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Dispersionless energy bands in k space are a peculiar property gathering increasing attention for the
emergence of novel electronic, magnetic, and photonic properties. Here, we explore the impact of
electronic flat bands on the light-matter interaction. The van der Waals interaction between the atomic
layers of hexagonal boron nitride induces flat bands along specific lines of the Brillouin zone. The
macroscopic degeneracy along these lines leads to van Hove singularities with divergent joint density of
states, resulting in outstanding optical properties of the excitonic states. For the direct exciton, we report a
giant oscillator strength with a longitudinal-transverse splitting of 420 meV, a record value, confirmed by
our ab initio calculations. For the fundamental indirect exciton, flat bands result in phonon-assisted
processes of exceptional efficiency, that compete with direct absorption in reflectivity, and that make the
internal quantum efficiency close to values typical of direct band gap semiconductors.

DOI: 10.1103/PhysRevLett.127.137401

Flat-band engineering is the subject of intense research
for investigating strongly correlated states in systems made
of electrons, cold atoms, and photons [1]. From a curiosity
in magnetic frustration, flat bands have become a key
fingerprint sought for in synthetic devices for studying
superconductivity arising from electronic interactions, cor-
related insulator states, spontaneous ferromagnetism and
the quantum Hall effect [2—4]. Flat bands exist naturally in
materials such as bulk van der Waals insulators, hexagonal
boron nitride (hBN) being a model example. With the
advent of graphene and transition metal dichalcogenides,
hBN has become a key compound in 2D materials research,
with the usual indirect-direct crossover of the band gap at
the monolayer limit [5-8]. However, there is also a rich
physics in the bulk form of hBN, with original photonic
properties that have been only recently explored [9].

In this Letter, we report giant light-matter interaction
arising from electronic flat bands in bulk hBN. In addition
to the weak interlayer interaction typical of van der Waals
structures, the ionicity difference between B and N enhan-
ces localization effects, resulting in electronic flat bands
along specific Brillouin zone lines parallel to the ¢ axis.
The macroscopic degeneracy along these lines leads to
van Hove singularities with divergent joint density of
states, resulting in unique optoelectronic signatures. The
combination of reflectivity and photoluminescence (PL)
experiments in state-of-the-art hBN crystals allows us to

0031-9007/21/127(13)/137401(6)

137401-1

characterize direct and indirect excitons and compare our
results to a phenomenological model and first-principles
calculations. For the direct exciton, we report a giant
oscillator strength with a longitudinal-transverse splitting
of 420 meV, the highest value ever reported. For the
fundamental indirect exciton, flat bands translate in highly
efficient phonon-assisted processes, which compete with
direct absorption in reflectivity, and that make the internal
quantum efficiency close to values typical of direct band
gap semiconductors.

Bulk hBN is a layered material considered the insulating
analog of graphite and known as “white graphite.” The
fundamental band gap of ~6 eV is indirect in bulk hBN
with a minimum of the conduction band at the M point
and a maximum of the valence band around K [Fig. 1(a)].
There is a direct band gap at the K point [Fig. 1(a)], slightly
higher in energy than the indirect one. Excitonic effects are
huge in hBN with a binding energy of ~0.7 eV [10-12]. In
order to take into account the electron-hole interaction in
the evaluation of the dielectric function ¢4, one has to
solve the Bethe-Salpeter equation [13]. The solution is
most often written in a basis of independent-particle
transitions ¢ of oscillator strengths p mixed by the exciton
wave functions A7

eqmo(Z|ZA | (1)

ho—E;, +in’
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https://orcid.org/0000-0002-9683-5381
https://orcid.org/0000-0002-2356-2589
https://orcid.org/0000-0002-5118-0908
https://orcid.org/0000-0002-6644-6617
https://orcid.org/0000-0001-5997-4609
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevLett.127.137401&domain=pdf&date_stamp=2021-09-23
https://doi.org/10.1103/PhysRevLett.127.137401
https://doi.org/10.1103/PhysRevLett.127.137401
https://doi.org/10.1103/PhysRevLett.127.137401
https://doi.org/10.1103/PhysRevLett.127.137401

PHYSICAL REVIEW LETTERS 127, 137401 (2021)

15

10 } < /\
3 °F k=T =LA
IS S B X Sttt W A T _____________________________
w - >
SE /\<
10£@)
r K H A r M L A
FIG. 1.

