of the FET (Figure 4a) and AFM image of a typical
FET with ~2 um channel length (Figure 4b). The devices
were annealed in vacuum before measurement, and all
measurements were performed at room temperature.
Figure 4c shows the source—drain current (Ips)
versus source—drain voltage (Vps) curves obtained
from a typical FET (L ~ 1.6 um, W ~ 1.9 um, thickness
~ 1.0 nm) made of undoped graphenes at different
gate voltages (V). The Ips versus Vg curve at Vps =0.1V
(Figure 4d) shows a bipolar gating effect with a Dirac
point near zero Vg, as expected for FETs made from
pristine graphenes.' > It can be seen that the conduc-
tivity remains very high at the neutrality point, which
leads to a current on/off ratio <2. The estimated carrier
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mobilities (ue, un) for the undoped graphenes are
3.1-4.5 x 10° cm?/V-s for electrons and 3.3—4.8 x
10° cm?/V-s for holes, respectively.

The transport behavior of graphene was completely
changed upon 5 min reaction with the decomposition
atmosphere of TMB (~7.5 atom % B). The V; depen-
dence of Ips—Vps curves (Figure 4e) of the typical FET
(L~ 1.7 um, W~ 1.2 um, thickness ~ 1.2 nm) shows a
pronounced characteristic of p-type conductivity; that
is, the current of B-doped graphenes decreases with
increasing positive Vg. This result suggests that B
doping can effectively modulate the transport proper-
ties of graphene sheets. The B-doped graphene shows
a lower conductivity compared with that of the pristine
graphene, presumably because of the lattice defects
and strain associated with the boron substitution,
similar to previous reports for N-doped graphenes.'3?
Figure 4f is the Ips versus Vg plots for the same device at
Vps = 0.1, 0.3, and 0.5 V. The hole mobility u,, was
estimated to be ~550 cm?/(V-s). Although this value is
much lower than that of pristine graphenes, it is higher
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Figure 5. (a) Current on/off and carrier mobility of doped graphenes as a function of the B content. More than 20 FETs were
measured for each sample to statistically assess the electrical properties. (b) Experimental band gaps and corresponding
calculation results of B-doped graphenes versus B content for various FETs. Inset: dependence of doping level (the position of
the Fermi level from the Dirac point) on the content of substitutional B. (c) Calculated DOS of graphenes doped with different
B content. The Fermi level is labeled by the red dashed line.

than that measured on graphene nanoribbons (100—
200 cm?/(V-s))® and reduced graphene oxide (2—
200 cm?/(V-s)).>” According to the previous reports,®
the band gap of graphenes can be estimated from the
plot of on/off ratio versus source—drain voltage (delimited
by the point of sharply decreasing of on/off ratio value).
The current on/off ratio is larger than 200 when Vs is
lower than 0.3 V but declines to ~40 when V5 increases to
0.5 V. The Vs dependence of on/off ratio indicates that
the on/off ratio of ~210 is maintained before Vps up to
0.32 V (Figure S7), whereas the on/off ratio decreases
drastically when the Vps is higher than this value, which
suggests that the band gap is about 0.32 V.

Statistical Transport Properties of B-Doped Graphenes. A large
number of FETs made from doped graphenes with
different B contents were measured to assess the elec-
trical properties with enough statistics. Figure 5a shows
the dependence of the on/off ratio and mobility of
graphenes on the B concentration. The statistical results
showed that the B-doped graphene FETs have a distinct
p-type conductivity, and the electrical properties including
on/off ratio and mobility were changed by tuning the B
concentration. The on/off ratio of undoped GS is in the
range of 1—2, whereas the on/off ratio drastically increases
to ~120 for BG, (~3.6 atom % B), ~230 for BG, (~7.5 atom
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% B), ~460 for BG3 (~11.3 atom % B), and ~720 for BG,
(~13.8 atom % B), which clearly shows that the p-type
conductivity of B-doped GS can be tuned by adjusting the
B concentration. However, the mobility was decreased
from ~894 to ~197 cm?/(V-s) with increasing B content
from ~3.6 to ~13.8 atom %. The reduction of electron
mobility for B-doped graphenes could be associated with
more scattering by the B dopants in the graphenes, as
observed in previous reports3°3* The band gap versus
the B content of graphenes is shown in Figure 5b. By using
the reported method,’ we measured band gaps of about
0.19, 0.32, 042, and 0.54 eV for the B concentrations of
~3.6,7.3,11.3,and 13.8 atom %, respectively, which shows
the feasibility of controlling the band gap of graphenes by
this doping method.

