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Strain stiffening, high load-invariant hardness, and electronic
anomalies of boron phosphide under pressure
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New refractory hard materials with a favorable band gap are in high demand for the next-generation semicon-
ductors capable of withstanding high temperature and other hostile environments. Boron phosphide (BP) is such
an attractive candidate with exceptional properties; however, it has mainly been studied theoretically because
of the difficulty in sample preparation. In this work, we report successful synthesis of large millimeter-sized
single-crystal BP. The final product has a zinc-blende structure with a unique electronic structure and is optically
transparent with a moderate band gap of ~2.1 eV. Our experiments, in conjunction with ab initio simulations,
reveal that the compound exhibits extraordinary strain stiffening and unusually high load-invariant hardness of
~38 (3) GPa, which is close to the 40-GPa threshold for superhard materials, making BP the hardest among all
known semiconductors. Based on the first-principles calculations, the fracture mechanisms in BP under tensile
and shear deformations can be attributed to the formation of a metastable hexagonal phase. Further spectroscopic
measurements indicate that an unusual electronic transition occurs at high pressures of ~13 GPa, resulting
in an asymptotically enhanced covalent bonding state. The pressure dependence of multiphonon processes is
also determined by Raman measurement. In addition, our studies suggest a phonon-assisted photoluminescence
process and evidence for the photon-pumped étalon effect at 707 nm.
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I. INTRODUCTION

Wide band gap crystalline solids made of light elements
(e.g., SiC) are a class of new-generation semiconductors for
many technological applications. Owing to their exceptional
properties, mainly including superior thermal conductivity,
high breakdown voltage, and low effective mass [1], they
hold great promise for revolutionizing almost every aspect of
industry [1,2]. Of particular interest is developing superhard
semiconductors for extreme environments, such as high tem-
perature, high stress, and high radiation [3]. Capabilities of
withstanding these harsh conditions are arguably attributed to
the materials’ unique electronic structure and strong covalent
bonds [1]. Accordingly, a rational design of superhard semi-
conducting solids can be achieved by incorporating light ele-
ments (e.g., B and N) into the lattice of heavier base elements
(e.g., Al and Si). Similar electronegativities for the constituent
atoms would favor the formation of a strong covalent network
and hence strengthen the materials’ mechanical properties.
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Among these solids, the IV-IV and III-V compounds such
as SiC, GaN, and AIN are by far the most widely explored
chemistry for the next-generation semiconductors [1]. Re-
markably, all these compounds are isovalent with an identical
valence electron concentration (VEC) of eight electrons per
formula, resembling that in diamond. Therefore, most of them
preferably crystallize in a diamondlike or similar structure
with a strong covalent bonding network [1]. As a result, the
hardness of these materials is inherently high (e.g., ~26-30
GPa for SiC) [4,5], although still far below the 40-GPa thresh-
old commonly defined for superhard materials [6,7]. This is
primarily due to the presence of an appreciable amount of
ionic bonds in these materials, which would result in sizable
strain softening under indentation and significantly lower their
hardness [8,9]. Also noted is that the N- or Si-based valence
characters and phonon bands often bring about relatively low
charge mobility and degraded thermal conductivity. Besides,
the band gaps in many of these materials are greater than 3 eV,
which will severely impede the development of new devices
that require energy gaps in the optically visible range.

Alternative to nitrides and carbides, conventional super-
hard materials such as diamond and cubic boron nitride
(c-BN) have also been the focus of the development of new-
generation semiconductors for high-performance devices [3].
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However, synthesizing these materials often involves stringent
high-pressure and high-temperature conditions, leading to
high production cost and low yield. These constraints, along
with difficulties in integration and extralarge band gaps (i.e.,
above 5 eV), have posed an insurmountable barrier to their
widespread use. As a result, despite decades of intensive
efforts, the search for superhard semiconductors is still limited
to only a few material systems, calling for entirely new mate-
rials with desired properties to mitigate the above-mentioned
issues.

As a sister semiconductor in the III-V material system,
zinc-blende boron phosphide (BP) is structurally isotypic with
c-BN, making it a highly promising superhard solid with a
finite band gap. Although the first study on BP can be traced
back to as early as the 1950s [10—12], only a handful of reports
have since been published [1,13—17]. This compound remains
relatively unknown including its mechanical, electronic, and
optical properties, mainly because synthesizing a high-quality
BP sample is still challenging. Consequently, BP is lagging
far behind other III-V materials in terms of both fundamental
studies and industrial applications. Recently, there has been a
resurgence of interest in BP, and a record-high thermal con-
ductivity of 460—540 Wm~! K~! was reported for a single-
crystal sample at room temperature [18,19], indicative of a
great potential for advanced heat sink applications. Addi-
tional computational studies indicate that BP is one of the
most promising p-type candidates with optical transparency,
ultralow effective mass, and high charge mobility, in striking
contrast to the known oxides and nitrides [20]. Besides, n-type
BP has also been used as a metal-free and visible-light-active
photocatalyst for hydrogen evolution [21]. At high pressure,
several structural transitions in BP have theoretically been
predicted, accompanied by interesting electronic transitions
including superconductivity [22,23]. Anomalous behaviors in
the effective charges and phonon modes of BP have been
investigated in Refs. [14,15,24]. Very recently, Solozhenko
and Bushlya have reported high Vickers hardness of ~30 GPa
and fracture toughness of ~2 MPam'/2 for BP [17], implying
excellent mechanical properties. However, such mechanical
properties are mainly determined based on a polycrystalline
sample; the grain size and defects would have a profound
influence for obtaining its intrinsic properties. Inspired by
these findings, we have in this work synthesized high-quality
single-crystal BP and systematically investigated its struc-
tural, electronic, optical, and mechanical properties, leading
to the discovery of BP as a transparent quasisuperhard semi-
conductor with evidence for the photoluminescence-induced
étalon effect. In combination with the first-principles calcu-
lations, the origin of its superior hardness and the fracture
mechanism under tensile and shear deformations have also
been elucidated.

