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ABSTRACT

Fundamental optical transitions in hexagonal boron nitride (h-BN) epilayers grown on sapphire by metal-organic chemical vapor deposition
(MOCVD) using triethylboron as the boron precursor have been probed by photoluminescence (PL) emission spectroscopy. The low temper-
ature (10 K) PL spectrum exhibits two groups of emission lines. The first group includes the direct observation of the free exciton and impurity
bound exciton (BX) transitions and phonon replicas of the BX transition, whereas the second group is attributed to the direct observation
of the band-to-band transition and its associated phonon replicas. The observations of zero-phonon lines of the band-to-band and exciton
transitions, which are supposedly forbidden or “dark” in perfect h-BN crystals, result from a relaxed requirement of momentum conservation
due to symmetry-breaking in the presence of high concentrations of impurities/defects and strain, which in turn provided more deterministic
values of the energy bandgap (E,), exciton binding energy (Eyx), and binding energy of impurity bound excitons (Epx) in h-BN epilayers.
Excitonic parameters of h-BN epilayers grown by MOCVD, carbon-free chemical vapor deposition, and high purity h-BN bulk materials are
compared and discussed. The present results, together with available information in the literature, represent a significant improvement in the
understanding of the fundamental optical properties and excitonic parameters of h-BN ultrawide bandgap semiconductors.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0234673

semiconductor with an indirect energy gap of around 6.1 eV at
10 K with the conduction band minimum (CBM) at M-point and
valence band maximum (VBM) at K-point in the first Brillouin zone

Hexagonal boron nitride (h-BN) has attracted much inter-
est recently, largely because of its potential applications in 2D
structures serving as a substrate and dielectric/gate layer,' ” sin-
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gle photon emitters and quantum qubits,” ® deep-ultraviolet (DUV)
photonics,” '’ and neutron detectors.'" " Tt is well established
that all figures of merit (or the overall performance) of semi-
conductor electronic devices scale with the material’s energy
bandgap, Eg, in a highly non-linear manner.” As such, h-
BN is also expected to expand its capabilities into the area of
power electronics due to its ultrawide bandgap (UWBG) of about
6.1 eV. With a worldwide effort taking place during the last
decade, tremendous progress has been made in advancing h-
BN materials growth, basic property understanding, and device
applications.

The band-edge photoluminescence (PL) emission properties of
h-BN have been investigated for h-BN bulk materials synthesized by
high pressure and high temperature (HPHT) and metal flux solution
methods,'* ** as well as for epilayers grown by different epitaxial
growth methods.””** It is now established that h-BN is an UWBG

(BZ).”"*>"?" As such, direct band-to-band and excitonic transitions
in h-BN are expected to be invisible or “dark.” Due to its unique
crystalline and electronic structures, the material system is known
to exhibit an unusually strong phonon and charge carrier interac-
tion, leading to very efficient optical transitions near the band-edge,
assisted by phonons to satisfy the conservation of momentum.”’
However, many optical properties and fundamental parameters are
still unknown. For example, the reported excitonic parameters, such
as free and impurity bound exciton binding energies, have large vari-
ations. These parameters were often deduced indirectly from differ-
ent types of materials and different measurement techniques, which
unavoidably resulted in large uncertainties. As with other semicon-
ductor materials in their early development stages, understanding
the fundamental optical transitions and excitonic parameters is
critical for further advancing h-BN semiconductor material and
device technologies.
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We present here the results of a detailed study of fundamental
optical transitions in h-BN epilayers probed by low temperature PL
emission spectroscopy. Epitaxial layers of h-BN of 1 ym in thickness
were grown by MOCVD on c-plane sapphire using triethylboron
(TEB) and ammonia (NH3) as precursors for B and N, respec-
tively, and hydrogen as a carrier gas. The epilayers were grown
at 1350 °C using an optimized pulsed precursor flow epitaxy tech-
nique we developed previously to minimize the parasitic reaction
between TEB and NH3 at a growth rate of 0.5 ym/h.** The growth
rate was observed to be proportional to the TEB flow rate. Struc-
tural properties were characterized by x-ray diffraction (XRD) and
Raman measurements. The photoluminescence (PL) spectroscopy
system employed in this study consists of a frequency quadrupled
Ti: sapphire laser with an excitation wavelength set at 197 nm and a
monochromator (1.3 m). A single photon counting detection system
together with a micro-channel-plate photo-multiplier tube (PMT)
was used to record the PL spectra.'®"’

