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ABSTRACT

We report characterization of 4-in. diameter carbon-doped hexagonal boron nitride (h-BN:C) quasi-bulk crystals (100 um in thickness)
produced by hydride vapor-phase epitaxy. X-ray diffraction characterization results revealed that carbon incorporation enhances crystalline
quality due to carbon’s role in mitigating native defect formation by substituting on both the B and N sites. Photoluminescence spectros-
copy demonstrated that carbon doping fundamentally alters the optical properties. While the undoped wafer exhibits a broad emission line
near 3.41 eV, the carbon-doped sample displays three distinct ultraviolet lines at 4.10, 3.91, and 3.74 eV. These peaks correspond to the
zero-phonon line of a carbon defect quantum emitter and its associated phonon replicas, characterized by a room-temperature radiative
lifetime of approximately 0.5 ns. Although carbon is unsuitable for conventional n- or p-type doping in h-BN, carbon doping appears to be
a useful tool for improving crystalline quality and enabling the control of unique properties essential for high-efficiency neutron detectors,

optoelectronics, and quantum technologies.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0326417

II-nitride wide and ultrawide bandgap (UWBG) semiconductors
have attracted significant interest due to their diverse applications,
ranging from LEDs for lighting, micro-LED displays/TVs, power elec-
tronics, and emerging quantum technologies." * Within this family,
hexagonal boron nitride (h-BN) stands out due to its distinct layered
structure and UWBG (~6¢V), which imparts unique physical and
chemical attributes, including high lateral thermal conductivity, excel-
lent dielectric strength, chemical inertness, and exceptional mechanical
robustness.” © Furthermore, h-BN exhibits significant potential for
solid-state neutron detectors due to an unusually large thermal neutron
capture cross section of the isotope boron-10 (~3840 barns).”'’ While
bulk crystal growth techniques utilizing high-pressure high-tempera-
ture (HPHT)”"*"" and metal flux solutions'” are established, they are
inherently limited. These methods typically yield only millimeter-sized
crystals, offering poor prospects for wafer-scale expansion or precise
doping control. However, the development of thick, large-scale h-BN
wafers is a fundamental prerequisite for advanced device integration.
For instance, high-sensitivity neutron detectors require both significant
thickness and large surface areas to maximize the active detection vol-
ume."” " To date, the only demonstrated capability for producing
large-diameter, freestanding thick h-BN wafers has been reported by
our group via hydride vapor-phase epitaxy (HVPE) technique.'”"*

HVPE has previously been the gold standard for producing GaN
quasi-bulk wafers due to its unique combination of high growth rates,

superior control of impurity incorporation, and ability to scale to
larger-diameter wafer production.”” Our recent studies successfully
leveraged HVPE to grow millimeter-thick h-BN wafers.'” '
Detectors fabricated from these quasi-bulk layers have set new bench-
marks in the field, achieving record-high detection efficiencies with
60% efficiency for thermal neutrons and 5% efficiency for 14.1 MeV
fast neutrons.”'*

In parallel, understanding and controlling impurity incorpora-
tion, especially carbon (C) impurities, is important for advancing
h-BN materials and novel devices. Carbon is inherently prevalent in
[I-nitride growth environments and significantly influences the elec-
tronic and optical properties of GaN and AIN by introducing both
donor- and acceptor-type of impurities.”’ ** Previous studies on
h-BN thin films grown by metalorganic chemical vapor deposition
(MOCVD) revealed that carbon atoms substitute on both boron (Cp)
as deep donors and nitrogen (Cy) as deep acceptors. These carbon-
related impurities affect both optical (optical absorption and emis-
sion) and electrical properties.”” > First-principles calculations and
recent experimental studies have demonstrated the existence of car-
bon in three configurations of Cg, Cy, and an interstitial form C; with
corresponding energy levels of 3.71, 3.19, and 2.40eV above the
valence band maximum (VBM), respectively.”"”” Additionally, sharp
emission lines in the UV and visible ranges, attributed to quantum
emitters associated with carbon-related defect complexes, have been
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reported in single- or few-layer h-BN flakes.”*** These features show
potential applications for room-temperature quantum emitters.
Despite these findings, comprehensive experimental investigations
into the properties of carbon-related impurities in quasi-bulk h-BN
wafers remain limited, and further studies are necessary to evaluate
their implications for the material crystalline quality, optical proper-
ties, conductivity control, and device performance.

