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We generate a structural model of amorphous boron phosphide (BP) by quenching the melt via ab initio mo-
lecular dynamics calculations and compare it structurally and electrically with the crystal. We find that both
phases of BP have a significantly different short-range order. Namely, the amorphous network presents strong
chemical disorder and structural defects. P-atoms form only undercoordinated defects while B atoms present

both undercoordinated and overcoordinated defects. The mean coordination number of B and P atoms is 4.17
and 3.69, correspondingly. Some of overcoordinated B atoms with chemical disorder yield the formation of
pentagonal-pyramid-like motifs and a cage-like Bjo cluster in the amorphous network. About 13 % volume
expansion is observed by amorphization, probably due to the low-coordinated structural defects. The amorphous
configuration is semiconductor as in the crystal but has a smaller energy band gap.

1. Introduction

Boron phosphide (BP), a member of the III-V semiconductor families,
was first synthesized in 1957 [1]. It has the zinc blende (ZB) structure
having a lattice parameter of 4.55 A. BP has remarkable properties such
as high thermal conductivity [2,3], high chemical inertness, high
hardness [4-6], a high melting point [3,7] and a wide band gap [8-10].
Therefore it can be used in electronic-optic devices, neutron detectors,
high temperature applications and intense radiation applications
[11-15].

In spite of its remarkable properties, the studies on this material are
limited due the complications in the growing of single crystals [13,16].
In some investigations, depending on the preparation techniques and/or
conditions, partially or fully amorphized BP samples were detected [5,7,
17-19]. However, no serious attention has been paid to understand the
structure and properties of amorphous BP form so far. It was only argued
that its chemical properties are considerably different from those of the
ZB crystal [5]. Here we carry out ab initio molecular dynamics (AIMD)
simulations to shed some light on the microstructure and the electrical
behavior of amorphous BP. An amorphous BP model is achieved using
the rapid solidification of the melt and found to be structurally and
electronically different than the crystal, consisting with the experi-
mental prediction [5].
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2. Methodology

The SIESTA ab initio software [20] was used with the
Martins-Troullier pseudopotential method [21] and Lee-Yang-Parr
(LYP) GGA approximation [22,23] to investigate BP phases. We
selected the double-zeta (DZ) basis for AIMD simulations and the
double-zeta plus polarized (DZP) basis for the structural optimization.
The Brillion zone integration was performed at the I' point. The NPT
methodology was chosen to accomplish AIMD simulations having 1.0 fs
for each time step. Pressure was controlled by the Parrinello-Rahman
method [24] whose fictitious mass was set to be 20.0 Ry.fsz. Tempera-
ture was controlled by the velocity scaling method. We used two starting
structures having 216 atoms, different density, local structure and
chemical environments. The first structure, referred as model 1, was the
cubic ZB crystal. It is chemically ordered and has perfect fourfold co-
ordination. Its optimized volume using DZP basis is 12.28 A%/atom
(corresponding the lattice parameter is 4.61 10\, comparable with the
experimental result of 455A [1]). The second structure, referred as
model 2, was an amorphous boron arsenide (BAs) model [25]. It is
chemically disordered and the mean coordination number of B- and
As-atoms is 4.97 and 3.34, correspondingly. Its volume is
19.49 A3/atom. These two initial structures were melted at 4000K for
5.0 ps, well above the experimental melting temperature of about
1400 K. At 4000 K, the pressure applied was set to be 5 GPa in order to

Received 7 April 2021; Received in revised form 29 May 2021; Accepted 15 June 2021

Available online 28 June 2021
0022-3093/© 2021 Elsevier B.V. All rights reserved.


mailto:murat.durandurdu@agu.edu.tr
www.sciencedirect.com/science/journal/00223093
https://www.elsevier.com/locate/jnoncrysol
https://doi.org/10.1016/j.jnoncrysol.2021.121006
https://doi.org/10.1016/j.jnoncrysol.2021.121006
https://doi.org/10.1016/j.jnoncrysol.2021.121006
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jnoncrysol.2021.121006&domain=pdf

S. Bolat and M. Durandurdu

5

—— Model 1

B-B at 2700 K

—— Model 1
—— Model 2 1

1.5

1.0 |

P-P at 2700 K

057

0.0
2.5

2.0

B-P at 2700 K

r (&)

