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Boron phosphide (BP) has gained significant research attention due to its unique photoelectric and mechanical prop-
erties. In this work, we investigated the stability of BP under high pressure using x-ray diffraction and scanning electron
microscope. The phase diagram of BP was explored in both B-rich and P-rich environments, revealing crucial insight into
its behavior at 5.0 GPa. Additionally, we measured the melting curve of BP from 8.0 GPa to 15.0 GPa. Our findings indicate
that the stability of BP under high pressure is improved within B-rich and P-rich environments. Furthermore, we report a
remarkable observation of melting curve frustration at 10.0 GPa. This study will enhance our understanding of stability
of BP under high pressure, shedding light on its potential application in semiconductor, thermal, and light-transmitting

devices.

Keywords: boron phosphide, stability, melting curve, high pressure

PACS: 62.50.—p, 64.70.dj, 81.10.-h, 74.62.Bf

1. Introduction

Boron phosphide (BP) is renowned for its zinc-blende
crystal structure and an array of remarkable electrical, ther-
mal, and mechanical properties. It has received a great deal
of attention of researchers and garnered significant efforts due
to its exceptional attributes.!'™*! BP emerges as a semicon-
ductor material possessing a wealth of advantageous charac-
teristics. With a moderate band gap of 2.01 eV, it stands as
an appealing candidate for neutron detection applications and
can be doped to manifest n- or p-type conductivity with re-
sistivity spanning from 1072 Q-cm to 10> Q-cm.5-8] Further-
more, BP exhibits high transmittance in the infrared spectrum,
rendering it a valuable material for optical coatings.!”! No-
tably, it emerges as a potential electrode material for water

(8-101 showcasing its multifaceted utility.

splitting applications,
The versatility of material extends to its thermal properties,
where it shines as an exceptionally efficient thermal conduc-
tor. With an extraordinarily high thermal conductivity rang-
ing from 460 W/m-K to 540 W/m-K, BP has gained attention
for its application in thermal properties.!' =131 Its thermal sta-
bilities, impressive at 1130 °C, position it favorably in high-
temperature environments.!!4-1%1 Additionally, BP boasts im-
pressive mechanical strength, boasting a Vicker’s hardness of
30 GPa and an elastic modulus of 362 GPa, highlighting its

[17) The physical attributes and prac-

robustness and durability.
tical applications of BP will spur substantial experimental and
theoretical investigations.

As a versatile structural material with practical applica-
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tions, it becomes imperative to conduct a comprehensive ex-
ploration about the stability of BP across diverse environ-
mental conditions. Various synthesis techniques, including
chemical vapor deposition (CVD) and melt growth methods,
have been employed to synthesize BP.!*-16:18.191 Neverthe-
less, the stability of BP is always lacking in extensive re-
search concerning under high pressure. Despite its reputa-
tion as a highly stable substance, BP gradual decomposes
into boron subphosphide (B,P;) only at temperatures above
1130 °C. BP remains remarkable stability beyond 2.0 GPa
and 1200 °C.[>20211 There have been ab initio calculations
that disclosed three distinct phases of BP: F' 43m, C2/m, and
P42 /mmm. Among them, the F43m phase remains stable up
to 113 GPa.[??! Furthermore, investigations of Kulnitskiy et al.
have uncovered a rhombohedral structure in BP using high-
resolution transmission electron microscopy.!*’! In addition,
Solozhenko and Mukhanov!?”! have determined the melting
temperature of BP to exceed 2400 °C at 2.6 GPa, display-
ing a negative slope melting curve of —60 &7 °C/GPa. Un-
doubtedly, comprehending stabilities of BP are essential for
its widespread practicality. Regrettably, the behavior of BP’s
stability under high pressure has garnered insufficient atten-
tion.

In this study, we conducted high-pressure and high-
temperature (HPHT) experiments using the DS6x 14 MN and
DS6x8 MN cubic press. Our investigations found two crit-
ical aspects: Firstly, we performed a comprehensive analy-
sis of BP’s behavior within B-rich and P-rich environments at
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5.0 GPa. Secondly, we scrutinized the melting behavior of BP
at HPHT. In the first aspect, we constructed a phase diagram
for BP at 5.0 GPa, uncovering an insight: the stability of BP
under high pressure will be improved within B-rich and P-rich
environment. In the second aspect, we systematically summa-
rized the melting curve of BP under pressure. Our findings
unveiled that BP exhibits a strong stability until it melts un-
der HPHT. Remarkably, we found a melting curve frustration
emerged at 10.0 GPa. The determination of phase composi-
tion and transitions was accomplished through x-ray diffrac-
tion (XRD). Meanwhile, the refinement of crystal structures
was executed using the Rietveld method, facilitated by the

5.124231 Scanning electron microscopy

GSAS program analysi
(SEM) images were used to provide the microstructure, parti-

cle size, and compositional uniformity of recovered samples.

