TEM study of boron phosphide: Discovery of rnombohedral BP
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Microstructure of sphalerite (3C) boron phosphide, BP, produced by self-propagated high-
temperature synthesis has been studied by high-resolution transmission electron microscopy.
Along with numerous twins on the {l111};c plane, layers of wurtzite (2H) polymorphic
modification and previously unknown for BP rhombohedral (3R) structure were found which
indicates trimorphism of BP.
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Introduction

Boron phosphide BP is a hard (Vickers hardness Hy ~ 30 GPa [1]) refractory (melting temperature
at ambient pressure is 2840 K [2]) and low-compressible (300-K bulk modulus is 174 GPa [3])
wide bandgap (E,=2.1 eV [4]) semiconductor with outstanding chemical and high-temperature
stability that makes it a promising material for a wide range of applications [5]. Under ambient
conditions, BP crystallizes in cubic sphalerite (F-43m) structure with boron and phosphorus
tetrahedrally coordinated to each other. Another tetrahedral structure of boron phosphide, hexagonal
wurtzite (P6smc) polymorph, has also been reported [6], however, in the literature there is no data

on the structure and properties of this phase.

The main limitation for the use of boron phosphide is the lack of relatively simple and economical
methods of its production, especially, of BP single crystals. The disadvantages of existing methods
are the use of toxic and aggressive reagents, complicated technical implementation and high time

consumption. Recently, two new methods of boron phosphide synthesis have been developed i.e.
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self-propagated high-temperature synthesis [7] and mechanochemical synthesis [8] that are
characterized by simplicity, high efficiency, low cost and good perspectives for large-scale
production. Here we report the results of transmission electron microscopy studies of BP produced

by self-propagated high-temperature synthesis.

Experimental

Microcrystalline powder of boron phosphide has been synthesized by self-propagating high-
temperature reaction of boron phosphate and metallic magnesium: BPO4 + 4Mg = BP + 4MgO
using the method described earlier [7]. According to X-ray diffraction study (TEXT 3000 Inel,
CuKal radiation) the sample is well-crystallized sphalerite BP with lattice parameter
a =0.45356(9) nm, which was close to the literature value 0.4538(2) nm [9]. The amount of B;,P;
boron subphosphide impurity caused by a partial decomposition of as-forming BP due to a high

local temperatures in the reaction mixture did not exceed 1 vol.%.

Microstructure of boron phosphide has been studied by high-resolution transmission electron
microscopy (HRTEM) using JEM-2010 microscope with energy dispersive X-ray spectroscopy
(EDS) attachment.

Results and discussion

According to TEM data (Fig. 1), the boron phosphide powder consists of flat polyhedral particles
having dimensions from 50 to several hundred nanometers; and a significant part of them contains
twins. Fig. 2 presents TEM and HRTEM images of sphalerite BP particle containing two systems
of twins. White rectangles depict stacking faults which change the layer stacking sequence from
ABCABC for cubic (3C) sphalerite structure to ABABABA for hexagonal (2H) wurtzite structure.
The corresponding fast Fourier transform (FFT) image is shown in the inset. Similar structural
transformations were previously observed in carbon (diamond — lonsdaleite) [10] and in silicon
(Sil — SilV) [11]. According to [12], the lattice parameters of wurtzite BP are a = 0.320 nm and
¢=0.531 nm, which are noticeably different from the lattice parameters of wurtzite BN
(a=0.25505 nm; ¢ = 0.4210 nm [13]).

Fig. 3 shows a fragment of BP particle containing two phases. The crystal lattice in the lower part
corresponds to the sphalerite (3C) structure with lattice parameter a = 0.4538 nm, whereas the
structure in the upper part is a rhombohedral (3R) lattice with tripled value of interplanar distance
for (111) sphalerite planes i.e. 0.262x3 = 0.786 nm. The tripling is visible both in HRTEM and FFT

images. Stacking faults and polytypes are not observed in this structure.
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As follows from the comparison of FFT images of two neighboring fragments (see insets in Fig. 3),
the (-111)sc | (001)s3r orientation relation is observed. According to our assessment, the lattice
parameters of the rhombohedral phase are ¢ = 0.321 nm, ¢ = 0.786 nm.

