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ABSTRACT

Intentionally oxygen-doped hexagonal boron nitride (h-BN) thick epilayers have been produced using hydride vapor phase epitaxy (HVPE).
Oxygen doping significantly enhanced the crystalline quality of h-BN, likely due to the reduced nitrogen vacancies by substitutional oxygen
donors. By eliminating carbon impurity emission lines through HVPE growth, the origin of the commonly observed, yet poorly understood,
emission lines in the 5.3–5.5 eV spectral region in h-BN can be definitively attributed to the recombination between electrons bound to sub-
stitutional oxygen donors on nitrogen sites (ON) and free holes in the valence band, along with phonon replicas involving K-point phonons
via a strong hole–phonon interaction, a result of its indirect energy bandgap nature. Unlike the generally “dark” band-to-band and excitonic
transitions in perfect h-BN, the zero-phonon line of the oxygen donor-related band-to-impurity transition prominently contributes to the
emission intensity due to the deep-level nature of oxygen donors. This study resolves the long-standing question of the physical origin of
the 5.3 eV emission line in h-BN, providing a more comprehensive understanding of common impurities/defects in h-BN, which is vital for
monitoring and continuously improving the material quality and purity of h-BN, paving the way for future applications of this emerging
ultrawide bandgap (UWBG) semiconductor.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0284827

Hexagonal boron nitride (h-BN) is a material of significant inter-
est, owing to its intriguing fundamental properties and broad potential
applications. These include deep-ultraviolet (DUV) optoelectronic
devices,1–4 direct conversion solid-state neutron detectors,5–11 single
photon emitters,12 and two-dimensional heterojunction devices.13–15

While substantial progress has been made in h-BN material growth
and understanding its band structure, optical, thermal, and electrical
transport properties,16–28 the fundamental properties of defects and
impurities remain less understood compared to traditional III-nitride
semiconductors. Theoretical predictions suggest that all impurities in
h-BN are quite deep,29,30 which significantly hinders doping prospects.
Among known impurities and defects, oxygen was predicted to occupy
the nitrogen site (ON), forming a relatively shallow donor, with a calcu-
lated energy level of approximately 0.6 eV.29 Experimental evidence
widely indicates that oxygen is readily incorporated into h-BN through
various pathways, such as diffusion from sapphire substrates, surface
oxidation, and contamination from reactor components. This perva-
sive incorporation is attributed to h-BN’s layered crystalline structure
and the large bond energy of the B-O bond. While the influence of
oxygen impurities on the optical and transport properties of GaN
and AlN has been thoroughly investigated,31–33 the role of oxygen

impurities in h-BN is considerably less explored. Investigating band-
to-impurity transitions is a powerful method for characterizing impu-
rity properties, offering insights into the band structure, impurity
energy levels, and material purity. However, the ultrawide and indirect
nature of h-BN’s bandgap necessitates a reevaluation and modification
of the conventional understanding of impurity transitions.

In direct bandgap semiconductors like GaN and AlN, both the
conduction band minimum (CBM) and valence band maximum
(VBM) are located at the C-point, the center of the Brillouin zone
(BZ). Energies at other high-symmetry points within the first BZ, such
as the L- and X-points, are significantly higher than those at the
C-point in these materials. Consequently, all fundamental optical tran-
sitions in GaN and AlN occur at the C-point, and their electronic
properties are predominantly governed by the band parameters at this
point.34 In stark contrast, h-BN exhibits an indirect bandgap where the
CBM and VBM are situated at different high-symmetry points: the
CBM at the M-point and the VBM at the K-point.17–23 Upon photoex-
citation above the bandgap, electrons relax to the CBM at the M-point,
while holes relax to the VBM at the K-point. In this regard, band-to-
impurity transitions in h-BN resemble free exciton transitions, which
are well-established to require phonon assistance for momentum
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conservation in perfect h-BN crystals.17–23 Therefore, band-to-impu-
rity transitions in h-BN are also expected to involve phonons for
momentum conservation. However, a critical distinction for band-to-
impurity transitions in h-BN is that the wavefunctions of electrons or
holes bound to deep donors or acceptors can extend across multiple
high-symmetry points in the BZ, encompassing both M- and K-
points. This phenomenon arises because impurity energy levels in h-
BN are deep, and the energy difference between the M- and K-points
in the conduction band is relatively small.17–23,28