2. Experiment method
2.1. Specimen preparation

The raw materials of boron (B) and phosphorus (P) with
a purity 99% were commercially purchased from Alfa Asear
Co., Inc. The raw materials of BP were prepared according to
Ref. [6]. The XRD patterns and SEM images of raw powders
are shown in Fig. S1 in the supporting information. The pre-
cursors were mixed with BP and either P or B, with the molar
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Molybdenum sheet
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ratios of B/P elements from 1:2 to 12:1.

2.2. Synthesis experiments and BP stability experiments

The synthesis experiments were conducted using a
DS6x 14 MN cubic press (5.0 GPa).[2027] An A-type assem-
bly equipped with a pyrophyllite cube was used. The pressure
and temperature of the assembly were calibrated prior to the
experiment. Particularly, the pressure was calibrated by the
phase transition pressures of Bi, Tl and Ba. The temperature
at 5.0 GPa was calibrated by Pto7Rh3—Pt;9Rh3¢ thermocou-
ple (30-1800 °C) and Wg7Re3—W7sRe;s thermocouple (800—
2200 °C). The precursors were held for 30 min at the desired
pressure and temperature. Detailed information can be found
in Refs. [28-35].

The experiments on BP stability from 8.0 GPa to
15.0 GPa were carried out using DS6x8MN cubic press. A
14-8 assembly was utilized, which had WC anvils featuring an
8 mm truncation edge length and a MgO octahedron possess-
ing an edge length of 14 mm. The pressure and temperature of
the assembly were calibrated prior to the experiment. Specifi-
cally, the pressure was calibrated by the phase transition pres-
sures of Bi, ZnTe, and ZnS at room temperature. The tem-
perature for each pressure (8.0 GPa, 10.0 GPa, 12.0 GPa, and
15.0 GPa) was calibrated by Wo7Re3—W+75Res thermocouple.
Detailed information was described in Refs. [30,36-39].

(b)

7ZrO5 tube

Ta heater

hBN tube/sheet

Sample

MgO octahedral

(d)

Fig. 1. (a) Sectioned view of the A-type assembly. (b) Sectioned view of the 14-8 assembly. (c) Thermocouple insertion position in
the A-type assembly. (d) Thermocouple insertion position in the 14-8 assembly.

2.3. In situ high pressure temperature measurement
method

The in situ high pressure temperature measurement
method?%*)1 was used for measuring melting tempera-
ture. The thermocouple penetrated the furnace and pressure

medium (pyrophyllite cube or MgO octahedral) with their
junctions inside the furnace and was protected by an alumina
tubing (Al,O3). The thermocouple was in direct contact with
water-cooling WC faces via soft copper end plugs without

cold-junction compensation. The heating power was linearly
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increased as a function of the time via a multi-channel data
recorder designed to continuously monitor and record the tem-
perature signals. The temperature error was approximately
+2°.
ple insertion diagrams are shown in Fig. 1.

The A-type and 14-8 assembly with their thermocou-

2.4. Sample characterization

The phase composition of the recovered samples was
characterized by x-ray diffraction (XRD; DX-2700, Dandong)
using Cu Ky-I radiation. The crystal structure and other re-
fined parameters, including phase compositions, lattice param-
eters, grain sizes and deviatoric strain, were derived using the
GSAS program within the EXPGUI software package.!>>*!]
The surface image of the recovered samples was observed by
a scanning electron microscope (SEM; JISM-IT500, JEOL).

3. Results and discussion
3.1. Stability in B-rich and P-rich environments

The high-pressure synthesis experiments were conducted
at 5.0 GPa and 800-2200 °C. The evolution and formation of
precursors are illustrated in Fig. 2(a), unveiling two distinct
phenomena. For Bp,o: Ppor < 0.5, only BP with P is ob-
served, devoid of any new compounds. In contrast, recovered
samples with Bpor: Pt > 0.5 at 1600 °C display a new phase

B2P;, whose decomposition temperature at ambient pressure
is 1130 °C. Interestingly, the old phase BP hardly disappears
in B-rich environments even at temperature up to 2300 °C in
Fig. S3. Notably, excessive B can weaken the content of BP
according to the diffraction peaks and the same phenomenon

occurs in WBy4.1%

I In previous experiments,[®! the synthesis
temperature is at 800 °C. Therefore, the phase diagram of BP
is depicted in Fig. 2(d). The phase diagram illustrates two re-
action lines for BP: the BP reaction line, starting at 800 °C
and covering the entire phase range, and the B{,P, reaction
line, initiating at 1600 °C, but only manifesting in B-rich en-
vironments.

