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The short-range order and electrical properties of amorphous boron arsenide (BAs) are evaluated by means of ab
initio molecular dynamics simulations. The amorphous model is obtained from the fast solidification of the BAs
melt and consists of B-rich and As-rich domains. The average coordination number of B- and As-atoms are found
as 4.97 and 3.34, respectively. B-atoms have a tendency to form pentagonal pyramidal-like configurations as

commonly seen in boron or boron rich materials. Yet B;, molecules do not develop in the system but the
formation of a By, cluster is perceived in the network. On the other hand, As-atoms have a trend to structure
chain-like motifs and four-membered rings. Amorphization yield about 31% volume expansion in the amorphous
network. All these findings reveal that the model shows strong chemical disorder and its short-range order is
considerably different than that of the crystal. Amorphization-induced metallization is proposed for BAs.

1. Introduction

Boron Arsenide (BAs), a member of the III-V semiconductor family,
was first synthesized in 1958 [1]. It has the cubic zinc blende (ZB)
crystal having lattice parameter of 4.777 A. BAs is the most covalent III-
V material having the lowest Phillips iconicity f; = 0.002 [2]. This
feature is due to the lack of p electrons in the core of B atom and its
small size [3]. The reservation of cation and anion roles is observed for
BAs.

The difficulties to synthesize BAs have limited experimental studies
on this material. Therefore, its properties have not been fully dis-
covered yet. At present, perhaps the most remarkable feature of BAs
revealed is its high thermal conductivity [4]. Also BAs is considered as a
potential candidate for photovoltaic and photo- electrochemical appli-
cations [5]. Some theoretical investigations have been carried out to
better understand this material and estimate its elastic [6-11], the
electronic [12-17] and the optical properties [18,19].

The high-pressure behavior of BAs has been investigated both ex-
perimentally and theoretically. Since the ZB structured materials com-
monly transform to a rocksalt structure (RS) with the application of
pressure, the RS phase has been considered as a possible candidate for
BAs as well in the theoretical studies. The ZB-to-RS phase change was
predicted to occur at 93-141GPa in theoretical examinations
[3,6,16,20,21]. On the other hand, the experimental investigation [22]
could not verify this phase transition and instead reported the amor-
phization of BAs at a pressure of 125 GPa. The amorphous phase per-
severed to up to 165 GPa and could be quenchable to the ambient
pressure. To our knowledge no other experimental investigation has
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been performed to validate the pressure-induced amorphization in BAs
so far.

Experimental studies also reported an amorphous form of BAs. The
films deposited on silicon substrates using the thermal decomposition of
a diborane arsine mixture in hydrogen atmosphere at 800-850 °C were
found to be amorphous [23]. Yet to date its atomic structure has not
been investigated, to our knowledge. The main purpose of present si-
mulation is to generate an amorphous BAs model and reveal its struc-
tural and electiricl properties in details. Our simulations disclose that
the amorphous form has a local structure, considerably different from
that of the crystal and such structural differences yields metallization in
BAs.

2. Method

An ab initio code, SIESTA [24], within the pseudopotential method
[25] and a generalized gradient approximation [26,27] was used in this
study to generate an amorphous model. Double-zeta (DZ) basis func-
tions were employed for the molecular dynamics (MD) simulations
whereas double-zeta plus polarization (DZP) basis sets were employed
for geometry optimization. The Brillouin zone sampling was performed
at I' point. We executed the NPT-MD calculations with a time step of
1.0 fs. The initial structure was chosen to be the ZB crystal consisting of
216 atoms. The ZB phase was exposed to 5500K for 2.0 ps. The re-
sulting structure was quickly cooled down to 3500 K. We then equili-
brated the structure at 3500 K for 20 ps. After then, temperature was
decreased to 2500 K at which point the structure was equilibrated again
for 20.0 ps. This was followed by quenching to 300 K over a time period
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Fig. 1. The B—B, B—As and As—As pair correlation functions. For clarity, the
intensity of pair correlation functions of the crystal is scaled.

of about 100 ps. Finally the system was relaxed using the maximum
atomic force criteria of 0.01 eV/;\. The ISAACS [28] program was used
attain some structural information (chemical identities, coordination
numbers, coordination distribution etc.) about the amorphous system at
the atomistic level. The VESTA [29] program was used to visualize the
amorphous model and clusters formed in the network.