The most frequently observed and studied impurity emission line
in h-BN is centered around 4.1 eV, which is typically attributed to the
presence of carbon impurities.35–39 This 4.1 eV line often overwhelm-
ingly dominates the photoluminescence (PL) emission spectra of h-BN
grown by metalorganic chemical vapor deposition (MOCVD), particu-
larly when using triethylborane (TEB) or trimethylborane (TMB) as
boron precursors, which inherently contain carbon. Other emission
lines appearing in the 5.3–5.5 eV spectral region are also frequently
reported in h-BN thin films.40 These become more pronounced in
MOCVD materials produced under high NH3 flow rates, conditions
that significantly suppress the 4.1 eV emission line.41 Several mecha-
nisms have been proposed to explain the origin of these 5.3–5.5 eV
lines, including multi-phonon-assisted excitonic transitions,42 bound
excitons,41 quasi-donor-to-acceptor (q-DAP) transitions,43 and stack-
ing disorder.44,45

In this work, we produced h-BN with intentional oxygen doping
using hydride vapor phase epitaxy (HVPE) and performed PL emission
spectroscopy studies. By utilizing BCl3 gas as a boron precursor in
HVPE growth, we avoided the incorporation of carbon impurities,
thereby eliminating the 4.1 eV optical transition line. This simplification

significantly aided the understanding of oxygen-related emission lines
in h-BN. Our results unambiguously conclude that all emission lines
observed in the 5.3–5.5 eV spectral region share the same physical ori-
gin: a band-to-impurity transition involving the recombination between
electrons bound to ON donors and free holes, along with its phonon
replicas. We also provide a general discussion on the major differences
in band-to-impurity transition characteristics between indirect bandgap
h-BN and other direct bandgap III-nitride semiconductors.

Undoped and oxygen-doped h-BN (h-BN:O) epilayers with a
thickness of �50mm were grown on c-plane sapphire (Al2O3) sub-
strates by HVPE using BCl3 and ammonia (NH3) as precursors for B
and N, respectively. Pure oxygen gas was used as an oxygen dopant
source and carried into the reactor by N2 gas using a flow rate of 5
sccm. No hydrogen was introduced at any stage of growth to eliminate
the potential effects associated with hydrogen incorporation. A low-
temperature undoped BN buffer layer of 20 nm in thickness was
deposited on sapphire at 1200 �C prior to the growth of oxygen-doped
h-BN epilayers to minimize the impact of lattice mismatch between
h-BN and Al2O3. The h-BN epilayers were grown at 1500 �C using a
growth rate of�20mm/h.

The inset of Fig. 1(a) plots the oxygen concentration as a function
of the sample depth, probed by secondary-ion mass spectrometry
(SIMS). Since the growth and doping conditions remained the same
during the growth process, the doping concentration of about 7� 1019

cm�3 atoms/cm3 at 1mm depth and beyond should represent the oxy-
gen doping concentration in the sample’s interior, by neglecting the
artifacts induced by the surface oxidation effect.46 Figure 1 presents
structural characterization results among undoped h-BN and oxygen-
doped h-BN (h-BN:O) wafers: (a) x-ray diffraction (XRD) patterns in

FIG. 1. (a) Comparison of x-ray diffraction (XRD) patterns in 2h�x scans among undoped h-BN and oxygen-doped h-BN (h-BN:O) wafers of 50 mm in thickness. The inset
shows an optical micrograph of a 400-diameter freestanding h-BN:O wafer and oxygen doping profile in the wafer probed by secondary mass spectrometry (SIMS).
(b) Comparison of XRD rocking curves (x� scans) of (002) diffraction peak among undoped h-BN and oxygen-doped h-BN (h-BN:O) wafers. (c) Comparison of Raman spec-
tra among undoped h-BN and oxygen-doped h-BN (h-BN:O) wafers.
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2 h� x scans, (b) XRD rocking curves (x� scans) of (002) diffraction
peak, and (c) Raman spectra. The results clearly demonstrate that oxy-
gen doping significantly enhances the overall crystalline quality of h-
BN. This improvement is evidenced by several key observations: (1) a
shift of the h-BN (002) peak (representing diffraction from planes
stacked along the c-direction) from 26.72� to the ideal h-BN value of
26.74� in h-BN:O wafer; (2) a remarkable increase in the h-BN (002)
peak intensity by a factor of more than 30 in h-BN:O wafer; (3) the full
width at half maximum (FWHM) of XRD rocking curve is reduced in
h-BN:O wafer compared to undoped wafer (from 0.4� to 0.35�); and
(4) the FWHM of the E2g vibration mode (in-plane stretch of B and N
atoms) at Dr¼ 1366 cm�1 observed in the Raman spectrum of h-
BN:O wafer is also significantly reduced compared to undoped sample
(from 27 and 20 cm�1). We believe that the enhanced structural order-
ing observed in oxygen-doped h-BN is because oxygen impurities act
as substitutional donors on nitrogen sites (ON) in h-BN.29 This substi-
tution reduces the number of nitrogen vacancies, leading to a more
ordered structure.

