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Origin of the significantly enhanced optical transitions in layered boron nitride
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It is normally expected that an excellent optical material should have p — s-like transitions at the absorption
edge. This is because the strength of p — s-like transitions usually is much stronger than those of p — p
transitions, especially in those ionic semiconductors where the electronic states are more localized and behave
as atomic characters. Here, we demonstrate an exception that the luminescence intensity of hexagonal boron
nitride (h-BN) could be at least two orders of magnitude greater than that of AIN, despite the dominated atomic
p — p transitions at the absorption edge of #-BN. Using group theory analysis and first-principles calculations,
we show that the strong optical transitions in #-BN originate from the unusually strong p — p-like transitions
and its “two-dimensional” nature. As learned from 4-BN, we demonstrate that one can dramatically increase the
absorption or luminescence intensity at the fundamental absorption edge of an optical material by confining its

thickness into a few layers, which is much more effective than the commonly used superlattice technology.
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I. INTRODUCTION

The optical absorption coefficient o(w) and photolumines-
cent intensity /(w) are mostly determined by the quantum
transition rate W;_, ; given by Fermi’s golden rule W;_,
|M|2g(hw), where |M |2 = |(f|€ - 7 |i)|?is the dipole matrix
element square between states i and f, and g(fiw) is the joint
density of states'? with iw = E r— E; where E; and E; are
the energy of states f and i. In the textbook description, one
learns that, in a spherically symmetric atom, an allowed optical
electric-dipole transition requires that the orbital angular
momentum [ of the initial and final states differ by =1,
i.e., atomic p — p transition is forbidden, but the p — s
transition is expected to have large magnitude. When atoms
form a crystal, due to reduced symmetry, even though this
kind of p — p transition may not be completely forbidden,
it is normally expected that the crystal inherits the atomic
features; thus the strengths of p — p-like transitions should
be much weaker than those of p — s transitions, especially
in those ionic semiconductors where the electronic states
are more localized and behave as atomic characters. Until
now, the preferred optical materials have been mostly those
semiconductors with p — s transitions at the absorption
edges. For example, group-III nitrides AIN, GaN, InN, and
their alloys are widely used in solid-state lighting for ultraviolet
(UV) and visible lights.?

AIN and its related materials play a dominant role in
deep-UV applications due to their suitable band gaps and
strong optical transition rates at the absorption edge.® Layered
hexagonal BN (2-BN), although it has a band gap close to that
of AIN, was initially not considered a good optical material
because, as in most layered ionic semiconductors, its conduc-
tion and valence band edges both have atomic p, characters.
Therefore, it is quite unexpected that experimentally it has
been shown that #-BN can exhibit high light-emitting intensity
for deep-UV lasing and LED applications.* To develop future
optical materials, it will be quite important to understand the
fundamental origin of why #-BN could be a good emitter and
what are the advantages of layered #-BN compared to other
conventional high-efficiency optical materials such as AIN.
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By employing experimental measurements and first-
principles calculations, we demonstrate that atomic-like p —
p transitions are not only allowed in A-BN due to reduced
symmetry, but can also have very large transition rates
due to the small B-N bond length, and thus large overlap
between B and N p orbitals. The unusual p — p transitions
combined with the large joint density of states of electron-hole
pairs resulting from the “two-dimensional” nature of h-BN
lead to a high absorption or luminescence intensity at the
fundamental absorption edge, which is at least two orders of
magnitude greater than that of AIN. As learned from 2-BN, we
demonstrate that the absorption or luminescence intensity at
the fundamental absorption edge of an optical material can be
largely enhanced by confining its thickness into a few layers.

