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The temperature dependence of the energy bandgap of hexagonal boron nitride (2-BN) has been
probed via photoluminescence emission characteristics of a donor-to-acceptor pair transition in a 20-
layer h-BN epilayer. The results indicate that the universal behavior of bandgap decreasing with tem-
perature is absent in multi-layer #2-BN. Below 100 K, the bandgap energy variation with temperature,
E, vs. T, is dominated by the electron-phonon coupling and conforms to the common behavior of
redshift with an increase in temperature. At T > 100 K, the bandgap shows an unusual blueshift with
temperature, which can be attributed to the unique behavior of the in-plane thermal expansion coeffi-
cient of 4-BN that becomes negative above around 60 K. Although both graphite and #-BN have neg-
ative thermal expansion coefficients in a broad temperature range, graphite has a zero energy
bandgap, which makes /#-BN a unique semiconductor to exhibit this unusual temperature dependence
of the energy bandgap. Published by AIP Publishing. https://doi.org/10.1063/1.4994070

Hexagonal boron nitride (4-BN), the only II-nitride wide
bandgap semiconductor family member with a layered lattice
structure, has been under intensive investigation in recent
years. It is a promising material for deep ultraviolet optoelec-
tronic devices'™"? due to its wide energy bandgap (~6.5¢eV),
high optical emission efficiency, high chemical and tempera-
ture stability, and large in-plane thermal conductivity. Another
startling recent development is the neutron detectors with high
efficiency based on B-10 enriched h-BN epilayers,'*'® which
have demonstrated the highest thermal neutron detection effi-
ciency to date among solid-state detectors at about 53%.'>'®
However, a number of basic properties of A-BN are still
unknown. For instance, the temperature variation of the energy
bandgap, E, vs. T, in ~-BN has not been well studied, despite
the fact that this relation is fundamentally important in terms
of both fundamental understanding as well as practical applica-
tions of #-BN. A previous theoretical work has indicated that
the variation of E, with temperature in /-BN is weak attribut-
ing to the small indirect contribution of the lattice constant to
the ionicity through crystal-field screening effects,'” inferring
that it is challenging to measure such a dependence in /-BN.
In the case of ~2-BN nanotubes, the temperature dependence
of the excitonic emission peak exhibits a usual downshift in
energy with temperature in the entire temperature range of
10-800 K."® Nevertheless, it has not been possible to probe the
general behavior of E, vs. T in #-BN bulk crystals or epilayers.
This is primarily due to the fact that the excitonic emission
lines in 4-BN bulk crystals generally exhibit complex features,
whose linewidths are broadened and emission intensities drop
rapidly at higher temperatures.>® On the other hand, /-BN epi-
layers with best optical qualities produced to date exhibit pure
free exciton emission only at low temperatures.’

A set of h-BN epilayers with varying layer numbers
has been synthesized by metal-organic chemical vapor
deposition (MOCVD) on sapphire substrates.'® As shown in
Fig. 1(a), these samples exhibit predominantly two near
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band-edge emission lines (e.g., near 5.420eV and 5.587eV
at 10K for the 20-layer sample) at 10 K. Due to the fact that
these two emission lines share similar spectroscopic features
and that the observed energy separation is independent of the
number of layers as well as coincides with the in-plane pho-
non vibration mode, E,,, having an energy of 1370 cm ™!
(~171 meV), we attributed these emission lines to a donor-
acceptor-pair (DAP) transition and its one E,, phonon rep-
lica, respectively.'” In this work, we have shown that the
energy positions of these two near band-edge emission lines
in multi-layer #-BN exhibit a systematic dependence on tem-
perature, which enabled us with an unprecedented opportu-
nity to study the E, vs T relation in A-BN. A frequency
quadrupled Ti:sapphire laser with wavelength of 195 nm and
optical power of ~1 mW was used as the excitation source.'"
The PL signal was dispersed by a 1.3 m monochromator and
then collected by a microchannel plate photo-multiplier tube.

A detailed study was carried out for the 20-layer #-BN.
The near band-edge PL spectra of this sample were measured
at a temperature range from 10 to 350K, as shown in Fig.
1(b). The emission peaks (Ey) of the DAP transition and its
one E,, phonon replica (at 5.420eV and 5.587¢V at 10K,
respectively) are clearly resolved. However, both emission
peaks exhibit a similar but very unusual temperature depen-
dence, i.e., E, exhibits a downshift with increasing tempera-
ture up to 100K and then upshift with increasing temperature
above 100K. This temperature dependence is distinctively
different from the universal behavior of most other semicon-
ductors including GaN and AIN? as well as from 4-BN
nanotubes.'® The spectral peak positions (Ep) of the near
band-edge transitions in most semiconductors generally
exhibit redshifts with increasing temperature, and the temper-
ature variation of E; follows approximately the Varshni
empirical equation describing the temperature dependent
bandgap in semiconductors

E,(T) = E,(0) —oT*/(B+T), (1
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where E,(0) is the energy bandgap at 0K, and « and 3 are
the Varshni coefficients.”!

