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estimates the population relaxation rate. How-
ever, this remains under investigation.

The AT splitting and gain without inversion in
the Mollow absorption spectrum imply that the
absorption and gain inside a single QD are
tunable. In the AT configuration, the absorption
of the probe beam can be switched on and off by
applying a strong optical field. In contrast, in the
MAS experiment, the absorption of the frequen-
cy fixed probe beam can be tuned to be positive
or negative (gain) by adjusting the pump field
strength. Our results are the first step toward the
realization of electromagnetically induced trans-
parency and lasing without inversion in the spin-
based lambda system and suggest that QDs offer
the potential to be used as elements in opto-
electronics and quantum logic devices (4, 27).

Note added in proof: Since the submission
of this paper, two papers have appeared on
http://arxiv.org that report studies of the res-
onant excitation of quantum dots in the strong
excitation regime. The first (37) reports a mea-
surement of the fluorescence correlation func-
tion that Mollow first calculated, and the second
(32) reports Rabi oscillations.
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Deep Ultraviolet Light—Emitting
Hexagonal Boron Nitride Synthesized
at Atmospheric Pressure

Yoichi Kubota,* Kenji Watanabe, Osamu Tsuda, Takashi Taniguchi

Materials emitting light in the deep ultraviolet region around 200 nanometers are essential in a wide-
range of applications, such as information storage technology, environmental protection, and medical
treatment. Hexagonal boron nitride (hBN), which was recently found to be a promising deep ultraviolet
light emitter, has traditionally been synthesized under high pressure and at high temperature. We
successfully synthesized high-purity hBN crystals at atmospheric pressure by using a nickel-
molybdenum solvent. The obtained hBN crystals emitted intense 215-nanometer luminescence at room
temperature. This study demonstrates an easier way to grow high-quality hBN crystals, through their
liquid-phase deposition on a substrate at atmospheric pressure.

exagonal boron nitride (hBN) and cubic
Hboron nitride (cBN) are known as the

representative crystal structures of BN.
hBN is chemically and thermally stable and has
been widely used as an electrical insulator and
heat-resistant material for several decades; cBN,
which is a high-density phase, is almost as hard
as diamond (7).

Promising semiconductor characteristics
due to a direct band gap of 5.97 eV were
recently discovered in high-purity hBN crystals
obtained by a high-pressure flux method,

National Institute for Materials Science (NIMS), Tsukuba,
Ibaraki 305-0044, Japan.

*To whom correspondence should be addressed. E-mail:
kubota.yoichi@nims.go.jp

paving the way for a material that efficiently
emits deep ultraviolet (DUV) light (2, 3).
Similar to aluminum nitride (AIN) (4) and
gallium nitride (GaN) (5), hBN may have
attractive potential as a wide—band gap material.
The layered structure of hBN makes the ma-
terial mechanically weak, but it has greater
chemical and thermal stability than GaN and
AIN. The interesting optical properties of hBN,
such as its huge exciton-binding energy (2), are
due to its anisotropic structure, whereas a single
crystal’s basal plane in hBN is not easily broken
because of its strong in-plane bonds. Thus far,
the excitation of hBN by an accelerated electron
beam or by far-UV light above the band-gap
energy shows various efficient luminescence
bands near the band edge.

However, the electronic properties of hBN
near the band gap, which is fundamental infor-
mation for developing DUV light-emission ap-
plications, are not yet fully understood, as seen
by the fact that the origins of the luminescence
bands are still controversial (2, 6, 7). Two op-
posed models, a Wannier exciton model and a
Frenkel exciton model, have been proposed. The
former model is based on results of the intrinsic
absorption spectra near the band edge from pure
single crystals (2), and the latter model is based
on theoretical calculations and a luminescence
study that used powder samples (7) showing very
intense impurity bands around 4.0 eV (§8).
According to work examining the correlation
between impurities and defects and luminescence
properties (8, 9), the intrinsic optical properties of
samples are hindered by the extrinsic ones if
experimenters do not have careful control of the
samples’ crystallinity and polymorphic purity. In
(7), the strong 5.46-eV luminescence band, which
is attributed to stacking faults (9), dominated in
the region of the band gap, and the most intense
photoluminescence band at 215 nm, observed in
a pure single crystal, was not observed from the
powder sample. Pure samples with high crystal-
linity must be indispensable for developing this
new material for DUV light—emitting applications.
Because high-quality hBN crystals have so far
been produced only by high-pressure processes,
it is important to discover an alternative synthesis
scheme for conventional crystal growth at atmo-
spheric pressure.