To get a better understanding of the doping mechan-
ism of B-doped graphenes, we performed first-principles
calculations of their electronic densities of states (DOS).
In this study, a 7 x 7 graphene supercell, in which one unit
containing 71 C atoms, is chosen as a structural model
(Figure S8). It means that one B substitutional atom
corresponds to a B concentration of ~1.4 atom %. The
periodical boundary condition is employed, and the edge
of graphene is terminated by H as reported in the
literature®>° As measured in the experiments, the B
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content was selected in the range of 0—17 atom %.
Figure 5c shows the calculated DOS for the undoped
and B-doped graphenes. The DOS of undoped graphene
shows a semimetal electronic structure with no energy
gap at the Fermi level,' which is consistent with the
experimental observation of the Dirac point near zero.
Comparing with the intrinsic graphene, we found that an
energy gap of about 0.15 eV appears for the ~2.8 atom %
B-doped graphene. The calculated band gaps are 0, 0.15,
0.20,0.25,0.39,and 0.61 eV, respectively, for the selected B
concentrations of 0, 1.4, 2.8,4.2,5.6,9.7, and 16.7 atom %
(Figure 5¢), which demonstrated that the band gap of the
B-doped GS is enlarged monotonically with the increase of
B concentration, corresponding to the experimental re-
sults. Moreover, the p-type doping level (the position of
the Fermi level from the Dirac point) was proportional to
the concentration of B atoms (Figure 5b, inset). It should
be noted that, as with reported calculations,*®°8~%3 the
band gaps of B-doped GS are different when the B atoms
are located at different positions in the structural model,
although the B concentration was set at a same value.
In addition, the calculated band gap is slightly
different for B-doped GS with different configura-
tions (including the shape model and the distance
between the doping atoms).”®'%3 Therefore, the
calculations by the first principles provides a the

EXPERIMENTAL SECTION

To quantify the doping effects, it is essential to first under-
stand the pristine transport properties of graphenes, so we
prepared the monolayer graphenes on the SiO,/Si substrates by
the mechanical exfoliation method." In a typical process, the
graphene samples were first annealed at 400 °C in vacuum for
30 min to remove surface residues. Then, the samples were
placed on a stage in a CVD chamber and reacted with the ion
atmosphere of trimethylboron (TMB) decomposed by the low-
energy electron cyclotron resonance (ECR)-enhanced micro-
wave plasma. The sample stage was heated at 300 °C during the
doping process. The doping gas was the mixture of TMB and
hydrogen (1:9) with a flow rate of 200 sccm. The total pressure
was kept at 30 Torr, and the microwave power was maintained
at 400 W during the doping process. Five samples were
prepared with different reaction times of 0, 2, 5, 10, and
20 min with the decomposition atmosphere of the TMB. Finally, all
as-prepared samples were annealed again at 400 °C in vacuum
for 30 min before characterizations. It should be noted that the
sample stage was not directly exposed to the plasma to avoid
possible plasma etching. The TMB molecule is easy to decom-
pose and form gaseous boron atoms and has been widely used
for p-doping for diamond and related materials.®

The morphology and microstructure of the as-doped gra-
phenes were characterized by atomic force microscopy (AFM),
transmission electron microscopy (TEM), high-resolution TEM
(HRTEM), and selected area electron diffraction (SAED) pattern.
Chemical composition and bonding configuration of the re-
acted graphenes were studied by electron energy loss spec-
troscopy (EELS) and X-ray photoemission spectroscopy (XPS).

To evaluate transport properties of the doped graphenes, we
fabricated graphene-based field-effect transistors (FETs) on
Si0,(300 nm)/p*-Si substrates with Ti/Au (10 nm/20 nm) source—
drain electrodes by electron-beam evaporation. The graphene,
bridging the source and drain electrodes, behave as the con-
ducting channel, and gate voltage was applied to the highly
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general trend for doping behavior, although the
detailed geometry of the B-doped graphenes may
slightly change the DOS structure.

CONCLUSIONS

In summary, we demonstrated that the tunable
band gaps and transport properties of B-doped
graphenes can be achieved through controllable dop-
ing by reaction with the ion atmosphere of trimethyl-
boron decomposed by microwave plasma. It was
found that the B atoms are substitutionally doped
and homogeneously distributed into graphenes with-
out any segregation of B domains. Importantly, the
boron content can be well tuned in a wide range of
0—13.85 atom % by adjusting the ion reaction time
from 0 to 20 min. The FETs made of B-doped graphenes
showed a distinct p-type field-effect behavior with on/
off ratios higher than 10% Moreover, the band gap of
B-doped graphenes was widened from 0 to ~0.54 eV
with the increase of B content, which leads to a series of
tunable p-type electrical properties. The doping strat-
egy described here can be extended to controllably
dope graphenes with desired elements. We believe
that the capability of doping graphenes with predict-
able transport properties would significantly promote
the development of graphene-based devices.

doped p-type Si substrate using the standard back-gate geo-
metry. All FETs were annealed in vacuum at 300 °C for 10 min
before electrical measurements. More than 10 devices were
tested to confirm statistically the electrical output performance,
with all measurements carried out at room temperature.
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free of charge via the Internet at http://pubs.acs.org.
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