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Carbon-rich hexagonal (BN)C alloys
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Thin films of hexagonal boron nitride carbon, 4-(BN);_(C,)y, alloys in the C-rich side have been
synthesized by metal-organic chemical vapor deposition (MOCVD) on c-plane sapphire substrates.
X-ray diffraction measurements confirmed single hexagonal phase of h-(BN); (C,)x epilayers.
Electrical transport and Raman spectroscopy measurements results revealed evidences that homog-
enous h-(BN);_,(C,), alloys with x > 95% can be synthesized by MOCVD at a growth temperature
of 1300 °C. The variable temperature Hall-effect measurements suggested that a bandgap opening
of about 93 meV with respect to graphite has been obtained for i-(BN);_.(C,)x with x=0.95,
which is consistent with the expected value deduced from the alloy dependence of the energy gap
of homogenous /-(BN); _,(C,) alloys. Atomic composition results obtained from x-ray photoelec-
tron spectroscopy measurements revealed that the carrier type in C-rich 2-(BN);_,(C,), alloys is
controlled by the stoichiometry ratio between the B and N via changing the V/III ratio during the
growth. The demonstration of bandgap opening and conductivity control in C-rich A-(BN); _,(Cy),
alloys provide feasibilities for realizing technologically significant devices including infrared (IR)
emitters and detectors active from near to far IR and multi-spectral IR emitters and detectors.
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I. INTRODUCTION

Hexagonal boron nitride (h-BN) is a layer-structured
semiconductor material with a bandgap energy (~6.4eV)
that is comparable to that of AIN (~6.1eV) with excellent
thermal, mechanical, and optical properties.l_6 Hexagonal
(BN);_x(C,), alloys hold the unique advantages of identical
crystalline structure (hexagonal) and excellent in-plane lat-
tice constant match betweeP h-BN and grapohite (@graphite
:246é and ah,BN:2.50 A, Cgraphite:6-70A’ and Ch-BN
=6.60 A). Moreover, both 2-BN and graphite have similar
thermal expansion coefficients and high melting tempera-
tures (~3000°C for h-BN” and ~3500—4500°C for graph-
ite®). We are using the expression of (BN);_,(C,), for these
alloys to take into consideration the fact that C atoms tend to
incorporate as C-C (C,) pairs.g’lo The 7-(BN);_(Cy)x alloys
in the C-rich side have the potential to provide an unprece-
dented degree of freedom in the infrared (IR) detector and
electronic device design. As the BN composition increases
or C composition decreases, the energy gap for 4-(BN);_
(Cy)x alloy gradually increases from zero for graphene to
~6.4eV for h-BN. This spectral range is even larger than
that of the InAlGaN alloy system, which provides a tunable
bandgap from around 0.7 eV (InN) to 3.4eV (GaN) to 6.1eV
(AIN). From an electrical properties perspective, this
alloy system ranges from highly insulating semiconductor
(undoped /-BN) to semi-metal (graphite), and therefore, a
large range of conductivity control can be obtained.” The
bandgap energy tunability in the C-rich side could offer IR
detectors with cut-off wavelengths covering from short wave-
length IR (SWIR: 1-3 um) to very long wavelength (VLWIR:
14-30 um) range. Furthermore, the C-rich 4-(BN);_,(Cy)«
alloys would address the major challenges facing the
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emerging 2D materials and open up new realms for novel
physical properties and devices exploration.

However, one of the critical issues of any alloy material
system is the phase separation and the composition range
where homogeneous alloys can be formed. Phase separation
could occur in the formation of alloys due to the difference
in lattice constants of the constituents or bond energies
between the atoms. Growth of (BN)C alloy is challenging
due to the strong inter-atomic bonds between B-N and C-C,
which have respective bond energies of 4.0eV (B-N) and
3.71eV (C-C) compared with values of 2.83 eV for the C-N
bond and 2.59eV for the C-B bond.'”'" The large bond
energy differences tend to cause phase separation in certain
range of x for h-(BN);_(Cy)x alloys.9 A recent theoretical
calculation on monolayer (BN);_,(C,), alloys suggested a
low solubility of BN in graphene or C in BN.'? Despite the
challenges, we have successfully synthesized homogeneous
(BN)-rich h-(BN);_x(Cy)x alloys (x<3.2%) by metal or-
ganic chemical vapor deposition (MOCVD) at relatively
high growth temperatures (~1300°C) and demonstrated
bandgap and electrical conductivity tuning in the alloy sys-
tem.”'? However, very little work has been reported on syn-
thesizing C-rich A-(BN)C alloys. C-rich A-(BN)C thin films
(of ~1nm in thickness) with a maximum carbon concentra-
tion of ~94.4% have been previously synthesized by CVD
on Cu foil at a growth temperature of 1000°C.'* It was
shown that 4-(BN)C materials on Cu foil were phase sepa-
rated to randomly distributed domains of #-BN and C phases,
rendering these materials less suitable for technologically
significant electronic and photonic device applications.

