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ABSTRACT Band gap opening and engineering is one of the
high priority goals in the development of graphene electronics. Here,
we report on the opening and scaling of band gap in BN doped
graphene (BNG) films grown by low-pressure chemical vapor
deposition method. High resolution transmission electron micro- {
scopy is employed to resolve the graphene and h-BN domain ' s BN

formation in great detail. X-ray photoelectron, micro-Raman, and
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UV—vis spectroscopy studies revealed a distinct structural and phase evolution in BNG films at low BN concentration. Synchrotron radiation based XAS-XES

measurements concluded a gap opening in BNG films, which is also confirmed by field effect transistor measurements. For the first time, a significant band

gap as high as 600 meV is observed for low BN concentrations and is attributed to the opening of the 7—sz* band gap of graphene due to isoelectronic BN

doping. As-grown films exhibit structural evolution from homogeneously dispersed small BN clusters to large sized BN domains with embedded diminutive

graphene domains. The evolution is described in terms of competitive growth among h-BN and graphene domains with increasing BN concentration. The

present results pave way for the development of band gap engineered BN doped graphene-based devices.
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he astonishing physical properties of
Tgraphene—like high optical transpar-

ency, superior mechanical strength,
and excellent charge carrier mobility make
it a suitable candidate for device applica-
tions which include electronics, optoelec-
tronics, photonics, and spintronics.’ & How-
ever, the absence of a band gap limits its
implementation to device applications es-
pecially in graphene-based electronics. A
number of theoretical and experimental
approaches have been demonstrated to
tailor the graphene electronic structure for
opening up a band gap. The main methods
include quantum confinement of charge
carriers from 2D to 1D in graphene nano-
ribbons,®~ " controlling the stacking geometry
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in bilayer graphene,'? chemical doping,'*~'®

and application of strain.'®'” Nevertheless,
toward commercialization, several bottle-
necks remain to be solved in each method,
such as a lack of chirality control and scal-
ability during fabrication of graphene nano-
ribbons, difficulties of producing large-area
bilayer graphene with controlled stacking,
and insufficient quality of crystallization.
Out of the methods described above,
chemical doping of graphene seems to be
most promising. Shi et al.'® have demon-
strated a tunable work function in chemi-
cally doped graphene. D. Usachov et al.'?
have synthesized N-doped graphene by the
chemical vapor deposition (CVD) method.
Using in situ photoelectron spectroscopy
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studies, they are able to show a band gap opening of
0.2 eV in N-doped graphene. Theoretically, it has been
predicted that one can manipulate the electronic band
structure of graphene by codoping with boron and
nitrogen atoms which may lead to the band gap
opening of graphene.'¥22

Recent reports on the synthesis of large-area few-layer
hexagonal BN (h-BN) using a CVD process have stimu-
lated research on codoping B and N in graphene.?*** Ci
et al® have synthesized atomic layers of hybrid h-BN
and graphene domains, and the resultant films exhibited
semiconducting behavior with a small band gap of
around 18 meV due to the carrier confinement within
the “graphene paths” embedded in BN domains. It is to
be mentioned here that the authors have reported the
synthesis for BN concentrations higher than 10% where
BN segregation has already occurred. However, so far
there is no concrete experimental demonstration that a
small amount of well distributed h-BN domains in gra-
phene shows the electronic structure with a significant
band gap, as predicted through theoretical studies.

RESULTS AND DISCUSSION

Here, we report the synthesis of large-area, few-layer
BN codoped graphene (BNG) using a low pressure CVD
method on Cu foils. The present study is mainly
focused on low BN concentration in graphene unlike
the previous report®® where hybridized h-BN and
graphene domains are formed at high BN concentra-
tions. Figure 1 shows the schematic of experimental set
up and methodology adopted and is detailed in the
Methods section. The experimental setup is estab-
lished for growing large area graphene samples using
CH,4 gas as the carbon source.?® For the growth of BNG
films, ammonia borane precursor is used as the BN
source and is introduced as vapor during graphene
growth. The BN content in the graphene layers can be
varied by controlling the heating temperature of the
precursor. X-ray photoelectron spectroscopy (XPS)
studies have confirmed a monotonic increase in BN
content with a rise in heating temperature of the
precursor. Here, we employ X-ray absorption (XAS)
and emission (XES) spectroscopic studies to reveal
the influence of BN doping on the electronic structure
of graphene.