The x-ray diffraction (XRD) pattern (in XRD 20-w scans) mea-
sured in a large angle range is plotted in Fig. 1(a), clearly revealing
diffraction peaks resulting from h-BN (0002), (0004), and (0006)
stacked planes in the c-direction. The measured h-BN (0002) peak
is centered at 20 = 26.70°, corresponding to a c-lattice constant
of 6.68 (A).” Figure 1(b) compares the XRD measurement results
in w-scans (rocking curves) of the (0002) diffraction peaks among
GaN and h-BN epilayers produced by MOCVD. The results revealed
that the h-BN epilayers employed in this work have an XRD rock-
ing curve of full width at half maximum (FWHM) of ~375 arcsec,
which is comparable to the FWHM of about 290 arcsec for GaN epi-
layers. XRD results thus indicate that h-BN epilayers studied here
possess an excellent long-range order along the c-axis but contain
a comparable density of defects (or stacking faults in the case of
h-BN with a layered crystalline structure) as that in GaN epilay-
ers deposited on sapphire (typically > 10'° cm™).2% As shown in
Fig. 1(c), the surface morphology of the as-grown h-BN epilayer
is acceptable by exhibiting an RMS roughness of ~1.5 nm in an
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atomic force microscopy (AFM) image scanned over a 2 x 2 ymz
area.

Figure 1(d) shows the room temperature Raman spectrum of a
representative h-BN epilayer. It is worth noting that the observed
Raman peak in this epilayer is shifted to a higher phonon fre-
quency of Ao = 1370 cm ™" with respect to Ao = 1366 cm ™" expected
for the Epg in-plane shear mode in bulk h-BN.” It is well docu-
mented that strain induced by the substrate can cause a shift in the
Raman spectral peak.”! The Raman spectrum, therefore, indicates
that thin epitaxial layers deposited on sapphire are under strain.
The observed spectral linewidth of 10 cm™ is slightly larger than
a typi(lzal value observed in HPHT grown small bulk crystals of
8cm .

The band-edge PL emission properties of h-BN have been stud-
ied for quite some time for bulk crystals synthesized by HPHT as
well as by metal flux solution methods'® ** and more recently for
h-BN epilayers synthesized by chemical vapor deposition (CVD)
using carbon free precursors.” It has been universally observed that
the low temperature band-edge PL spectrum of high-purity h-BN
bulk materials consists of two groups of optical transitions: mul-
tiple sharp peaks designated as the S (sharp) lines in the spectral
range of 5.75-5.95 eV and more diffused bands labeled as D lines
in the spectral range of 5.4-5.7 eV.'°”” The transition mechanisms
of these optical transitions have been investigated and thoroughly
understood.”” *’ Because h-BN has an indirect energy bandgap, it
is well established now that the observed S- and D-lines in h-BN
bulk crystals involve free exciton transitions assisted by longitudi-
nal optical/transverse optical (LO/TO) as well as by other phonons
at T-point in the first BZ to satisfy the requirement of momen-
tum conservation.’’ >’ Moreover, the exciton related transition lines
assisted by LO/TO phonons tend to exhibit the highest emission
intensities because the exciton-LO/TO phonon interaction is the
strongest.”” *’ This hallmark feature can be utilized to identify
the nature of near band-edge optical transitions in h-BN epilayers
studied here.
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FIG. 1. (a) XRD spectra in 26—w scan. (b) Comparison of XRD rocking curves of (0002) diffraction peaks among GaN and h-BN epilayers deposited on sapphire by MOCVD.
The inset plots the carbon concentration as a function of the h-BN epilayer depth probed by SIMS. (c) AFM image of a h-BN epilayer deposited on sapphire. (d) Raman

spectrum of a h-BN epilayer deposited on sapphire.
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FIG. 2. (a) Low temperature (10 K) PL spectrum of a h-BN epilayer used in this study. The observed “excitonic” group (red color) consists of FX and BX zero-phonon (ZPL)
lines at Eq — Ex = 5.958 eV and Eq — Ex — Egx = 5.917 eV, respectively, and phonon replicas of the BX transition, with the BX + 1LO(T) being the most dominant emission
peak appearing at Eq — Ex — Egx — 1LO(T) = 5.734 eV. The observed “band-to-band” group (blue color) consists of the band-to-band ZPL at E, and its phonon replicas.
All zero-phonon lines are identified with ZPL. (b) A low temperature (10 K) photoluminescence emission spectrum of an h-BN bulk crystal including both the S-series
and D-series emission lines [figure reproduced from Fig. 2(a) of Li et al., “Nature of exciton transitions in hexagonal boron nitride,” Appl. Phys. Lett. 108, 122101 (2016).
Copyright 2016 AIP Publishing LLC.] and inset is a schematic illustration of the first BZ and several high symmetry points of the first BZ in h-BN.