In this work, we report the synthesis of wafer scale -
(BN);_x(Cy)x alloys in the C-rich side on c-plane sapphire
substrates by MOCVD at a growth temperature of 1300 °C.
Hall-effect in conjunction with x-ray photoelectron spectros-
copy (XPS) measurements revealed that the carrier type in
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C-rich h-(BN);_(C,)4 alloys is controlled by the stoichiom-
etry ratio between the B and N via changing the V/III ratio
during the growth. Variable temperature Hall-effect and
Raman spectroscopy studies suggested that homogenous
h-(BN);_«(Cy), alloy can be formed for x>0.95 and the
bandgap of h-(BN);_(C,)x alloy with x=0.95 is about
93 meV. The present results could serve as a guideline for
obtaining bandgap tuning in single or few layer graphene, as
the bandgap opening in graphene and graphite follows a
fairly similar process."

Il. EXPERIMENT

Figure 1(a) shows the schematic of the layer structure.
Epitaxial layers of 4-(BN);_(C,)x alloys (x~0.92 to 0.95)
of about 100 nm in thickness were synthesized on A-BN/c-
plane sapphire substrates. Triethylboron (TEB), ammonia
(NH3;), and propane (C3;Hg) were used as B, N, and C precur-
sors, respectively. Samples were grown using nitrogen as a
carrier gas at 1300°C. Eleven samples were grown using
NH; flow rates of 1.0, 1.2, 1.4, 1.6, 1.8, 2.0, 2.2, 2.4, 2.6, 2.8,
and 3.0 standard cubic centimeters per minute (sccm). Both
TEB and C;Hg flow rates were kept constant at 0.18 sccm
and 20 sccm, respectively. Crystalline structure was charac-
terized by x-ray diffraction (XRD) measurements. Atomic
composition of B, N, and C were determined using XPS,
which is a quantitative spectroscopic technique to determine
the elemental composition in a material system. Room
temperature Hall-effect measurements were used to measure
the resistivity, carrier mobility and carrier concentration.
Variable temperature Hall-effect measurements were
attempted to probe the intrinsic bandgaps of the C-rich
h-(BN);_«(C,)x alloys, while Raman spectroscopy measure-
ments were utilized to study the phase separation effect. The
Raman spectra were collected at room temperature by a
Bruker Senterra dispersive Raman spectrometer using a
532nm (2.33eV Ar ion laser) excitation source. All the sam-
ples were measured at the same time under the same experi-
mental conditions.
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lll. RESULTS AND DISCUSSION

Figures 1(b) and 1(c) show the optical micrographs of a
graphite sample and an /h-(BN);_,(C,). alloy sample with
x=0.95 (grown under 1 sccm NHj flow rate). Based on the
bandgap value of graphite (zero gap), h-(BN);_(C,)« epi-
layers with large values of x should appear black under the
visible light. Figure 1(d) shows X-ray diffraction (XRD)
0-20 scans of h-(BN);_,(C,), samples grown under 1, 2, and
3 sccm NHj; flow rates (corresponding carbon concentrations
are ~95.0%, 93.3%, and 91.5%, respectively), revealing a
lattice constant of ¢ =6.73 A for all samples, which closely
matches with a value of ¢=6.70 A for graphite.'® No other
diffraction peaks were observed, which confirms the hexago-
nal crystalline structure of the (BN);_(C,)x epilayers. The
slight increase in “c” lattice constant over graphite may be
related to the fact that these films were grown on 4-BN tem-
plate and experience a ‘“compressive”’-like strain in the
a-plane. Another possibility is that the crystalline quality of
h-(BN); _«(C,)x alloys is not yet as good as #-BN epilayers.
As we have noted previously, the “c” lattice constant of
h-BN epilayers decreases and approaches the bulk value as
the crystalline quality improves. A similar trend is expected
for h-(BN);_.(C,), alloys. A typical optical microscope
image (Fig. 1(e)) shows that the film is quite uniform with
almost no color variation.

