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Abstract

Hexagonal boron nitride (hBN) is an important insulator that is incorporated into numerous 2D
electronic, optoelectronic, and photonic devices. Whereas natural hBN is mixture of 20% '°B and
80% !B isotopes, monoisotopic hBN is a variant with just a single boron isotope, either !B or
B, Consequently, monoisotopic hBN has a higher thermal conductivity and a stronger neutron
absorption (in the case of h'°BN), making it superior for neutron detectors, heat management
materials in nano flexible electronic devices, and phonon polariton-based nanophotonics. Here we
synthesized approximately monoisotopic hBN using boron powder containing a single boron
isotope and nitrogen, and grew single crystals from a Fe-Cr metal flux at atmospheric pressure.
Narrow Raman peaks from the shear (<1.3 cm!) and intralayer (<3.3 cm™') modes demonstrate
that the crystals are highly ordered. In the photoluminescence spectra, the presence of phonon-
assistant transition peaks is also indicative of the high-quality of the crystals. This growth
protocol permits us to get rid of the emission at 4.1 eV. This work provides a novel material for
studies of the fundamental properties of isotope effects and high-performance hBN device.
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1. Introduction

Hexagonal boron nitride (hBN) has received a lot of attention recently because of its excellent properties such as its chemical
inertness, wide energy bandgap (5.9 e¢V), atomically smooth surface that is free of dangling bonds' and high in-plane thermal
conductivity?. These properties make hBN appealing for such applications as deep UV emitters and detectors,? substrates and
encapsulants for other two-dimensional materials,* quantum emitters,> heat management layers in nano devices, dielectrics,® neutron
detectors,’ and so on. For these applications, hBN single crystals are needed.

Most current research uses hBN with the natural distribution of boron isotopes: !'B (80.1%) and '°B (19.9%). Due to the different
neutron spin number and atomic masses between the 1°B and "B isotopes, pure boron and boron compounds with a single isotope
(monoisotopic) possess different phonon effects including electron-photon interaction, reduced isotopic disorder and different
average isotopic masses.® In the case of hBN, the different properties of '°B and !'B isotopes affect the corresponding optical
excitation spectra and energy gaps.” Monoisotopic boron hBN single crystals are also of interest for investigating the fundamental
isotopic effects. The enhanced properties of monoisotopic hBN make it superior for applications in heat management,
nanophotonics and thermal neutron detection. For example, because of its anisotropic thermal conductivity (high in-plane and low
out-of-plane), chemical stability and mechanical flexibility at high operating temperature, monoisotopic hBN opened up an
opportunities for next generation thermal management materials, such as cooling bendable nanoscale microelectronics or
thermoelectrics!®. Compared to natural hBN, monoisotopic hBN possesses a higher thermal conductivity because of reduced phonon
scattering due to the random distribution of isotopes.!"> 1> Moreover, while natural abundant hBN crystal is a low-loss phonon
polariton material, first-principles calculations predict the polariton lifetimes of monoisotopic hBN is even higher, increased by a
factor between four and ten because of less phonon scattering.'> 14 Thus, monoisotopic hBN is especially good for realizing high-
efficiency, polaritonic devices. A threefold increase in both the bulk phonon lifetimes and propagation length of phonon polariton
over the already low-loss natural hBN crystals were experimentally demonstrated.!'3 Furthermore, neutron detectors fabricated with
h'°BN epilayers have demonstrated a thermal neutron detection efficiency of 51.4%, which is the highest among all semiconductor
neutron detectors. "

Despite its promise, monoisotopic boron hBN single crystal growth has not been well studied. To the best of our knowledge,
h!''BN has not been reported by chemical vapor deposition (CVD). h!°BN epitaxy layers were grown by CVD on sapphire substrates,
however, they are not single crystalline.'®

Our group has previously reported the single crystal growth of monoisotopic hexagonal boron nitride from Ni-Cr flux.!”
Approximately monoisotopic boron powders, i.e.,'’B (99.22 at.%) and !'B (99.41 at.%), and nitrogen were used as the precursors.
Both h'°BN and h!''BN single crystals were produced from Ni-Cr flux solvents at 850 torr. Their Raman peak widths were narrow
(~ 3 cm™), indicating their excellent structural quality. There is a clear spectral shift in both shear and intralayer modes in
monoisotopic hBN.

