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Two-dimensional excitons in three-dimensional hexagonal boron nitride
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'Department of Electrical and Computer Engineering, Texas Tech University, Lubbock, Texas 79409, USA
*Department of Chemical Engineering, Kansas State University, Manhattan, Kansas 66506, USA

(Received 4 August 2013; accepted 21 October 2013; published online 5 November 2013)

The recombination processes of excitons in hexagonal boron nitride (hBN) have been probed using
time-resolved photoluminescence. It was found that the theory for two-dimensional (2D) exciton
recombination describes well the exciton dynamics in three-dimensional hBN. The exciton Bohr
radius and binding energy deduced from the temperature dependent exciton recombination lifetime
is around 8 A and 740 meV, respectively. The effective masses of electrons and holes in 2D hBN
deduced from the generalized relativistic dispersion relation of 2D systems are 0.54m,, which are
remarkably consistent with the exciton reduced mass deduced from the experimental data. Our
results illustrate that hBN represents an ideal platform to study the 2D optical properties as well as
the relativistic properties of particles in a condensed matter system. © 2013 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4829026]

Hexagonal boron nitride (hBN) has attracted a great deal
of research interest due to its unique physical properties
including high temperature and chemical stability, large ther-
mal conductivity, and corrosion resistance, large energy band
gap (B, ~ 6¢eV), and large neutron capture cross section.'™
Due to its similar in-plane lattice constant to graphene and
chemical inertness and resistance to oxidation, hBN is also
considered as the ideal template and gate dielectric layer in
graphene electronics.'®"” Lasing action in deep ultraviolet
(DUV) region (~225nm) by electron beam pumping was
demonstrated in millimeter size hBN bulk crystals, revealing
its potential for realizing semiconductor DUV light sources.
More recently, the synthesis of wafer-scale semiconducting
hBN epitaxial layers using metal organic chemical vapor dep-
osition growth opens up fresh opportunities to explore hBN
as an active material for DUV optoelectronic and neutron de-
tector device applications.* 2!

Although hBN bulk crystals and epilayers are three-
dimensional (3D) systems, the optical properties of 3D hBN
are expected to be similar to those of two-dimensional (2D)
single layer BN.?? This is due to weak Van der Waals inter-
actions and large distance (3.33 A) between layers in hBN.
Consequently, the interlayer optical transitions are much
weaker than those within the layers.”* Thus, hBN provides
an ideal platform to study fundamental optical and transport
properties of 2D semiconductor systems. For instance, the
large p — p transition rate combined with the large joint den-
sity of states of electron-hole pairs resulting from the 2D na-
ture of hBN lead to high emission efficiency. The band edge
emission in hBN epilayers is about two orders of magnitude
larger than that in AIN (Ref. 22) which is the current default
material of choice for DUV photonic device fabrication.

Currently, bulk hBN crystals are in small size.
However, these materials possess high crystalline quality
and can serve as a benchmark for the understanding of the
basic optical properties as well as for the development of
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wafer-size crystals of hBN. We present here the results of
studies on exciton recombination dynamics in hBN bulk
crystals probed by DUV time-resolved photoluminescence
(PL) spectroscopy. Bulk hBN materials employed in this
study were grown at ambient pressure by the flux method
using a nickel (Ni) and chromium (Cr) solvent mixture. >
High purity hBN powder and nitrogen gas were used as B
and N sources. The source materials were soaked at 1525 °C
for 6 h, followed by subsequent cooling at a slow rate of
4 °C/h until solvent solidification. The slow cooling rate was
employed to insure the precipitation of high quality crystals.
Detailed growth conditions were discussed elsewhere.”* The
inset (a) of Fig. 1 shows an optical image of a bulk crystal of
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FIG. 1. Raman spectrum of a bulk hBN crystal using 780nm excitation
showing a peak at 1370 cm™" with a FWHM of 9 cm ™. Inset (a) is an optical
image of the hBN bulk crystal used in this study and (b) is a schematic illus-
trating the in-plane vibrational stretch mode for the 1370 cm™' Raman line.
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hBN on Ni/Cr substrate having a dimension of about 250 um
across and 30 um thick.