II. EXPERIMENTAL AND COMPUTATIONAL METHODS

AIN epilayers are grown at 1200 °C using hydrogen as
a carrier gas with a growth rate of about 1 um/h. Epitaxial
layers of h-BN are produced usin’g triethylboron (TEB) and
ammonia (NH3) as B and N sources, respectively. A thin
BN buffer layer is deposited at 650 °C prior to the growth
of the epilayer. h-BN epilayers are grown at 1300 °C using
hydrogen as a carrier gas with a growth rate of 0.5 pum/hr.
X-ray diffraction (XRD) measurements reveal that AIN and
h-BN samples employed in this work have a full width at half
maximum (FWHM) of ~400 arc sec for a (002) rocking curve.
Photoluminescence (PL) signals are collected in two different
configurations of the polarization of emitted light, e.g., the
electrical field of the PL emission is directed either parallel
(€||1¢) or perpendicular (¢ L) to the ¢ axis. The PL spectra of
h-BN and AIN are measured with identical conditions with two
samples sitting side by side vertically, and PL data are collected
for each by moving the samples through the use of a vertical
translational stage. A frequency-quadrupled Ti-sapphire laser
with a repetition rate of 76 MHz and 100 fs pulse width
operating at 197 nm is focused onto the sample surface
through a microscope objective. The collected PL signal is
then dispersed by a 1.3 m monochromator and detected by a
micro-channel-plate photomultiplier tube.
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All the density-functional-theory (DFT) calculations are
performed by using the VASP code.” Projector augmented
wave (PAW) potentials are used to describe the interaction
of core and valence electrons, and a generalized gradient
approximation (GGA) with the PBE functional is selected in
our calculations. It is well known that GGA type calculations
usually underestimate the band gaps of semiconductors, and
hybrid functional calculations could give improved results for
both conventional semiconductors, thus we adopt a hybrid
functional® to calculate the electronic structures. A 20 A vac-
uum region is included when we calculate the nanostructures.
The pseudo-H method’ is used to passivate the surfaces of BN
quantum dot (QD), AIN thin film, and GaN thin film. Enough
k-point sampling is used for the Brillouin-zone integration.
The energy cutoff is set to 500 eV and structural optimization
is carried out on all systems until the residual forces converge
to 0.01 eV/A. The detailed methods of optical calculations
are described in Ref. 8. The symmetry related calculations and
analysis are done in QUANTUM ESPRESSO code.” Moreover,
the GW correction and Bethe-Salpeter equation calculations
are carried out in YAMBO project code.'” For the calculations
performed with the YAMBO code, the ground-state Kohn-Sham
wave functions and eigenvalues are obtained using a local-
density approximation (LDA) exchange-correlation functional
with Troullier-Martins norm-conserving pseudopotentials, as
implemented in QUANTUM ESPRESSO code. A kinetic energy
cutoff of 100 Ry is used for the wave function. These
calculations are carried out to obtain an input compatible with
the YAMBO code.

III. RESULTS AND DISCUSSION

Epitaxial AIN and A-BN with thicknesses of ~1.0 um
are synthesized by metal-organic chemical-vapor deposition
on (0001) sapphire substrates. The PL spectra of #-BN and
AIN are measured with identical conditions with two samples
sitting side by side vertically, and PL data are collected for
each by moving the samples through the use of a vertical
translational stage. As shown in Fig. 1, the PL measurements
show that the peak intensity of £-BN along €_L¢ is about twice
as large as ¢||c. In contrast to #-BN, the emission along e_1¢
in AIN is almost forbidden (a very small angle in collection
configuration makes the recorded Iy, of AIN nonzero along
€1.¢). Surprisingly, we find that the emission from 4-BN is at
least 400 times greater (peak intensity) than that of AIN from
the allowed transitions. This is unusual because the strength of
the p — s transition at the AIN absorption edge is expected to
be much stronger than that of the atomic-like p — p transition
in h-BN. Therefore, an interesting question is why strong
optical transition rates can exist in #-BN.

In order to investigate the strong optical transitions in
h-BN, we have studied the possibility and strengths of p — p
transitions in BN structures. BN is known to have three
different crystal structures: cubic zinc-blende BN (c-BN),
hexagonal wurzite BN (w-BN), and #-BN.!! We first examine
the probability of p — p transitions in these BN structures by
using the general group theory analysis, and then we calculate
the size of |M|? for the p — p transitions. In the following,
we will focus on the electron-dipole transitions at the I" point
where the symmetry is the same as that of the crystal.
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FIG. 1. (Color online) The PL emission spectra of 4#-BN and
w-AIN epilayers grown on sapphire substrate by metal-organic
chemical-vapor deposition, which is collected in the configuration
of the electrical field of emission perpendicular (E" 1.¢) and parallel
(E I€) to the ¢ axis, respectively, controlled through the use of a
polarizer in front of the monochromator.