II. EXPERIMENTAL SECTION

Synthesis. BP powders were synthesized from stoichio-
metric reaction between high-purity B and P powders at
850 °C-1100 °C in vacuum. The flux method was exploited
for growing large single crystals from starting materials of
B and P powders with nickel metal as a solvent, in a molar
ratioof B: P: Ni =2.5:2.5: 1. A similar reaction route has

previously been reported in Ref. [25] and an overview of the
synthesis of BP can also been found therein. To avoid possible
contamination, the admixed sample powders were sealed in
quartz tubes in a vacuum environment and then heated in a
muffle furnace. In each experimental run, the sample was first
heated at 1150 °C-1200 °C for 16 h, followed by cooling to
1100 °C at a rate of 3 °C/h and then quenching to ambient
temperature at a rate of 300 °C/h. Attempts to use nickel
phosphide (i.e., Ni,P) as a solvent for growing BP single
crystals were unsuccessful, though using Nij;;Ps and CusP
as solvents under pressure has previously been reported [25].
The recovered sample was washed with mixed acids of HCI
and HNO; (i.e., aqua regia) to remove the byproducts of white
phosphorus and Ni,P, and the final product was phase-pure
and surface-clean single crystals.

Characterization. The as-prepared samples were examined
by x-ray diffraction (XRD) with Cu K« radiation and the
crystal structure was determined from the Rietveld analy-
sis of XRD data using the GSAS program [26]. Microstruc-
tures of the sample were characterized by a field emission
scanning electron microscope (FE-SEM) and a Leica M205C
microscope. X-ray photoelectron spectroscopy (XPS) mea-
surements were performed to determine the electronic struc-
ture. The band gap, optical absorption and emission, and
phonon properties were characterized using ultraviolet-visible
(UV-Vis), infrared (IR), Raman, and photoluminescence (PL)
spectrometers. Thermal stabilities were evaluated using a
simultaneous thermogravimetric analysis (TGA) and differ-
ential scanning calorimeter (DSC) measurements in an Ar
atmosphere. Several TGA-DSC measurements have been per-
formed in air, but they were all unsuccessful, due to the
failure of the Pt-Ru alloy sensor, probably damaged by the
decomposed phosphorus and oxygen.

Vickers hardness was measured for single-crystal BP under
different loads of 98, 245, and 490 mN using an FM-810
hardness tester. Because of the limited crystallite size of
single crystals, attempts to increase the load for determination
of hardness led to complete cracking of the single crystals.
Under each applied load, the measurement was taken with a
dwelling time of 15 s and repeated five to ten times to obtain
statistically improved averages. Single crystals of BP were
mounted on a SiO, substrate using epoxy resin, and surfaces
of random crystallographic orientation were prepared with
mirror quality for the measurement. Nanoindentation hard-
ness measurements were also performed at a series of fixed
target maximum displacements of 10, 20, 40, 60, 80, 100,
and 120 nm, using a Berkovich indenter and a displacement
control mode with a strain rate of 0.05s~!. The loading time
and holding time were 46 and 20 s, respectively. The reduced
or combined effective elastic modulus was derived using the
well-known Oliver-Pharr method [27].

High-pressure (P) angle-dispersive synchrotron XRD ex-
periments using a diamond-anvil cell (DAC) were performed
up to ~27 GPa at the beamline of 4W?2/BSRF. High-P Raman
and PL spectra were obtained using a 532-nm excitation laser
at room temperature. In each high-P experiment, the single-
crystal or powdered BP sample was loaded into the sample
hole in a rhenium gasket preindented to ~30 um thickness
with neon as the pressure-transmitting medium. A few ruby
balls were also loaded in the same sample hole to serve as
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FIG. 1. Structure and morphology of as-prepared samples. (a)
Refined XRD pattern for sample powders synthesized at 1000 °C for
2 h. Black circles and red lines denote the observed and calculated
profiles, respectively. The difference curve between the observed
and calculated profiles is shown in cyan color. The blue tick marks
correspond to the peak positions. Inset is the crystal structure of
BP with the zinc-blende symmetry. (b) Optical images of typical
BP single crystals grown at 1200 °C (upper panel, in orange) and
1150 °C (bottom panel, in golden yellow). The scale bar for both
optical images is 200 pum.

the internal pressure standard [28]. More experimental details
for in situ high-P DAC measurements can be found elsewhere
[29]. The optical quality of the diamond anvils was checked
by the relative intensity of the second-order phonon bands
located at 2160—2680cm™" (or 2.06-2.0 eV) [30], based
on the Raman measurement. In this work, the intensity of
the second-order multiphonons Raman transition is about 1.5
times the intensity of the background fluorescence of our
diamond, indicating a quite good signal-to-noise ratio for
optical measurement [31].

