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ABSTRACT
Two-dimensional (2D) hexagonal boron nitride (h-BN) is one of the few materials showing great promise for light emission in the far ultra-
violet (UV)-C wavelength, which is more effective and safer in containing the transmission of microbial diseases than traditional UV light.
In this report, we observed that h-BN, despite having an indirect energy bandgap, exhibits a remarkably high room-temperature quantum
efficienc (∼60%), which is orders of magnitude higher than that of other indirect bandgap material, and is enabled by strong excitonic effects
and efficien exciton-phonon interactions. This study offers a new approach for the design and development of far UV-C optoelectronic
devices as well as quantum photonic devices employing 2D semiconductor active regions.

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0142242

Hexagonal boron nitride (h-BN) has drawn tremendous atten-
tion, given its unique characteristic of being a two-dimensional
(2D) quantum material, making it a fundamental building block
of van der Waals heterostructures1 for future nanoscale electronic,
photonic, and quantum devices.2,3 Little attention, however, has
been paid to the ultrawide bandgap nature of h-BN, which is
ideally suited to form heterostructures with the Al(Ga)N-based
semiconductors.4–6 These semiconductor quantum heterostructures
are the material of choice for solid-state ultraviolet (UV) lamps,7,8
which are the only alternative to replace conventional mercury and
xenon lamps for many critical applications including the disinfec-
tion and sterilization of infectious diseases such as the severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2).9 Although con-
ventional germicidal lamps emit at wavelengths (∼260 nm) that are
hazardous to humans, far UV-C emitters (207–222 nm) do not have
sufficien range to penetrate through the outer layer of the eye and
skin but retain the germicidal properties to inactivate microbes10
and can, therefore, operate continuously in public areas. Progress
in developing far UV-C light-emitting diodes (LEDs) utilizing con-
ventional Al(Ga)N materials, however, has been severely limited by
the transverse magnetic (TM) polarized emission, the strong polar-
ization field and the presence of extensive defects, which lead to

an extremely low quantum efficienc and a poor light extraction
efficiency

The synthesis of highly crystalline h-BN has been a topic of
extensive study,11,12 as highlighted in Sec. 1 of the supplementary
material. Bulk single-crystal growth is mainly achieved either using
a high-pressure, high-temperature (HPHT) method13 or at atmo-
spheric pressure using molten metal solvents such as Ni or Fe.14,15
In addition, 2D h-BN, due to van der Waals bonding, can be
potentially grown as a thin fil on foreign substrates without the
formation of dislocations, as outlined in recent publications.16 h-
BN, however, is an indirect bandgap semiconductor like Si.17 In
such indirect bandgap semiconductors, the near band-edge opti-
cal transitions involve phonons, thereby resulting in orders of
magnitude lower quantum efficienc than direct bandgap semicon-
ductors. Recent studies on luminescence emission of h-BN have
been largely limited to defect-related emission, which has only
been exploited as a single photon source operating in the visi-
ble or near-UV spectrum.18–21 Although there have been reports
of luminescence from near band-edge transitions in h-BN, includ-
ing cathodoluminescence (CL),22 photoluminescence (PL),17,23–25
and most recently electroluminescence (EL),26 to date, an unre-
solved fundamental challenge is whether and how an indirect
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bandgap semiconductor can be transformed to be an efficien light
emitter.

Herein, we have demonstrated, both theoretically and exper-
imentally, that Ni serves as an ideal substrate for h-BN due to
the minimal lattice mismatch and optimal interfacial interactions.
By exploiting strong excitonic effects and efficien exciton-phonon
coupling, it was observed that an indirect bandgap semiconductor
such as h-BN can become a high efficienc far UV-C light emit-
ter. The room-temperature internal quantum efficienc (IQE) is
measured to be 60% in the far UV-C (∼220 nm), which is orders
of magnitude higher than that of other indirect bandgap semi-
conductors. This work not only provides a viable approach for
developing far UV-C light sources for safe and energy-efficien ultra-
violet sterilization of disease pathogens but also offers a practical
approach to the design and development of quantum optoelectronic
and electronic devices utilizing the emerging 2D semiconductor
materials.