Here we test whether an iron-chromium flux is also suitable for growing monoisotopic hBN crystals. For crystals grown by metal
flux techniques, impurities can degrade the hBN quality. Potential sources of impurities in the hBN are the metals comprising the
flux (Ni, Fe, and Cr), as well as impurities in the metal fluxes (carbon and oxygen for example). These impurities can incorporate
either as precipitates (inclusions), substitutionally on lattices sites, or intercalated between the layers of hBN.!3:1° Iron is an attractive
potential alternative to nickel because it is less expensive and commercially available in high purity. Our prior study demonstrated
that Fe-Cr metal flux can grow hBN with the natural boron distribution from a hot pressed boron nitride source.?

In this study, h'°BN and h!'BN crystals were grown from a Fe-Cr flux. Crystal growth by this method is complex as it involves
the simultaneous reaction of boron and nitrogen to form hBN, the dissolution of solids (boron and boron nitride) and a gas (nitrogen),
into the hot solution, and hBN crystal nucleation and growth as the solution is cooled. Consequently, it is difficult or even
impossible to predict apriori the outcome. Thus, it is necessary to evaluate this process through experiments, and to characterize
the properties of the crystals produced. The crystal quality was characterized by optical microscopy, and Raman and
photoluminescence spectra.

2.Experimental methods

2.1 Bulk single crystal growth
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Approximately monoisotopic boron hBN (h!°BN and h!'BN) crystals were grown by the metal flux method. which is
schematically illustrated in Figure 1. The high-purity 30g iron shot (4H8 purity, carbon content: 1ppm), 30g chromium granules
(5N purity, carbon content 12 ppm) and B (99.22 at.%) or ''B (99.41 at.%) powders were mixed and loaded into an alumina
crucible which was then put in an alumina tube furnace with single horizontal heating zone. Before heating the furnace, the alumina
tube was purged three times by forming gases (95% Ar and 5% H,) and N,, and then filled to a pressure of 820 torr. The flow rate
of N, and forming gas were 700 and 30 sccm, respectively. The alumina crucible was heated to 1550 °C and held for 24h. During
the crystal growth process, boron and nitrogen were dissolved in the Fe-Cr flux. Then the crucible was cooled down to 1450 °C at
a cooling rate of 4 °C/h. hBN crystals precipitated during the cooling process. Finally, the furnace was quenched to room temperature
at 200 °C /h, causing the metal flux to solidify into a metal ingot. Forming gases and N, flow continuously during the experimental
process. The solidified metal ingot was covered by h'BN or h''BN crystals. In order to characterize the hBN, free-standing flakes
were peeled from the metal flux using thermal release tape.

""B("B) and nitrogen
solution in Fe-Cr flux Boat

Cooling

h“BN(h"BN) crystal  Fe-Cr ingot

Figure 1. Schematic diagram illustrating the monoisotopic boron hBN crystal growth process. Boron and nitrogen were dissolved
in Fe-Cr flux at high temperature(top), then hBN single crystal precipitated on the metal flux surface during cooling process
(bottom).