Raman spectra of hBN bulk crystals were measured
using a Bruker Optics system and 780 nm excitation. A DUV
time-resolved PL system was utilized to probe the emission
properties.'® The system consists of a frequency quadrupled
100 fs Ti:sapphire laser with excitation photon energy set
around 6.28 eV and a monochromator (1.3 m) in conjunction
with a single photon counting detection system (20 ps time-
resolution) and a streak camera system (2 ps time-resolu-
tion). Figure 1 shows a typical Raman spectrum of hBN bulk
crystals. The mode at Ag=1370cm ™" is attributed to the
E, symmetry vibration in hBN, corresponding to the
in-plane stretch of B and N atoms as illustrated in the inset
(b) of Fig. 1."""* The full-width-at-half-maximum (FWHM)
of this Raman line is 9cm ™', which is among the smallest
values reported in the literatures.'""** In Fig. 2, we present
low temperature (10 K) band-edge PL emission spectrum of
an hBN bulk crystal plotted in the region from 5.70 to
5.95eV, where fine features are clearly resolved. The spec-
tral line shape, including the spectral peak positions and the
energy separations between the fine features, is very similar
to the sharp exciton emission lines (so called S-series lines)
previously observed in hBN crystals synthesized by high
temperature and high pressure (HT-HP) techniques8 and also
in hBN powders.?® The four main emission peaks located at
5.771 (S4), 5.799 (S3), 5.869 (S2), and 5.897 (S1) eV were
attributed to the four Frenkel class free exciton levels origi-
nated from the doubly degenerated dipole-forbidden (dark)
and dipole-allowed (bright) exciton states, in which the dark
exciton state becomes allowed either due to the spontaneous
symmetry breaking caused by energy transfer from bright
exciton band as a result of the zero-point vibration of the lat-

tice””*® or a strong spin-orbital interaction due to 2D layered
structure.”
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FIG. 2. Low temperature (10 K) band-edge PL spectrum of a bulk hBN crys-
tal showing the S-series excitonic emission lines.
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For 2D excitons, Paraskevov>" suggests that because of
the momentum conservation light emission resulting from
direct exciton recombination in directions other than that of
in-plane is induced by the exciton-acoustic phonon interac-
tion. Based on this concept, the dependence of the exciton
radiative lifetime T on the effective temperature of the exci-
ton system was derived. The theory is generally valid when
exciton-exciton interaction is negligibly small, i.e., the
deBroglie wavelength of an exciton is much larger than the
exciton Bohr radius. At T > T*, the theory indicated that the
function tr(T) exhibits a well-known linear dependence. At
T =T*, the theory predicated that the lifetime Ty reaches its
minimal value and at T < T*, it increases with decreasing T.
The characteristic temperature T* is defined as

Tx = hs/kag, (1)

where 7i=h/2n with h being the Plank’s constant, s the
sound velocity in the 2D layer, k the Boltzmann constant,
and ap the exciton Bohr radius. In typical semiconductors,
T* is quite low. For example, T* ~ 3.6 K, in GaAs quantum
well.*® Therefore, one typically observes the well-known lin-
ear dependence of 1x(T) < T. However, the S-series emis-
sion lines in hBN are attributed to the recombination of
Frenkel excitons.?*2° The Bohr radius of a Frenkel exciton
is expected to be a few lattice constants. As such, the interac-
tion between Frenkel excitons in hBN are expected to occur
at a much higher density than the one in GaAs and is
expected to be negligibly small under our experimental con-
ditions. Though the spatial extend of Frenkel excitons is
small, they travel as a wave throughout the crystal to provide
an avenue to transfer energy from one point to another in the
crystal.**? We thus expect Eq. (1) to be applicable and may
be demonstrated in hBN.

The PL decay kinetics of the S-series transitions has
been measured at different temperatures. Figure 3(a) presents
the PL decay characteristics of the main transition line (S4,
5.771eV) measured at different temperatures (T). The
observed decay kinetics is slightly non-single exponential at
intermediate temperatures, which may be due to the presence
of the secondary peak at 5.763 (S4t). Due to the small energy
difference between S4 and S4t, coupling between these two
states may occur, which will contribute to the non-single ex-
ponential decay behavior. Due to the fact the PL decay is
not a simple exponential, we measured the effective decay
lifetime (t.¢) of S4 line as a function of T, where 7.4 is the
time it takes the emission intensity to decay from its
maximum value A to A/e. Figure 3(b) shows the overall T
dependence of 7.4 If we assume the measured 7. is domi-
nated by the radiative recombination due the very large os-
cillator strength of excitons in hBN,27*29 we then obtain
experimentally a value of T* ~ 175 (£15) K, which is about
50 times higher than that in GaAs (T*~3.6K in GaAs), in
which ag ~ 10nm. The calculated sound velocity of longitu-
dinal wave (p-wave) in hBN is about 2.2 x 10°cm/s,”
which is about 4 times larger than that in GaAs. Using these
data, we can deduce a value of exciton Bohr radius in hBN
through

ag(hBN) = hs/2nT* ~ (4/50)ap(GaAs) ~ 8A, (2)
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FIG. 3. Temperature dependence of the (a) PL decay characteristics and (b)
effective decay-lifetime (t.¢) of the S4 exciton emission line.