We could not find any information on the existence of rhombohedral BP in the literature, however,
there is the experimental evidence for formation of rhombohedral polymorphic modification of zinc
sulfide (ZnS) [14], the structural analogue of BP. This three-layer rhombohedral (3R) structure of
ZnS was found to occur in the 600-1020°C temperature range as an intermediate phase between
sphalerite (3C) and wurtzite (2H) structures. In our case, the appearance of rhombohedral BP can be
associated with deformation of as-formed sphalerite lattice in the course of ultrafast self-propagated
high-temperature reaction, which leads to a change of interplanar distances for {111};c planes and,
consequently, results in the change of the lattice symmetry.

Fig. 4a shows a two-phase particle. The left part of the particle is of B;,P, composition and contains
polytypes, as evidenced by the elongated streaks passing through the spots in the corresponding
FFT image (Fig. 4b). The right part contains a twice-twinned fragment of BP composition (the
corresponding FFT image is shown in Fig. 4c). The mutual orientation of these two phases
corresponds to the (003)s,p, | (111)gp orientation relation. The lower part of BP fragment
transforms into B;,P, without a coherent boundary. The arrows denote the {111}gp planes. One of
these planes separates B,P, and BP crystals, while the other two are twinning planes in BP crystal.
Such a junction of twinning planes is generally denoted as £ =9 [15]. In other words, X =9 (second

order twin) boundary is created when two X = 3 (first order twin) boundaries intersect.

Previously, in boron subphosphide Bi,P, synthesized by the same self-propagating high-
temperature method we have discovered two systems of twins i.e. conventional twins on the (0003);
plane and nanotwins resulting from duplication of the rhombohedral unit cell of B;,P;, along one of
the basic vectors [16]. In the present study, neither these nor other twins were observed in the only
few Bj,P; particles found. The latter can be explained by the fact that Bi,P, is a secondary phase
formed due to the thermal decomposition of as-synthesized BP at points of the local overheating in

the reaction front.

Fig. 5 shows a BP particle with a complex structure. In the upper part of HRTEM image, twins
along the (111) plane are observed. In the lower part on the right, twins along the (11-1) plane are
visible. The rhombohedral (3R) phase was formed on both sides of the (111) plane in the lower part
of the image. On the right side the tripling occurred along the [11-1]sc direction. On the left part —
along the [111]3¢ direction. Thus, Fig. 5 shows a twinned particle of sphalerite BP which also
contains two fragments of rhombohedral phase. The rhombohedral phase in the right part of the

image is formed as a result of twinning.
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Conclusions

In boron phosphide produced by self-propagated high-temperature synthesis, along with traditional
sphalerite (3C) polymorphic modification, fragments of wurtzite (2H) polymorph and previously
unknown for BP rhombohedral (3R) structure were found which shred new light on polymorphism
of boron phosphide.
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Fig. 1. A characteristic TEM image of boron phosphide particles.



Fig. 2.

Two systems of twins in BP structure: (a) overview of the particle and (b) atomic
resolution image of a portion of the particle where white rectangles depict the fragments of
wurtzite (2H) structure with ABABABA layer stacking sequence; the corresponding FFT

image is shown in the inset.



Fig.3. HRTEM image and corresponding FFT images of the fragment of BP grain containing
two phases: rhombohedral (3R) structure (the upper half) and sphalerite (3C) structure (the
lower half).
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Fig. 4. (a) HRTEM image of two-phase particle: the left part is of B;2P> composition and contains
polytypes; the right part is twice-twinned fragment of BP composition. The arrows
indicate {111}gp planes. (b) FFT image of the left part of (a); (c¢) FFT image of the right
part of (a).



(a) HRTEM image of sphalerite (3C) BP particle which also contains two fragments of
rhombohedral (3R) polymorph: the upper part shows BP twins on the (111);¢ plane;
(b) the corresponding FFT-image. At the lower part on both sides of the (111)s;¢ plane
(vertical white dash), two fragments of rhombohedral phase were formed. On the right
side the tripling occurred relative to the (11-1)s;¢ plane; while on the left side the tripling
occurred relative to the (111);¢c plane. (c¢) FFT image of the right fragment of
rhombohedral (3R) structure.



