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Nature of exciton transitions in hexagonal boron nitride
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In contrast to other IlI-nitride semiconductors GaN and AIN, the intrinsic (or free) exciton transi-
tion in hexagonal boron nitride (2-BN) consists of rather complex fine spectral features (resolved
into six sharp emission peaks) and the origin of which is still unclear. Here, the free exciton transi-
tion (FX) in #-BN bulk crystals synthesized by a solution method at atmospheric pressure has been
probed by deep UV time-resolved photoluminescence (PL) spectroscopy. Based on the separations
between the energy peak positions of the FX emission lines, the identical PL decay kinetics among
different FX emission lines, and the known phonon modes in #-BN, we suggest that there is only
one principal emission line corresponding to the direct intrinsic FX transition in 4-BN, whereas all
other fine features are a result of phonon-assisted transitions. The identified phonon modes are all
associated with the center of the Brillouin zone. Our results offer a simple picture for the under-
standing of the fundamental exciton transitions in /-BN. © 2016 AIP Publishing LLC.
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BN has many known phases including cubic, wurtzite,
and hexagonal structures. Among these, hexagonal is the sta-
ble phase for materials produced at atmosphere pressure at
any growth temperatures.'” Besides important practical
applications, hexagonal BN (4-BN) is also a unique wide
bandgap semiconductor for studying the fundamental proper-
ties as it is the only layer-structured semiconductor among
[I-nitride semiconductors and also the only wide bandgap
semiconductor (Eg >4 eV) among layer-structured (or two-
dimensional) materials. With an energy bandgap around
6.5eV, h-BN is emerging as an important semiconductor
material.>~’ With its unique physical properties including
high temperature and chemical stability, #-BN has potential
applications in high temperature/power electronic device
applications. P-type conductivity seems to be more easy to
realize in 4-BN than in AIN, which reveals the potential of
h-BN for deep UV emitter and detector applications.”® With
its large thermal neutron cross-section, /#-BN is also a prom-
ising material for realizing high efficiency and low cost
solid-state neutron detectors.”'®

Our knowledge concerning the band structure and opti-
cal properties of #-BN is limited. In spite of the recognition
of the importance of #-BN for emerging applications, many
of its fundamental physical properties are still unknown. For
example, the detailed band structure parameters of 4-BN are
still unclear. The experimental band gap was determined in
the past only by optical absorption, transmission, and indi-
rectly from photoluminescence (PL) lifetime measurements
with values scattered around 6eV at low temperatures.'' ™"
The band-edge transitions in #-BN are distinctly different
from that of wurtzite (w)-AIN having a comparable energy
bandgap (Eg = 6.1 eV at 10K)."* Fundamental optical transi-
tions including the nature of the intrinsic or free exciton tran-
sitions in 4-BN are not yet well understood. Both the free
exciton (FX) transition (denoted as S-series linesls) and
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impurity-bound (or trapped) exciton transition (denoted as
D-series lines'®) possess rather complicated spectral features.
For instance, the S-series lines of the FX transition consist of
six sharp emission lines above 5.75eV (Refs. 13 and 15),
and the origin of which is still debated. The fine features
have been thought to arise from the doubly degenerated
dipole-forbidden (dark excitons with lower emission ener-
gies) and dipole-allowed (bright excitons with higher emis-
sion energies) exciton states, in which the dark exciton state
could become allowed either due to the spontaneous or sym-
metry breaking caused by energy transfer from bright exci-
ton as a result of the zero-point vibration of the latticc:,16‘17
or a strong spin—orbital interaction due to 2D layered struc-
ture.'®1° Tt is, therefore, of fundamental and technological
importance to fill in the unknowns for /#-BN.