(a) Electronic band structure evaluated in the framework of many-body GW calculations. The shaded areas indicate the paths

that are parallel to the c-axis in the Brillouin zone of bulk hBN. Arrows in dark gray (dashed black) indicate the parallel direct (indirect)
transitions contributing to the formation of the direct (¢X) and indirect (iX) excitons, respectively. (b) Color map in the Brillouin zone of
bulk hBN of the weighted oscillator strengths A’ p’(q) [as defined in Eq. (1)] building the dX exciton. For the sake of clarity, the map is
limited to the points of the prevailing direct independent-particle transitions ¢, that contribute in total to 80% of the dX absorption. The
irreducible part of the Brillouin zone is delimited by red lines, which are thicker for the KH and ML paths.

where t = vc labels a transition between a valence state v
and a conduction one ¢ and the sum runs over the 1 excitons
with wave vector q (see Supplemental Material [14], Sec.
ab initio calculations). In the independent-particle approxi-
mation (IPA), the dielectric function is given by the
following simple expression:

(IPA) lp'(q) |2 )
€q.0 chfLG)—Et-i—l'i’]' ()

In the absence of electron-hole interaction [Eq. (2)], the
optical resonances are governed, in a first approximation,
by the optical matrix elements and the joint density of
states. In the case of flat bands, the joint density of states
presents van Hove singularities that stem from the large
number of transitions contributing in parallel to a given
optical resonance.

With the electron-hole interaction [Eq. (1)], the dielec-
tric function is not only influenced by the van Hove
singularities due to flat bands but also by the formation
of the excitonic states. The products A}p’(q) can be called
“weighted oscillator strengths” and the total intensity
of the exciton peak is determined by the constructive
coherent superposition of these terms [Eq. (1)]. By
examining the first-order correction to the A} wave
functions: A? ~ >, [W!/(E, — E,)], one observes that
large terms arise from independent-particle transitions
where the energy difference E, — E, is small. Excitonic
effects are therefore enhanced when mixing many inde-
pendent-particle transitions with similar energy [40].
Besides the existence of van Hove singularities, this
phenomenon further contributes to the emergence of
outstanding optical properties in systems with flat bands.

The vertical and tilted arrows in Fig. 1(a) indicate all the
transitions contributing to the formation of the direct (dX)
and indirect (iX) excitons in hBN, respectively [7,11,41].

These independent-particle transitions come from regions
of the Brillouin zone, parallel to the ¢ axis, where the
valence and conduction bands are almost flat and parallel.
The iX exciton results from indirect transitions moving in
parallel along the ¢ axis from K — M to H — L [Fig. 1(a)].
The dX exciton builds as a collective excitation of the
crystal involving all direct transitions along the KH and MLL
lines [Fig. 1(a)], as discussed in Refs. [11,42]. However, the
most intense transitions [depicted in yellow in Fig. 1(b)]
come from points distributed around the KH line. It reveals
the contributions coming from the ML region are in fact
negligible with respect to KH where the bands are flatter.