Elemental composition of the as grown pristine
graphene and BNG films was determined using XPS.
No B and N peaks were detected for pristine graphene.
Samples are designated according to the elemental
composition obtained by XPS analysis; for example,
2BNG stands for 2% BN-doped graphene film. Figure 2
panels a—c show the typical XPS spectra of C, N, and B
peaks, respectively, for as grown 8BNG films where BN
concentration is around 8%. As shown in Figure 2a, the
C 1s spectrum can be deconvoluted into four peaks,
that is, C;—C4 with main intense peak C; centered at
around 284.5 eV, which corresponds to C—C sp? bonds
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depicting the graphitic nature of C atoms. The other
less intense peaks C,—C, situated between 285.5 and
288.6 eV are attributed to C—N bonds.?’ Interestingly, we
did not observe any peak corresponding to B—C bonds in
any of our BNG films, which are generally claimed to be at
lower binding energy side.?® The possible reason for the
same is described later while discussing the structural
evolution in BNG films. Figure 2b shows the N 1s
spectrum for the 8BNG sample which is very well dis-
criminated into a two-peak feature. The peak Ng at 398 eV
is attributed to the presence of N—B bonds®” and the
small peak Nc around 399.5 eV is due to the presence of
N—C bonding configurations.?®2° This is in corroboration
with C 1s spectra where peaks corresponding to different
configurations of Cand N bonds are observed (Figure 2a).
In contrast, the XPS spectrum of B for 8BNG film exhibited
a single peak centered at around 190.5 eV, as depicted in
Figure 2¢, which can be assigned to B—N bonds and
matches well with the B peak in the h-BN phase.3**" The
appearance of a peak at 398 eV in the N 1s spectrum and
a 190.5 eV peak in the B 1s spectrum correlates well with
previously reported values for few-layer h-BN films.>® No
peak corresponding to B—C bonds was observed in the B
1s spectra. It should be mentioned here that a B signal
was not detected by XPS and even by electron energy
loss spectroscopy (EELS) in low BN concentration sam-
ples, that is, 2BNG and 6BNG, owing to the low atomic
sensitivity of B. This is in corroboration with N 1s spectra
where a peak related to the N—B bonds was observed
initially for 8BNG only (Figure 2d). To confirm the pre-
sence of B in 2BNG and 6BNG samples, we have em-
ployed the Auger electron spectroscopy (AES) technique,
wherein both B and N signals were detected with similar
intensity, indicating that the B and N atomic ratio is 1 in
the samples (see Supporting Information, Figure S1).
Further evidence is provided by the distinct evolution
of N 1s spectra with increasing BN concentration, as
shown in Figure 2d. It is observed that the peak N at
398 eV is evolving and the peak Nc¢ at 3995 eV is
diminishing with increase in BN concentration. The N
peak is not detected in the case of 2BNG and 6BNG films,
but the N¢ peak is clearly observed. However, the Ng peak
starts appearing distinctly for the 8BNG film and at this
stage the N 1s spectra can be deconvoluted into two
distinct peaks (Figure 2b). With a further increase in BN
concentration, a gradual rise of the Ng peak intensity with
a simultaneous decrease in the Nc peak intensity is
observed which can be directly related to the increasing
numbers of N—B bonds over N—C bonds. This indicates
toward the preferential bonding between N and B atoms
leading to an increased number of BN domains. There-
fore, it can be concluded that h-BN domains are getting
incorporated in graphene as BN concentration is increas-
ing and is evidenced by B 1s and N 1s spectra where
peaks related to h-BN phase are observed. However, h-BN
domains could be so diluted in 2BNG and 6BNG films that
no signature of B—N bonds is observed in B1s and N1s
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Figure 1. (a) Schematic diagram of the experimental setup used in the present study. (b) Methodology used for the

deposition of BNG films.
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Figure 2. Typical XPS spectraof (a) C 1s, (b) N 1s,and (c) B 1s
core levels for 8BNG film. The empty circles are raw data and
solid lines are the fitted spectra. (d) N 1s spectra for different
BNG films as a function of increasing BN concentration.
Dashed lines are guide to eyes.