Calculations. Ab initio simulations were performed using
the density functional theory (DFT) with the generalized
gradient approximation (GGA) and the Perdew-Burke- Ernz-
erhof (PBE) functionals implemented in the Vienna Ab initio
Simulation Package (VASP) code [32,33]. The ion-electron
interaction was described by the projector augmented wave
(PAW) method [34], both the B 2s*2p' and P 3s?3p® states
were treated explicitly as valence electrons. A Kkinetic en-
ergy cutoff of 600 eV was used for all calculations and a
15 x 15 x 15 Gamma centered Monkhorst-Pack k-point mesh
was employed for structural relaxations [35]. The convergence
criteria for the Hellmann-Feynman force and total energy
were set at 0.01 eV/A and 10~%eV per atom, respectively.
To accurately calculate the electronic structure, the k-point
meshes were increased up to 25 x 25 x 25 with the PEB
method corrected by the hybrid functional (HSE06). To cal-
culate the phonon dispersions, a 3 x 3 x 3 supercell (i.e.,
B,7P,7) and high convergence criteria of 108 eV/atom and
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FIG. 2. Thermal stability analysis for BP. Thermogravimetry—
differential thermal analysis, TG-DTG, performed in an Ar atmo-
sphere. The decomposition of BP starts at 7, = 1135(5)°C with
a rate of ~7.6 mg/min at around 1200 °C. At a relatively low
temperature of ~670 °C, a clear fluctuation in weight that would be
attributed to the disassociation of surface adsorbed gases. Attempts
to determine the thermal stability of BP in air is unsuccessful,
because the Pt-Rh thermocouple of the instrument was damaged by
an unknown process, likely an associated reaction between Pt-Rh and
decomposed P.

1073 eV/A were used for optimization of energies and atomic
forces to achieve high accuracies, respectively.

III. RESULTS AND DISCUSSION

Figure 1(a) shows a typical XRD pattern for BP powders
synthesized at 1000 °C with a duration of 2 h. Apparently,
the final product is phase pure and adopts a cubic, zinc-
blende structure with space group F43m (No. 216), which is
structurally isotypic with most III-V and IV-IV compounds
(i.e., diamondlike materials) such as AIN and SiC [1,36]. As
mentioned above, all these compounds have an identical VEC
of 8, a unique electronic attribute that favors the formation of
zinc-blende or wurtzite crystal structure. The refined lattice
parameters for BP are sensitive to the synthesis tempera-
ture (7). At 1100 °C, the maximum value a = 4.5400(3)/0%
is reached; however, below or above this temperature, the
produced sample is either nanocrystalline or phosphorus defi-
cient, resulting in slightly reduced lattice parameters (see Fig.
S1 in the Supplemental Material [37]; also see [15,24,38,39]).
As presented in Fig. 1(b), the recovered crystals display a
plateletlike shape and have clean and well-defined crystalline
facets with grain size up to a few millimeters. Strikingly,
the crystals are transparent and show a yellow color for the
sample synthesized at 1150 °C. In fact, the determined band
gap, E,, for BP is ~2.1 eV (see Fig. S2 in the Supplemental
Material [37]), corresponding to the energy of the yellow color
within the optically visible region. From this point of view,
the color of BP crystals originates from its band gap. At a
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FIG. 3. XPS measurements and valence states of BP. (a) XPS spectra of Bls, P2s, and P2p. (b) XPS spectra of P 2p3; 1 /2. In (a,b), the solid
dots and red solid lines in the top panels denote the observed and fitted XPS spectra, respectively. The solid red lines in the bottom panels are
fitted XPS spectra for P2s, P2p, and Bls. On the high-energy shoulder of the main peak in (a,b), a few weak peaks occur and may correspond
to some unidentified oxides such as PO4*>~ and B, 03, likely associated with possible surface contamination of the sample. (c) Binding energy
of Bls of the known compounds as a function of valence states of boron. The linear relationship has a slope of ~1.46 eV /valence state. (b,c)
Binding energy of P2p and P2s of the known compounds as a function of valence states of phosphorus. Because the split of P2p is very small,

the average value of P2p is used to evaluate the valence state of P.