B-P-B at 2700 K P-P-P at 2700 K B-B-B at 2700 K

P-B-P at 2700 K

Journal of Non-Crystalline Solids 570 (2021) 121006

0.025

—— Model 1 |

0.020 ¢ ——— Model 2

0.015 |
0.010 ¢

0.005 |

0.000
0.025

—— Model 1

0.020 | ——— Model 2

0.015 |
0.010 ¢
0.005 |
0.000
0.030
0.025 |
0.020 |
0.015 |
0.010 |
0.005 |

0.000
0.025

—— Model 1]
—— Model 2 ]

—— Model 1

0.020 ¢ Model 2 |

0.015 |
0.010 ¢

0.005 |

0.000

20 40 60 80 100 120 140 160 180

Angle (degree)

Fig. 1. Pair distribution functions (PDFs) and bond angle distribution functions (BADFs) of model 1 and model 2 at 2700 K. The statical average of 1000 MD steps is

used for the structural analysis.

eliminate a drastic volume expansion due to a sudden high temperature
application. Then the melts were quenched to 2700 K in 10.0 ps. At this
temperature, pressure was set to be 0.5GPa and the structures were
thermalized for 40 ps. After that, an additional 1000 MD steps were run
to collect data for the structural investigations. The equilibrated con-
figurations at 2700 K were analyzed using the pair correlation functions
and angles distribution functions, which are provided in Fig. 1. The
structural analyses expose that both networks have almost the same local
environment and volume. The volume of model 1 and model 2 at this
temperature was found to be 18.98 A3/atom and 19.01 A%/atom,
respectively. All these findings suggest that our simulation time was long
enough to have an equilibrium melt and volume for BP. Therefore, in
order to reduce the computational efforts, we chosen model 2 to
generate an amorphous BP network because it presented slightly less
chemical disorder than model 1. For model 2, the applied temperature
was gradually decreased to 300 K using a cooling rate of 1.0 x 103 K/s.
The resultant structure at room temperature was relaxed using the DZP
basis and a variable-cell conjugate-gradient optimization technique till

the maximum atomic force was smaller than 0.01 eV/A. The relative
energy difference between the amorphous and crystal structures is
computed to be about 0.46 eV/atom. The volume of the relaxed amor-
phous BP configuration is 13.95 A3/atom.

3. Results

Fig. 2 compares the B-B, P-P and B-P pair correlations of the
computer-generated amorphous model with those of the ZB-crystal and
reveals the radical distinctions between the amorphous configuration
and the crystal. Namely, one can see the formation of B-B and P-P ho-
mopolar bonds as indicted by the peak at 1.75A and 2.29 A, respec-
tively, in the amorphous network. Accordingly, the amorphous network
shows strong chemical disorder. The B-B bond length (1.75 A) seems to
be significantly shorter than 1.80A in amorphous B [26], 1.802
(1.803 i\) in a- ($-) rhombohedral B crystals [27] and 1.76 Ain liquid B
[28]. This is possibly associated with the coordination number of B atom
such that it is less in the amorphous BP model than in the other forms of
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Fig. 2. Pair distribution functions (PDFs) of the amorphous and crystalline BP. The peak intensity of the crystal structure was scaled to the peak intensity value of

amorphous structure for clarity.

B. The peak of P-P bonds is located at 2.29 A, which is slightly longer
than 2.13-2.27 A in the crystalline or amorphous P phases having
threefold coordination [29-31]. The B-P bond separation of the amor-
phous configuration is positioned at 2.00 A, in good agreement with
1.99 A estimated for the ZB crystal. Our crystal value is reasonably
parallel to the experimental result of 1.965 A [8] but slightly longer than
the theoretical value found as 1.906 A [32,33].

The coordination number and distribution obtained using the first
minimum of the pair correlations (2.34A for B-B, 2.61 A for P-P and
2.35A for B-P) can deliver crucial information about the short-range
order of noncrystalline BP. As seen from Fig.3, the coordination of B
atoms varies from three to six. The fourfold coordination with a fraction
of 67.6% is the most dominant one followed by threefold coordination
with a frequency of 13%. The amorphous network has also fivefold and
sixfold coordination (9.3% and 10.2%, respectively) and some of which
procedure ideal or imperfect pentagonal pyramid-like configurations,

the main unit of the B3 icosahedron. For B-atom, B-B, B-P and total
coordination numbers are about 1.78, 2.39 and 4.17, respectively. On
the other hand, P atoms form only threefold and fourfold coordinated
motifs having a fraction of 31.5% and 68.5%, correspondingly. For P
atom, P-P, P-B and total coordination are, respectively, about 1.30, 2.39
and 3.69. From these results, four important conclusions can be drawn:
(i) B atoms form more homopolar bonds than P atoms, (ii) both species
have almost an equal number of tetragonal coordination (iii) B atoms
have both undercoordinated and overcoordinated defects while P atoms
have only undercoordinated defects, (iv) the total coordination number
of P and B noticeably diverges from fourfold coordination.