XPS spectra. We should mention here that XPS sensitivity
for Bis low as compared to that for Cand N, and therefore
B—N bonds are not detected in 2BNG and 6BNG films.
However, the presence of B and N in 2BNG film is
confirmed by AES (see Supporting Information, Figure
S1). High resolution XAS spectra obtained by synchrotron
radaitions also confirms the presence of B—N bonds in
the films (see Supporting Information, Figure S2). The
evolution of BN domains is also confirmed by Raman
studies, as elaborated later, where the h-BN phase is
found to appear at higher BN concentrations.

Figure 3 shows the Raman spectrum of as-
grown pristine graphene and BNG samples. Raman
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measurements confirmed the formation of single layer
graphene with characteristic G and 2D bands at around
1585 and 2645 cm™ ', respectively, with an /,p/lg ratio
around 4. A significant shift of the 2D band is observed
with an increase in BN concentration. Initially, the 2D
band downshifts up to 2634 cm ™' for the 6BNG sample
and then it exhibits an upshift up to 2649 cm ™' for the
8BNG sample. The shift in the 2D band for BN concen-
trations up to 6% could be due to a doping effect as this
effect is more pronounced for low doping levels.3?
However, as BN domains segregate out of the gra-
phene matrix in the case of the 8BNG sample (as
revealed by XPS and TEM studies), the effect of the
strained graphene lattice may dominate resulting in
the observed upshift of the 2D band. A barely discern-
ible D band was observed in pristine graphene indicat-
ing the excellent quality of the sample. With increasing
BN content during graphene growth, a significantly
intense D band at around 1325 cm™' was found to
appear in the Raman spectra. The presence of the D
band indicates the induction of defects in the crystal-
line graphene lattice.3® Another disorder induced band
D’ also appeared at around 1620 cm ™' for samples
containing higher BN content. Further increase in the
BN content led to an increase in Ip/Ig ratio as listed in
Table 1. Raman area mapping of the Ip/lg ratio was
conducted for BNG samples. Raman spatial maps were
obtained by raster scanning the samples in the Xand Y
directions using a high precision stage. The laser beam
was focused to a spot size of 1 um. Raman maps for
2BNG and 6BNG films are shown in Figure 3 panels b and
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Figure 3. (a) Raman spectra of BNG films acquired using 633 nm wavelength laser. Raman area mapping of Ip/Ig ratio for (b)

2BNG and (c) 6BNG films.

TABLE 1. Defect Density and Crystallite Size in BNG Films
Calculated Using Ip/l; Ratio Obtained from Raman
Spectra

sample  Ip/l;  defect density (x10' cm?)  graphene crystallite size (nm)
graphene 0.1 1.24 348
2BNG 0.26 293 147
6BNG 15 16.92 255
8BNG 2.7 30.46 14.2
10BNG 18 19.74 213

¢, respectively. Defect density and graphene crystallite
size were also determined using the Ip/lg ratio>**> A
significant defect density of the order of 10'® cm™2 was
determined for pristine graphene and can be attributed
to one-dimensional defects like grain boundaries and
other structural defects which are unavoidable in CVD
graphene owing to the use of polycrystalline Cu foils as
catalyst. With the incorporation of BN during graphene
growth, defect density was found to increase significantly
as compared to pristine graphene. For the 2BNG sample,
defect density was around 2.5 times higher as compared
to pristine graphene and an order of magnitude increase
was observed for films with BN concentration greater
than 6%. Assuming that pristine graphene has a larger
grain size, we can attribute the increase in defect density
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to the formation of a BN cluster which restricts the growth
of graphene domains, leading to an increased number of
grain boundaries in BNG films. This is further evidenced
by a decrease in graphene crystallite size where pristine
graphene exhibited a crystallite size of around 348 nm
(Table 1), and with the inclusion of BN in graphene,
crystallite size was found to decrease at the same rate
with which defect density was increasing. This observa-
tion points toward a direct correlation among defect
density and crystallite size in BNG films, which can have a
direct impact on the mobility of charge carriers in the
samples. Also, the I,p/lg ratio decreased from 4 to 2.5 for
the T0BNG sample. Interestingly, for 27BNG sample with
27% BN content, the 2D band completely disappeared
and two broad bands centered around 1300 and
1600 cm ™~ were observed in the visible Raman spectra.
To explore the Raman characteristic of BN domains, UV-
Raman measurements using 325 nm laser wavelength
have been implemented. A sharp peak at around
1370 cm ™' corresponding to the E,y mode of the h-BN
phase was observed*® for 27BNG films (see Supporting
Information, Figure S3) along with a broad peak around
1600 cm™~". This points toward the formation of the h-BN
phase which is well corroborated by XPS studies where
peaks corresponding to B—N bonds are observed in B
and N spectra for high-concentration BNG films.
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Figure 4. UV—vis spectra for different BNG films depicting
the evolution of the h-BN phase.