higher temperature of 1200 °C, the obtained crystals possess
a dark yellow color, an indication of slightly reduced band
gap [Fig. 1(b)], owing to thermally induced substoichiometry
in the sample (i.e., x < 1 in BP,). Indeed, our thermal anal-
ysis in Fig. 2 shows that the decomposition temperature is
determined to be ~1135 °C in an Ar atmosphere. Clearly, for
the sample synthesized at 1200 °C, more crystalline defects
should exist than that of the sample synthesized at 1150 °C.
These findings indicate that the tuning of the synthesis temper-
atures provides an effective approach to alter the band gap and
color of BP by changing phosphorus concentration x in BP,.
As a rarely studied member of diamondlike compounds,
BP also has a three-dimensional bonding network with both

covalent and ionic bond characters as determined by our
XPS experiment (see Fig. 3). Analyses of XPS spectra of
P and B in Figs. 3(a) and 3(b) give the binding energies
of 187.74, 129.98, 130.92, and 188.61 eV for P2s, P2p;3,,,
P2pi />, and Bls states. To evaluate the valence states of BP,
the relations between the valence states and binding energies
for B and P in Figs. 3(c)-3(e) are established by a series of
known compounds as listed in Table I. The thus-measured
valence states for both B and P are close to +0.5 and —0.5,
respectively. This indicates a peculiar electronic configuration
of B®3*P%3~which significantly deviates from the value of 3
in the pure ionic sample (i.e., B**P37). On the other hand,
it is much closer to that of the pure covalent end member
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TABLE I. Summary of binding energies of Bls and P2p for BP
and a number of typical B- and P-bearing compounds (all in units
of eV).

P2p

Material Valence state P2ps;,, P2p,,, P2s Bls Reference

BP BOS*+, POS- 129.98 130.92 187.74 188.61 This work
P PO 129.7 187 - Ref. [48]
ZnsP, p3- 128.3 1859 -  Ref. [49]
FePO, ps+ 135 19252 —  Ref. [50]
MgB, B~ — —  186.6 Ref.[51]
B-B B® — — 1879 Ref.[52]
B,0; B3+ - ~ 1924 Ref.[52]

(i.e., BI=P'*"), which has a strong covalent bond formed from
the hybridization of sp bands. Clearly, the covalent bonding
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state in BP prevails and will sufficiently strengthen the crystal
lattice, which would lead to excellent mechanical properties.

To assess the hardness of BP, we performed nano- and
microindentation measurements for BP based on the single-
crystal samples, as shown in Fig. 4. Plots in Fig. 4(a) are
the load-displacement data for nanoindentation, and the sepa-
ration between loading and unloading starts to occur above
the critical displacement of 40 nm or the critical load of
1.6 mN, below which the elastic deformation overwhelms
under indentation (also see Figs S3 and S4 in the Supplemen-
tal Material [37]). Compared with the loading process that
involves both elastic and plastic deformations, only elastic
deformation takes place under indentation upon unloading
[27,40]. For the measurements above the critical load, the
elastic unloading processes can well be described by a similar
power law, a(h—hy)”. The thus-derived exponential value
y ~ 1.383 is identical to the theoretical value of 1.38 based
on the effective shape concept for nanoindentors [40]. In
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FIG. 4. Hardness and elastic properties of BP determined using nano- and microindentation methods. (a) Load-displacement data taken
during different loading and unloading cycles at a series of target maximum displacements or loads. Red dashed line denotes a fit of the load
versus displacement to a power low, at(h—hy)", for the elastic unloading process under an 8-mN load. The blue dashed line defines the slope
for the upper portion of the unloading curve (i.e., contact stiffness). The derived parameters are included in (a). (b) Hardness and reduced
effective elastic modulus as a function of indenter displacement based on the data in (a). (c) Vickers hardness (Hy) and fracture toughness
(Kic) versus the applied load for single-crystal BP. Inset is a typical SEM image to show the indentation pyramid with cracks at a load of
490 mN. (d) Hy as a function of the product k*G(k = G/B) for a number of semiconductors. Inset is hardness versus band gap for typical

refractory semiconductors.
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addition, the elastic unloading stiffness S, defined by the slope
of the upper portion of the unloading curve, is also calculated
with a value of 0.116 mN/nm.

The determined hardness and effective elastic modulus
for BP are plotted in Fig. 4(b) as a function of maximum
displacement. At small loads or displacements, because of the
indentation size effect both hardness and modulus are small
but increase rapidly as the displacement increases. Above
the 40-nm critical displacement, the plateau values of 37 (3)
and 275 (10) GPa are reached, respectively. Apparently, the
load-invariant hardness is unexpectedly high and nearly in
the superhard regime with a threshold value of 40 GPa. To
further confirm the hardness measurement, a microindentation
experiment was also performed, and the measured Vickers
hardness Hy is plotted in Fig. 4(c) as a function of load. At a
small load of 98 mN, the measured hardness is Hy ~ 50 GPa.
Using asymptotic leveling as a criterion, the load-independent
hardness value of 38 (3) GPa is achieved under loads of
245 and 490 mN, which is in excellent agreement with the
results of nanoindentation. It has come to our attention that
a relatively low hardness value of ~30 GPa was reported
in Ref. [17], probably because their experiment is primarily
based on sintered polycrystalline samples and the hardness
is often extrinsically affected by the sintering quality, grain
boundary and size, and defects. Compared with SiC [5], the
Hy value of BP is leveled off at a much smaller critical
load of 245 mN, close to that of most hard transition-metal
carbides and nitrides with outstanding toughness [41,42].
Besides, as will be discussed later, BP exhibits extraordinary
ductility, which may also be responsible for its low critical
load, in striking contrast to conventional brittle ceramics with
high critical loads for achieving load-invariant hardness [43].
Thus, the fracture toughness Kjc of BP can also be evaluated
from the radial cracks produced in the measurement of Vick-
ers hardness (Refs. [17,44,45]) and the determined value is
~3.0MPam!/2, close to that of diamond and cubic boron
nitride (c-BN) and much larger than that of SiC(~
1.8 MPam!/?) [5]. The mechanisms underlying the high
toughness will be discussed later based on theoretical
calculations.