Conventional high-efficienc LEDs can only be realized by
growing on single crystalline substrates, such as sapphire, SiC, GaAs,
and InP. In this regard, the epitaxy of h-BN on crystalline semicon-

ducting substrates such as sapphire and AlN has been extensively
studied.27–30 We have performed first-principle density functional
theory (DFT) calculations of the heterointerface between the mono-
layer h-BN and various substrates, including sapphire, AlN, SiOx,
as well as Ni and Cu (see Methods). Our results show that besides
the minimal lattice mismatch (∼0.5%) with h-BN, Ni exhibits an
optimal interfacial interaction with h-BN (i.e., adhesion energy,
βhBN−sub, among other studied systems, see Fig. 1(a). Examining
Fig. 1(a), we see that different Ni facets show consistently a good
interfacial interaction with h-BN without inducing notable distor-
tion in the h-BN structure. In sharp contrast, SiO2 shows a very
weak interaction with h-BN as evidenced by near-zero βhBN−sub,
whereas sapphire and AlN interact very strongly with h-BN, induc-
ing considerable distortion in the h-BN lattice. Consequently, one
would expect it to be difficul for h-BN to nucleate and grow on
SiO2, whereas h-BN grown on sapphire is expected to be highly
defective. In addition, theoretically evaluating the effect of substrate,
we have also investigated the impact of chemical environments on
h-BN growth. One notable aspect is vacancy formation, which is
of direct implication to the quality of h-BN.31–33 It is seen from

FIG. 1. (a) Interfacial energies for h-BN on different substrates. (b) Boron and nitrogen-vacancy formation energies under boron-rich and nitrogen-rich conditions. (c) The
formation energies of B and N vacancies in h-BN supported on the Ni(111) substrate under N-rich and B-rich conditions, computed using a different supercell size n. In all
vacancy calculations, only one vacancy was created in the supercell.
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Fig. 1(b) that under B-rich environments, the formation energy of
a N vacancy for substrate-supported h-BN is very small, ∼0.94 eV,
thereby leading to the presence of extensive N vacancies.4,34 Under
N-rich conditions, however, the formation energies for both B andN
vacancies are very large, ∼3.5 and 4 eV, respectively. Therefore, one
would expect that high-quality h-BN is preferentially grown under
N-rich, instead of B-rich, growth conditions.35–37 Meanwhile, the
effect of supercell size on the single vacancy formation energy was
also examined, with the results shown in Fig. 1(c), where n corre-
sponds to a supercell of size n × n. We see from Fig. 1(c) that the B
vacancy shows the lowest formation energy at the smallest supercell
(i.e., n = 1), whereas for the N vacancy, its formation energy
decreases as the supercell size increases until n = 3 and stabilizes for
n > 3. As the vacancy density is inversely proportional to the super-
cell size, we can conclude that the B vacancy tends to form at a very
high density (i.e., n = 1), whereas the N vacancy is more likely to
form at lower densities.

Experimentally, we have studied the epitaxy of h-BN on vari-
ous substrates under N-rich epitaxy conditions (see Methods). It is
observed that h-BN grown directly on sapphire and SiO2 is dom-
inated by defect-related emission across the UV bands, as shown
in Sec. 2 of the supplementary material. The epitaxy of h-BN on
the Ni substrate, however, exhibits drastically different proper-
ties. At room temperature, the PL emission is dominated by deep
UV excitonic emission, with suppressed defect-related emission, as
predicted by theory. Detailed growth optimization and characteriza-
tion details are described in Sec. 3 of the supplementary material.
The optical properties of the epitaxial h-BN on Ni were further
characterized using variable excitation power and temperature-
dependent PL spectroscopy, described in Sec. 4 of the supplementary
material. The representative PL spectra are shown in Fig. 2(a). At
the cryogenic temperature, distinct peaks are resolved at ∼220 nm,
which are consistent with previous reports of high-quality h-BN
as highlighted in the introduction. The quantum efficienc of h-
BN deep UV emission is further derived from temperature and
power-dependent PL spectroscopy. Based on previous studies of
GaN-based LED structures, the highest internal quantum efficienc
measured at the cryogenic temperature (e.g., 20 K) is assumed to
be unity, due to the suppression of nonradiative recombination.38–40
The internal quantum efficienc measured at different tempera-
tures and excitation powers can then be obtained by taking the