XPS depth profile measurements were performed on
three representative s-(BN);_,(C,)x epilayers grown under
1, 2, and 3 sccm NH;3 flow rates. Samples were successively
etched using low energy (500 V) Ar" ions and high resolu-
tion tight scans were taken for sufficiently long time after
each etching step. Initial survey scans show no other transi-
tions except B 1s, N 1s, and C 1s peaks, meaning that there
are no impurities such as oxygen in our samples. All data
were analyzed consistently using Multipak software package
to determine the atomic compositions.”'> Table I shows
average B, N, and C concentrations for the /-(BN);_(Cs)x
epilayers grown under 1, 2, and 3 sccm NH; flow rates
obtained from multiple measurements on a given sample.
Quantification of errors was obtained from variation in XPS

FIG. 1. (a) Schematic of the 4-(BN),_,
(Cy)x epilayer. Optical micrographs of
(b) graphite and (c) h-(BN);_(Cy)y
alloy with x=0.95. (d) XRD 0-20
scans of the 7-(BN);_(Cy), epilayers
grown on c-plane sapphire substrates
under 1, 2, and 3 sccm NHj3 flow rates.
(e) Optical image of the A-(BN);_,
(Cy), alloy with x=0.95.
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TABLE 1. Average atomic compositions of A-(BN);_(C,)x epilayers
obtained from multiple measurements of a given sample.

NH; flow rate (sccm) At.% B At.% N At.% C

1 3.0+0.2 20+0.2 95.0 0.3
36+0.2 3.1+0.2 93.3£0.5

3 39+0.3 4.6+0.3 91.5%0.6

spectra when acquired from different regions of a given sam-
ple. It is noticeable that atomic compositions are fairly stable
across the sample, which suggests that our samples are uni-
form. XPS results show that x (C mole fraction) decreases
almost linearly with the increase in NH3 flow rate (sccm).
This is due to the increase in BN fraction in the
h-(BN);_«(Cy)« epilayers with an increase in N (NH3 flow
rate). Consequently, a linear interpolation was used to esti-
mate the carbon concentration in other samples. It is impor-
tant to note from Table I that we can vary slightly the
stoichiometry ratio between B and N in s-(BN);_(C,)x epi-
layers by varying the V/III ratio (or the NH; flow rate) and
that the N concentration increases with increasing the NHj;
flow rate.

There are distinctive differences between C-rich
h-(BN);_«(Cy)x alloys and conventional IIl-nitride alloys.
The formation of ternary In,Ga;_ N or Al,Ga;_,N alloys
involves the random mixing of group-III atoms only.
However, h-(BN);_.(C,)x alloys are formed through the
incorporation of group-1II (B) and group-V (N) atoms into
the group-IV graphite (C), in which B and N may also serve
as dopants. In a simplified picture of understanding and
assuming both N and B incorporate substitutionally, N could
replace C to give rise to n-type conductivity and B could
replace C to give rise to p-type conductivity. Consequently,
a slight deviation from the ideal (1:1) stoichiometry ratio
between B and N could have strong influences on the con-
ductivity type of C-rich 4-(BN);_(C))x.

Room temperature Hall-effect measurements were used
to measure the resistivity, carrier mobility and carrier con-
centration. Efforts were made to minimize the impact of pos-
sible sample non-uniformity on the measured carrier type