In this work, we report on the growth of carbon-doped h-BN
quasi-bulk wafers by the HVPE method. Structural analysis by x-ray
diffraction (XRD) demonstrated enhanced crystalline quality. Optical
characterization using ultraviolet-visible (UV-Vis) absorption and
photoluminescence (PL) spectroscopy revealed significant modifica-
tions introduced by carbon incorporation, including a pronounced
ultraviolet emission line at 4.10eV and its sidebands at 3.91 and
3.74 eV, which have been previously identified by many groups to be
a carbon defect complex-related quantum emitter and its associated
phonon replicas.” ** The present and previous results highlight the
viability of HVPE for producing high-quality, impurity-controlled
quasi-bulk h-BN wafers and provide critical insights for advancing
the utilization of h-BN UWBG semiconductor technologies for elec-
tronics, photonics, neutron detectors, and quantum emitters.

HVPE growth was conducted on 4-in. diameter c-plane sapphire
(Al,O3) substrates. Boron trichloride (BCl;) and ammonia (NHj)
served as the boron and nitrogen precursors, respectively, delivered
by nitrogen (N,) carrier gas. A thin 30 nm low temperature h-BN
buffer layer was first deposited on sapphire at 1300 °C. The growth
temperature for both undoped (h-BN) and C-doped (h-BN:C) sam-
ples was 1500 °C and the growth pressure was 20 Torr. We employed
in situ doping using methane (CH,4) gas source. The carbon concen-
tration can be controlled precisely by a mass flow controller and is
proportional to the CH, flow rate. At these growth conditions, the
growth rate is about 25 um per hour for both h-BN and h-BN:C sam-
ples, as confirmed by thickness profilometer measurements. The tar-
geted sample thickness was 100 um. After growth, h-BN and h-BN:C
wafers self-delaminated from the substrate upon cooling, forming
freestanding wafers due primarily to the layered crystalline structure
of h-BN."”'® These h-BN:C freestanding samples, along with refer-
ence undoped h-BN wafers of the same thickness, were used for com-
parative characterization.

Figure 1 shows the carbon concentration profile probed by sec-
ondary ion mass spectrometry (SIMS) measurements for the h-BN:C
wafer grown using a CH, flow rate of 90 sccm, revealing a carbon con-
centration of 5.5 x 10*° cm™. SIMS profiles were probed from either
the top or bottom surface, yielding identical carbon concentration and
confirming a uniform doping concentration across the entire 100 um
thickness. The inset compares the optical images of 4”-diameter free-
standing undoped (h-BN) and carbon-doped (h-BN:C) wafers. The
wafers exhibit smooth surfaces across the entire area, with no visible
cracks. A strong yellow color is observed in the h-BN:C wafer, while
the undoped h-BN wafer is transparent. The results suggest that car-
bon impurities tend to introduce mid-gap absorption. Such coloration
and sub-bandgap absorption are consistent with the expectation that
carbon doping tends to introduce deep impurity levels in h-BN, analo-
gous to the well-known “yellow luminescence” in GaN commonly
associated with carbon-related deep acceptor states.””*

We first performed ultraviolet-visible (UV-Vis) absorption
spectroscopy on h-BN and h-BN:C wafers to assess the overall impact
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FIG. 1. Carbon doping profile in carbon-doped (h-BN:C) wafer grown using a CH,4
flow rate of 90 sccm, probed by secondary ion mass spectrometry (SIMS). A uni-
form carbon concentration of approximately 5.5 x 10°°cm™ is observed. Inset
shows optical images of whole 4”-diameter freestanding wafers of undoped
(h-BN) and carbon-doped (h-BN:C) samples after delamination from sapphire
substrate.