Figure 2(a) presents a comparative analysis of the low-
temperature (10K) PL emission spectra from undoped (black curve)
and oxygen-doped (red curve) h-BN. In the undoped sample, the
emission line near 5.33 eV is very weak, with its presence most likely
attributable to surface oxidation of the h-BN.46 In sharp contrast, this
5.33 eV line becomes overwhelmingly dominant in the h-BN:O sam-
ple, strongly supporting its direct association with the presence of oxy-
gen impurities. Additionally, both h-BN:O and undoped h-BN
samples exhibit emission lines in the spectral range between 3.5 and
4.3 eV. The physical origins of these lines are to be determined.

Here, our focus will be on the nature of the 5.33 eV emission line.
Given that h-BN possesses an indirect bandgap,17–23 radiative recombi-
nation frequently requires phonon participation to conserve momen-
tum. This inherent requirement explains the broad spectral linewidth
observed for the 5.33 eV line. Below-bandgap emissions associated
with impurities generally fall into two categories: band-to-impurity

transitions and donor–acceptor pair (DAP) transitions. To ascertain
the nature of these specific emission lines, we investigated the temporal
response of the 5.33 eV emission, with the results presented in Fig. 2(b).
The decay of the 5.33 eV emission line is well-described by a single
exponential function, yielding a decay lifetime (s) of 0.51 ns. Since DAP
transitions typically exhibit much longer lifetimes (on the order of ms to
ms), the sub-ns decay lifetime observed here is a characteristic signature
of a band-to-impurity transition. Based on this observed decay lifetime
of 0.51ns and the near absence of the 5.33 eV line in the undoped
h-BN sample, we confidently assign the 5.33 eV emission line in the
h-BN:O sample to the recombination between electrons bound to ON

donors and free holes in the valence band.
To resolve phonon-assisted peaks, higher-resolution PL spectra

were taken at 10–80K in the spectral range of 4.8–6.2 eV. Reducing
the measurement temperature causes a slight blueshift in the position
of the dominant peak near 5.33 eV, which is consistent with the
expected temperature-dependent variation of the bandgap of semi-
conductors. Additionally, a weaker peak emerges on the higher-
energy side of the spectrum as the temperature decreases. At 10K,
the PL spectrum clearly resolved two peaks at E1¼ 5.48 eV and
E2¼ 5.33 eV. While the wavefunction of an electron bound to an
oxygen donor is more localized at M-point in the k-space, it can
extend to multiple valleys in k-space covering both M- and K-points
because of the deep-level nature of ON.

27,29 Therefore, the direct
band-to-impurity transition involving ON donors and the valence
band in h-BN can occur without the participation of phonons. Based
on this understanding and using the measured values of the room
temperature energy bandgap of 6.02 eV28 and activation energy of
ON donors of ED¼ 0.56 eV,27 the observed E1¼ 5.48 eV emission
line can confidently be assigned to the zero-phonon line (ZPL) of the
band-to-impurity transition involving ON donors and the valence
band.

Excitonic transitions in high-quality h-BN materials are typically
assisted by phonons near the T-point in the first BZ to satisfy

FIG. 2. (a) Low temperature (10 K) PL
emission spectra of undoped h-BN (black
curve) and h-BN:O (red curve) samples.
(b) PL decay profile measured at 5.33 eV
in a h-BN:O sample.
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momentum conservation.21–23,47 Examining the two emission lines, a
set of energy separations can be recognized ;

DE ¼ E1 � E2 ¼ 5:48� 5:33ð Þ eV ¼ 0:15 eV:

Figure 3(b) displays the phonon dispersion relations of h-BN
along the main symmetry directions.20 While the electron wavefunc-
tion bound to an oxygen donor can extend to multiple valleys in k-
space, encompassing both M- and K-points, the hole wavefunction
remains highly localized at the K-point. Consequently, it is not surpris-
ing that the band-to-impurity transition involving ON donors and the
valence band is predominantly assisted by phonons at the K-point via
a strong hole–phonon interaction. Indeed, the observed energy separa-
tion of DE ¼ 0:15 eV corresponds well with the LO phonon mode at
the K-point, as indicated by the green circle in Fig. 3(b).