In a zinc-blende crystal (7; symmetry), P belongs to a
I"15'213 irreducible representation and the matrix element is
isotropic. Our calculations show that for sp semiconductors
the representations of the four valence bands are I';} and I';s,
with I'j5 as the valence-band maximum. The wave functions
generated from the operation of P on I'js states can be
r§duced to a direct sum of irreducible representations, i.e.,
PITi5) =T Plrin@Prlris@Pas. In terms of the matrix-
element theory, this indicates that dipole transitions from a I'y5
valence band are only allowed to conduction bands with Ty,
I'1p, I'ys, or I'ys symmetries (Table I). Thus, like the p — s
(I';s — TI'y) transition, the p — p (I';s — I'j5) transition
is also allowed. Our calculations show that, surprisingly, the
strength of the p — p (|(T'15]é - P|Ty5)|? = 1.13) transition
is comparable to that of the p — s (|(';|é - P|T'5)|> = 1.24)

TABLE I. Symmetry analysis of the representations of the
momentum operator, the top of the valence band wave functions,
and the direct product I3|v) at the I' point, which determines the
conduction band states that can have allowed dipole transition for 7,
Cey, and Dg;, symmetries.

Symmetry P [v) P [v)
1y Iis [is N@PTro@Pris@rs
Cey I¢ (L) IS I @ I, @ I3
'y (€]|c) [s Is
Ty (6.10) r, Ty
Ty (@]16) r I
Des Iy (610 ry Iy @ryers
r@e T Is
Iy (Lo ry rf
Ty (@l0) ry ry
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transition. It is also surprising to note that the strengths of
p — p transitions in c-BN are two times larger than those in
silicon. Further investigation shows that, although the p — p
within the same atom is weak, the p — p transition between
different atoms is allowed and can be large if the atomic
wave-function overlap between neighboring atoms is large.
Because the bond length of B-N (1.55 A) is much shorter than
that of Si-Si (2.34 A), this explains why ¢-BN can have much
stronger p — p transitions than silicon.

For a wurzite crystal structure with Cg, symmetry, the
transition is anisotropic with respect to the ¢ axis, which
induces a crystal field that splits the top of the valence band
from the I'js symmetry into a twofold degenerate I'g state and
nondegenerate T'; state.'*'% Closer examination shows that
P, and P, transform as the rows of I'g, while P, transforms
as I';.'7 As shown in Table I, the strengths of the p — p
transitions are sensitive to the polarization of light e. For ex-
ample, the I'¢ — T'¢ transition is forbidden if € L ¢, but allowed
when €||¢ (the calculated |(g|Py|T6)|> = 0.94 for w-BN).
Similarly, the I'; — I'} transition is allowed (the calculated
|(F1|PH|F])|2 = 1.82 for w-BN) only if &||¢. Generally, the
strengths of the I's — I'¢ and I'y — I’} transitions are larger
than those of the I' — I'f and I's — I'] transitions (e.g.,
[(Tg| PL|T1)|> = 0.52) due to the larger (smaller) overlap of
the wave functions between the N p, , (p;) and B p, , (p,)
orbitals.

The situation of the layered hexagonal structure (Degy
symmetry) is similar to that of the wurzite structure except
that it also has inverse symmetry. Therefore, € - P transforms
as I'y if éL¢, but as 'y if €¢,'® as shown in Table L
Due to the inverse symmetry, only even (+ parity) to odd
(— parity) or odd to even transitions are allowed. Under
D), symmetry, only the o — o* ((['T|PL Ty )|* = 2.85)
transition is allowed when é1¢ (Table 1), while m# — 7*
Ty — F;) ando () — n*(0c*) [e.g., Ty (I'}) — F;r (F;)]
transitions are forbidden independent of the polarization of the
light. Compared to ¢-BN and w-BN, because of the ~0.11 A
shorter B-N bond length in 2-BN and the planar structure, the
wave-function overlaps between B and N atoms are stronger
in #-BN; consequently, the strengths of the (allowed) p — p
transitions in #-BN are significantly larger than those in c-BN
and w-BN.

Although the strength of the p — p transition at the
absorption edge of 4A-BN is comparable to that of the p — s
transition at the absorption edge of AIN (|(I‘1|P|||I’1)|2 =
3.14), we still cannot understand the much larger opti-
cal transition rates in A-BN. As stated earlier, besides of
the strength of |M|?, Wi s also depends on g(hw). It
is therefore interesting to know if the huge intensity of
luminescence in #-BN is due to some “special’ g(hw).
In practice, W, is closely related to the imaginary
part of the dielectric response function ¢;(w), which is

given by e;(w) = ELE Y Y, [(e.kIe - plv.k)Po(Ec(k) —
Ev(lz) — hiw)."? Most of the dispersion of &;(w), especially at
the fundamental absorption edge, is determined by the summa-
tion over 8(EC(12) — Eu(l;) — hw), which is equal to g(hw)."?
It is known that g(hw) strongly depends on the dimensionality
of a system: in a three-dimensional (3D) system, g(fhw)