DUV-luminous single-crystalline hBN has
been created through the reduction of O and C
impurities with the use of a reactive solvent of
the Ba-BN system under high pressure (2, 3, 8).
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Although the Ba-BN system is a useful solvent to
obtain high-purity hBN crystals under high pres-
sure, the system cannot be used at atmospheric
pressure, probably because of the decomposition
of the solvent itself at high temperature. A closed
high-pressure system is required for using Ba-BN
as a solvent, because the Ba-BN system is un-
stable at high temperature and is also extremely
reactive with O and in the presence of humidity at
atmospheric conditions (8).

hBN is thermodynamically stable at high
temperatures and at atmospheric pressure. There-
fore, it should be possible to obtain high-quality
hBN crystals at atmospheric pressure by using an
appropriate solvent. Ishii and Sato reported the
preparation of hBN single crystals by using a Si
flux under 1 atm of N, (/0). Although they
claimed that the crystals showed sharp absorption
near 5.8 eV, DUV-emitting properties were not
observed. Because the band-edge optical proper-
ties are strongly affected by O and C impurities
(8), the emission characteristics of their hBN
crystals were probably affected by the C impurity
mentioned in their report (/0). Yano et al. re-
ported the synthesis of hBN crystals using a Na
solvent under 100 atm of N, (/7). They observed
a cathodoluminescence spectrum of the hBN
with a peak near 3.8 eV and a weak emission near
5.6 eV.

A variety of solvents have been studied for
c¢BN synthesis at high-pressure and high-
temperature conditions: alkali and alkaline earth
metals (/2, 13), their BN compounds (3, 8, 14),
and some transition metals (/5, /6). Because a
solvent useful for cBN growth may be useful for
hBN growth, we focused on transition-metal
solvents, which do not decompose at atmospher-
ic pressure. We recently established a reaction
diagram of Ni and BN under high pressures and
found that hBN dissolves in molten Ni and
precipitates as tiny cBN crystals, and also re-
crystallizes as hBN at high-pressure and high-
temperature conditions (/7). In the chemical
vapor deposition process, Ni seems to have a
catalytic action that initiates the formation of the
hBN (18). A UV-luminous hBN layer was

deposited on a Ni substrate, though the layer
was not homogeneous (/9). Yang et al. reported
that their hBN crystals were formed from a
molten surface layer of Ni substrate, although the
obtained crystals were only a few micrometers in
size (20). They did not claim any information
about the optical characteristics of the products.

Here we describe the synthesis of high-
quality hBN crystals under atmospheric pressure
using a Ni base solvent. Although the grown
crystals formed aggregates with dimensions of
several hundred micrometers, intense DUV emis-
sion was observed across the entire region of the
grown crystals.

Initially, we used a Ni disk as the solvent and
deoxidized hBN powder as a starting material for
the atmospheric-pressure synthesis of hBN (21).
The materials were put into a crucible and heated
at 1350° to 1500°C for a soak period of 12 hours
in the furnace. After soaking, the furnace was
cooled down at a rate of 4°C/hour to 1200°C.

Colorless and transparent crystals with a thin
platelike habit were found to grow on the surface
of the solidified Ni solvent. The obtained crystal
surface was segmented by striae into triangular or
hexagonal domains. The largest crystal was
about 300 um across, with thickness of a few
micrometers. The Raman spectrum of the crystal
showed a single peak at 1365 cm ', which
corresponds to the in-plane vibrational mode of
hBN (22), with full width at half maximum
(FWHM) of 9.3 cm™". The yield of the reaction
was, however, very low, and the recrystallized
hBN was observed only on some small parts of
the surface of the solvent.

The binary Ni-B and Ni-N phase diagrams
show that approximately 30 weight % (wt%) B is
in a liquid phase at 1550°C (23), whereas the
solubility of N in liquid Ni is only 0.0012 wt% at
1550°C at 1 atm of N, (24). Thus the yield of
recrystallized hBN is controlled by the N solu-
bility in the liquid phase of the Ni solvent.
Kowanda and Speidel reported that the N solu-
bility of a liquid Ni-Mo alloy increases with an
increasing concentration of Mo; the addition of
Mo of 40 wt% to the Ni solvent enhances the

1 mm

Fig. 1. Optical micrographs of recrystallized hBN obtained with a Ni-Mo solvent. (A) Typical hBN
crystal on the solidified solvent (as grown). (B) A fragment of aggregate hBN crystals after acid
treatment (the inset is an optical micrograph of a recovered sample). The shiny white regions are

reflected light.
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solubility of N by 40 times as compared to that in
the pure Ni (24). We thus added Mo to the Ni
solvent so as to increase N content in solution.

Many faceted platelike hBN crystals were
obtained on the surface of the solidified Ni-Mo
solvent (Fig. 1A). The thickness of the crystals
grown was typically 10 um, as characterized by
optical microscopy. The largest hBN crystal ob-
tained in this study was on the order of 300 um x
200 um. We found that the crystals were ag-
gregated and fully covered the surface of the
Ni-Mo solvent, which was 20 mm in diameter
(Fig. 1B, inset). Although the grown crystals
fragmented into several pieces during the acid
treatment, the recovered crystal was transparent,
colorless, and about 9 mm x 4 mm in size (Fig.
1B). These results show that the Mo in the Ni-Mo
alloy increases the yield of recrystallized hBN,
probably by increasing the N solubility of the
solvent.