(a) Ni/Au (20 nm/30 nm)
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and concentrations. This was achieved via the use of square
shaped sample geometry with small ohmic contacts fabri-
cated on the four corners of the sample surface.”'*'”~'” The
microscope image of a fabricated h-(BN);_,(C,)s alloy
(x=0.95) sample with four ohmic contacts (Ni/Au bilayers)
on the corners is shown in Fig. 2(a). The ratio of the contact
size (¢) to the sample length scale (L) is about 1/7.5, a con-
figuration which is expected to provide a high confidence in
the measured carrier type.'” Figure 2(b) shows the room tem-
perature mobility and carrier concentration of 4-(BN)C epi-
layers as functions of the NH; flow rate employed during the
MOCVD growth obtained using Hall-effect measurements.
Remarkably, the results shown in Fig. 2(b) indicate that the
carrier type is p-type for samples synthesized under NHj;
flow rates below 2.1 sccm and is n-type for the samples syn-
thesized under NH3 flow rates above 2.1 sccm. As we dis-
cussed, one unique aspect of C-rich ~-(BN); _,(C,), alloys is
that they can be viewed as B and N co-doped materials, in
which B atoms behave as p-type dopants while N atoms
behave as n-type dopants. When synthesized under NH; flow
rates below 2.1 sccm, there are fewer N atoms than B atoms
in the materials and hence a p-type conductivity prevails.
Supplying more N atoms to the reaction zone by increasing
the NH; flow rate to above 2.1 sccm produces materials con-
taining more N atoms than B atoms and hence n-type conduc-
tivity dominates. This is further verified by the XPS
measurement results shown in Table I which indicate that the
samples synthesized under 1 and 2 sccm NHj flow rates have
lower N concentration ([N]=2.0%) than B ([B]=3.0%) for
1 sccm NH3 flow rate and ([N]=3.1%) than B ([B] =3.6%)
for 2 sccm NH; flow rate, while the sample synthesized
under 3 sccm NHj; flow rate has higher N concentration
([N]=4.6%) than B ([B]=3.9%). At NH3;=2.1 sccm, the
concentrations of N atoms and B atoms are equal and a transi-
tion from p- to n-type conductivity occurs. In other word,
when grown under an NHj3 flow rate of about 2.1 sccm,
C-rich 7-(BN);_«(C,)x alloys have a 1:1 stoichiometry ratio
between B atoms and N atoms, [B]=[N]. The observed
background carrier concentrations at room temperature for
both p- and n-type C-rich h-(BN);_,(C,) epilayers are rela-
tively high (~1.5 x 10°°cm™?), which can be accounted for
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FIG. 2. (a) The microscope image of a 1-(BN);_(C,), alloy (x =0.95) sample with ohmic contacts (Ni/Au bilayers) fabricated on the four corners for van der
Pauw—Hall measurements. (b) Mobility and carrier concentration of 4-(BN); _,(C,), epilayers grown under different NH; flow rates. The carrier type in the
alloys is p-type for NH; flow rates below 2.1 sccm and changes to n-type for NH; flow rates above 2.1 sccm. (c) Carrier mobility as a function of inverse con-
centration plot, u vs. (1/n, 1/p), showing the same dependence for electrons and holes.
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by the following two factors: (1) the doping levels of N or B
“dopants” are very high since B, N, C atoms form alloys and
even a small local compositional fluctuation of 0.5% would
translate to a doping level of 5 x 10”cm ™ and (2) the
energy bandgaps of C-rich 4#-(BN)C alloys are small and the
energy level of the N donors (B acceptors) in C-rich #-(BN)C
alloys is expected to be very shallow or possibly even lie
within the conduction (valence band).

The electron and hole mobilities (i, or p,) and concen-
trations (n or p) are quite comparable and their dependence
on the NHj; flow rate are almost symmetric around NH; = 2.1
sccm. The results suggest that the effective masses of elec-
trons and holes in C-rich C-rich A-(BN);_,(C,), alloys must
be comparable, similar to the case of single sheet #-BN.2*%!
However, it is not clear why the free carrier concentrations
are almost independent of the NH; flow rate except in the
transition region. Self-compensation effect could be a possi-
ble cause for this behavior, similar to that observed in heavily
Ge and C co-doped GaAs thin films.?*?

It is expected that ionized impurity scattering is a domi-
nant mechanism in determining the carrier mobilities at
room temperature in C-rich A-(BN);_,(C,) alloys. In this
case, the scattering rate, y, is proportional to the ionized im-
purity concentration, which, to the first order is the same as
the free carrier concentration due to small energy bandgap. It
is thus

VO<ND+7 NAi X (}’l7p) (1)
So, for electrons,
1 1
X — O —— X —
He 3 Npt —n’ @)
Cy
e =—-
n
Since p,n =%, we therefore have C, =2 :ﬁ, where

o, and p, are the n-type conductivity and resistivity, respec-
tively. Based on Eq. (2), a linear relationship between y, and
1/n is expected with a slope of C,. Similarly for holes we
have