ratio of luminescence efficiency define as the integrated lumines-
cence intensity vs excitation power, with respect to the highest value
measured at the cryogenic temperature.41 It is worth noting that
although the optical transition in h-BN is indirect and, therefore,
phonon-dependent, which may, in principle, be inefficien at low
temperatures, this transition is in fact assisted by phonon emis-
sion, which is not sensitive to temperature. Remarkably, as shown
in Fig. 2(b), the room-temperature internal quantum efficienc for
epitaxial h-BN reaches 60%, which is orders of magnitude higher
than that of other indirect bandgap materials and is comparable
with, or better than, direct bandgap semiconductors commonly used
in commercial LEDs and laser diodes. It is also observed that the
efficienc remains relatively constant under low to moderate exci-
tation conditions, which is consistent with the exciton-dominated
emission (to be described next). Moreover, the internal quan-
tum efficienc shows a droop with increasing excitation power,
which is due to enhanced Auger recombination or other higher-
order carrier loss terms under high-excitation conditions. Simi-
lar efficienc droop has been commonly measured in GaN-based
LEDs.42–45

Unlike h-BN, conventional indirect-bandgap semiconductors
exhibit extremely low luminescence efficiency preventing their
application in LEDs. In this regard, we have performed a detailed
theoretical study of the origin of the high luminescence effi
ciency of indirect-bandgap h-BN using first-principle calculations
(see Methods). First, our band calculations predict an indirect gap
of 6.22 eV between the conduction band minimum (CBM) at the M
point and the valence band maximum (VBM) close to the K point,
shown in Fig. 3(a), which is consistent with previous reports.23,46–48
In addition, the interband dipole matrix element value is calcu-
lated to be zero at the M point, implying that the direct optical
transition is forbidden at this point, as expected from symmetry
considerations.49 Meanwhile, a strong dipole matrix element value
is observed at the VBM location. Therefore, the phonon-assisted
indirect radiative recombination process requires the emission of
phonons of wavevector q =ÐÐ→MK followed by interband optical emis-
sion at the K point.17 Based on the bandstructure analysis, we have
further investigated the luminescence intensity of indirect optical
transitions in h-BN by considering the relevant electron-phonon
scattering processes. Using second-order perturbation theory, the

FIG. 2. (a) Photoluminescence (PL) spectra of h-BN/Ni(111)
at 20 and 300 K. The same spectra in units of energy and
at various excitation powers and temperatures can be found
in Sec. 4 of the supplementary material. (b) Estimated inter-
nal quantum efficienc (IQE) of h-BN/Ni at various excitation
powers, plotted in logarithmic scale. The dashed lines serve
as a guide to the reader. This relation at additional temper-
atures can be also found in Sec. 4 of the supplementary
material.
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FIG. 3. (a) Quasi-particle band structure and interband dipole matrix elements of bulk h-BN. The direct optical transition at the CBM location (k =M) is dipole forbidden
due to the symmetry of the crystal, whereas a strong transition dipole moment is predicted (∣pcv ∣2 ∼ 0.48, in atomic unit) for the VBM location (k ∼ K). (b) Exciton
dispersion relation of h-BN obtained from the Bethe-Salpeter equation (red curve) compared with the excitation energy of independent quasiparticles obtained from GW
calculation (blue curve). Our calculation indicates that the lowest-energy indirect exciton state is at q = 5q0 ≈ 0.7 Å−1, located 65 meV below the direct exciton state. (c)
The spontaneous emission spectrum of bulk h-BN and bulk AlN. The red (blue)-dashed line indicates the lowest-energy indirect (direct) exciton state of h-BN (AlN). The
arrows indicate the energy of the phonon modes that contribute to the phonon-assisted emission of h-BN.