where we take ag(GaAs) ~ 10nm. So the spatial extent of
exciton in hBN spreads over ~3 in-plane lattice constants,
which is consistent with the picture that excitons in perfect
hBN crystals belongs to a Frenkel class. From the value of
ag, we can estimate the binding energy of exciton in hBN
using

Ep = h®/(nuap?), 3)

where the exciton reduced mass y = emqay/ag, a, =0.53 Ais
the Bohr radius of hydrogen atom, and m, is the mass of free
electron. The measured in-plane dielectric constant of hBN
is around ¢ =4 (Ref. 34), and we therefore obtain a value of
Eg =~ 740meV and minimum direct band gap of about
6.51eV. Our estimated values agree quite well with the cal-
culated values of Eg =~ 720 meV and a minimum direct band
gap of about 6.47eV.?” The reduced mass of 2D exciton in
hBN can also be obtained directly from the measured value
of the Bohr radius, = emya,/ag ~ 0.27m,,.

One could also estimate the reduced mass of 2D exciton
in hBN from the dispersion relation of single sheet hBN
derived from a tight-binding model**>-*

E*(k) = 2 + 2[3 + 2 Cos(3"*kya)
+ 4 Cos(3'%kya/2) Cos(3kea/2)], (4)

where f is the energy difference of electron localized on B
and N atoms for hBN and ¢ is the nearest-neighbor hopping
energy (2.8-3.1eV in graphene) and a is the in-plane boron-
nitrogen (1.446 A) or carbon-carbon (1.42 A) distance.
Expanding Eq. (4) near the Dirac points K and K’, we have

Appl. Phys. Lett. 103, 191106 (2013)

E(q) = [ + v 12" = <[ + (31a/20)*12q%)'?,
(5)

tL)

where “+4” sign is for electrons and “—” sign for holes.
Similar to graphene, we have exactly the same dispersion
relation for the electrons and holes in single sheet hBN. In
this regard, holes are truly anti-particles of electrons in single
sheet hBN. At the Dirac points, q =0, the minimum (maxi-
mum) energy of the conduction (valance) band is E,;,, = +f8
(E"max = —p) and thus E, =2p. It is clear that a single sheet
hBN is a direct bandgap material with an energy bandgap of
2f. By comparing Eq. (5) with the relation for relativistic
particles, we have

EX(q) = (m,vi?)® + (hviq)?, (6)

ve=3ta/2h, f= m,v¢, and m, = 1/2(2h/3ta)2Eg. It is interest-
ing to note that Eq. (6) represents the generalized dispersion
relation of 2D systems, which provides a direct relationship
between the effective mass (m,) and bandgap (E,). The pa-
rameter ¢ in hBN is similar to that in graphene. Using
Eo(=2p) ~ 6.0eV and ¢t ~ 3eV for hBN, we obtain the
effective masses of electrons and holes in single sheet hBN
to be around 0.54m,,. This implies that the reduced mass of
2D excitons in hBN is around u ~ 0.27mg, which is remark-
ably close to the value deduced from 2D exciton Bohr radius
obtained from experimentally measured T dependence of the
exciton decay lifetime (Fig. 3(b)). Our experimentally
deduced value of electron and hole effective mass in hBN is
also very close to the calculated effective mass of 0.5m,.>"~®
This further suggests that excitons in 3D hBN crystals pos-
sess 2D characters. We would like to emphasize that the evi-
dence for the 2D exciton character in 3D hBN is not solely
based on the time-resolved PL measurement results but also
comes from the overall coincidence of all possible hints, ex-
perimental data, and calculations.

In summary, the theory for 2D exciton recombination®
seems to adequately describe the exciton dynamics in 3D
hBN. The exciton Bohr radius and exciton binding energy
deduced from the temperature dependent exciton recombina-
tion lifetime is around 8 A and 740 meV, respectively. The
deduced 2D exciton reduced mass (u ~ 0.27mg) is consistent
with that derived from the relativistic dispersion relation of
hBN single sheet which provides the effective masses of
electrons and holes in single sheet hBN to be around 0.54m,,.
We thus believe that the 2D nature hBN provides a very
unique platform to study the properties of relativistic par-
ticles; positronium in particular, in 2D condensed matter sys-
tems. Following the isolation of graphene,” intensive
research activities are currently undertaken worldwide in the
areas beyond graphene—2D materials having non-zero
energy band gaps. The generalized dispersion relation for 2D
systems derived from a tight-binding model**~ is expected
to be applicable to different 2D material systems.
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