1 1 1
X — ¢ —— o —
My r NA _ p )
C (3)
p
Ky = —»
"p
where C, =2 = #, ap, and p, are the p-type conductivity

and resistivity, resppectively. Therefore, a linear relationship
between p;, and 1/p is also expected with a slope of C,,. In
Fig. 2(c), we plot mobility vs. the inverse of carrier concen-
tration, g, vs. n~'and u, vs. p~!. Although the experimental
data points are clustered at the high carrier concentration
regions, linear relationships between u. and 1/n and p, and
1/p are evident with C,, = C,,. The fact that the linear fit line
passing through all the data points as well as the origin fur-
ther suggests that the results are consistent with Eqs. (2) and
(3). Based on the results shown in Fig. 2(c), we can draw
two conclusions: (1) the conductivity is similar for both n-
and p-type samples; and (2) the carrier mobility depends
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only on the carrier concentration near room temperature.
Room temperature mobility for both p- and n-type
h-(BN);_«(C,), epilayers are ~15 cm?/V-s, which is approxi-
mately one order lower than B- or N-doped single layer gra-
phene,**** however is comparable to or slightly higher than
atomic layers of #-(BN)C materials containing separated BN
and C domains.'* The reason for a lower carrier mobility of
our samples compared to B- or N-doped single layer gra-
phene is due to the much higher free carrier concentrations
in these alloys.

Figure 3(a) shows the temperature dependence of the
free hole concentration (p) for the h-(BN),_,(C,), sample
with x=0.95 (corresponding to 1 sccm NHj3 flow rate)
obtained from Van der pauw Hall-effect measurements in
the temperature range of 175-800K. The temperature de-
pendence of the carrier concentration follows that of a very
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FIG. 3. (a) Temperature dependent hole concentration plotted in the scale of
In (p) vs. 1/T for an h-(BN); _(C,)x sample with x =0.95. The temperature
dependence of the free carrier concentration shows a typical behavior of nar-
row gap semiconductors consisting of both saturation and intrinsic carrier
conduction regime. Inset shows In (p) vs. 1/T plot for the intrinsic region,
from which a bandgap E,~93meV is obtained. (b) Plot of the bandgap
energy of h-(BN);_.(C,), alloys vs. carbon concentration (x) in the C-rich
side obtained from Eq. (5) with E4(h-BN)=6.4¢V, E,(C)=0¢eV, and the
bowing parameter of h=4.8eV. The activation energy (or the bandgap)
value of 7-(BN); _(C,), with x=0.95 is marked as a solid circle on the plot
of the band gap variation of 4-(BN);_,(C,), with x. Activation energies of
h-(BN);_«(Cy), epilayers with x <0.95 are also shown as solid squares,
which deviate from the plot of the band gap variation of 4-(BN);_(Co)y
with x.
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typical of narrow bandgap semiconductor with two distinct
regimes.?® In the medium or low temperature region, nearly
all acceptors are ionized, the carrier concentration is nearly
saturated and independent of (or only weekly depend on) the
temperature. In the high temperature region, the carrier con-
centration is nearly intrinsic. The crossover from the satura-
tion to the intrinsic conduction regime occurs around 350 °K.
The inset of Fig. 3(a) shows the Arrhenius plot of the carrier
concentration in the intrinsic conduction regime, in which
the hole concentration (p) and energy gap (E,) can be
expressed in terms of temperature as

E
o exp ( 2/<:T> @

where k;, is the Boltzman constant. The fitted value of E,
obtained for the 4-(BN);_,(C,), alloy (x=0.95) is ~93 meV.

Bandgap opening in graphene by doping with B and N
atoms has been demonstrated experimentally through the
measurement of transistor current.”**>’ Recent theoretical
calculations®® suggest that it is possible to tune the bandgap
in graphene directly via BN doping. Here, we have demon-
strated the bandgap opening in graphite via alloying with B
and N atoms. The bandgap value obtained from Fig. 3(a) can
be further confirmed by comparing the measured E, value
with that of expected. The expected bandgap variation of ho-
mogenous A-(BN);_,(C,), alloys with x is plotted in Fig.
3(b) for the C-rich side and follows the relation’