2.2 Raman spectra

Raman spectra were taken at room temperature using a Horiba Labram HR Raman microscope system. A 532 nm laser was used.
The laser spot was focused by a 100x lens to a spot diameter of ~1 um. By using an 1800 groove/mm grating, we achieved an
instrument resolution of ~0.5 cm™!. Raman peaks are well fitted using Lorentzian lineshape.
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2.3 Photoluminescence spectra

The opto-electronic properties of the h!°BN and h!'BN single crystals were characterized by PL spectroscopy. The hBN crystals
were mounted on the cold finger of a closed-cycle cryostat at a temperature of 10K. The excitation beam is the fourth harmonic of
a cw mode-locked Ti-Sa oscillator (194 nm) with a repetition frequency of 82 MHz. The beam was focused on the sample with a
spot diameter of ~50um and a power of ~35 pW. An achromatic optical system couples the emitted signal to the detection system
using parabolic mirrors with a special coating for deep UV. The detection system was composed of a f = 300 mm Czerny-Turner
monochromator, equipped with a 1800 grooves/mm grating blazed at 250 nm, and a back-illuminated CCD camera (Andor Newton
920), with a quantum efficiency of 50% at 210 nm, operated over integration times of 1 min.

3.Results and Discussion

Figure 2. (a) Single crystals of h''BN on the top surface of the Fe-Cr ingot. The grid size 5 mm x 5 mm. (b) An enlarged region
of the h!'BN crystal grown from Fe-Cr on the top surface of ingot. (¢) Micro images of h!'BN crystals grown from Fe-Cr.

Figure 2a is a macro image, showing an example of h!'BN crystals on the Fe-Cr ingot. Some individual triangular and imperfect
polygonal shapes formed on the top surface of the Fe-Cr ingot, which is the typical morphology of hBN grown from a metal flux.!”
20,21 There were some opaque areas on the surface of ingot (Figure 2b), which comes from small size h''BN crystal due to the high
supersaturation during nucleation process. The domain size was as large as 5 mm across, presumably indicating low nucleation
density in this area during the crystal growth process.

To better understand the surface morphology, the ingot was examined by optical microscopy (Figure 2¢). Some domains overlap
each other, like fish scales. The crystals were highly transparent and colorless. The Fe-Cr alloy can be seen through the transparent
hBN crystals. The entire surface was not fully covered by h!'BN crystal: bare metal was exposed in some regions. Considering that
nitrogen is the only volatile element in the system, this is presumably due to the deficiency of nitrogen during h''BN crystal
precipitation process. Triangles were the predominent crystal shape. The geometric shape of the domain suggests all grains it contain
have a similar orientation.
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Figure 3. Raman spectra of monoisotopic hBN flakes. (a) Intralayer mode and (b) shear mode.

Figure 3 shows the Raman spectra from h!°BN and h!'BN crystals. Both h'°BN and h!'BN exhibit high (Figure 3a) and low
frequency peaks (Figure 3b). The mode at high frequency originates from the intralayer E,, phonon vibration. In contrast, the mode
at low frequency is attributed to a vibrational interlayer shear mode, specific to the lateral displacement of atomic layers.?> The
peaks of intralayer mode in h'°BN and h!'BN are at 1394.2 cm™! and 1357.7 cm™!, respectively. The full-width-at-half-maximum
(FWHM) values for h!°BN and h!'BN are 3.1 and 2.7 cm™!. Both are comparable to that from h!°BN and h!'BN grown from Ni-Cr
(3.1 and 3.3 cm™!, respectively)!”, which suggests that the h''BN and h!'BN crystals are highly crystalline with quality comparable
to our monoisotopic hBN grown from Ni-Cr flux.

The E,, phonon energy from h!°BN is higher than that from h!'BN. The ratio of observed E,, phonon frequency ©Or108N/ w11,y
=1.027. This is due to the boron atomic mass difference of 1°B and !'B. In a harmonic oscillator model, the vibrational frequency

T 1
of a binary atoms lattice is proportional to_ [~ + 7., Mp and my are atomic mass of boron and nitrogen atoms, respectively.?* From

the masses of 1°B, !'B and N atoms, we can estimate that the vibrational frequency ratio ©pl0pN/ wp11gy = 1.028, which agrees

with our observed Raman frequency ratio. The FWHM values of both h'°BN and h!'BN are much smaller than that from natural
abundant hBN (7.8 cm™)!7, which is attributed to the isotopic disorder effect in natural hBN. Isotopic mass fluctuation interrupts
the translational symmetry of isotopically pure atoms and causes elastic scattering of phonons. Therefore, monoisotopic hBN
without isotopic mass fluctuation has less elastic scattering of phonons®.