3. Results

We start our examination on the microstructure and the bonding
character of each species using two-body partial pair correlation func-
tions and three-body bond angle correlation functions. Both correlation
functions provide substantial information about the nature of the local
structure of the network. For the amorphous and crystalline config-
urations, we consider three partial pair correlations of the components:
B—B, B—As and As—As and provide them in Fig. 1. From the figure, one
can see the drastic structural difference between amorphous and the
crystalline phases. Namely the As—As and B—B homopolar bonds do not
exist in the crystalline phase but such bonds exist in the amorphous
network as indicated by the peaks appeared at around 1.77 A (B—B
correlation) and 2.55A (for the As—As correlations). The finding in-
dicates the presence of strong chemical disorder in the network. The
first three peaks of the B—B pair are positioned at approximately 1.77 A,
2.98 A and 4.49 A, respectively. These values are quite comparable with
the experimental values of 1.80 10\, 2.93 10\, and 4.38A reported for
amorphous B [30], 1.802 (1.803) A, 2.99 (3.03) A and 4.31 (4.56) A
stated for a- (B-) rhombohedral boron crystal [31], and 1.76 A, 3.15A4,
and 4.7 A found for liquid B [32]. The pronounced B—B peaks at 2.98 A
and 4.49 A peaks were also observed in the amorphous B and liquid B
(see Fig. 4 of Ref. 31). They are a result of pentagonal pyramid-like
configurations as will be discussed in details below. All these findings
suggest that B—B clusters formed amorphous BAs are similar to those of
pure B systems (crystals, amorphous or liquid). The As—As bonding
results in a peak at 2.55 10\, which are fairly close to the experimental
results of 2.49 A (X-Ray) [33], 2.51A (neutron) [34] reported amor-
phous As and 2.52 A in the rhombohedral A7 crystal and 2.54 A in the
liquid As [35]. The B—As first maximum peak of the noncrystalline state
is located at around 2.10 A, well overlap with 2.10 A in the crystal. The
evaluation of the peak intensity of all pairs proposes that the amor-
phous configuration is dominated by chemical disorder.
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Fig. 2. Coordination distribution of B and As atoms.

More information regarding the short-range order can be acquired
by examining the coordination, coordination distribution and chemical
environment of B and As atoms. For this purpose, we use the position of
the first minimum from partial correlation functions as the cutoff radii
to define the first coordination shells. Particularly, the B—As, B—B and
As—As nearest neighbor cutoffs are set to be 2.52, 2.17, and 2.94 A,
respectively. Fig. 2 shows the coordination distribution of each species.
B atoms have coordination ranging from three to six. The sixfold co-
ordination is the most dominant one with a frequency of 40.7%. The
fraction of threefold, fourfold and fivefold coordination numbers is
about 13.0, 20.0 and 25.0%, correspondingly. The average B—B and
B—As coordination numbers are 3.87 and 1.10, respectively, which lead
to the total coordination number of B atoms to be about 4.97. This
finding means that B-atoms have a strong tendency to form wrong
bonds (B—B bonds). For the case of As atoms, the coordination ranges
from two to four and the threefold coordination is the leading one with
a frequency of about 69%. The mean As—As and As—B coordination is
2.24 and 1.10, respectively, which yield the total coordination of As
atoms to be 3.34. So one can see that As-atoms also have an affinity to
form homopolar (As—As) bonds. These findings show that the total
coordination severally deviates from the ideal tetrahedral coordination
and the microstructure of amorphous network differs from that of the
ZB crystal.

The chemical distribution examination given in Table 1 provides
more knowledge about the microstructure of the amorphous config-
uration. The crystalline structure is contracted by only B—As, and
As—B, type motifs. Such motifs, however, are not visibly presented in
the noncrsytalline state, revealing, again, drastic structural differences
between these two forms of BAs. B—Bg (20.37%), B-BsAs (17.59%) and
B-B4As (12.96%) are the most dominated clusters around B-atoms. On
the other hand As—As; (39%), As-BAs, (24%) and As-B,As, (12%) are
the most privilege ones for As-atoms. These findings suggest the oc-
currence of B-rich and As rich regions in the network, which is also
confirmed by the visualizing the model provided in Fig. 3.

The Voronoi polyhedron technique can shed some additional lights
on the local structure of the model. A Voronoi cluster is expressed by
the indices < k3, kg, ks, kg, ... >, here k; is the number of i-edge faces of
a motif and ¥k; is coordination number. We find that about 35% of B
atoms present the < 2,2,2,0 > index that is the pentagonal pyramid-
like motif (Fig. 4). This means that almost all sixfold coordinated
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Table 1

Chemical identities around B and As atoms for amorphous configuration.
B As
Be 20.37% Asg 36.11%
BsAs 17.59% B;As, 22.22%
B, As 12.96% BoAs, 11.11%
BAs 8.333% B,As 8.333%
BAsg 6.481% BsAs 7.407%
BsAs, 6.481% BiAs3 6.481%
BoAs, 6.481% Asy 2.778%
Bs 3.704% Bs 1.852%
BsAs 3.704% B4 0.926%
B4As, 2.778% Bs 0.926%
B3 2.778% B4As 0.926%
By 1.852% BsAs 0.926%
As, 1.852%
BAs, 1.852%
BoAss 1.852%

configuration form the pentagonal pyramid-like motif in the amorphous
network. The < 2,3,0,0 > type clusters corresponding incomplete
pentagonal pyramid-like polyhedrons are also presented in the model.
Their frequency is about 22%. We should noted here that the penta-
gonal pyramid is the main building unit of B;, molecules and hence B
and B-rich crystals/amorphous materials. Yet we do not see the for-
mation of a complete B, cluster in the model but we observe for the
first time the formation of a B;g molecule (Fig. 4) in an amorphous
model. Based on this finding, we propose that B-atoms have a tendency
to form a local structure similar to B- or B-rich crystalline/amorphous
materials.