UV—vis studies have also been carried out in order to
further understand the optical properties of as-grown
BNG films. Figure 4 shows the spectra for pristine
graphene and BNG films. A broad absorption peak
around 268 nm (4.6 eV) is observed in the case of pristine
graphene and is attributed to resonant excitonic effects
due to electron—hole interaction in the r and 7% bands at
the M point.3” The intensity of 7z plasmon peak is found to
decrease with increasing BN concentration and a broad
hump at around 200 nm appears and becomes a sharp
peak and dominates the spectra. This peak at around
200 nm corresponds to the optical absorption gap energy
of the h-BN phase.?> This evolution in UV—vis spectra of
BNG films reveals and confirms the formation and segre-
gation of h-BN domains at higher BN concentrations,
where the presence of characteristic 7t plasmon peak of
graphene (at 268 nm) further attests the existence of
graphene domains. It should be mentioned here that
UV—vis spectra cannot be exploited to determine the
band gap of BNG films owing to the absence of a band
absorption edge in graphene; however, one can trace the
band edge absorption of h-BN (see Supporting Informa-
tion, Figure S4). With an increase in BN concentration, the
optical band gap corresponding to the h-BN phase was
found to increase toward the bulk value of h-BN. There-
fore, we have employed the XES-XAS technique to gain
insights in the band gap of BNG films, as discussed later.

The BNG samples were further characterized using
transmission electron microscopy (TEM), selective area
diffraction pattern (SAED), and electron energy loss
spectroscopy (EELS) (see Supporting Information, sec-
tion S5). TEM observations revealed that BNG films
were dominantly 1—2 layers, as shown in Figure 5a. In-
terestingly, we did not observe BN crystallites in 2BNG
sample as depicted in Figure 5b where only graphene
domains were observed. Moreover, B and N were not
detected in 2BNG film by EELS (see Supporting Informa-
tion, Figure S5a). However, finely distributed BN domains
of a size around 2— 10 nm were observed in 8BNG film, as
shown in Figure 5¢c where the B and N K edge peaks were
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also detected, though with small intensity during EELS
analysis (see Supporting Information, Figure S5b). TEM
observations are in line with XPS results where segrega-
tion of the BN domains is found to occur for 8BNG film
with 8% BN content in graphene. Therefore, it can be
concluded from TEM studies that BN clusters present in
2BNG and 6BNG films are very much diluted and homo-
geneously distributed in the graphene lattice and have
significant effect on the optical properties as revealed by
Raman and UV—vis studies. However, an increase in BN
concentration above 8% results in the formation of well-
segregated BN domains during graphene growth and
leads to hybridized structure consisting of h-BN and
graphene domains. The present findings are in line with
the previous report®® where hybridized h-BN and graphene
structure is observed for BN concentrations greater than
10%. This is the first observation of structural transforma-
tion in BN incorporated graphene films where a transition
from dilute BN clusters to well-segregated BN domains is
traced. The structural evolution is found to affect the band
gap of graphene significantly, as discussed later.