Figure 2(a) shows a low temperature (10 K) PL spectrum of a
h-BN epilayer used in this study, which is quite different from those
of h-BN bulk materials'®** in terms of the dominant peak posi-
tions as well as the spectral line shape. For comparison, Fig. 2(b)
shows a typical low temperature (10 K) PL emission spectrum of a
h-BN bulk crystal sample synthesized by metal flux solution meth-
ods,'” which exhibits both the well-known S-series and D-series
lines. The spectrum shown in Fig. 2(a) exhibits a dominant transi-
tion at 5.734 eV. Most prominently, the sharp transition lines (or
the S-bands) involving the multiple free exciton transitions assisted
by phonons appearing in the spectral range of 5.75-5.95 eV observed
in h-BN bulk materials are absent in h-BN epilayers studied here.

By carefully inspecting the spectrum shown in Fig. 2(a), two
groups of emission lines can be identified, which are labeled with
different colors. The first “excitonic” group, consisting of five emis-
sion lines marked with red, is at 5.958, 5.917, 5.734, 5.677, and
5.581 eV. Among these five emission lines, the 5.734 eV peak has the
highest intensity with a line shape that differs from those of the S-
lines observed in h-BN bulk materials. We believe that all these five
emission lines are related to zero-phonon lines (ZPL) of the free-
exciton (FX) and bound-exciton (BX) transitions and the phonon
replicas of the BX transition. More specifically, we assign the two
weakest emission peaks at 5.958 and 5.917 eV in the “excitonic”
group to the zero-phonon lines (ZPL) of free exciton (FX) and impu-
rity bound exciton (BX), with emission peak positions at E; — E;
= 5958 eV and E; — E; — Epx = 5917 eV, respectively, where
Ex denotes the free exciton binding energy and Epx denotes the
impurity bound exciton binding energy. The second “band-to-band”

group consists of weaker emission lines at 6.150, 6.069, 6.039, and
6.008 eV marked with blue color. We believe that this group is
related to the ZPL of the band-to-band transition with emission
peak position marked as Eg as well as its phonon replicas. We dis-
cuss a few important features revealed in Fig. 2(a) below based on
which the physical origins of the observed emission lines can be fully
understood.

First, the h-BN epilayers studied here are expected to contain
carbon impurities, which were unavoidably incorporated from the
TEB precursor during growth. Indeed, the concentration of residual
carbon revealed by secondary ion mass spectrometry (SIMS) mea-
surement shown in the inset of Fig. 1(b) is about 2 x 107 cm™3.
Based on the spectral peak positions and line shape, the strongest
emission peak can be decisively assigned to the impurity bound
exciton (BX) transition assisted by LO phonons because the exciton-
LO/TO phonon interaction is the strongest in h-BN, analogous to
the case in h-BN bulk materials” ** and epilayers produced by
carbon-free CVD,” in which the free exciton transitions assisted
by LO/TO phonons are dominant. The inset of Fig. 2(b) shows
a schematic illustration of the first BZ and several high symme-
try points in the BZ in h-BN. Table I lists phonon energies (in
units of meV) of different modes at various high symmetry points
in the first BZ*> In correspondence with the phonons involved
in the free exciton transitions observed in high purity h-BN bulk
materials”’ ** and epilayers produced by carbon-free CVD?’ as well
as phonon energies listed in Table I, the physical origins for each
transition line in the “excitonic” group in Fig. 2(a) can be identi-
fied, whereby every phonon participating in the “excitonic” group
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TABLE . List of energies (in meV) of phonons at various high symmetry points in the
first BZ in h-BN.3?

r M K T
LO 200 163 160 180-185
TO 170 158 165 155-162
Z0 92-99 81 71 83-90
LA 7 142 135 85-92
TA 0 68 110 66
ZA 0-15 39 40 23

involves a T-point in the first BZ. These include the BX transi-
tion assisted by 1LO phonon, 1LO phonon and 1TA phonon, and
1LO phonon and 1TO phonon with emission peaks at E, — Ey
— Epx — 1LO(T) = 5.734 eV, E, — E, — Epx — 1LO(T) — 1TA(T)
= 5.677 eV, and E; — Ex — Egx — 1LO(T) — 1TO(T) = 5.581 eV,
respectively.