It is worth mentioning that the calculated bulk modulus
(B) and shear modulus (G) of BP are ~162 and ~165 GPa,
respectively, close to that reported in Ref. [23]. By a com-
pression experiment [15], Solozhenko et al. have measured its
bulk modulus of B ~ 174 GPa, which is slightly larger than
the calculated values, probably due to the influence of non-
hydrostatic pressure conditions as frequently occurs in high-P
experiments. To keep the discussion consistent in this work,
the theoretical values of B = 162 GPa and G = 165 GPa are
hereafter selected for the following discussion and calcula-
tions. Remarkably, such elastic moduli of BP are dramatically
lower than those of most refractory materials [46,47]. From
this viewpoint, BP is mechanically unfavorable to form su-
perhard material. To establish the correlation between elastic
moduli and hardness in BP, we plot in Fig. 4(d) the Hy against
k*G(k = G/B) for a number of semiconductors. Clearly, the
Hy obeys the power-law relation as proposed by Chen et al.
[18], which is given by

Hy = 2(k*G)*% — 3. (D

Interestingly, the calculated hardness is Hy = 37.5GPa, in
excellent agreement with experimental observations. Consid-
ering the relatively low shear modulus, the hardness in BP is
intimately related to the ratio k, which has a large value of 1.02
and is the third highest after only those of c-BN (i.e., 1.04) and
diamond (i.e., 1.20) [46]. As is commonly accepted, elastic
properties often do not give an accurate account of a material’s
hardness. In contrast, the parameter £ is in this regard a more
reliable indicator and can be used for prediction of new su-
perhard material. A comparison between BP and other known
refectory semiconductors in Fig. 4(d) indicates that BP is the
hardest semiconductor with a moderate band gap of ~2.1 eV
within the visible spectrum range. A suitable band gap would
facilitate the tailoring of the electronic properties of BP, which
is one of the major advantages over most of its competitors
with large band gaps exceeding 3 eV. In conjunction with its
high thermal and chemical stability, this compound is readily
available for a wide variety of applications under extreme
working conditions, especially in devices of high power, high
voltage, and high frequency.

The stress-strain relations from ab initio simulations are
important for accurately elucidating the deformation and ideal
strength of superhard materials under different loading condi-
tions [53-55]. We thus performed the first-principles calcula-
tions on BP to explore the deformation mechanisms along var-
ious inequivalent high-symmetry directions [Fig. 5(a)] under
tensile and shear strains (¢) as shown in Figs. 5(b) and 5(c).
Because BP adopts a diamondlike structure, it is expected
that the mechanically strongest and weakest directions would
be intimately linked to the (100) and (111) crystallographic
planes. Indeed, the tensile strength along the [111] direction
is the weakest with an ultimate strength of owmin = o111 =
35.4 GPa at a small strain ¢ = 0.17. At higher strain levels, a
considerable softening occurs and eventually leads to fracture
at ¢ = 0.27. In contrast, the highest ultimate tensile strength
of oy100) = 68.5GPa is achieved along the [100] direction,
nearly twice that of oy;11;. An intermediate strength value of
42.4 GPa is obtained for the mode along the [110] direction,
which is mainly attributed to the B-P bonds that participate in
the tensile deformation as will be discussed later.

For the oyj10; tensile and 7(110)001] shear deformations,
sudden fractures happen at the corresponding critical strains
of 0.37 and 0.32 [Figs. 5(b) and 5(c)], indicating the occur-
rence of tensile and shear instabilities. To gain insight into the
details of the fracture mechanism, several typical snapshots
of the 7(110y001] shear mode deformations are captured and
plotted in Fig. 5(d). With the increase of strain, the B-P
bonds in the (110) plane are progressively prolonged along the
[001] direction, which is accompanied by a profound charge
redistribution. At the critical strain of 0.32 [see snapshot S3
in Fig. 5(d)], the reordering of atoms proceeds as a result of
bond breaking, leading to the formation of a unique hexagonal
BP, which is structurally isotopic with h-BN and graphite
[snapshot S4 in Fig. 5(d)]. Similar behaviors and phase tran-
sition also occur under the oyjo) tensile deformation (see
Fig. S5 in the Supplemental Material [37]). Such strain-
driven structural instability gives an accurate account of the
tensile and shear fractures in BP. However, the asymmetrically
distributed charge density suggests that the hexagonal phase
is thermodynamically unstable and cannot be preserved to
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FIG. 5. Calculations of the dual tensile and shear strengths for BP. (a) Crystal structure at equilibrium. Arrow lines denote the high-
symmetry directions, along which the tensile and shear deformations are calculated. (b) Stress responses under tensile strains along various
high-symmetry directions. (c) Stress responses under pure shear strains in the selected high-index planes (110), (100), and (111) along a few
typical shear directions. (d) Snapshots of crystal and electronic structures under four typical shear strains as denoted with S1, S2, S3, and S4

in (c).

ambient conditions, which differs from diamond and c-BN.
Nevertheless, this provides a plausible approach for the syn-
thesis of hexagonal BP under shear or tensile deformation.
Such a proposed hexagonal new phase, for example, would be
produced under the indentation as the large shear stress will
be involved at the interface between the diamond tip and the
sample, and further experimental effort is needed to verify this
speculation. The calculated elastic properties and strengths for
BP are summarized in Table II. Also listed in Table II are

the mechanical properties of the known superhard materials
of B¢O, c-BN, and diamond for comparison.