We have performed measurements by reflectivity and PL
in high-quality crystals. Because of the indirect band gap
of bulk hBN, PL in hBN probes the fundamental indirect
exciton iX which has an energy E;x = 5.955 eV [7]. The
direct excitonic state dX lies at a higher energy than E;x and
it is expected to determine the optical response above the
band gap of hBN. The interplay between direct and indirect
excitons in the optical properties of hBN remains an open
issue because reflectivity and absorption experiments have
been so far very limited in hBN. In the eighties, Hoffman
et al. reported the first reflectivity measurements in hBN,
from the midinfrared to the deep ultraviolet, but at room
temperature and in low-quality crystals made of pyrolytic
boron nitride [43]. Watanabe et al. extended the experi-
ments to high-quality crystals [44,45]. Although these
measurements were performed at cryogenic temperatures,
no significant advance followed in the interpretation of
the complex excitonic structure close to the band gap of
hBN. Here, we have achieved reflectivity experiments
at low temperature with a high spectral resolution, for
samples fabricated by a process enabling the formation of
large single crystals [Fig. 2, inset] with a thickness of
few micrometers (see Supplemental Material [14]). This
experimental achievement has allowed us to reveal the
fine structure of the reflectivity spectrum around 6 eV.
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FIG. 2. Reflectivity (black) and transmission (green) of a high-
quality hBN crystal, recorded close to normal incidence at 8 K.
The crystal thickness is 4.5 ym. The shaded area indicates the
excitonic reststrahlen band in hBN. Inset: microscope image of
high-quality hBN synthesized by the metal flux method.

We provide a quantitative interpretation of our reflectivity
and PL data and we show how electronic flat bands result in
exceptional optical properties of the direct and indirect
excitons in hBN.

Reflectivity and transmission spectra in a 4.5 pum-thick
hBN crystal at 8 K are plotted in Fig. 2. The transmission
drops abruptly around 6 eV and increases above noise
level for energies larger than 6.6 eV. Such a spectrum is
characteristic of the presence of a strong resonance above
6 eV. The spectral range of low transmission is the so-called
reststrahlen band, the general terminology used for vibra-
tional and electronic resonances in solid state [46].
Although the present crystal is still too thick to extract
the absorption spectrum in this energy range, the trans-
mission spectrum in Fig. 2 provides the spectral position of
the excitonic reststrahlen band in hBN. We point out an
unusually large value of its bandwidth of the order of half
an eV, to be compared to few or tens of meV in standard
semiconductors [46]. This is a first indication for the giant
light-matter interaction and the existence of extremely large
oscillator strengths in hBN. The reflectivity spectrum in
Fig. 2 displays previously unresolved fine structures. In
particular, our measurements reveal the existence of four
relative maxima of the reflectivity at 6.02, 6.05, 6.11, and
6.14 eV. The comparison with the PL spectrum in
Fig. 3 will show that they correspond to phonon-assisted
optical transitions by the fundamental indirect exciton lying
at E;xy =5.955 eV. The observation of phonon-assisted
absorption lines in the reflectivity spectrum of an indirect
semiconductor is a unique feature without any equivalent
example in the literature [46]. This is a second indication
for the exceptional efficiency of the light-matter interaction
in hBN, also stemming from the existence of electronic
flat bands.
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FIG. 3. Comparison between reflectivity (black) and photo-
luminescence (red) of bulk hBN at 8 K. The vertical dashed line at
5.955 eV indicates the energy of the indirect exciton (iX). The
dotted blue spectrum corresponds to the mirror image of the PL
spectrum with respect to the iX energy. Inset: schematic repre-
sentation of absorption (blue) and emission (red) assisted by
phonon emission (black arrow). The blue and red dashed lines
indicate the virtual states involved in the phonon-assisted optical
processes. TA, LA, TO, and LO indicate the modes of the emitted
phonons in reflectivity.