Eglh— (BN), (C2),] = (1 = x)E¢(h — BN) + xE,(C)
—b(1 —x)x, )

where values of E (h-BN)=6.4¢eV, E,(C)=0¢eV, and the
bowing parameter, b =4.8eV were used. Based on Eq. (5)
and Fig. 3(b), for an Ah-(BN); ,(Cy), alloy (x=0.95),
E,=91meV is deduced, which agrees almost perfectly with
a value of ~93 meV obtained from the temperature depend-
ent carrier concentration presented in the inset of Fig. 3(a).
This excellent agreement between the measured and
expected bandgap values provides strong evidence that ho-
mogenous /-(BN);_(C,), alloys with x>0.95 can be syn-
thesized by MOCVD at a growth temperature of 1300 °C.
The bowing parameter, b, was obtained by fitting Eq. (5)
using E; (h-BN) (x=0)=6.4¢eV, E, (graphite) (x=1)
=0eV, and E, (BNC,) (x=0.5)=2.0eV,”” which was also
used to describe the bandgap variation in (BN)-rich 4-(BN)C
alloys.” Although the bowing parameter, b, of h-(BN)C
alloys is still not very certain at this point, the excellent
agreement between the energy gap values deduced from Eq.
(5) and Fig. 3(b) and from Hall-effect measurement results
in Fig. 3(a) seems to suggest that Eq. (5) and the bowing pa-
rameter used quite satisfactorily describe the energy band
gap variation of 4-(BN);_,(C,), alloys.

We have also carried out the temperature dependence of
the free carrier concentration in 4-(BN), _,(C,), epilayers with
x<0.95. The measured thermal activation energies for A-
(BN);_«x(Cy)x epilayers with x < 0.95 are plotted in Fig. 3(b)
and vary from ~32meV to ~45meV. These values deviate
from the solid curve shown in Fig. 3(b), which indicates that
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the activation energies obtained for the 4-(BN);_,(C,), epi-
layers with x < 0.95 are similar to those of lightly B- or
N-doped graphite. This is probably an indication that phase
separation and the formation of separate C-C and B-N
domains occurred in #-(BN); _,(C,), epilayers with x < 0.95.
Raman spectroscopy measurements were also employed
to study the phase separation effect as well as the bandgap
opening in C-rich 4-(BN);_4(C,)x alloys. Raman spectros-
copy has been utilized previously as a non-destructive tech-
nique to study the phase separation and phase inhomogeneity
in InGaN alloys.>**? Raman spectra of pure 4-BN, graphite,
and selected s-(BN)C samples are shown in Fig. 4(a). The
graphite spectrum exhibits the typical characteristic graphitic
E»,(G) vibration peak at 1588 cm ! and the defect induced
D peak at 1345 cem™ 1.3 The spectra of 4-(BN);_(C,)y epi-
layers with x < 0.95 (grown under the NH; flow rates of 1.4,
1.8, 2.2, 2.6, and 3.0 sccm) show that the G peak and the D
peak are at the same positions as those in graphite. This sug-
gests that separate C-C and B-N domains form and composi-
tions in these h-(BN)C epilayers are phase separated and
the C-rich material behaves similar to graphite. Moreover,
the intensity and peak line width of the E,, mode of these
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FIG. 4. (a) Raman spectra of #2-BN (x=0), graphite (x=1), and selected
h-(BN); _«(Cy), epilayers grown at different NH; flow rates. The G peak at
1576 cm™ ! of the h-(BN);_(Ca)x alloy with x=0.95 (1 sccm NH; flow
rate) shifts towards the sp> bonded h-BN vibrational peak (1370cm ™),
which is a signature of formation of homogenous 4-(BN)C alloy. (b) Ey,
vibration peak position vs. x in ~-(BN); _(C,)x showing peak positions for
h-BN, graphite, and 4-(BN); _(C,)x alloy with x=0.95. The dashed line is
a guide to the eyes.
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samples are also similar to that of graphite. This is consistent
with our conclusions obtained from the electrical transport
measurement results presented in Fig. 3(b). In contrast, the
Raman spectrum of Ah-(BN);_,(C,), alloy with x=0.95
(grown under 1.0 sccm NH3, black solid line) shows that the
G peak shifted to 1576cm ™' towards the characteristic of
pure 4-BN peak (1370 cm™"). Figure 4(b) plots the measured
E,, peak position vs. x in 2-(BN);_,(C,) alloys. Typically
the formation of homogeneous alloys causes a shift in the
Raman spectral peak that varies linearly according to the
peak positions of the constituent atoms or binary com-
pounds.32 For homogeneous C-rich A-(BN);(C,)x alloys,
the Raman peak position is expected to shift towards lower
frequency with a decrease of x. The observed Raman peak
shift for A-(BN);_,(C,), alloy with x=0.95 thus corrobo-
rates the Hall-effect measurement results and further sug-
gests the formation of homogeneous C-rich /-(BN);_(Cs)x
alloys with x > 0.95.