As shown in Fig. 6, the crystallographic dependence of the
tensile strength is primarily attributed to the number of B-P
bonds involved in the tensional deformation. For zinc-blende
BP, each P atom is surrounded by four neighboring B atoms
to form [PBy4] tetrahedral coordination [Figs. 6(a) and 6(b)].
All four bonds in Fig. 6(c) are tensioned in the o799 mode
to resist tensile stress and to achieve the highest ultimate

TABLE II. Calculated Voigt bulk modulus By, shear modulus Gy, Vickers hardness Hy, and ideal strength (i.e., the minimum tensile
strength o, and shear strength 7,,;,) for zinc-blende BP. 8-SiC, h-B¢O, c-BN, and diamond are also included for comparison.

GV BV HV Omin Tmin
Material Reference (GPa) (GPa) k = Gy /By (GPa) (GPa) (GPa)
Cubic BP This study 165 162 1.02 375 oty = 35.1 Ty = 28.0
B-SiC Ref. [46] 191 224 0.85 32.8 - -
h—BGO Refs. [46,56] 204 228 0.90 36.4 Or10i0] = 53.3 t(OOOl)[lOIO] =38.0
¢-BN Refs. [46,56] 390 376 1.04 65.5 ot = 55.3 T = 58.3
Diamond Refs. [46,56] 528 442 1.20 93.4 o = 82.3 T = 86.8
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FIG. 6. Calculated tensile deformation along high-symmetry [100], [110], and [111] directions. (a) Crystal structure of BP at equilibrium
with three marked high-symmetry tensile directions. (b) Polyhedral view of the [PB,] tetrahedral coordination formed by P atoms and its four
neighboring B atoms. At equilibrium, the bond length and bond angle are 1.945 A and 109.47°, respectively. (c) Stress responses under tensile
strain along the selected high-symmetry directions. (d) Tensile deformation along the [100] direction. All four bonds are equivalent and have
an identical bond length. (e) Tensile deformation along the [110] direction with two stretched bonds and two compressed bonds. (f) Tensile
deformation along the [111] direction with one stretched bond and three compressed bonds.

tensile strength [Fig. 6(b)], which is different from the weaker
modes of o7110) and oy;11) with a differently reduced number
of tensioned B-P bonds and hence the increased number of
compressed B-P bonds, as illustrated in Figs. 6(e) and 6(f).
The weakest mode of oyj11;, for example, has only one
tensioned B-P bonds with three compressed B-P bonds.
Evidently, the bond angles will also be substantially modified
and should contribute partially to the softening of the modes
of o(110) and oy111). Similarly, for the shear deformation, the
(111)[112] slip system is responsible for the minimum shear
strength Tomin = T(111)112) = 24.6 GPa and the highest shear
strength T(j00)010) = 44.3 GPa is attained by the (100)[010]
shearing mode.

In view of the relatively low elastic properties of BP
(see Table II), this material does not seem to be in favor
of its superhardness. To gain insight into the underlying
mechanism, a comparative study of the shear deformation is
performed between BP and superhard material c-BN. Along
the high-symmetry directions as seen in Fig. 7, both materials
show a similar crystallographic dependence of anisotropic
tensile deformation; the weakest direction [111] holds for
both materials, suggesting that the (111) plane is the most
easily cleavable. Accordingly, three different shear stress-
strain curves associated with the (111) plane are calculated
in Figs. 7(a) and 7(b). Although the ultimate tensile and shear
strengths of BP along all selected directions are more than
twofold smaller than those of c-BN, the calculated fracture
strains in BP are nearly twice that of c-BN. This is an
indication of excellent ductility and toughness in BP, which
provides a reasonable interpretation for its high toughness

as determined in our experiment (Fig. 4). In fact, superhard
materials with superior ductility and toughness are highly
desired to greatly extend the damage threshold for ease of
machining and for achieving a long working life when used in
tools or devices. More importantly, the shear stresses steadily
increase along all selected directions as the strain increases

@) 200 (b) .
60} c-Bl —— (111)[112) Cubic BN
180 | . <)
s 50
160 ~ 40
230
1407 %20 ——[100]
= 120 g —0—[110]
& 51 —A—[11]
e ] 0 ey YR —v— (111)[17¢
Py 100 0.0 0.1 0.2 03 04 0.5 06 0.7 (1)10]
8 80 Shear strain —&— (111)[T72]
& —— (111)[112]