On the basis of the XPS, TEM, and Raman observa-
tions mentioned above, we can speculate the structur-
al evolution in the BNG films in the following way.
When the ammonia borane precursor is heated, the
dehydrogenation process takes place in steps depend-
ing on the temperature of the precursor with complete
dehydrogenation yielding the BN monomer at high
temperatures around 1400—1500 °C3® Generally, a
temperature range of 60—120 °C is used to vaporize
the precursor for the growth of the monolayer or few-
layer h-BN films on the Cu surface which is kept at
temperatures around 1000 °C.2>?**° Monolayer h-BN
films are grown on Cu even for a precursor tempera-
ture of around 50 °C. However, the h-BN films are not
continuous and rather small triangular domains are
observed, which increase in size with an increase in
precursor temperature.®® Here, we have used precur-
sor temperatures of more than 60 °C and therefore, the
formation of small domains of h-BN cannot be ne-
glected. Hence, the growth of BNG films is actually a
competitive growth process between graphene and
h-BN domains. To verify this, we have deposited BNG
films where the BN precursor temperature is kept
constant at 70 °C (corresponding to a BN concentration
of 2%) and CH, gas flow rate is varied from 5 to 25 sccm.
We have observed through XPS that the N peak is
diminishing with increasing CH,4 flow rate, indicating
the suppression of BN domains growth (see Support-
ing Information, Figure S6a). Raman measurements
have also revealed the dominance of graphene
growth, where the D peak is found to disappear and
the I,p/lg ratio is improving with decreasing Ip/Ig ratio
(see Supporting Information, Figure S6b). Depending
on the concentration of BN and CH,4 gas during the
growth, one will obtain BNG films with homogeneously
distributed graphene and h-BN domains. At low
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Increasing BN concentration

Figure 5. (a) High-resolution TEM image of a BNG film showing the layer number, and the inset represents the electron
diffraction pattern taken at the corresponding region. (b) High resolution TEM image of 2BNG sample with fast-Fourier
transform (FFT) in the inset showing only graphene crystalline structure. (c) High resolution TEM image of 8BNG sample
depicting the distribution of h-BN domains (encircled regions) in graphene. The inset is FFT of the image indicating the
presence of crystalline domains of both graphene and h-BN. (Scale bar is 5 nm). (d) Schematic diagram depicting the structural
evolution in BNG films with increase in BN concentration. Carbon, nitrogen, and boron atoms are represented by black, red,

and blue circles, respectively.

concentrations of BN precursor, graphene growth will
dominate with inclusions of small sized and less density
of h-BN domains. The dominance will be reversed at high
concentrations of BN precursor where h-BN growth is
pronounced, as revealed by the Raman studies (Figure 3).
The structural evolution is shown by schematics in
Figure 5d. It is reported that h-BN domains are mostly
terminated with N atoms which is a thermodynamically
more favorable configuration.®® Therefore, it is more likely
that graphene and h-BN domains would join through
terminated N atoms leading to a B—N—C configuration
with N bonded to C atoms. Interestingly, the same has
been observed through XPS in the present study, where
the presence of different bonding configurations between
N and C atoms are attested but no signature of B—C bonds
is seen (Figure 2). It should also be mentioned here that
even a slight excess of N can result in the formation of
N-rich BN domains leading to a greater number of BN—C
interfaces.®® This could probably result in the present
observation of N—C bonds but not B—C bonds. Moreover,
recent ab initio simulations of BN doping in graphene have
revealed that formation of h-BN domains is more likely to
take place at grain boundaries owing to lower formation
energy at the defect regions.*' The same has been de-
monstrated quite recently using in situ microscopy tech-
niques, where it is observed that BN grows preferentially
at the edges of monolayer graphene domains rather than
growing on the top of the graphene layer which further
substantiates the present observations.*?