Recently, much progress has been made in the growth of
h-BN in the forms of bulk crystals by high temperature/high
pressure (HT/HP)*>'> as well as by solution techniques®"?
and epilayers by metal organic chemical vapor deposition
(MOCVD).”™'? Epitaxial 4-BN layers with high optical qual-
ities can be achieved,”? but these materials generally lack
the intrinsic FX transitions above 5.7 eV due to the presence
of native and point defects.”" Most recent studies have sug-
gested that the D-series emission lines are due to the recom-
bination of excitons bound to deep acceptors formed by
carbon impurities occupying the nitrogen sites, and A#-BN
epilayers exhibiting pure intrinsic FX emission can be
obtained by growing the materials under high ammonia flow
rates.>! However, the detailed features of the FX transitions
in #-BN epilayers are distinctly different from those in 2-BN
bulk crystals,>' which is what remains to be investigated and
understood. Currently, bulk #-BN crystals are small (less
than 1 mm by 1 mm),>>"*!> but the basic properties meas-
ured from the bulk materials set the benchmarks for the fur-
ther development of wafer scale epilayers. Here, we report
the properties of the FX transition and strong exciton—pho-
non coupling in #-BN bulk crystals probed by time-resolved
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PL spectroscopy. By comparing the experimental and calcu-
lation results, we suggest a simple picture for the understand-
ing of the FX transition in 4#-BN bulk crystals. The results
also reveal significant differences between #-BN and w-AIN
in their fundamental optical properties.

Bulk #-BN materials employed in this study were syn-
thesized by precipitation using nickel (Ni) and chromium
(Cr) solvent mixture at atmospheric pressure. The source ma-
terial was hot pressed #-BN powder. The source material
was soaked at a temperature of 1525 °C for 6 h and, subse-
quently, cooled at a slow rate of 4 °C per hour until solvent
solidification. The cooling rate has to be slow enough to pre-
cipitate high quality crystals. Growth conditions were also
discussed elsewhere.?” The inset of Fig. 1 shows an optical
microscope image of a bulk 4#-BN crystal on Ni/Cr substrate
with a typical dimension of about 250 um across and 30 um
thick. Figure 1 shows an X-ray diffraction (XRD) 0-20 scan
of 1-BN (002) reflection plane with a peak at 26.8°, which is
in a good agreement with the literature value.?® The observed
h-BN (002) peak has a full-width at half-maximum (FWHM)
of around 600 arc sec, which implies that there are some ori-
entation variations of the c-planes in the crystal. Larger crys-
tals as long as 900 um were also obtained on the same
growth, but the optical qualities are generally not as good as
those of smaller size crystals. A deep UV time-resolved PL
system was utilized to probe the emission properties.'>°
The system consists of a frequency quadrupled 100 fs
Ti:sapphire laser providing an excitation photon energy of
6.28 eV and a monochromator (1.3 m) in conjunction with a
single photon counting detection system providing a time-
resolution of 20 ps and a streak camera system providing a
time-resolution of 2 ps.
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FIG. 1. X-ray diffraction (XRD) 6-260 scan of the #-BN (002) reflection peak
of the bulk crystal used in this study. The inset is an optical image of the /-
BN bulk crystal sample used in the present study.
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The exciton PL emission spectrum measured at 10K is
shown in Fig. 2(a), which exhibits similar fine features as
those reported for #-BN bulk crystals grown by a HT/HP
technique'® and comprises both the FX transition (S-series)
and impurity-bound exciton transition (D-series) lines. In
contrast to #-BN bulk crystals grown by a HT/HP technique
which generally exhibit smaller D-series peaks than the S-
series peaks,15 the emission intensities of the S-series lines
are smaller than those of the D-series lines in our samples,
an indicative that bulk 4-BN crystals synthesized by precipi-
tation contain higher concentrations of impurities/defects
than HT/HP grown materials. In comparison with PL spectra
of AIN," the exciton transitions in 4-BN are quite compli-
cated. As shown in Fig. 2(b), six sharp emission lines have
been resolved between 5.75 and 5.90 eV. All these transition
lines have been ascribed to the intrinsic or FX transitions and
labeled as S-series lines.'*!> One of the possibilities is that
these emission lines correspond to the exciton transitions
involving different splitting bands such as A, B, and C val-
ance bands in AIN and GaN.'*** However, the relative emis-
sion intensities of the excitonic transitions involving
different splitting bands are related to the density of states
(DOS) of the respective bands, decay characteristics, and the
statistical distributions of [exp(—AE/kT)], where AE is the
energy difference between the two bands and T is the mea-
surement temperature. However, the relative emission inten-
sities among these transition lines measured at 10K do not
support this interpretation. For instance, if 5.771 and
5.799 eV emission lines were due to the recombination of
excitons involving different splitting bands with an energy
separation of 28 meV, the relative emission intensity of the
5.799eV line should be only a factor of exp[—28/
kT(=10K)] ~7 % 10~"3 of that of the 5.771 eV line, assum-
ing that the DOS and decay characteristics are comparable
for these two bands. This is obviously not the case, and
therefore, the possibility of the multiple exciton transition
lines involving the splitting bands can be precluded.