(E.y — E g)%; in a two-dimensional (2D) system, g(fhw) o C;
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FIG. 2. (Color online) The optical property of a BN material as
a function of its dimensionality. (a) 3D case: the calculated &;(w)
and g(hw) of c-BN. The experimental measured ¢;(w) (Ref. 20; with
blue shift) is also plotted for comparison. (b) 2D case: the calculated
&i(w) and g(hw) of single-layer BN. (c) 1D case: the calculated ¢;(w)
and g(hw) of a 1-nm-wide armchair-edge BNNR. (d) OD case: the
calculated ¢;(w) and g(iw) of a BN quantum dot with a diameter
around 1 nm. The corresponding structures for each case are shown
as insets in each figure.

in a one-dimensional (1D) system, g(hw) o (Ee, — Eg)™7;
and in a zero—dimensional (0D) system, g(hw) «x §(E., — E,).
Compared to 3D materials, the g(hw) around E, in a low-
dimensional material is significantly enhanced as a result of
the specific dispersion of g(fiw) in reduced dimensionality.
Consequently, it is expected that the W;_, ; of a material at the
absorption edge can be largely enhanced during the reduction
of its dimensionality if | M|? is not decreased dramatically.

In order to have a clearer picture of the relationship between
the optical property of a material and its dimensionality in a
real material, we have calculated the ¢;(w) and g(hw) of BN
from 3D bulk to OD quantum dot (QD), as shown in Fig. 2.
c-BN is an indirect band-gap semiconductor with a minimum
direct band gap around 8.8 eV at the T" point.!” The shape of
&i(w) is mostly determined by D;(E.,), as shown in Fig. 2(a).
Obviously, there is a very good overall agreement between
our calculations and the experimental data?® considering their
shape and corresponding peaks.

When the size of BN is reduced, as we expected, the shape
and intensity of &;(w) and g(fiw) around the absorption edge
may show a significant difference. As the synthesis of 2D
single-layer BN (SLBN) and 1D single-layer BN nanoribbons
(BNNRs) have recently been achieved in experiments,>'->? they
are selected as typical examples for 2D and 1D BN structures,
as shown in Figs. 2(b) and 2(c). The structure of SLBN is
similar to graphene but with the replacement of C by B and
N, thus the 7 and 7* states, which have degenerate energy
at the Dirac (K) point in graphene, are no longer degenerate.
Our calculation shows that SLBN is semiconducting with a
band gap of 5.98 eV at the K point, close to the experimental
values.?! The fundamental absorption edge is contributed by
the strong m — 7* transitions. Moreover, the 2D nature of
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FIG. 3. (Color online) (a) The calculated ¢;(w) of h-BN and
w-AIN as a function of €. (b) The calculated ¢;(w) of 2-BN and
w-AIN obtained from the GW + BSE calculations.

SLBN induces a sharp “step”-like g(fiw) around the absorption
edge [Fig. 2(b)]. The strong m — 7* transitions combined
with this special g(hw) give rise to high intensity of ¢;(w) at
the absorption edge.

When the dimensionality of BN is further reduced from
2D SLBN to 1D BNNRs, as shown in Fig. 2(c), the ¢;(w) as
well as the g(hw) at the absorption edge are close to the shape
of (E.y — Eg)_% and exhibit a very high intensity. Finally, a
spherical c-BN QD with a diameter around 1 nm cut from the
bulk is constructed [Fig. 2(d)]. As we expected, the OD nature
of the QD results in series of §-function-like peaks in ¢;(w).
But due to the reduced strength of |M|?> in BN QD, the peak
intensity of &;(w) at the absorption edge for BN QD is not
obviously larger than that of 3D ¢-BN.

After knowing the relation between ¢&;(w) (or W;_, ) and
dimensionality, we now turn back to the case of #-BN. Due to
the weak van de Waals interactions and large distance (3.23 A)
between each layer in ~-BN, the interlayer optical transitions
are much weaker than those of single-layer transitions, e.g., the
strengths of the w1 — n™* transitions between two neighboring
layers are only ~20% of those in the same layer. As aresult, the
optical properties of 3D A#-BN are similar to those of 2D SLBN
[Fig. 3(a)], which are mostly determined by the ‘“2D” nature
of h-BN and strong “single-layer” p — p transitions at the
absorption edge. As a conventional 3D material, the dispersion
of ¢;(w) for AIN at the absorption edge is proportional to
the conventional (E., — E g)%. The calculated &;(w) of h-BN
and AIN as a function of the polarization of the light ¢ is
shown in Fig. 3(a). Compared to AIN, obviously, #-BN has
a greatly enhanced absorption or luminescence intensity at
the absorption edge. In #-BN, the absorption (peak) intensity
along the el¢ direction is significantly larger than that of
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¢||¢. However, the case is opposite for AIN, where the optical
transition is forbidden along ¢_¢ due to the negative crystal-
field splitting,'*!> as shown in Fig. 3(a). Our result is consistent
well with the experimental observations (Fig. 1).