The melting temperature measurement experiments of P
are illustrated in Fig. 2(c). Initially, the temperature values in-
crease with the heating rate of 10 W/min. based on the heat
absorption of the melting process, there will be a temperature
plateau. We measured the temperature of these three samples:
Bmot : Pmot = 1:4, Brol : Pmor = 1: 2, and black P. All plateaus
of the three temperature curves are at 1083.3 +1.8° (1083 °C,
1086 °C, and 1081 °C, respectively). Based on some reports
of eutectic reaction,!*>*3] the plateaus are the melting temper-
ature of P, and BP does not affect the melt of P. BP + P trans-
forms into BP + liquid phosphorus (BP +L) when crossing
this plateau. The phase diagram is only plotted up to 2100 °C.
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#BP «B,P,
a it b) Bp Bi2P: Bu,P, V- -
. () . BP=121 vBoer L (®) -1 —2t1o A 4 R
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Fig. 2. (a) XRD patterns of recovered samples with different B/P atomic ratios and temperatures at 5.0 GPa. (b) Relationship between
deviatoric strain and the corresponding FWHM of typical planes and B/P molar ratio at 5.0 GPa and 1600 °C. (c) The thermal property
measurements conducted with a heating rate of 0.01 kW/min at 5.0 GPa. All plateaus, pure P, B:P=1:4, and B:P = 1:2, occur at

1083.3 £ 1.6°. (d) The phase diagram of BP at 5.0 GPa.

Figure 3(a) shows that the BP grain size remains constant
at 30-50 um in a P-rich environment, similar to the initial

BP powder. P surrounds BP grains in a molten state, with

a distinct boundary. In Fig. 3(b), we observed an abundance
of small grains alongside a smaller number of large grains.
The large grains, with a size of 10 um, are BP crystals, while
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smaller ones about 1 pm correspond to Bi,P,. Intriguingly,
the grain boundaries of BP and B, P; partially adhere to each
other. Figure 2(b) illustrates the full width at half maximum
(FWHM) and deviatoric strain of recovered sample at differ-
ent molar ratios. The deviatoric strain of BP is rapidly elevated
with the increase of B and then stabilizes at a 0.7 molar ratio,
meanwhile the deviatoric strain of B,P; is quite higher from
the outset of its appearance. With the production of B, P,, the

deviatoric strain of BP will increase due to the high hardness
materials of By, P,. Figures 3(c) and 3(d) present the Rietveld-
refined XRD patterns for the BP samples and the recovered
samples with B0 : Pror = 12: 1 at 5.0 GPa and 1600 °C. The
unit cell parameters of BP and B,P, are summarized in Ta-

ble S1. Within a B-rich environment, the lattice of BP is in

compression.

Intensity (arb. units)

26 (°)

(c) Yeal. (d) Year.
Znic—blende} structure © Yous Hexagonal structure o Yobs.
a=4.53894A a=b="598775A Yike.

c=11.83515A — Yair.

Ry, =0.125 | Phase BP

x2=5.21 | Phase B1sP»
I 1 ma m e w m (1 Il NI

[} [} [} [ [}
A R
1 1 1 1 1
40 50 60 70 80 90

26 (°)

Fig. 3. (a) Recovered sample with B o1 : Pyl = 1 : 2 at 5.0 GPa and 1600 °C. (b) Recovered sample with By,o) : Ppor = 12: 1 at 5.0 GPa
and 1600 °C, B,P; is fine grains and BP is large grains. Rietveld-refined XRD pattern (A = 0.154059 A) of BP: (c) initial powder:
a=4.5389 A, Ryp =0.103, xz = 1.77; (d) recovered sample with By,o) : Pmor = 12: 1 at 5.0 GPa and 1600 °C: B|,P,, a = b =5.987 A,
c=11.835Aand BP,a=b=c=4.5342 A, Ry, =0.125, > =5.21.

3.2. Melting behavior of pure-phase BP

Stability measurements on BP with a grain size of 30—
50 pm were undertaken under HPHT, with the pressure rang-
ing from 8.0 GPa to 15.0 GPa. The investigations revealed a
high stability of BP, with the structure exhibiting not chang-
ing up to its melting temperature. The XRD patterns of BP
under HPHT are presented in Fig. S4. No distinctive phase
transitions were observed under HPHT.