A direct evidence for the band gap opening of low
BNG films is provided by the C K-edge XAS and K, XES
measurements. Figure 6 panels a and b show the XAS
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and XES spectra of HOPG, pristine graphene, and BNG
samples. For comparison, we have also included the
spectra for BNG films with BN concentrations of 26%
and 52%. The selected spectra are magnified at the
m—* region as shown in Figure 6b for clarity. Both
the leading edges of the C K-edge XAS and K, XES
spectra have been extrapolated to the baseline in
order to determine the conduction-band-minimum
and valence-band-maximum, respectively, and the band
gap. The two extrapolated lines clearly intersect each
other for pristine graphene and films with BN concen-
tration of 52%, meaning that these two samples have
no band gap similar to the metallic HOPG. However, in
low-BN samples with increasing BN concentration, we
have observed a monotonically increasing band gap
up to 600 meV for the 6BNG sample. The band gap
opening in BN codoped graphene is attributed to the
breaking of inherent equivalence of graphene sub-
lattices.** The isoelectronic BN doping can effectively
open the 7—x* band gap of graphene as observed in
the present study (Figure 6). A further increase in BN
concentration leads to a decrease in band gap. This
could be correlated with a formation of 2D atomic
structures where small graphene domains are sur-
rounded by large-size BN domains. This fact could
reduce the above effect, but give rise to a quantum
confinement effectin graphene domains, as in the case
of graphene nanoribbons, inducing a small band gap
in graphene which is less than that observed in low BN
concentration samples. Ci et al. have reported a band gap
of around 18 meV for the sample containing 56% carbon
in h-BN, and attributed this band gap opening to the
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Figure 6. (a) Normalized C K-edge XANES and K, XES spectra of the BNG films (left side, XES; right side, XANES) with various
concentrations of B—N doping, pristine graphene, and HOPG. (b) Magnified selected spectra at the 7—7* region. [Feature “a”
present at 288.5 eV could be contributed by either C=N bonding with the B—N dopants, or the C=0/C—OH bonding with the

carbonyl group on the surface.]

quantum confinement.?® The results are quite aligned
with the present studies, where a band gap decrease is
observed after 6% BN content in graphene. This is the first
report on a significant band gap opening in graphene
hybridized with small and diluted domains of h-BN.
Graphene and BNG samples were successfully trans-
ferred to SiO, substrates for electrical characterization.
BN doping of graphene has a pronounced effect on the
transport properties and resistance of pristine gra-
phene. Figure 7a shows the resistance versus tempera-
ture curve for pristine graphene and 2BNG film. The
pristine graphene shows ideal semimetallic behavior
with zero or small energy gap. No change in resistance
was observed for pristine graphene with a decrease in
temperature. In contrast, 2BNG film exhibits more pro-
nounced temperature dependence with increasing
resistance at lower temperature pointing toward the
semiconducting nature of the 2BNG film. Such a tem-
perature dependence of resistance could be due to
partly depleted density of states near the Fermi energy
level as undoped graphene has no true band gap.
However, the presence of a significant band gap of 0.2 eV,
as concluded from XES-XAS measurements, can also
have significant impact on the transport properties of
the 2BNG film. The semiconducting behavior of hybri-
dized BN and graphene domains have been observed
previously by Li et al.>> and is attributed to the pre-
sence of a small band gap. Figure 7 panels b and c show
the FET lys—V, transfer characteristics of the pristine
graphene and 2BNG films, respectively, carried out at
different temperatures with back-gate configuration.
From Figure 7b, it is observed that pristine graphene ex-
hibits the typical ambipolar behavior with no temperature
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Figure 7. (a) Resistance versus temperature curve for pris-
tine graphene and 2BNG film. Plot of /4 as a function of V; at
Vg4s =1V for back-gated FET device for (b) pristine graphene
and (c) 2BNG sample at different temperatures. All measure-
ments were carried out in a vacuum of the order of 10~* mbar.

dependence at all. Interestingly, the 2BNG sample also
exhibited the ambipolar behavior in the temperature
range studied here (Figure 7¢). As the temperature was
decreased to 250 K, the point of minimum conductiv-
ity, that is, the charge neutrality point (CNP), was found
to shift toward lower voltage from 10 to 3V and did not
shift with further decrease in temperature. The field
effect mobility for electrons and holes deduced from the
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FET curves was 12—60 cm?/(V-s) in the case of the 2BNG
sample which was an order of magnitude less than that
of graphene. The observed decrease in mobility is quite
consistent with the increase in defect density with BN
doping (Table 1) which can directly affect the carrier
mobility by increasing the number of scatterers. 253>
The decrease in mobility after BN inclusion in graphene
was also reported earlier by Li et al,?> and electron
scattering at the boundaries between h-BN and gra-
phene domains is resorted as a cause for the same. This
is due to the purely ionic nature of bonding in h-BN
with no st bands, unlike the case of the graphene lattice
where electrons can move very fast owing to the pre-
sence of ; bands. The ordinary mobility of B and N
codoped graphene has been predicted theoretically
where calculated effective mass and mobility of electrons
and holes are reduced,*® which is agreeable with the FET
measurement.