of carbon impurities on the optical properties. As shown in Fig. 2, the
undoped wafer exhibits a sharp absorption onset near 200 nm, corre-
sponding to the intrinsic band edge absorption of h-BN, and remains
transparent across the visible spectrum, a hallmark of a high-purity
UWBG semiconductor material. In contrast, below bandgap absorp-
tion bands extending into 250-400 nm are clearly seen in the h-BN:C
wafer, which imparts a notable yellow tint to the material. Blue and
green light are absorbed, while longer wavelengths are transmitted,
resulting in the material’s strong yellowish appearance.”” This behav-
ior mirrors the role of carbon in other III-N semiconductors (e.g.,
GaN), where carbon impurities create deep impurity states that lead
to strong mid-gap absorption and characteristic luminescence.”” To
gain insight into how carbon atoms substitute into the BN lattice,
x-ray photoelectron spectroscopy (XPS) measurements were con-
ducted. The inset of Fig. 2 displays the XPS spectrum of the C 1s core
level measured for the h-BN:C sample (red dots). The experimental
data were fitted using a Gaussian-Lorentzian function, revealing a
primary peak (black circles) centered at 284.8 eV, characteristic of
hybridized C-C bonding (graphitic carbon). Two additional compo-
nents were resolved: a lower-energy peak at 283.3 eV (purple dots)
corresponding to C-B bonds, and a higher-energy peak at 286.0 eV
(blue squares) attributed to C-N bonds.”” ”” These chemical shifts
and the resulting bonding analysis confirm that C atoms substitute on
both B and N sites and that B, N, and C atoms bond with one another,
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and mix atomically within the lattice. This is partly because C atoms
tend to incorporate into h-BN as C~C pairs.”' Indeed, by employing
aberration-corrected scanning transmission electron microscopy
(STEM) on monolayer h-BN, a previous study provided direct imag-
ing results identifying C substituting for B as well as for N.** Future
TEM and STEM analyses will be valuable to further identify the
nature of carbon substitution within the BN lattice and any potential
elemental segregation or inhomogeneities in h-BN:C quasi-bulk
crystals.

The growth of quasi-bulk h-BN with high crystalline quality
presents considerable challenges due to the strong pre-reaction
between B and N precursors at high temperatures, which leads to par-
asitic gas-phase reactions, leading to the formation of B-N clusters
that consume the reactive precursors and promote undesirable nucle-
ation, thereby reducing the growth rate and crystalline quality of the
material.'® However, the results shown in Fig. 3 indicate that carbon
doping results in a significant improvement in crystalline quality.
Figure 3(a) presents the x-ray diffraction (XRD) 0-20 scans of
undoped (black curve) and C-doped (red curve) samples for direct
comparison. In each case, a single (002) diffraction peak is observed
at 20 =26.74°, corresponding to a c-axis lattice constant of 6.66 A,
consistent with phase-pure hexagonal BN. However, the C-doped
sample exhibits nearly two orders of magnitude higher (002) peak
intensity compared to the undoped sample. Since the two samples are
of identical thickness (100 um) and were measured under identical
experimental configurations, the increase in (002) peak intensity in
C-doped sample relative to the undoped sample indicates significantly
improved mosaic coherence and c-axis structural order.

The XRD rocking curves (or w-scans) shown in Fig. 3(b) indi-
cate that the full width at half maximum (FWHM) is narrowed by
approximately 100arc sec for the C-doped sample in comparison
with the undoped h-BN sample. While the FWHM differences are
subtle, h-BN:C exhibits a noticeably more symmetric rocking curve.