More specifically, we can assign the main emission peak appearing
at E1 ¼ 5:48 eV to the ZPL with the optical transition process described
by a classical description of hv ¼ Eg-ED, with Eg denoting the bandgap
energy, and ED the donor energy level, whereas the other peak is
described by hv ¼ Eg � ED � Ep, with ð�Þ sign expressing the emis-
sion process being assisted by emitting a phonon. Therefore, the other
main peak at E2 ¼ 5:33 eV is the same transition associated with emis-
sion of an LO (K) phonon, E2 ¼ E1 � LO Kð Þ ¼ 5:48� 0:15ð Þ eV
¼ 5:33 eV:

Based on the experimental results, we have constructed an energy
diagram in Fig. 4 to detail the mechanism behind the observed emis-
sion lines at 5.33 and 5.48 eV. The 5.48 eV line is attributed to the
recombination between free holes in the VBM at the K-point and elec-
trons bound to ON donors, where the electron wavefunction is more
localized around the M-point. The 5.33 eV emission line is the one
phonon replica of the 5.48 eV line involving an LO (K) phonon of
0.15 eV. A significant difference exists between intrinsic exciton transi-
tions and the band-to-impurity transitions in h-BN. For exciton transi-
tions, phonon involvement is typically required to satisfy momentum
conservation. However, for the band-to-impurity transition discussed
here, the requirement for strict momentum conservation can be

relaxed. This is because the electron wavefunction bound to a deep ON

donor (ED¼ 0.56 eV) extends to multiple symmetry points in k-space.
This broad distribution of the donor-bound electron wavefunction in
the k-space contrasts sharply with that of free electrons in the conduc-
tion band, which are highly localized at the M-point.

Despite this relaxation of momentum conservation for the ZPL,
emission lines involving phonons can still exhibit higher or compara-
ble intensity. We believe that this is the primary reason why most
previously reported results show the 5.48 eV (ZPL) line to be weaker
than the 5.33 eV emission line, which involves an LO (K) phonon.
Indeed, as shown in Fig. 3, the 5.33 eV transition involving the LO
(K) phonon exhibits a higher emission intensity than the ZPL at
5.48 eV. With the above understanding, several interesting compari-
sons can be made:

(1) Band-to-impurity vs free exciton transitions in h-BN: In per-
fect h-BN, the electron wavefunction is localized at the M-point
and the hole wavefunction at the K-point in k-space. The ZPL
of free exciton transitions in perfect h-BN is thus forbidden or
“dark.” This explains why the exciton transitions observed in
h-BN are invariably accompanied by strong exciton–phonon
interaction, primarily involving T-point phonons. In contrast,
for the band-to-impurity transitions investigated here, the
wavefunctions of electrons bound to ON donors are spread in
k-space. This delocalization of the wavefunction in the k-space
allows the ZPL of the band-to-impurity transition to occur.

(2) Band-to-impurity transitions in h-BN vs in AlN (and GaN):
Band-to-impurity transitions in h-BN are distinctly different
from those in other III-nitrides like GaN and AlN, all of which
possess direct energy bandgaps. In h-BN, the wavefunction of
an electron bound to an ON donor primarily reflects the char-
acteristics of the conduction band at the M-point, while free
hole wavefunctions are localized at the K-point. Conversely,
in direct bandgap nitride semiconductors, band-to-impurity
transitions involve only one extreme point in the BZ, typically
the C-point. Consequently, the band-to-impurity transitions in

FIG. 3. (a) Low temperature (10 K-80 K)
PL spectra of a h-BN:O sample measured
from 4.8 to 6.2 eV. (b) The phonon disper-
sion relations of h-BN along the main
symmetry directions. Reproduced with
permission from Serrano et al., Phys. Rev.
Lett. 98, 095503 (2007). Copyright 2007
American Physical Society.
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h-BN are accompanied by a much stronger free carrier-phonon
interaction than those observed in other direct bandgap nitride
semiconductors.

In summary, intentionally oxygen-doped h-BN epilayers have
been produced using HVPE for the investigation of the band-to-impu-
rity transitions involving oxygen donors. Our photoluminescence
results conclusively resolved the physical origins of the commonly
observed 5.33 and 5.48 eV emission lines in h-BN, which originate
from the recombination between electrons bound to ON donors and
free holes in the valence band, along its phonon replicas involving K-
point phonons via free hole–phonon interaction. Our findings reveal
several distinct features of band-to-impurity transitions in h-BN. First,
although h-BN is an indirect bandgap semiconductor, the zero-
phonon line of the band-to-impurity transitions can occur with a size-
able probability. This is attributed to the deep-level nature of ON

donors, which causes their bound electron wavefunctions to spread
significantly in k-space, coupled with the small energy splitting
between the M- and K-points in h-BN’s conduction band. These
results provide a more coherent understanding of the optical proper-
ties of impurity transitions in h-BN, which is crucial for advancing h-
BN material and device technologies.
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