transition matrix element S for this phonon-assisted transition can
be written as23,46,50

S2 = M2
dXMephX

2

(Ed − Ei + h̵ωph)2
, (1)

where MdX is the direct optical transition matrix element, MephX
is the exciton-phonon coupling matrix elements, Ed and Ei are
the energies of direct and indirect transitions, and h̵ωph is the
phonon energy involved in the phonon-assisted transition. First, the
direct optical transition matrix element (or the oscillator strength
of direct excitons) can be deduced from the size of the exci-
tons. Based on the reported values of the exciton Bohr radius
(aBNX = 8 Å, aAlNX = 15 Å)24,51 and theWannier-Mott model that pre-
dicts M2

dX ∝ 1/a3X , we can estimate that the oscillator strength of
direct excitons of h-BN is approximately one order of magnitude
higher than that in AlN. The strong oscillator strength of h-BN indi-
cates exceptionally strong light–matter interactions, which has been
attributed to the quasi-2D nature of excitons in h-BN.52,53

We have further performed density-functional perturbation
theory (DFPT) calculations to analyze the electron–phonon scatter-
ing processes, which assist indirect optical transitions in h-BN. From
DFPT, the electron–phonon matrix elements are define as

gk,qmnν = ⟨umk+q∣Δqνv
KS∣unk⟩, (2)

where unk is the Bloch components of electron wavefunctions for
the band index n and the electron wavevector k, and Δqνv

KS is
the phonon-induced variation of the self-consistent potential vKS
with respect to the phonon wavevector q and the phonon branch
index ν. We only consider the relevant phonon scattering pro-
cesses, wherein electrons at CBM (k =M) are scattered by the
phonons with momentum q =ÐÐ→MK and transferred to the K point.
The magnitude of the electron–phonon matrix element for each

phonon branch of h-BN is summarized in Table S6.1 in Sec. 6
of the supplementary material. Several phonon branches exhibit
coupling intensity of the order of a few tens of meV. In partic-
ular, the strongest electron–phonon coupling is predicted for the
longitudinal optical phonon (LO), (∣gLO∣ = 111meV) as typically
observed for polar materials.54,55 We also point out that for charge-
neutral excitons, electron–phonon and hole-phonon coupling can
compensate each other so that the exciton phonon may show less
significan coupling.56 However, since hole-phonon scattering con-
tribution is negligible for the indirect excitons in this case, we expect
that both electron–phonon matrices and exciton–phonon matrices
are of similar magnitude.57

Furthermore, our exciton calculation predicts the flattenin of
the exciton dispersion relation in h-BN, as shown in Fig. 3(b). Our
calculation confirm that the lowest-energy indirect exciton state is
mainly formed by the indirect electron–hole pairs near the band
extrema (Fig. S6.1). In particular, the calculated energy difference
between the direct and the indirect transitions is merely 65 meV, in
good agreement with the experimental value of 70 meV.48 This value
is much smaller than the values of other typical indirect-gap materi-
als, such as silicon or diamond. Thus, the sum of all energy terms in
the denominator of S is still comparable with the magnitude of the
electron–phonon coupling matrix for h-BN (Table S6.1). Therefore,
we propose that the strong electron–phonon coupling and the fla
exciton dispersion promote bright luminescence for h-BN, although
it is an indirect-gap material.

We further confir strong photoemission from h-BN by
directly calculating the phonon-assisted optical absorption and
emission spectra of bulk h-BN. We adopted the special displace-
ment method, where the atoms in a large supercell are displaced
to incorporate the electron–phonon interactions.58,59 In addition,
we invoke the detailed balance principle to obtain the spontaneous
emission rate.60,61 Details are included in Sec. 5 of the supplementary
material. Figure 3(c) shows the spontaneous emission rate of h-BN
and AlN. Compared with the absorption spectrum (Fig. S6.2), the
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emission peaks of h-BN are shifted to the lower-energy side of the
indirect exciton state, showing the mirror symmetry between the
indirect absorption and emission processes. In addition, bulk h-BN
is predicted to exhibit a much higher spontaneous emission rate
than bulk AlN, directly indicating its high luminescence efficiency
Finally, we also point out that the relative intensity and the position
of each emission peak match well with the previously reported PL
spectrum.