By carefully inspecting the PL spectrum shown in Fig.
2(b), one can observe that there is a similarity between emis-
sion lines at 5.799 (S3) and 5.771 eV (S4) as well as between
5.791 (S3t) and 5.763 eV (S4t). Significantly, the energy dif-
ference between the emission lines of 5.897 (S1) and
5.869eV (S2) is about 28 meV, which equals to the differ-
ence between the 5.799 (S3) and 5.771eV (S4) lines. There
are also similarity between 5.897 (S1) and 5.799 (S3) eV
emission lines as well as between 5.869 (S2) and 5.771 (S4)
eV emission lines. If we cut a portion of the PL spectrum
between 5.70 and 5.82eV and shift it by 98 meV to the
higher energy side, we immediately recognize that the two
groups of emission lines at 5.897 (S1)/5.869 (S2) eV and
5.799 (S3)/5.771 (S4) eV have similar characteristics and are
clearly related. By repeating the same analysis, we can iden-
tify that various lines in the S-series are in fact correlated.
Furthermore, the decay lifetime measurement results also
suggest that these emission lines are correlated. Figure 3
shows the PL decay kinetics of two representative emission
peaks at 5.771eV (S4) and 5.799 (S3) measured at 10K,
from which an effective lifetime (t.¢) of about 0.75ns is
measured for both transition peaks, where 7. is defined as
the time it takes for the emission intensity to decay from its
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maximum value A to A/e. It is noted that the measured sub-
nanosecond lifetime is on the same order as the recombina-
tion lifetimes of excitons in wide bandgap semiconductors
such as in GaN.** The results clearly reveal that the decay
characteristics of these two emission lines are very similar,
suggesting that these emission lines have the same origin.

The six transition lines of S-series can be described very
well by a simple energy level diagram. In Fig. 4, we plot
these six transition lines with their corresponding energy lev-
els, where the widths of the vertical lines represent the rela-
tive emission intensities. The solid and dashed lines are used
for the transitions with relatively strong and week emission
intensities, respectively. Three pairs of transitions (S1/S2,
S3/S4, S3t/S4t) can be distinguished from their similarities
in intensity and linewidth. All the observed transitions and
correlations between different emission lines become appa-
rent from this diagram. Three different energy splitting lev-
els of about 98 meV, 28 meV, and 8 meV can be identified.
We believe that all these energy levels can be attributed to
the phonon energies of different modes.

Based on previous experimental and theoretical stud-
ies,”2® we attribute the energy level of 98 meV to the A,,
phonon mode, an out-of-plane vibration at the center of the
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FIG. 3. Decay characteristics of S4 (5.771eV) and S3 (5.799eV) emission
lines measured at 10 K. The system response is also included (green solid
curve).
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Brillouin zone (BZ) of 4-BN. This means that the emission
lines at 5.799eV (S83)/5.771eV (S4) are related to the
5.897eV(S1)/5.869 eV (S2) emission lines through one A,,
phonon of about 98 meV. From the emission intensities, it
appears that the S1 and S2 emission lines are absorbing one
A5, phonon of 98 meV of those of S3 and S4 emission lines,
although the possibility of the reverse case of S3 and S4
emission lines being phonon replicas (emitting one A,, pho-
non of 98 meV) of those of S1 and S2 emission lines cannot
be precluded. In either cases, the situation is different from
the typical optical transitions involving phonons in semicon-
ductors, which usually emit phonons and therefore the pho-
non replica emission lines are located at lower energy
positions with smaller emission intensities than their zero
phonon counterparts. Very large electron—phonon interaction
in 7-BN has been previously inferred.”~2® Other than the
strong exciton—phonon interaction, the excitation photon
energies used for the PL measurements in our case here
(~6.28eV) and in the case of Ref. 15 (~6.26eV) are also
near the energy band gap of 4-BN, which may enhance the
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FIG. 4. Energy level diagram constructed for the S-series lines in the free
exciton (FX) transition observed in 4-BN. The thick solid lines indicate the
emission lines with strong intensities while the dotted lines indicate emission
lines with weak intensities.
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emission intensities of the phonon-assisted lines due to the
resonant Raman scattering process.