Figure 2(a) plots the temperature dependence of the two
dominant emission line peak positions in the 20-layer #-BN
sample. The linewidth broadening with increasing tempera-
ture along with reduced PL emission intensity prevented data
collection at temperatures above 350 K. The energy differ-
ence between these two emission peaks (AE,) as a function
of temperature is plotted in Fig. 2(b), which clearly reveals
that AE,, is independent of temperature and has an average
value of 170.4 = 0.3 meV, despite the fact that both emission
peaks exhibit an unusual temperature dependence. This value
of AE, energy is very close to the in-plane phonon of E,,
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FIG. 2. Variations with temperature observed in a 20-layer /#-BN for (a) the
energy peak positions of the one-phonon replica emission line (~5.587 eV
@ 10K) and zero phonon emission line (~5.420eV @ 10K), (b) the energy
difference between these two emission lines, and (c) Huang-Rhys factor S.
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vibration mode (1370 cm™").?*?? The results further support
our previous identification that these two emission lines have
the same physical origin and one is a phonon replica of
the other. In the case here, it is obvious that the 5.420eV
(@ 10K) line is the zero phonon line (ZPL or n=0line),
whereas the 5.587 eV (@ 10K) line is its one phonon replica
(n=1line). Another interesting feature shown in Fig. 1(b) is
that the ratio of the emission intensity of the n=1line to
that of the ZPL increases with increasing temperature. The
relative emission intensity of the n=1line (E, ~5.587eV @
10K) to n=01Iine (E,~5.420eV @ 10K) depends on the
carrier-phonon coupling strength or the Huang—Rhys factor
S.?*% The relationship between the emission intensities of
the nth phonon replica line (I,,) and n=0line (Iy) follows,
I, =1y x ,” 2425 Eor n = 1 phonon replica line

S =1/I. 2

As clearly seen from Fig. 2(c) that the carrier-phonon cou-
pling strength or the Huang—Rhys factor S is enhanced at
higher temperatures. Such a behavior has been observed in
nanofiber films.*® It should be noted that the S factor is
enhanced in thin #-BN epilayers and decreases almost line-
arly with an increase of the layer number,'” making the one-
phonon replica line (E,~5.587e¢V @ 10K) undetectable in
bulk 4#-BN as S approaches to zero.

For a clear presentation, Fig. 3 replots the evolution of
E, with temperature for the ZPL (the emission line with a
peak position at 5.420eV at 10K). Two distinctive tempera-
ture regions are more clearly revealed; i.e., E, shows a typi-
cal red-shift with increasing temperature at T < 100K and an
unusual blue-shift with temperature at T > 100 K. As a DAP
transition, neglecting the Coulomb’s interaction between
donors and acceptors, its emission energy peak position can
be described as E,=hv=E,—E, —E,, where Ep and E,
are the energy levels of the involved donor and acceptor,
respectively. Using the Varshni’s equation of Eq. (1) for E,
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FIG. 3. Temperature dependence of the energy peak position of the zero
phonon emission line (~5.420eV @ 10K) observed in a 20-layer 4-BN fit-
ted with Varshni’s formula.

and neglecting the temperature dependence of E, and Ep,
the peak position E,, of the ZPL can be written as

E,(T) = E,(0) — Ep — Es — aT?/(B+T). 3)

Therefore, the temperature evolution of E; is expected to
mimic that of E,. In general, two dominant mechanisms
are responsible for the energy bandgap variation (typically
bandgap shrinkage) of semiconductors: (1) lattice constant
dilation and (2) electron-phonon interaction. In Fig. 3, the
solid curves are the least squares fitting of data with Eq. (3),
however, in two different temperature regions. In the region
of T<100K, E, vs T (or E, vs T) follows the anticipated
trend, i.e., the bandgap decreases with increasing temperature
and the temperature coefficient « is positive. As indicated in
Fig. 2(c), the electron-phonon coupling strength S increases
continuously with increasing temperature. Therefore, the tem-
perature dependent electron-phonon interaction explains satis-
factorily the variation of E, with temperature at T < 100 K.
The fitted value of o is 7.0 x 10 *eV/K. The fitted value of
/B is 1.97 peV/K>, which is larger compared with 1.28,%°
1.06,° and 0.912 weV/K* (Ref. 27) for AIN, GaN, and
InN, respectively. The comparison results are summarized in
Table 1. The value of f3 is associated with the Debye tempera-
ture of the crystal. Its fitted value is ~356 K, agrees reason-
ably well with a literature value of 400 K.?® The results are an
indication of a stronger electron-phonon interaction in 4-BN
in comparison with other II-nitride semiconductors. This is
expected since one of the well-known effects of reduced

TABLE I. Comparison of bandgap parameters of o/ of 2-BN epilayers of
this work with other wurtzite III-nitride semiconductors.