Second, zero-phonon lines (ZPLs) of the free-exciton (FX)
and bound-exciton (BX) transitions become allowed in h-BN epi-
layers and appear as weak peaks at E; — E, = 5958 eV and E,
— Ex — Epx = 5.917 eV, respectively. At first sight, this seems con-
tradictory to the requirement of momentum conservation since
the h-BN is an indirect energy bandgap semiconductor. However,
it is known that the momentum conservation requirement can
be relaxed due to symmetry-breaking in the presence of impuri-
ties/defects and strain. A previous theoretical study has provided
insights that when taking symmetry-breaking effects such as dislo-
cations or defects into consideration, the lowest-lying exciton, which
is “dark” for the perfect h-BN crystal, can acquire some oscillator
strength.”® The h-BN epilayers studied here contain carbon impuri-
ties and crystal defects and are also under strain, as revealed by XRD,
SIMS, and Raman results shown in Fig. 1. Indeed, the zero-phonon
line of the free exciton transition appearing at 5.96 eV has been
observed previously in h-BN epilayers grown by CVD using carbon-
free precursors.”” On the other hand, a direct exciton transition at
5.955 eV involving zero-phonons in h-BN bulk materials was also
observable via a two-photon excitation spectroscopy measurement
technique.”’

For the “band-to-band” group of emission lines, we attribute
the emission line at 6.150 eV to the direct observation of the
zero-phonon line of the band-to-band transition involving the
CBM at M-point and VBM at K-point in the first BZ, which has
never been reported previously. Again, this transition is expected
to be forbidden or “dark.” The reason for this assignment is
that the phonons involved in the replica lines at 6.069, 6.039,
and 6.008 eV are all related to K- and M-points in the first
BZ. Figures 3(a) and 3(b) are conceptual illustrations of possible
scenarios facilitating the observation of the band-to-band transi-
tions. While the exciton wavefunction extends beyond one unit
cell in the c-plane, giving rise to a wavefunction spread over the
entire first BZ in the reciprocal space as illustrated in Fig. 3(c),
the wavefunctions of electrons and holes are all very localized
in the k-space at M- and K-points, respectively, as illustrated in
Fig. 3(d). Consequently, the band-to-band transitions assisted by
phonons either at the M-point via an electron-phonon interac-
tion [Fig. 3(a)] or at the K-point via a hole-phonon interaction

ARTICLE pubs.aip.org/aip/apm
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FIG. 3. (a) and (b) lllustrations of possible scenarios facilitating the band-to-band
transitions, which can occur via an electron—phonon interaction at M-point (a) or via
a hole—phonon interaction at K-point. (b) Electrons and holes are localized at the
conduction and valence band extremes at the M- and K-points in the BZ, respec-
tively. The band-to-band transition can only be assisted by phonons at M-point
via an electron—-phonon interaction or at K-point via a hole-phonon interaction.
(c) llustration of exciton in the c-plane of h-BN. The Bohr radius of exciton in h-BN
is larger than the size of one unit cell, and its wavefunction extends in the k-space
and covers the entire first BZ in the k-space. (d) lllustration of electron and hole
wavefunctions at the conduction and valence band extremes at M- and K-points
in the BZ, respectively, in h-BN. Even with the requirement of momentum conser-
vation relaxed due to symmetry-breaking in the presence of impurities, defects,
and strain, phonon assisted optical transitions are expected to be overwhelmingly
dominant over the zero-phonon line.

[Fig. 3(b)] are still overwhelmingly dominant over the zero-phonon
line.