The indirect nature of the four lines detected in the
reflectivity spectrum is demonstrated in Fig. 3 where PL
data are superimposed to the reflectivity spectrum. More
precisely, the PL spectrum is displayed in solid red line while
its mirror image with respect to the iX energy is shown in
dotted blue line. Such a plot is motivated by the mirror
symmetry between the processes of absorption and emission
assisted by phonon emission in indirect semiconductors [46]:
compared with the band gap energy, photon emission is
redshifted by the phonon energy, while photon absorption is
blueshifted by the same value [as shown in the inset of Fig. 3].
The comparison between the reflectivity spectrum and the
mirrored PL one indicates that the four lines revealed by our
reflectivity measurements are perfectly in resonance with
the transitions due to phonon-assisted absorption in hBN.
From the assignment by PL spectroscopy [7] and in agree-
ment with polarization selection rules [47] the lines at 6.02,
6.05, 6.11, and 6.14 eV correspond to optical absorption
assisted by the emission of one TA, LA, TO, and L O phonon,
respectively [Fig. 3]. Such a phenomenology is in strong
contrast to the textbook examples of phonon-assisted absorp-
tion. In standard semiconductors, indirect transitions appear
as weak absorption bands where onset is difficult to identify
[46,48,49], requiring either data postprocessing [50] or
modulation spectroscopy [46,51]. In hBN, phonon-assisted
absorption is readily observed with high contrast in reflec-
tivity experiments, a unique situation among indirect semi-
conductors. We note that the existence of narrow lines rather
than broad bands stems from the strong k dependence of the
exciton-phonon matrix element in hBN [7].
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(a) Experimental reflectivity spectrum at 8 K. (b) Calculated reflectivity spectrum (red solid line) taking into account the direct

exciton (dX) only, with y/A;r = 0.41, where y is the dX linewidth and A,  is the longitudinal-transverse splitting. A;+ = 420 meV in
hBN. The red dashed line is the reflectivity spectrum calculated for y/A;r = 10~ in order to better visualize Ay, which corresponds to
the width of the reflectivity stop band when y/A| 1 < 1. (¢) Calculated reflectivity spectrum (green solid line) taking into account the
indirect (iX) and direct (dX) excitons (y/Apr = 0.41). E;x = 5.955 and E x = 6.125 eV.

The experimental reflectivity spectrum [Fig. 4(a)] is
compared to the theoretical one calculated either with the
optical transition of the direct exciton dX only [Fig. 4(b)], or
with both dX and iX contributions [Fig. 4(c)] (see
Supplemental Material [14], Sec. “reflectivity modelling”
for details on reflectivity calculations). The excellent agree-
ment of our data with the calculated reflectivity spectrum in
Fig. 4(c) shows that we have reached a quantitative inter-
pretation of the optoelectronic properties of hBN close to the
band gap. The direct exciton dX gives a broad pedestal fixing
the order of magnitude of the reflectivity to ~50% around
6 eV [Fig. 4(b)]. The indirect exciton iX accounts for a series
of narrow lines, that are phonon replicas decorating the
smooth band of the direct exciton [Fig. 4(c)]. We highlight
the spectral coincidence of direct and indirect optical
transitions in the near band gap absorption of hBN. This
peculiarity has so far hindered the comprehensive under-
standing of hBN physics [44,52]. Our results unravel the
complex interplay between direct and indirect processes in
hBN, resulting in an unconventional optical response where
the prominent peak at 6.1 eV does not arise from the direct
exciton dX but from the indirect one iX.

From the quantitative interpretation of our experiments,
we first comment on the giant oscillator strength of
the direct exciton dX due to electronic flat bands in
hBN. For a given value of the excitonic linewidth, the
higher the oscillator strength, the higher the reflectivity
[53]. Conversely, for a given oscillator strength, the smaller
the excitonic linewidth, the higher the reflectivity, as shown
by the dashed line in Fig. 4(b). In this limit, the reflectivity
is of order unity in a spectral window corresponding to the
so-called reststrahlen band. In complete analogy with
optical phonons, the width of the excitonic restrahlen band