4Kk — , ; -
h-BN:C (100 pm)
h-BN (100 pm)

w
il

FWHM: 1447 arcsec]
FWHM: 1314 arcsec

Intensity (cps)
N
~

_
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FIG. 3. XRD of undoped (h-BN, black curve) and carbon-doped (h-BN:C, red curve) samples: (a) 260 scan of (002) peak and (b) rocking curve of (002) peak.
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Since such asymmetry typically arises from vertical lattice parameter
gradients, the XRD rocking curve results suggest a more uniform
structural profile in the doped samples, further corroborating the
findings in Fig. 3(a). We attribute this enhancement in crystalline
structure of h-BN:C to carbon’s role in mitigating native defect forma-
tion by substituting on both B and N sites, forming Cy and Cg,
thereby reducing the number of nitrogen vacancies (V) and boron
vacancies (Vg) and promoting a more ordered layered structure com-
pared to the undoped baseline. The results of Fig. 3 provide several
interesting insights: (1) there are nitrogen and boron vacancies in
undoped h-BN wafers, (2) C tends to occupy both N and B sites, sup-
ported by the XPS results shown in the inset of Fig. 2 and also by the-
oretical”* and STEM results,” and (3) the incorporation of Cy and
Cp seems to improve the stacking order in comparison with the pres-
ence of Vy and Vp.

Regarding the electrical impact of C-doping, I-V characteriza-
tion reveals that this concentration reduces electrical resistivity by
nearly three orders of magnitude. However, the material remains
highly resistive at approximately ~10'° Q cm. The order of magnitude
reduction in the electrical resistivity by C-doping is consistent with
our previous observation in MOCVD grown BN-rich BNC alloy thin
films.” The sustained high resistivity is attributed to the deep energy
levels predicted for C-related impurities and defects in h-BN.*

Figure 4 compares the PL spectra of h-BN (black curve) and h-
BN:C (red curve) samples under excitation using a pulsed excimer
laser (193nm, 20ns pulse width, and 40Hz repetition rate).
Measurements were performed at 300K to evaluate the effect of car-
bon doping on the room temperature optical emission characteristics
of h-BN. As shown in Fig. 4, the PL spectrum of undoped h-BN
exhibits a single dominant emission peak centered around 3.40eV.
On the other hand, the PL spectrum of the C-doped sample reveals
three distinct peaks at 3.74, 3.91, and 4.10 eV. The emergence of these
peaks can be attributed to the radiative recombination processes

25 T T T
—h-BN
|——h-BN:C —
201 Aee=193 nm S |
1T=300K 3.74eV
=15 |
o 3.40 evl
5 v Y|4.10ev
—10- i
54 4

1l 2 8 4 5 ©& 9
Energy (eV)

FIG. 4. Room-temperature PL spectra of undoped (h-BN) and C-doped (h-BN:C)
samples under 193 nm pulsed excimer laser excitation (20 ns pulse width, 40 Hz
repetition rate).

pubs.aip.org/aip/apl

associated with carbon impurities. In fact, the 4.10 eV emission line
has been attributed to quantum emitters associated with carbon dimer
defects (CzCy).”" The lower-energy peaks at 3.91 and 3.74 €V are typ-
ically identified as longitudinal optical (LO) phonon replicas of the
4.1 eV zero-phonon line (ZPL).” **

To resolve and characterize carbon-related emission features, PL
measurements were carried out on the carbon-doped sample using a
frequency-quadrupled  femtosecond  (fs)  Tisapphire  laser
(Aexc=195nm, 6.35 eV) operating at 76 MHz at two different temper-
atures, as shown in Figs. 5(a) and 5(b). At 300K in Fig. 5(a), the PL
spectrum of h-BN:C reveals three distinctive peaks at 3.74, 3.91, and
4.10eV, consistent with the structured emission observed in Fig. 4.
When the temperature is lowered to 10K as shown in Fig. 5(b), these
peaks become even more pronounced and sharper with reduced spec-
tral linewidth. The enhanced separation and narrowing of the peaks
at low temperatures support the previous interpretation that these
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FIG. 5. PL spectra of h-BN:C measured under excitation by a frequency-
quadrupled femtosecond (fs) Ti:sapphire laser (Aex.=195nm, 6.35€V) at (a)
300K and (b)10 K, showing the carbon-related emission peaks at 3.74, 3.91, and
4.10 eV with enhanced sharpening/separation at low temperature.
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emissions originate from discrete carbon-related defect states with
well-defined transition energies,%’33 rather than from a broad distri-
bution of shallow or strongly phonon-broadened states. Furthermore,
the peak positions of these three sharp emission lines were indepen-
dent of measurement temperature, a characteristic of quantum
emitters.