The emission lines between 5.799eV (S3) and 5.771 eV
(S84) as well as between 5.897 (S1) and 5.869¢eV (S2) are
separated by 28 meV, which are apparently also correlated.
This energy separation may be accounted for by the LO-TO
energy splitting at the center of the BZ.>*?"* A value of
LO-TO splitting of ~240cm ™' ~30meV has been previ-
ously identified, which was attributed to the antisymmetric
combination of the high-energy in-plane mode that is infra-
red active.?” Furthermore, from the similarity of the spectral
line shapes and energy separation, it appears that the emis-
sion lines of 5.799 eV (S3) and 5.791 eV (S3t) are also corre-
lated with each other. The same is also true for the emission
lines of 5.771 (S4) and 5.763eV (S4t). The cause of this
8 meV splitting may be attributed to the E,, mode (in-plane)
phonon corresponding to the vibration of the whole h-BN
sheet. Values of 6.5meV and 6.4 meV for the E,, mode pho-
non energy of low frequency have been previously deduced,
respectively, from a theoretical calculation and Raman scat-
tering experiment.”>** This phonon, related to the two BN
planes slide against each other, has been termed as a “rigid-
layer shear mode.”3° From the relative emission intensities,
the 5.763eV (S4t) and 5.791eV (S3t) emission lines are,
respectively, one phonon replicas (emitting one E,, phonon
of 8 meV) of the 5.771eV (S4) and 5.799eV (S3) emission
lines. The small discrepancy between the E,, phonon energy
observed here (8§ meV) and that reported earlier (6.4 meV)
may be due to the fact that pyrolytic boron nitride (p-BN)
was used previously,”® whereas 2-BN bulk crystal is used in
the present study.

It is important to point out that the three phonon modes
(98 meV, 28meV, and 8 meV) identified are all associated
with the I" point (the center of the BZ). Based on these obser-
vations, we suggest that the emission line at 5.799eV (S3)
corresponds to the direct intrinsic FX transition in #-BN with
zero phonon involved, while all other emission lines in the
S-series are phonon-assisted lines, as illustrated in Fig. 4. On
the other hand, it is equally possible that the emission line at
5.897 (S1) corresponds to the principal (zero phonon) FX
transition in 4-BN, while all other emission lines in the S-
series are phonon replicas of the S1 emission line. Based on
the similarity between the D- and S-series transitions shown
in Fig. 2(a), we believe that the strong exciton-phonon cou-
pling discussed above for FX may also be applicable to
impurity-bound excitons.

In summary, the nature of exciton transitions in 4-BN
has been investigated by deep UV PL measurements. The
results revealed significant differences in the basic optical
emission properties between ~-BN and other III-nitride semi-
conductors. Based on the separations between the energy
peak positions of the FX emission lines, time-resolved PL
results, and the known phonon modes in #-BN, we suggest
that the fine features (S-series lines) in the free exciton tran-
sition are all related to one principal intrinsic transition line
via the involvement of phonons of three different modes,
which are associated with the center of the Brillouin zone.
Our results thus offer a plausible alternative but simple

Appl. Phys. Lett. 108, 122101 (2016)

picture for the understanding of the fundamental exciton
transitions in ~-BN.
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