METHODS

Growth. As-received Cu foils supported by a quartz plate
were placed into a quartz tube. The quartz tube was pumped
down to a pressure of ~3 mTorr and then heated to 950 °C in
30 min in Ar flow (50 sccm) and kept at the same temperature
for 30-min under Ar and H, flow (50/10 sccm). Meanwhile,
ammonia borane was heated to 70—110 °C to obtain different
BN contents. Afterward, the quartz chamber was heated to 1050 °C.
CH,4 gas (10 sccm) and ammonia borane vapor, carried with Ar gas,
were then introduced independently into the tube. After 15 min of
growth, the system was cooled naturally to room temperature
in H, flow.

Characterizations. The as-grown samples were characterized
with XPS (VG ESCA Scientific Theta Probe) using Al K, radiation
(1486.6 V). For TEM (JEOL JEM-2100) observation, the samples
were transferred to Cu grids without assistance of polymer to
avoid carbon signals from residues. Graphene and BNG films
were transferred, using the conventional fishing method with
poly(methyl methacrylate) (PMMA),> onto the substrates of
SiO,/Si wafers (300-nm-SiO,) for Raman analysis and electrical
measurements. Raman spectra were recorded using HORIBA
Jobin-Yvon LabRAM H800 with both 633 nm He—Ne laser and
325 nm He—Cd laser as excitation sources. Signals from several
positions on each sample were collected to confirm the uni-
formity of samples. Double-side polished sapphire substrates
were used for optical absorption measurements. Optical ab-
sorption was measured employing the Hitachi U-4100 UV—
vis—NIR spectrophotometer with Xe lamp as excitation source.
Transmittance and reflectance were recorded and used for the
calculation of the absorbance. Electrical properties were con-
ducted with the cryogenic multiprobe station (LakeShore TTPX
and Keithley 4200) under vacuum, and the system was cooled
by liquid nitrogen for temperature-dependent experiments.
Devices were put into chamber and vacuumed to 10~¢ mbar
for 1 day in order to eliminate the effect of adsorbed gas
molecules on the sample surface.

CK-edge XAS and K, XES measurements were carried out at
beamline 8.0.1 of the Advanced Light Source, Lawrence Berke-
ley National Laboratory. The spectra were acquired by recording
the surface sensitive total electron yield mode as a function of
X-ray photon energy. The XAS spectra are normalized to the
incident beam intensity, /o, with the area under the spectra in
the energy range between 317 and 320 eV fixed. The intensity of
the XES spectra are normalized to the duration of data acquisi-
tion. The obtained absorption spectra have also been calibrated

CHANG ET AL.

CONCLUSIONS

We have successfully engineered the band gap of
chemical vapor deposited graphene by in situ BN doping.
A structural evolution in order from pure graphene, BN-
doped graphene, to hybrid structure comprising h-BN
and graphene domains with increasing BN concentra-
tion is observed through XPS, Raman, UV—vis, and TEM
studies. A significant band gap as high as 600 meV is
measured for 6% BN-doped graphene film and is attrib-
uted to the 7—a* band opening of graphene due to
doping of isoelectronic BN in graphene as revealed by
XES and XAS studies. A reduction in mobility of the BNG is
concluded due to the enhanced electron scattering of
defects such as the hBN clusters, which are purely ionic in
nature with no sz bands. Nevertheless, a significant band
gap and flexibility of varying the same in BN-doped
graphene provides a remarkable leap in the develop-
ment of future devices.

by the values of reference HOPG. EELS and EELS mapping were
performed with a JEOL JEM-2200FS at 200 kV equipped with an
omega filter.
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