Phase separation is a very crucial issue towards the de-
velopment of A-(BN);_(Cy)x alloys,Q’12 This is due to the
bond energy difference among different atomic bonds in
h-(BN); _x(Cy)y alloy: B-N (4.00eV) > C-C (3.71eV) > C-N
(2.83eV)>C-B (2.59eV) >B-B (2.32eV) > N-N (2.11eV).
Combining the present results with those of (BN)-rich
h-(BN); _(C»)y alloys,” we can conclude that 4-(BN); _(C,)x
epilayers with 0.032 < x < 0.95 are most likely phase sepa-
rated at a growth temperature of 1300 °C. The phase diagram
of the monolayer (BN);_(C,) alloys in the temperature
range of 1500-3500K suggests that the miscibility gap
decreases with an increase in the growth temperature.'” The
same trend is expected for Ah-(BN);_,(C,), alloys.
Combining our experimental results with that of calcula-
tion,'> we have re-constructed in Fig. 5 the phase diagram
for h-(BN);_(C,)x alloys, which can serve as a guideline for
the further development of homogenous #/-(BN); (C;)x
alloys. Due to the excellent matches in lattice constants and
thermal expansion coefficients as well as high melting points
throughout the entire alloys, it is expected that the alloy
miscibility gap and degree of phase separation in
h-(BN);_,(C,), alloys can be reduced or completely removed
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FIG. 5. Reconstructed phase diagram of h-(BN); _(C,)x alloys in the com-
position range (0 <x < 1) based on experimental results obtained for C-rich
h-(BN);_x(Cp)x alloys in the present work, (BN)-rich /-(BN);_(Cs)y
alloys® and calculation. Reproduced with permission from K. Yuge, Phys.
Rev. B 79, 144109 (2009). Copyright 2009 American Physical Society.'
Experimental data for #-(BN);_,(C,), are indicated.
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by increasing the growth temperature. Consequently, the
overall material quality of #-(BN)C alloys is expected to be
improved by employing higher growth temperatures.

IV. CONCLUSIONS

In summary, we have synthesized C-rich h-(BN);_(C;)x
epilayers using MOCVD and demonstrated that both p- and
n-type conductivities can be obtained by changing the stoichi-
ometry ratio between B and N through the variation of V/III
ratio (or the NH;3 flow rate) employed during growth. We
have observed intrinsic carrier conduction in /-(BN); _(C5),
samples with x=0.95, from which a bandgap energy of
E,~93meV was deduced, which agrees almost perfectly
with the expected value derived from the alloy dependence of
the bandgap of Ah-(BN); (C,)x. The results suggest a
bandgap opening in graphite through homogenous alloying
with BN. Homogenous alloy formation has also been further
confirmed from Raman spectroscopy measurements. Our ex-
perimental results revealed evidences that the critical BN
concentration, xgy, to open a small bandgap in graphite or to
form h-(BN)C homogenous alloy in the C-rich side is ~5.0%
at a growth temperature of 1300 °C. Since material synthesis
and basic understanding of 4-(BN);_,(C,), alloys are in the
very early development stage, many issues merit further stud-
ies. For instance, based on the phase diagram shown in Fig. 5,
further improvements in material quality would require
higher growth temperatures above 1300 °C to enable the syn-
thesis of h-(BN);_x(C,)x with broader alloy range without
phase separation. Structural characterization techniques such
as cross sectional transmission electron microscopy (TEM)
would be very useful in addition to XRD to examine the crys-
talline quality of these layer structured films. However, the
successful synthesis of homogeneous (BN)-rich and C-rich
h-(BN); _x(Cy)x alloys (3.2% >x>95%) by MOCVD at
1300°C already opens up possibilities to explore useful de-
vice applications in the deep UV and IR spectral regions.
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