We provide the bond angle distributions for the B-and As-centered
angles in Fig. 5. The crystal has only As-B-As and B-As-B angles at the
ideal tetrahedral angle of ~109.5°. In the amorphous network, As-B-As
angles produce a peak at around 107.7° close to the tetrahedral angle.
On the other hand, the B-As-B distribution has three main peaks at 50°,
90° and 105°. As-centered atoms that have a tendency to form penta-
gonal-like pyramids and bond(s) with only B atoms produce such an-
gles. The As-As-As angles yields a peak located at around 104°, which
are indeed close to 97° formed in the A7. The main B-B-B peaks are at
60° and 108° and subpeaks are at 120° and 130°. The first two angles are
due to the intra-pentagonal pyramid-like motifs' bonds while the others
are a result of the inter-pentagonal pyramid-like clusters' bonds.

We finally calculate the total electron density of states (TDOS) to
reveal the electronic properties of amorphous BAs. For the comparison
purpose, the TDOS of the ZB structured crystal is also calculated and
presented in Fig. 6. The band gap energy of the crystal is estimated as
1.67 eV, which is in agreement with experimental results of 1.4-1.77 eV
[5,36-38] and theoretical (including GW calculations) data of
1.58-2.04eV [10,39-43]. On the other hand, for the amorphous
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Fig. 4. The pentagonal pyramid-like motif and B10 molecule formed in the BAs
amorphous model.

configuration, it is indeed hard to conclude its electronic structure since
its TDOS does present a semi-metallic-like band structure. From the
inverse participation ratio

IPR@)=NY" a,-"“/(ZfV=1 a,-“)2

(where yi = 5;—1a/¢; is the k™ eigenstate and N is the number of
atoms) analysis given in Fig. 7, one can see that there are defect states
near Fermi level and no clear band gap is presented for the amorphous
network. Note that the electron states near Fermi level do not have high
IPR, suggesting that they are not strongly localized and that the
amorphous model shows a metallic character. To have more informa-
tion about the electronic structure, we also compute projected density
of states. For both forms of BAs, As-p states play key roles near the
Fermi level as seen in Fig. 6. B-p states have some contribution to the
valance band as well. The band around —15 eV is mainly due to As-s
states.

4. Discussion

The structural examinations reveal that the short-range order of

Fig. 3. Ball-stick representation of BAs amorphous model.
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Fig. 6. Total and partial density of states of the crystalline and amorphous
phases. The same line colorings are used for both structures.

amorphous BAs considerably is different from that of the ZB crystal. The
amorphous model presents B-rich and As-rich domains and hence it
shows strong chemical disorder. Its low iconicity is probably re-
sponsible for such a feature. B atoms have a tendency to form higher
coordinated motifs, in particular, pentagonal pyramidal-like config-
urations as regularly seen in B and B-rich materials. Therefore the B-
rich domains in the network exhibit some similarities with amorphous
B. However, the key structures i.e., B;» molecules do not develop in our
amorphous BAs configuration but a cage-like By, cluster does during
the solidification. To best of our knowledge, the formation of the B¢
molecule has not been revealed in any boron based amorphous/crys-
talline materials. Yet the cage like B;o molecule, similar to one formed
in our model, is not unfamiliar to researchers and can be stabilized by
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Fig. 7. Inverse participation ratio.

hydrogen. The properties and fabrication of the cage-like B;oH; ¢ cluster
have been reported in the literature [44-47]. For the case of As atoms,
they have a tendency to form a lower coordinated clusters with re-
spective to the crystal. Actually As-rich regions show some resem-
blances with amorphous As.

The atomic volume of the noncrystalline state is 18.96 A%/atom,
which is about 31% higher than 14.44 A%/atom in the crystal. So one
see that amorphization yields a drastic volume swelling in BAs. The
occurrence of lower coordinated chain-like structured As-atoms pos-
sibly drives a large volume expansion in the system (see Fig. 3).

When the electronic structure is considered, the amorphous form is
metal in contrast to the crystal. This might be anticipated because the
model consists of B-rich and As-rich domains and the crystalline and
amorphous As are semimetal. Note that As-p states mainly control the
electronic structure of the amorphous network.

5. Conclusions

We report the atomic structure and electrical properties of amor-
phous BAs by using first principles MD simulations. The BAs melt is
rapidly solidified to generate an amorphous configuration. The forma-
tion of B-rich and As-rich domains is witnessed in the network. B atoms
have a tendency to form higher coordinated motifs, relative to the
crystal and its mean coordination is 4.97. The pentagonal pyramidal-
like polyhedrons develop in the B-rich regions. The formation of Bjq
molecules is observed in the network. On the other hand, As-atoms
attain lower coordinated configurations and its average coordination is
3.34. As atoms form chain-like structures and four-membered rings. All
these observations reveal that the short-range order of the noncrystal-
line network is considerably different than that of the crystal. The
amorphous form of BAs presents a metallic character.
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