/B (ueV/K?) References
h-BN(0-100K) 1.97 This work
w-AIN 1.28 20
w-GaN 1.06 20
w-InN 0.912 27
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dimensionality is the enhanced carrier-phonon interaction in
2D over that in 3D semiconductors, given the fact that ~-BN
used in this study only has 20 layers and that #-BN is a lay-
ered material naturally possessing 2D nature.

However, as shown in Fig. 3, E, surprisingly increases
with increasing temperature at T > 100K, a behavior which is
distinctively different from most semiconductors. Apparently
this unique feature does not arise from the enhanced electron-
phonon interaction at higher temperature, which tends to
reduce E,. Thus, it is most likely the lattice constant change
with temperature that accounts for this distinctive behavior. As
a semiconductor with layered structure, the interaction between
layers of 4-BN is through van der Waals force, which is very
weak in comparison with in-plane interaction. As such, E, of
h-BN is predominantly determined by the energy difference
between electrons localized on B and N atoms.”’ Therefore,
the temperature dependent E, of 4-BN at T> 100K can be
attributed primarily to the in-plane lattice constant change
with temperature. The in-plane lattice constants («) of #-BN at
different temperatures have been previously measured by
Paszkowicz et al.,>° and the results are reproduced in Fig. 4(b).
The results shown in Fig. 4(b) reveal that the in-plane lattice
constant expands slightly at low temperatures and then shrinks
continuously with increasing temperature at T=70K.** The
calculated values of the in-plane thermal expansion coeffi-
cients of h-BN, o,, are also re-plotted in Fig. 4(0),30 which
show that they are positive at low temperatures and become
negative at temperatures above ~60K. The results presented
in Figs. 4(b) and 4(c) indicate that the in-plane lattice constant
of h-BN decreases with increasing temperature from ~70
to 300K. In this temperature region, E, of #-BN epilayers
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FIG. 4. Variations with temperature of (a) the energy peak position of the
zero phonon emission line (~5.420eV @ 10K) observed in a 20-layer
h-BN, (b) in-plane lattice constant obtained experimentally [data reproduced
with permission from Paszkowicz et al., Appl. Phys. A 75, 431 (2002).
Copyright 2001 Springer-Verlag®®], and (c) calculated thermal expansion
coefficient of h-BN [data reproduced with permission from Paszkowicz
et al., Appl. Phys. A 75, 431 (2002). Copyright 2001 Springer-Verlag®].
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is determined by two competing mechanisms: (1) reduced
in-plane lattice constant which tends to increase E,, and (2)
enhanced electron-phonon interaction which is inclined to
decrease E,. From ~70 to ~100K, E, still exhibits a redshift
with increasing temperature, indicating that the latter mecha-
nism is still prevailing. However, E, shows a blueshift with
increasing temperature above 100 K, revealing that the temper-
ature dependence of E, above 100K is dominated by the effect
of reduction in the in-plane lattice constant at higher tempera-
tures. The slope of E, versus T is about 0.43 meV/K from 100
to 300K as fitted in Fig. 3, which means that the temperature
coefficient of E,, or the Varshni coefficient o = —0.43 meV/K.

It is interesting to note that in the case of 4-BN nano-
tubes, the excitonic emission peak exhibits a universal down-
shift in energy with increasing temperature in the entire
temperature range of 10-800K, in contrast with the results
obtained for thin #-BN epilayers here. This situation seems
analogous to the temperature dependence of the effective
energy bandgap of suspended carbon nanotubes,>'*? which
shifts down in energy with increasing temperature despite the
fact that the thermal expansion of graphite has a negative
coefficient in the same temperature range. It was shown that
the temperature dependence of the optical transition energies
of carbon nanotubes is dominated by the effect of electron-
phonon coupling.3 132 Based on these observations, we specu-
late that the temperature dependence of the bandgap of 2-BN
nanotube follows a similar trend as that of carbon nanotubes
and is dominated by the electron-phonon coupling in the
entire temperature range. It is tantalizing to say that the tem-
perature dependence of the bandgap of multi-layer 4#-BN
should be similar to that of graphite since both materials have
negative thermal expansion coefficients in a broad tempera-
ture range, except that graphite has a zero energy bandgap. In
this sense, multi-layer 42-BN represents a unique semiconduc-
tor to exhibit this unusual temperature dependence of the
energy bandgap.

In summary, we report on the studies of the bandgap
variation with temperature in multi-layer 4-BN by following
the temperature dependence of the energy peak position of a
donor-acceptor pair emission line. At temperatures below
100K, the bandgap energy exhibits a usual downshift with
increasing temperature and the temperature dependence is
dominated by electron-phonon coupling. At temperatures
above 100 K, the bandgap energy exhibits an unusual upshift
with increasing temperature. This unique feature can be
accounted for by the unusual in-plane thermal expansion
coefficient of #-BN, which is negative above ~70 K.
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