To further investigate the nature of these three ultraviolet emis-
sion lines observed in h-BN:C, time-resolved PL (TRPL) measure-
ments were performed. As shown in Fig. 6, the decay curves were
recorded at emission peak energies of 3.74, 3.91, and 4.10eV. The
temporal responses of the PL intensity as a function of time, I(t), were
fitted by a single exponential function, I(t) = A exp(—t/t), where A
is the initial amplitude, and 7 is the characteristic decay lifetime, yield-
ing ©=0.53, 0.52, and 0.50 ns, respectively (corresponding to an aver-
age lifetime of 7=0.52*0.02ns). TRPL measurements provide
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FIG. 6. Temporal responses measured at T = 300K for emission peak energies of
(a) 3.74, (b) 3.91, and (c) 4.10 eV observed in h-BN:C sample. The black lines rep-
resent experimental data, while the red lines are fitted curves using single expo-
nential decay. The extracted lifetimes are almost identical, at 0.52 = 0.02 ns.
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additional insight into the recombination dynamics of the carbon-
related emission lines. The fitted curves follow the experimental data
closely, indicating that the radiative recombination process is domi-
nated by a single decay channel. The nearly identical sub-nanosecond
lifetimes indicates that all three peaks share a common recombination
channel rather than from independent defect centers and therefore
further corroborate the picture that the 4.10 eV line can be assigned to
the ZPL, while the 3.91 and 3.74 eV lines correspond to its phonon
sidebands.””** The predicted radiative lifetime at room temperature
for carbon dimer defects (CgCy) in h-BN is 1.2 ns,”" in comparison to
the measured lifetime of 7= 0.52 ns here.

It is worth noting that a pronounced 1.31eV infrared donor-
acceptor pair emission was also observed in HVPE-grown carbon-
doped quasi-bulk h-BN, which was attributed to recombination
between Cp donors and interstitial C; acceptors.”” More interestingly,
it was shown that carbon defect complexes in h-BN also form quan-
tum defects with tailored emission wavelengths within the C-band of
telecom wavelength (1530-1565nm), potentially facilitating the inte-
gration of quantum technologies into existing photonics infrastruc-
ture.” These findings collectively highlight the importance of
controlled carbon doping to its optoelectronic properties.

In summary, we have demonstrated hydride vapor-phase epitaxy
growth of quasi-bulk carbon-doped h-BN wafers (100 ym thick) 4” in
diameter. Structural characterization results revealed that carbon
incorporation significantly enhances crystalline quality due to carbon’s
role in substituting on both the B and N sites, thereby reducing the
number of boron and nitrogen vacancies. Moreover, carbon incorpo-
ration introduces pronounced mid-gap absorption and fundamentally
modifies the luminescence features, where undoped h-BN’s broad
3.41 eV defect line is substituted by three sharp ultraviolet PL lines at
4.10, 3.91, and 3.74 eV, previously assigned to the zero-phonon line
(ZPL) of a carbon-related quantum emitter and its phonon replicas.
Time-resolved PL reveals room-temperature radiative lifetimes of
approximately 0.5ns for all three lines. The present and previous
results demonstrate that while carbon is unsuitable for conventional -
or p-type doping, its intentional incorporation in h-BN can effectively
passivate structural defects and activate tunable quantum emitters
from C-band communication wavelength to the deep UV, providing a
robust avenue to tailor its optical properties. This carbon doping
approach expands the functionality of h-BN for a variety of applica-
tions, including high-efficiency neutron detectors, deep-UV optoelec-
tronics, and quantum photonic devices for single-photon generation.
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