0.0 0.1 0.2 0.3 04 0.5 0.6 0.7
Strain

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Strain

FIG. 7. Calculated stress-strain relationships for both zinc-
blende BP (a) and cubic BN (b). Curves with open symbols represent
tensile deformation, and curves with solid symbols denote shear
deformation. Inset is an enlargement of the (111)[112] shearing slip
system for cubic BP and c-BN; for simplicity, the yield point of
the shear mode is defined using the proportional limit of the elastic
region, as denoted by the black arrow.
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FIG. 8. High-P Raman spectra for BP. (a) First-order Raman
lines I'to and I' o taken at selected pressures. The letter “D” denotes
the data taken on decompression. (b) Phonon frequencies of TO and
LO modes as a function of pressure. Black lines represent the best fits
to the pressure dependence of phonon frequencies for three different
pressure regions of 0—13 GPa, 13-36 GPa, and 36-56 GPa (see Fig.
S9 in the Supplemental Material [37]; also see [15,24,39]). A few
phonon modes appear on the edges of the I'rg and [ lines at
high pressure. The inset shows the pressure dependence of the peak
intensity ratio between 'to and 'L o, Ito/ILo- The black line denotes
the best fit of experimental data to a square-power law. (c) The
Born transverse effective charge, e}, and w?, — @3, as a function
of pressure. Inset is the calculated valence charge using the Bader
method.

to higher levels (Fig. 7), inferring substantial strain stiffening
or hardening. In particular, the strain-stiffening ratio, which
is a measure of the degree of strain stiffening defined by
the ultimate strength relative to the yield strength, of the
weakest (110)[001] shearing mode is as large as that in c-BN
(i.e., ~3.4). Such strain stiffening is expected to occur under
indentation to strongly resist the shear deformation and is
presumably responsible for the superhardness in BP. A similar
strain-stiffening mechanism has recently been used for the
prediction of two nontraditional superhard solids in the W-N
material system [54].

To investigate the optical properties of this phosphide,
we performed high-P Raman spectroscopy measurements on
single-crystal samples (see Fig. 8 and Figs. S6-S13 in the
Supplemental Material [37]; also see [15,24,39]). As shown
in Fig. 8(a), the high-P Raman spectra feature a first-order
Raman doublet, corresponding to the transverse and longitu-
dinal optical phonons (i.e., TO and LO). Infrared activity of
both TO and LO modes in BP is also identified (Fig. S14
in the Supplemental Material [37]). At ambient conditions,
the frequencies of the TO and LO modes, wro and wip,
are 799.8 (2) and 827.5(2)cm™!, respectively, which are
consistent with previous reports [15,24]. Interestingly, with
increasing pressure, the peak separation between TO and LO

is marginally reduced at the early stage of compression (i.e.,
below 13 GPa) with slopes of 6.39 and 5.38 cm’l/GPa, re-
spectively, followed by a nearly parallel increase up to 36 GPa
as summarized in Fig. 8(b). Although the slope variation is
small, it is significant enough to be measured based on our
careful analysis (see Figs. S7 and S8 in the Supplemental
Material [37]), leading to the discovery of an exotic electronic
transition as will be discussed below. Another slope change in
the 36-60 GPa range is ambiguous, and future experimental
work is needed to address it. Probably because of multi-
phonons, several phonon modes and pressure dependence
of frequencies are also investigated including acoustic and
optical phonons [Fig. 8(b)].

Concurrent with the variation of peak separation, the in-
tensity of the TO peak is noticeably increased relative to
that of the LO peak, and they are nearly identical around
17 GPa [Fig. 8(a)]. With further increase in pressure, the
TO peak becomes even stronger than the LO peak and over-
whelms above 50 GPa. In principle, the pressure dependence
of peak intensity ratio, Ito/ILo, between the I'rg and I't o can
be deduced from the effective electro-optical constant, «(P),
given by

o a(P)2 ~ wio — Wig - @)
Lo Ve Ects — Ect)

where V, e, and E. s — E, correspond to the unit-cell
volume, optical dielectric constant, and energy difference
between the conduction band states of ;5. and I'j.. The pres-
sure dependences of these variables can be evaluated using
previously reported data [15,24]. The thus-calculated intensity
ratios as a function of pressure are in excellent agreement
with these present experimental observations, which can well
be described by a square power law (i.e., o« P?) (see Fig. S9
in the Supplemental Material [37]; also see [15,24,39]). Ob-
viously, the intriguing variations of optical phonon intensity
under pressures are due to the electro-optical effect, which
contributes to the scattering probability amplitude of the LO
phonon at the center of the Brillouin zone.

For a binary compound formed from two different ele-
ments, the ionicity is an inherent character of the chemical
bond with an asymmetric distribution of electron density,
which produces oppositely charged ions. As a result, the lon-
gitudinal vibrations will dynamically induce additional sepa-
ration between the oppositely charged ions, which exerts extra
restoring force to the LO mode, leading to a large frequency
increase in the LO mode relative to the TO mode (i.e., the
splitting of the LO and TO modes) (see Supplemental Material
[37]. Thus, the bonding state of material at high pressures
can be determined by analysis of the effective charge and the
LO-TO splitting. In fact, the Born effective charge e} is a
fundamental quantity and has extensively been used for the
study of crystalline lattice dynamics, given by

8 oV b
e = ﬁ—n(wfo — wTo), 3)

where p is the reduced mass of the two-component atoms,
and the rest of the variables have been defined in Eq. (2). A
detailed description for the deduction of e} can be found in
Ref. [24].
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FIG. 9. High-P second-order Raman spectra for BP. (a) Raman patterns taken upon compression with intensity plotted in a logarithmic
scale to show the weak multiphonon processes. Each second-order phonon mode in the frequency range of 500—1800 cm™' is identified as a
combination of the first-order phonon modes of acoustic and optical branches (Ref. [15]). The inset is the calculated phonon dispersion for BP
at ambient pressure (Ref. [14]). The longitudinal (L) and transverse (T) modes of optical (O) and acoustic (A) bands are denoted with LO, TO,
LA, and TA, respectively. (b) Phonon frequencies of the second-order Raman modes versus pressure. Phonon modes of I'to and I' o are also

plotted for comparison.