The direct observation of the zero-phonon line of the band-to-
band emission line enables the determination of the exciton binding
energy, E, in h-BN epilayers, which is Ex = (6.150 — 5.958) eV
= 0.192 eV. Attempts have been made earlier to determine the
free exciton binding energy in h-BN experimentally using materials
grown by different methods and measurement techniques, ® >~
yielding a large variation in the value of E,. Using two-photon spec-
troscopy measurements, the exciton binding energy in h-BN bulk
materials was determined to be about 130 meV.”’ The value of
Ex = 0.192 eV obtained for h-BN epilayers here seems very rea-
sonable considering the epilayers studied here are under strain.
Moreover, the direct observation of the impurity bound exciton
transition at 5.917 eV also provides a value of the binding energy
of impurity bound exciton, Epx = 5.958 — 5.917 eV = 0.041 eV.
The nature of impurities involved in the impurity bound exciton
transition is most likely carbon. It is worth emphasizing that there
is a continuing need to investigate the basic parameters of h-BN,
including the energy bandgap (E), exciton binding energy (E),
and binding energy of impurity bound excitons (Epx), as differ-
ent types of materials contain varying concentrations of defects
and degrees of strain, all of which can influence the measured
values.

Table 1T summarizes the basic parameters obtained from epi-
layers grown by MOCVD studied here as well as by the carbon-free
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TABLE II. Comparison of excitonic parameters of h-BN epilayers and bulk materials obtained by PL emission spectroscopy.
Materials High-purity bulk'® " Epilayer* Epilayer (this work)
Growth method HPHT or metal flux solution Carbon-free CVD MOCVD
B source BN powder BCl3 TEB
Contain residual C element No No Yes
Strain Minimal Yes Yes
Main PL lines (eV) 5.77, 5.89%Y 5.76,5.79 5.734
Origin of the main PL lines (FX = free exciton; BX = bound exciton) FX + LO(T)/TO(T)* FX + LO(T)/TO(T) BX + LO(T)
FX peak position (eV) 5.955% 5.96 5.958
Momentum conservation relaxed Yes Yes Yes
E, (eV) @ 10 K, directly measured N/A N/A 6.150
FX binding energy, Ex (meV) directly measured 130%° N/A 192
Impurity BX binding energy, Egy (meV), directly measured N/A N/A 41

CVD method” and high purity bulk materials.”” One major differ-
ence between bulk materials and epilayers is that the crystalline qual-
ity is generally higher for h-BN bulk materials. Another important
characteristic of the h-BN epilayers studied here is that they con-
tain residual carbon impurities, whereas h-BN bulk materials and
epilayers grown by carbon-free CVD are expected to contain no
residual carbon impurities. Furthermore, the degrees of strain in
these materials are all different, with h-BN epilayers grown on sap-
phire expected to possess larger stresses than the bulk materials. The
presence of strain will also slightly affect the measured values of
the E; and E,. The observation of a bound exciton transition being
the dominant emission instead of a free exciton transition in the
h-BN epilayers studied here is due to the presence of carbon impu-
rities incorporated from the TEB source during growth. Being an
indirect bandgap semiconductor with a conduction (valence) band
extremum at the M- (K-) point in the BZ, exciton and band-to-band
transitions in perfect h-BN crystals occur via phonon scattering
to satisfy the momentum conservation. The direct observations of
zero-phonon lines of the exciton and band-to-band transition in the
epilayers studied here suggest that the conservation of momentum
is relaxed due to symmetry-breaking in the presence of impuri-
ties/defects and strain. This interpretation is corroborated by the
observation of the zero-phonon line of the free exciton transition
at 5.96 eV in the h-BN epilayer grown by a carbon-free CVD
growth method,” as both types of epilayers possess relatively lower
crystalline quality and higher strain than the bulk materials. In
more extreme cases of other 2D materials, such as germanium,
the presence of strain can even lead to direct to indirect bandgap
transitions.””

In summary, we have measured and analyzed a low temper-
ature PL emission spectrum obtained in the band-edge region for
h-BN epilayers grown by MOCVD using a TEB source. The band-to-
band, free exciton, and impurity bound exciton transitions involving
zero-phonons have been directly observed. From the observed peak
positions of these fundamental transition lines, important para-
meters including the energy bandgap (E,), exciton binding energy
(Ex), and binding energy of impurity bound excitons (Epx) have
been directly determined. Optical properties and parameters of
h-BN grown by different methods are also summarized and com-
pared. These results provide a more coherent understanding of

fundamental optical transitions in h-BN, which are of paramount
importance for further advancing h-BN material and device
technologies.
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