The low frequency peak of h'BN and h!'BN appears at 53.6 (FWHM of 0.9 cm’!) and 52.4 (FWHM of 1.1 cm™) em’!,
respectively. The FWHM values of this Raman peak from both h!'BN and h!°BN are slightly smaller than monoisotopic hBN grown
from Ni-Cr flux (1.3 em™)!7, which indicates that both h!'BN and h'°BN grown from Fe-Cr flux may have less stacking defects
than Ni-Cr. Similar to the intralayer E,, mode, for h!°BN, the shear mode exhibits a blue shift in comparison to h!'BN. The phonon
energy difference is also attributed to the mass difference of '°B and !'B.
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Figure 4. (a) Photoluminescence (PL) spectra of h!°BN and h''BN at 8K. (b) PL spectra of h'°BN and h!'BN on a log scale
ranging from 5.0 eV to 6.0 eV.

Figure 4 demonstrates photoluminescence spectra of h'BN and h''BN crystals. As Figure 4a illustrates, there are no emission
peaks around 4.1 eV, indicating low concentration of carbon, oxygen impurities and other points defects.?*2° These sharp peaks at
4.1 eV are correlated to the impurities in the source materials and it was in particular emphasized that they can be detected in the
BN powder used for the growth.?* Here, in contrast to growth protocols involving a hot pressed boron nitride source,?® the using of
monoisotopic boron powders, i.e., °B and !'B, and nitrogen as the precursors loaded into an alumina crucible that was put in an
alumina tube furnace leads to samples free from emission at these energies. This rules out that oxygen dissolves from alumina
crucible as a contaminant. Because hBN is an indirect semiconductor, radiative recombination must be assisted by the emission of
phonons to conserve the energy and momentum. Consequently, the PL spectra of hBN is composed of many phonon replica lines,
which is attributed to the different paths of phonon emission.?¢-?® Figure 4b shows PL spectra of monoisotopic hBN ranging from
5.4 eV to 6.0 eV. The lines between 5.4 and 5.7 eV are known as the D lines, which come from inter-K valley scattering assisted
by phonons at the K point of the Brilouin zone. The stacking defects of bulk crystals provide density of states and make the inter-
K valley scattering observable.?® The four peaks between 5.75 and 5.90 eV correspond to radiative recombination assisted by the
emission of phonons, specifically longitudinal optical (LO), transverse optical (TO), longitudinal acoustic (LA) and transverse
acoustic (TA) phonons, respectively. The presence of those sharp and intense peaks indicate the crystal have better crystallinity and
fewer impurities and defects than many previous studies in which that the peaks were not observed.?*-3! We note the PL spectrum
is globally slight blueshift in h''BN, compared to h!°BN. From Raman spectra (Figure 3), we confirmed that the phonon energy of
h''BN is smaller than h'°BN. The lower the phonon energy, the lower the energy detuning with the indirect bandgap.® 26 Therefore,

the energy of the phonon replica of h'°BN is lower than h!'BN.

4.Conclusions

In summary, we successfully synthesized monoisotopic boron hBN bulk single crystals from Fe-Cr flux, which is significantly
cheaper and more pure than Ni-Cr flux. The small FWHM values of shear mode and intralayer mode in Raman spectra demonstrate
the crystal quality is comparable to the h'°BN and h''BN grown from Ni-Cr flux. Phonon-assisted transitions in photoluminescence
(PL) spectra caused by longitudinal optical (LO) and transverse optical (TO), longitudinal acoustic (LA), transverse acoustic (TA)
phonons confirm that the crystals are the high quality, with few defects and impurities. These h'’BN and h''BN crystals are useful
for investigating the isotopic effects on the electronic and optical properties, and for devices incorporating hBN.
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