The chemical environment of B and P atoms provided in Table 1 can
offer more knowledge about the amorphous structure at the atomistic
level. The crystal is chemically ordered and hence it has only B-P4 and P-
B4 units. These units do indeed exist in the amorphous model as well but
their fraction is about 17.6%. For B-atoms, the different types of
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Fig. 3. The coordination distribution of B and P atoms.

structural arrangements such as B-BP3, B-BP,, B-B,P; and B-B,P emerge
in the amorphous configuration as seen from the Table 1. B-BP3 is the
most preferred one with a rate of 36% followed by B-B4 (17.6%), B-BoPy
(10%), B-B5P (7.4%) and B-BsP (6.5%). For P atoms, on the other hand,
P-B3P (25%), P-BoP (20.4%), P-B4 (17.6%), P-BoP (10.2%) and P-BP,
(10.2%) types of configurations are the most common ones. These re-
sults reveal the fact that amorphous and crystalline phases of BP have a
considerably diverse chemical environment for each species, in agree-
ment with experimental prediction [5] and the amorphous structure
presents robust chemical disorder such that about 82 % of P and B atoms
involve wrong bond(s), between like atoms.

Some examples of bond angle distribution functions (BADFs) of the
disordered network are illustrated in Fig. 4. The ordered structure has
the P-B-P and B-P-B angles at ~109.5°. In the amorphous configuration,
on the other hand, due to the chemical disorder, different types of angle
distributions are presented. The P-B-P bonds lead to a peak at around
109.3°, close to the tetrahedral angle of 109.5°. On the other hand, the
B-P-B distribution has a broad peak near 110°. The weak peak at ~54° is
due to the threefold ring, a part of a pentagonal pyramid-like motif. The
B-B-B distribution has peaks at around 60° and 107°, similar to amor-
phous B, which are produced by pentagonal-like configurations formed
in the amorphous model (see Fig. 5). Due to the formation of different
kinds of P-P-P chain-like structures in the amorphous network (see
Fig. 5), the P-P-P bonds produce a wide distribution but a sharp peak at
around 100°, close to 99° in black phosphorus having zigzag chains of P
atoms. The angle distribution analysis indicates the presence of some
traces of the tetrahedral character in the amorphous network.

Table 1

Fraction of the chemical environment around B and P atoms in amorphous BP.
B P
BP, 3.704 BP, 10.185
BP;3 36.111 BP;3 5.556
ByP 7.407 ByP 10.185
B,Py 10.185 BoPy 20.370
B3P 3.704 B3 5.556
B3Py 1.852 B3P 25.000
By 17.593 By 17.593
B4P 5.556 P3 5.556
Bs 1.852
BsP 6.481
Be 3.704

P3 1.852

Finally, the total and partial electron density of states (DOS) of the
amorphous and crystalline BP structures are calculated and given in
Fig. 6. The forbidden energy gap energy of the crystal structure is
determined as 1.70 eV, smaller than the experimental value of about
2.00 eV [34,35] as expected due to the restraint of DFT calculations but
it is higher than the previous theoretical data of 1.11-1.38eV [11,
36-49] estimated using different exchange functionals. For the amor-
phous phase, due to the smoothing factor of 0.20 eV, the DOS exhibits a
typical feature of a semimetallic material, i.e., no clear band gap but it
has a band gap of 0.46 eV. So amorphization results in a noticeable
decrease in the band gap of BP. Considering about 15 % underestimation
of the band gap energy in the crystal, we can speculate that it could be
~0.54 eV for the amorphous BP model. Yet we should note here that
experimental study suggested that the amorphous film with the ratio of
B:P ~ 1 has a band gap of 2.04 eV [17], quite larger than our prediction.

The partial DOS can provide detailed and specific information about
the electronic structure of these systems. As can be seen form Fig. 5, P-p
and B-p states provide the core influence to both valence and conduction
bands near the Fermi level (at zero eV).

In order to better understand the electronic structure of the amor-
phous model we also estimate the inverse participation ratio (IPR)

IPR (y;) = Ni “'M/ ( i} a;ﬂ) |

i=1

wherey,, = Z?Llaﬁﬁi is the m™ eigenstate and N is the number of atoms
(see Ref. [47]). The IPR calculated is illustrated in Fig. 7. It can be seen
that the states near the Fermi level have high IPR, indicating a high
localization. It should be note that the localization is seen in both con-
duction and valence band tail states and their IPR has almost the same
intensity. The symmetry on IPR between valence and conduction band
tails might indicate that both n-type and p-type doping can be suitable
for amorphous BP.