is given by the energy difference At between transverse
and longitudinal exciton states [54,55]. The longitudinal-
transverse splitting A; r originates from Coulomb exchange
interaction and it was shown that this exchange parameter
can be remarkably expressed in a simple form as a function
of the dipolar interaction matrix element [54,55]. Therefore
A 1 1s a common metric of the efficiency of the light-matter
interaction. In hBN, we find A;r =420 meV [Fig. 4],
the highest value ever reported in the literature to the
best of our knowledge (see Supplemental Table 1 in the
Supplemental Material [14]). Instructive is a first compari-
son with AIN. AIN shares many similarities with hBN but
the lamellar structure. Both are nitride semiconductors with
a similar band gap of ~6 eV, still Ajt has a much lower
value of 6 meV in AIN [56]. In hBN, At is enhanced by
almost 2 orders of magnitude, a striking consequence of
electronic flat bands. High values of A;t were reported in
crystals with strongly bound excitons such as alkali halides
[57,58], solid neon, and solid argon [59]. In these crystals,
Ay 1 follows the general scaling of the oscillator strength,
that increases with the excitonic binding energy, and that is
inversely proportional to the cube of the excitonic Bohr
radius in the approximation of parabolic bands [60].
Usually, the more strongly bound the exciton is, the higher
Apr [53,56]. This standard rule in solid state is broken
down because of the existence of flat bands. hBN provides
an example of this effect, with exceptional degree as Ajr
surpasses any reported value in the literature, in particular
the 360 meV in solid argon [59] where the band gap is
~14 eV. This means the macroscopic degeneracy of the
direct transitions along the KH line parallel to the ¢ axis
[Fig. 1(a)] has a dramatic impact on the optical properties of
excitons in hBN, as illustrated by the ultralarge excitonic
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restrahlen band [Fig. 2] and the corresponding record value
of At for the direct exciton dX [Fig. 4(b)], confirmed by
our first-principles calculations (see Supplemental Material
[14], Sec. ab initio calculations).

The light-matter interaction for the indirect exciton iX is
radically different because of the coupling to the phonons
field for satisfying the k-selection rule. Still, the parallel
indirect transitions between the flat bands along the KH and
ML lines [Fig. 1(a)] play a key role in the optical properties
of iX. From the quantitative interpretation of our data
[Fig. 4], one can analyze the effective oscillator strength of
the phonon replicas identified from the comparison
between PL and reflectivity (Fig. 3). For the optical phonon
replicas (70 and LO lines), the effective oscillator strength
is ~20 times smaller than for dX (see Supplemental
Material [14], Sec. reflectivity modelling for details on
reflectivity calculations). Such a reduction stems from the
higher order of phonon-assisted optical transitions involv-
ing dipolar interaction and electron-phonon coupling. Still,
the 70 and LO replicas in hBN have an oscillator strength
equivalent to direct materials with a longitudinal-transverse
splitting of order 20 meV. The latter value is higher than
A; 1 in direct wide band gap semiconductors such as GaN,
AIN, and ZnO, where A;r = 0.8, 6, and 11 meV, respec-
tively [56]. This means electronic flat bands in hBN make
phonon-assisted optical transitions stronger than direct
ones in materials used in the optoelectronics industry
[61,62]. It also shows that the outstanding properties of
indirect transitions in hBN are intrinsic, readily imprinted
in the dielectric constant, and observable in reflectivity and
absorption experiments. As a consequence, this phenome-
non also contributes to reaching an internal quantum
efficieny of order unity in hBN [44,52]. The intrinsic
radiative processes bypass the extrinsic nonradiative ones
in hBN, and they occur in a few tens of ps [63], because of
the high oscillator strength due to electronic flat bands
rather than because of the strong exciton-phonon coupling,
as previously suggested [64]. Fifteen years after the
pioneering work of Watanabe et al. [44], we thus unveil
the physics behind the intense emission in hBN.

Our results bridge the fundamental physics of flat bands
with applications where the giant light-matter interaction
emerges as a resource for improved performances in
optoelectronic devices. Moreover, our work opens exciting
perspectives in cavity quantum electrodynamics by show-
ing the possibility to couple photonic modes to excitonic
states with an ultralarge oscillator strength in systems with
flat bands.
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