Several other factors should be considered to explain the high
luminescence efficienc of h-BN. First, nonradiative processes can
compete with the radiative process and suppress the luminescence
efficiency For h-BN, the radiative recombination time is experi-
mentally proven to occur at the sub-nanosecond scale,62–64 owing to
the efficien exciton–phonon interactions. Efficien exciton–phonon
interaction and a strong exciton oscillator strength, caused by
extremely fla bands along the c-axis, attributed to the 2D nature
of h-BN, enable very fast radiative recombination processes. Thus,
for high-quality h-BN, it is fast enough to bypass many nonradiative
recombination processes. In addition to the internal quantum effi
ciency, the extraction efficienc is also a key performance parameter
of UV LEDs. In the case of bulk AlN or Al-rich AlxGa1-xN alloys,
TM-polarized light emission has been considered a bottleneck in
the development of high-efficienc deep UV LEDs.65–68 Meanwhile,
from polarization-resolving PL, we found that h-BN exhibits pre-
dominantly transverse electric (TE)-polarized light emission, shown
in Sec. 7 of the supplementary material, which is beneficia for
efficien light extraction.46 Furthermore, the indirect bandgap of h-
BN leads to a Stokes shift between the absorption and emission
spectra and prevents the re-absorption of the emitted photons,7,48
which is known to severely suppress the extraction efficienc for
direct-bandgap semiconductors.69 These factors provide unambigu-
ous evidence that h-BN can exhibit a bright luminescence intensity,
even stronger than AlN, despite the indirect nature of its bandgap.

In summary, we have demonstrated, both theoretically and
experimentally, that h-BN, albeit with an indirect bandgap, exhibits
remarkably high luminescence efficienc at room temperature,
which is explained by strong electron–phonon coupling and exci-
tonic effects. It was found that the Ni substrate serves as an ideal sub-
strate for h-BN growth due to minimal lattice mismatch and optimal
interfacial interactions. Moreover, the achievement of wafer-scale
superior quality h-BN paves the way for their emerging applications
in deep UV optoelectronics, high-frequency, and high-power elec-
tronics, as well as a broad range of nanoscale electronic and quantum
devices and systems.

METHODS
Theory and computations (h-BN/substrate
heterointerfaces)

All calculations were performed by employing the spin-
polarized density functional theory (DFT) within a general gradient
approximation (GGA) parameterized by Perdew, Burke, and Ernz-
erhof (PBE),70,71 as implemented in the Vienna ab initio simulation
package (VASP).72,73 The electron-ion potential was described by
the projected augmented wave (PAW) method,74,75 and a kinetic
energy cutoff of 520 eV was used for the plane wave expansion.
All structures were relaxed until the atomic forces were less than

0.01 eV/Å, and total energies were converged to 10−5 eV. Models
were constructed to examine the interaction of h-BN with differ-
ent substrates, including (111), (115), and (110) substrates of Ni
and Cu, sapphire, and quartz. Specificall for h-BN on sapphire,
since sapphire would experience a high degree of nitridation under
high-temperature MBE conditions, causing the formation of AlN
in between sapphire and h-BN, AlN is thus expected to be the
actual material interfacing with h-BN and was used as the effec-
tive substrate in the model.27 The AlN substrate was terminated by
Al to avoid any nitrogen alloying or diffusion with/to h-BN (for
details, see Sec. 8 of the supplementary material). Trigonal quartz
alpha with silicon exposed to h-BN was used to represent a SiO2
substrate.4 Themodels were illustrated in Fig. 1, where periodic con-
ditions were applied. A vacuum space of >30 Å along the direction
(i.e., z-axis) perpendicular to the h-BN sheet was used to elimi-
nate interaction between periodic images. Given the different lattice
structures and lattice constants of the substrates, different super-
cells were used, detailed in Sec. 8 of the supplementary material.
DFT-D2 method of Grimme was used to describe Van der Waals
(vdW) interaction resulting from dynamical correlations between
fluctuatin polarizations of molecules.76