It is expected that the excitonic effect can be important
in layered structures such as h-BN due to the enhanced
electron-hole overlapping in 2D structures. In order to check
our conclusion obtained from the single-particle picture, a
GW plus Bethe-Salpeter equation (GW + BSE) calculation
is carried out to obtain the optical spectrum of ~2-BN and
w-AlN, including the excitonic effect. As shown in Fig. 3(b),
the excitonic effects are more remarkable in A-BN than in
3D w-AIN, which shifts the transition energy of 4#-BN to a
lower energy position, with a high-intensity peak at 5.72 eV.
Compared to the minimum direct GW band gap of 6.48 eV
in h-BN, the exciton binding energy is estimated to be
~0.76 eV, agreeing with previous calculations.”? Obviously,
this high-intensity excitonic peak is mainly contributed by the
high-intensity of electron-hole pairs originateding from the
“2D” optical nature of h-BN, giving rise to large enhanced
optical transition rate at the absorption edge compared to AIN.
Thus, despite the large exciton binding energy in £-BN, results
obtained from the single-particle picture are still qualitatively
correct.

These findings on h-BN can inspire us to examine the
approaches for optimizing the optical performance of a
bulk material. As we learned from BN, the reduction of
dimensionality can usually result in a large enhancement of
absorption or luminescence intensity at the absorption edge,
if |[M|? is not decreased dramatically. If one can reduce a
bulk material to a 2D slab with a certain thickness that is
comparable to the magnitude of the radius of a free exciton,

@ 30 ,
— w-GaN
—— AIN/GaN/AIN superlattice
g 20} —— GaN thin-slab
Q9
g
T 10t
0 L
2 3 4 5
Photon energy (eV)
(b) 30 T Y
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g 20;
2]
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3 10t
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4 5 6 7
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FIG. 4. (Color online) (a) The comparison of the calculated (av-
erage) absorption coefficient o between w-GaN, a 4-layer GaN thin
slab, and the 20-layer-AlN/4-layer-GaN/20-layer-AIN superlattice.
(b) The comparison of the calculated (average) absorption coefficient
o between w-AlN and a 4-layer AIN thin slab.
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“quantum” optical properties can be achieved. For example,
from the Bohr effective mass model we can roughly estimate
that the critical quantum thicknesses for AIN and GaN are
around 1.8 and 3.1 nm, respectively. The calculated o of
a 4-layer (~1 nm) GaN and AIN thin slabs are shown in
Figs. 4(a) and 4(b). Obviously, a large enhanced absorption
intensity can be realized in the GaN and AIN thin slabs. When
the thickness of the thin slab is increased, the quantum size
effect becomes weaker and the absorption or luminescence
intensity at the absorption edge is decreased and close to
that of bulk. For example, a 10-layer GaN thin slab with a
thickness of ~ 3.5 nm exhibits an absorption spectrum similar
to that of bulk GaN. More interestingly, our calculations
indicate that the widely used superlattice structures (such
as 20-layer-AlIN/4-layer-GaN/20-layer-AIN)? cannot achieve
a large improvement in the absorption intensity of GaN
compared to the thin slab we proposed, as shown in Fig. 4(a),
mainly because the electron potential barrier induced by the
AIN layers (~2 eV) is not high enough to realize a “real”
2D effect. Our understandings can also explain well the recent
experimental observations that significant enhancements of
absorption or luminescence intensity can be achieved in CdX

PHYSICAL REVIEW B 86, 155202 (2012)

(X = Se, S, or Te) thin films only when their thicknesses are
limited to a few layers.’*

IV. CONCLUSION

In conclusion, by combining first-principles calculations
and experiments, we have addressed the question why /#-BN
could be a brighter emitter than AIN. The understanding of the
unusual property in 2-BN also suggests that the absorption or
luminescence intensity at the fundamental absorption edge of
an optical material can be greatly enhanced by confining its
thickness into a few layers, which is more effective than the
commonly used superlattice technology.
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