4. Discussion

Our results expose that the short-range order and chemical proper-
ties of amorphous form of BP is considerably different than those of the
crystalline counterpart, consisting with the experimental prediction [5].
The amorphous model exhibits noticeable coordination defects and
strong chemical disorder such that about 82% of atoms involve homo-
polar bond(s). The formation of wrong bonds and coordination defects is
energetically not favorable but commonly seen in nonionic amorphous
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Fig. 4. Bond angle distribution functions (BADFs) of the amorphous BP configuration.
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P atoms

Fig. 5. Ball-stick demonstration of the amorphous model.

alloys such as gallium phosphide (GaP) [48], indium phosphide (InP)
[49] and BAs [25]. The low ionicity of BP is likely the main reason for
the observation of a large fraction of homopolar bonds in the amorphous
network. The mean coordination of amorphous BP deviates from tetra-
hedral coordination. When the structural defects are considered, P
atoms prefer to form only undercoordinated defects while B atoms form
both undercoordinated and overcoordinated defects. The amorphous
model is a solid solution but the P-P-P and B-B-B chain-like structures
exist in the model. The overcoordinated motifs (sixfold and fivefold

B-atoms) yield the formation of pentagonal-pyramid-like structures in
the amorphous state, the key building unit of B;5 icosahedra and B and
B-rich materials. Yet a complete B, icosahedron does not form in our
amorphous configuration and instead a Bjg cluster is observed. One
might argue that the small size of simulation box and/or the time scale of
simulation used in the present work might not allow the development of
B, molecule in the present work. This is certainly possible but we need
to note here that By, molecules are observed in a 200-atom model of
amorphous boron silicide (BSi) generated even using a higher cooling
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Fig. 6. Total and partial electron density of state (DOS) of the amorphous and crystalline BP phases.

rate. This finding weakens these two concerns. Nonetheless, generating
larger models using a slower cooling rate might fully eliminate these
concerns. Also, such investigations will be very useful in determining the
effects of size and time scale of simulation on the amount of chemical
and structural defects in amorphous BP.

A volume swelling is generally witnessed by amorphization. This is
due to the structural disorder. In our amorphous BP model, we observe a
quite large volume expansion about 13 % (the equilibrium volume of the
amorphous and crystalline states is 13.95 A%/atom and 12.28 A%/atom,
respectively). The open structured configurations, we believe that, are
responsible for a large volume enlargement in amorphous BP.

The semiconducting nature of our model in spite of its large chemical
disorder and structural defects, perhaps, is an interesting observation.
According to our finding, amorphous BP can be classified as a narrow
band gap semiconductor in a contrast to the crystal. This suggestion is,
however, not consistent with the experimental work, recommending
that amorphous BP has a band gap of about 2.0 eV and can serve as a
wide gap semiconductor [17]. We should note here that the experi-
mental sample with the ratio of B:P ~ 1 presents B-H vibration mode

indicating that the sample is not as pure as our model. So, the presence of
H atoms and some other impurities might be a main factor for the
observation of the discrepancy on the band gap energy since hydroge-
nation significantly affects the electronic structure of amorphous ma-
terials. Further experimental and computational investigations are
needed to explore the influence of hydrogenation on the atomic and
electronic structures of amorphous BP.

5. Conclusions

We have studied the atomic structure and the electrical character of
an amorphous BP model generated using the melt-and-quench method
via ab initio MD calculations and find that it is structurally and elec-
trically different from the crystal. The model exhibits strong chemical
disorder, which is probably because of the low ionicity of BP. Its coor-
dination number deviates from the tetrahedral coordination. P atoms
have a trend to form undercoordinated structural defects and P-P-P
chain-like structures. On the other hand, B atoms form both under-
coordinated and overcoordinated structural defects and chain-like and
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pentagonal-pyramid-like configurations. We believe that the low coor-
dinated configurations lead to a large volume enlargement (about 13%)
in the amorphous form. In spite of large fraction of homopolar bonds and
coordination defects, amorphous BP is found to be a semiconducting
material and has a smaller band energy band gap than the crystal but its
electronic structure can be sensitive to the experimental preparation
techniques, impurities etc.. We should note here that all these conclu-
sions are based on a 216-atom model. Further experimental studies are
undoubtedly needed to clarify the short-range of amorphous BP and its
properties.
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