Although no distinct phase transitions were observed un-
der HPHT conditions, our examination of BP melting behavior
unveiled a significant transition. The temperatures were mea-
sured by Wo7Re3—W75Re;,5 thermocouple with heating rate of
75 W/min. As the BP melted, the temperature quickly levelled
off in Fig. 4(c). After the emergence of the melting plateau at
1968 °C, we stopped the heating process. By the way, BP at

10.0 GPa and 1800 °C is not melted with crystal sizes of 30—
50 pm in Fig. S5(a). Therefore, the melting plateaus are seen
as the melting temperature of BP, with the temperature plateau
held constant for three repetitions at each pressure. The melt-
ing temperatures of BP at 10.0 GPa, 12.0 GPa, and 15.0 GPa
are 1968 °C, 1950 °C, and 1940 °C, respectively. In Fig. 4(a),
XRD analysis of recovered samples revealed marked differ-
ence in the diffraction peak intensity between the melted sam-
ples and the sintered body. The strongest peaks at 10.0 GPa,
12.0 GPa, and 15.0 GPa correspond to the (111), (111), and
(311) planes, respectively. Figure 4(b) presents the SEM im-
ages capturing BP’s melting at 12.0 GPa, revealing the melt-
ing texture clearly. The fastest cooling rate at the very sur-
face of the BP, which results in the formation of nanocrys-
talline regions during solidification in Fig. 4(d).[**! As the

046201-4
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solidification progresses towards the interior, the cooling rate
decreases, making BP transform from nanocrystalline solidi-
fication to dendritic solidification. The demarcation line be-
tween nanocrystalline and dendrite solidification is visible in
Fig. 4(e). By the way, these dendritic grains exhibit selective

—~| (@)
jg lM 1ti t 15 GP:
= elting a a
=t AJ | )\ A
=
. Melting at 12 GPal
)
—
[
N Melting at 10 GPa
>> A
B Sintered at 10.0 GPa and 1800°C
12}
g A | o N
£ | am oo (2200 (311)(222) (400)
L I R B R R B
30 40 50 60 70 80 90

We also conducted sintering experiments of BP at 5.0 GPa
to verify the melting temperature in the report of Solozhenko
and Mukhanov 2%,

couple fails in this temperature range, the melting behavior of

Because the Wog7Re3—W+75Reps thermo-

BP was observed by SEM in Fig. S5. The surface morphology
of the recovered sample was observed by holding at 2300 °C
for 1 min and then quenching to room temperature, where
signs of melting were clearly visible. The melting tempera-
ture in the report of Solozhenko and Mukhanov?"! is 2269 °C
and our results are in agreement with his work.

2800

0 Solozhenko’s work [20]
0 This work

2600

2400

2200

2000

Melting temperature (°C)

1800

1600 A7 —oeC
1 1 1 1 1 1 1

0 2 4 6 8 10 12 14
Pressure (GPa)

Fig. 5. The melting curve of BP at high pressure.

Figure 5 demonstrates that the melting curve of BP can-
not be fitted linearly after 10.0 GPa. Therefore, a quadratic fit
combined with the data of Solozhenko and Mukhanov!?%! was

orientations, which are mainly responsible for the asymmetry
of the XRD patterns in Fig. 4(a). As the cooling rate drops
further in inside, the BP solidifies as coarse equiaxed grains.
Figure 4(f) shows a more noticeable dendritic morphology, as
well as a few equiaxed grains on the right side.

2400

—~
(¢}
~

10 GPa
2100

1800
1500
1200

900

Temperature (°C)

600

500 pm
——

P :
& 100 pm > i
~ L & > £ = Ih S
Fig. 4. (a) XRD patterns of melt samples and sintered body. (b) The SEM image of recovered sample at 12.0 GPa. (c) The thermal

property measurements conducted with a heating rate of 75 W/min at 10.0 GPa. (d) The fine crystal region. (e) The junction of
dendrite region and nanocrystal region. (f) The dendrite region.

performed in this work. The BP melting curve can be fitted as
follows:

T = aP*> +bP +c, )

where a = 3.4+0.3 °C/GPa2, b = —102.4 + 6.7 °C/GPa, and
¢ =2677.9£29.1 °C/GPa. Ross et al.1*4"] found that the for-
mation of localized bonds results in a reduction in the melting
energy. In a parallel study, Gui ef al.!'* revealed a gradual
increase in covalent bonds within BP under high pressure and
reaches a maximum at 10.0 GPa. Therefore, we postulated that
the frustration of the melting temperature of BP at 10.0 GPa is
closely related to a shift in the bond valence within BP.

4. Conclusions

In summary, we have successfully determined the phase
diagram of BP. Our results indicate that the stability of BP un-
der high pressure can be improved within B-rich and P-rich
environments. The compressed state of BP under high pres-
sure creates ideal conditions for impeding B entering into BP.
The melting curve of BP exhibits a quadratic shape, with a
frustration in the BP melting curve at 10.0 GPa, which may be
related to a shift in the bond valence within BP. These results
highlight the remarkable temperature stability and excellent
chemical resistance of BP, making BP a promising material
for industrial applications.
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