To quantitatively analyze the interaction between h-BN and
different underlying substrates, the adhesion energy βhBN−sub was
computed,77,78

βhBN−sub = EhBN + Esub − EhBN−sub
A

, (3)

where EhBN , Esub, and EhBN-sub are the energies of the h-BN sheet, sub-
strate slab, and the h-BN-substrate system, respectively, whereasA is
the area of the interface between h-BN and the substrate. Meanwhile,
the formation of N or B vacancies in h-BN on different substrates
was examined, with the corresponding vacancy formation energy
Ei
v calculated as

Ei
v = EhBN−sub − EhBN−sub,v − μi, (4)

where i denotes the type of defect (i.e., N or B) and μi is the chemical
potential of element i. EhBN−sub and EhBN−sub,v are the total energies
of the pristine and defective h-BN-substrate systems, respectively.
More details can be found in Sec. 9 of the supplementary material.

Theory and computations (h-BN luminescence
efficiency)

Electronic, optical, and phonon properties of bulk hexagonal
boron nitride were calculated based on DFT and many-body per-
turbation theory. For DFT calculations, we used norm-conserving
pseudopotentials and local density approximations (LDA) for the
exchange-correlation functional,79,80 as implemented in the Quan-
tum Espresso package.81 GW and Bethe-Salpeter Equation cal-
culations were performed using the BerkeleyGW package.82 The
computational details are listed in Sec. 5 of the supplementary
material.

Molecular beam epitaxial growth

The MBE growth of h-BN on Ni(111) is described in the pre-
vious work.23 Unannealed polycrystal Ni metallic wafers from MTI
Corporation, with dimensions of 2 inch square, and a thickness of
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1 mm, were used as the substrate for some studies described in this
work. These wafers were directly loaded from their vacuum packag-
ing into the load lock of the MBE system without any wet processing
to avoid the surface oxidation of Ni. The wafers were thermally
degassed prior to transferring into the growth chamber. After being
loaded into the growth chamber, the Ni wafer was ramped up to
800 ○C (thermocouple temperature reading, with the real surface
temperature estimated to be ∼1100 ○C) andmaintained for 30min to
thermally desorb the surface native oxide.83 The growths were con-
ducted in similar conditions as the previous optimization study,23
using a relatively low B deposition rate (<0.05 Å/s) and nitrogen-
rich plasma parameters (a flo rate of 1.5 sccm with a forward
power of 350 W). The growth durations were between 30 min and
1 h. Growth was conducted using a Veeco GENxplor radio fre-
quency (RF) nitrogen plasma-assistedMBE system equipped with an
e-beam evaporation source for elemental boron (99.999% purity).
The boron evaporation rate was monitored with an Infico
Guardian EIES controller.

Optical characterization

For PL spectroscopy, the samples were excited using a 193 nm
ArF excimer laser. The emissions were spectrally resolved using
a Horiba iHR550 spectrometer and a UV-sensitive Symphony II
CCD detector. The measured spectra were processed using a per-
centile filte smoothing function for the removal of random artifact
spikes captured by the CCD detector and that are unrelated to the
sample. The temperature-dependent measurements were conducted
with the sample inside a closed-loop helium cryostat coupled with
a cryogenic temperature controller. For the comparative IQE study,
the calculated integrated intensities from the power-dependent runs
were cross-calibrated using the temperature-dependent run and
then normalized by the maximum integrated intensity. Polarization-
resolving PL consisted in collecting the in-plane emission from the
sample (i.e., from the side facet) and measuring the intensity after
passing it through an optical polarizer mounted on a rotation stage.

SUPPLEMENTARY MATERIAL

The supplementary material includes the synthesis of h-BN,
photoluminescence properties of h-BN on Ni and other substrates,
and details about Ab initio calculations.
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