The Raman spectrum of the crystal shows a
single peak at 1365 cm ' with a FWHM of 9.0
cm ' (Fig. 2A). The FWHM of our high-quality
hBN single crystals obtained by high-pressure
and high-temperature synthesis was 9.1 cm !,
suggesting that quality of the crystal from the
Ni-Mo binary system was almost comparable to
that of the crystal produced by high-pressure and
high-temperature synthesis.

Figure 2B shows an x-ray diffraction (XRD)
profile of the aggregate crystals that were ground
into fine powder. All the peaks can be assigned
as those of hBN (Joint Committee on Powder
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Fig. 2. Characteristics of recrystallized hBN grown
in a Ni-Mo solvent at atmospheric pressure. (A)
Raman spectrum obtained from recrystallized hBN.
(B) X-ray diffraction profile of recrystallized hBN
after being ground to fine powder. arb., arbitrary.
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Diffraction Standards card no. 34-421), except
the broad peak near 60°, which is attributed to
the Si sample holder.

Figure 3 shows typical cathodolumines-
cence spectra of the hBN crystals grown with the
Ni and Ni-Mo solvents. The spectra were mea-
sured at room temperature. Each spectrum ex-
hibits an intense free-exciton luminescence peak
at 215 nm that is characteristic of a high-quality
hBN crystal (2). The shoulder structure around
227 nm, which we attribute to a bound exciton
caused by a stacking disorder, is relatively low,
suggesting that these crystals have low stacking
disorder (9). We also observed weak broad bands
around 300 nm, especially in the Ni solvent
system, which were probably due to residual
impurities such as O and C (2, 8). It is known that
Mo forms carbide whereas Ni does not (25, 26),
suggesting that Mo could play the role of the C
getter in the Ni solvent. The reduction of C
impurities in the crystals was achieved, as
suggested by the less-broadband feature near
300 nm. The dominant DUV band near the band
edge at 215 nm reveals the low impurity content
of our crystals.

Our results show that the atmospheric-
pressure Ni-Mo solvent system is as effective

for the synthesis of high-quality hBN as are high-
pressure and high-temperature solvent systems.
We made direct quality comparisons of the emis-
sion characteristics of the samples grown in this
study and those grown at high pressures. The
band-edge emission intensities of the both crys-
tals were of similar order (Fig. 3C).

hBN recrystallization using a metal solvent
can lead to large-area deposition of high-quality
hBN crystals on a substrate with the use of a
liquid-phase epitaxy process under atmospheric-
pressure conditions. In order to examine the growth
of a hBN crystal on a substrate from the solution,
we added a sapphire substrate to the starting
materials and applied the same growth process
as above, using the Ni-Mo solvent. We observed
that hBN crystals with smooth surfaces grew on
the substrate (Fig. 4A). The cathodolumines-
cence spectrum of the hBN crystals showed the
similar dominant luminescence band at 215 nm
(Fig. 3). Figure 4B shows the intense 215-nm
luminescence image at room temperature corre-
sponding to Fig. 4A. The intensity of the 215-nm
band is uniform over almost all of the surface.
The cathodoluminescence image of striae is
substantially enhanced by the scattered 215-nm
luminescence in Fig. 4B.

Fig. 3. Cathodolumi-
nescence spectra of re- L
crystallized hBN at room -
temperature. (A) hBN
obtained with a Ni sol-
vent. (B) hBN obtained
with a Ni-Mo solvent. (C)
Direct quality compari-
son of the emission char-
acteristics. Solid line, -
hBN obtained with a r
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Fig. 4. Images of hBN crystal grown on the a-plane sapphire substrate (obtained with a Ni-Mo solvent
prepared at 1400°C). (A) Differential interference microscopic image. (B) Cathodoluminescence image
for 215-nm band. We did not find any intensity change of the measured spectra between the grain
boundary and the plane surface area when measuring the point-to-point mode of the cathodolumines-
cence system, where the electron beam remained stationary and the measured luminescence was confined

to the exposed spot area.

When Mo was added to the Ni solvent, the
yield of recrystallized hBN was substantially
increased because of the enhancement of N solu-
bility in the Ni-Mo system. The grown hBN
crystals were of very high quality, exhibiting their
band-edge optical nature of intense 215-nm
luminescence. Consequently, we can establish
an alternative synthesis route for large amounts
of high-quality hBN crystals, as well as their
liquid-phase deposition process on a substrate at
atmospheric pressure.
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