Figure 8(c) displays the pressure dependences of the de-
rived e}, and the frequency splitting between LO and TO (i.e.,
wlo — who) (see Figs. S9-S11 in the Supplemental Material
[37]; also see [15,24,39]). Both e} and frequency splitting
decrease linearly at the initial stage of compression up to
~13 GPa, especially for e} with a ~40% reduction, indicating
that a substantial amount of charges is transferred from P to B
atoms as the bond is shortened at higher pressures. This would
in turn substantially increase the fraction of covalent bonds,
in favor of the stain stiffening as aforementioned. However,
above 13 GPa, the variation trend of LO-TO splitting is rad-
ically altered and the of, — w3, value increases as the pres-
sure rises, whereas the e} retains at a small leveled-off value
of ~0.75. This indicates an electronic transition at the critical
pressure of 13 GPa without involving the symmetry breaking
as determined by high-P XRD measurement (see Fig. S15 in
the Supplemental Material [37]; also see [15]). To confirm this
transition, we employed the ab initio theory to calculate the
Bader charge at high pressures [inset of Fig. 8(c)]. To our
delight, a mild decrease of the Bader charge is found in the
0-7 GPa pressure range, consistent with the experimental
observations. Around the transition pressure (i.e., 7 GPa), an
abrupt increase of the Bader charge is observed, indicative of
an electronic transition. It is noted that the obtained Bader
charge is close to the XPS result (Fig. 3) but drastically
smaller than the e} value at ambient conditions, probably
because the Born effective charge is a measure of dynamic
charge, whereas the former quantifies the static charge. In fact,
the effective charge is closely related to the antisymmetric part
of the crystal potential composed by long- and short-range
components as pointed out by Sengstag et al. [9]. Pressure
can profoundly alter the relative fraction of two antisymmetric

components, which causes an appreciable variation of effec-
tive charge [9]. In the case of BP, because the long-range
ionic term may dominate at low pressure with respect to the
short-range core potential, the effective charge decreases in
magnitude with pressure. However, the fraction of the short-
range term is increased at higher pressures and becomes com-
parable to that of the long-range potential above ~13 GPa,
which could be responsible for the anomalous transitions in
both the Born and Bader charges.

A careful investigation of the variations of multiphonon
processes is shown in Fig. 9. High-P Raman spectra plotted in
Fig. 9(a) display the logarithm scale of intensity to show the
weak multiphonon modes (i.e., second-order phonon modes).
Combined with previous calculations in Ref. [14], each peak
can well be assigned to second-order phonon modes; these
multiphonons are produced by combination of acoustic and
optical modes located at the high-symmetry points of L, T,
and X, near the center of the Brillouin zone [see Fig. 9(a)].
With increasing pressure, the intensity of such phonons is
progressively lowered and most peaks vanish above 20 GPa.
Figure 9(b) presents the derived phonon frequencies versus
pressure. Below the frequency of 750cm™!, the observed
multiphonon processes are the acoustic multiphonon modes,
while only optical modes appear above 1350cm™'. In the
intermediate frequency range of 900—1200cm™~!, a number
of hybrid modes formed between a pair of acoustic and optical
modes are active. As expected, in contrary to the acoustic
branch, the optical mode is sensitive to pressure, because
the external pressure acts as additional restoring force to the
out-of-phase vibrations (i.e., optical modes), giving rise to
the enhanced phonon frequencies in the optical branch at
higher pressures.
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FIG. 10. High-P PL measurement for BP. (a) Selected high-P spectra taken on compression and decompression (marked with the “D”
letter) at room temperature. Vertical sticks denote four components A-D of the spectrum. Gray-black squares and dots denote the PL and
second-order Raman peaks of the diamond anvil, respectively. The indirect band gap E, is estimated using the high-energy edge of the PL
spectrum. (b) Energies of the four P components and the band gap as a function of pressure. Red dots and blue solid squares represent
the E, value measured from the ultraviolet spectrum and calculated from ab initio theory, respectively. (c) Excitation-power dependence of
the 706.8-nm emission spectrum band composed of several sharp fringes, based on the photon-driven emission using a 4.5-um thin-plate
single crystal [see Fig. 1(b)]. The wavelength of the excitation laser is 532 nm and the spectra are taken at ambient conditions. (d) Fringe mode

spacing, A, as a function of wavelength of the fringe center, A.

In order to investigate the emission spectrum of this mate-
rial, the photoluminescence (PL) spectroscopy measurements
were carried out as shown in Fig. 10. At low pressures the
spectra consist of four emission bands spaced approximately
0.4 eV apart [Fig. 10(a)], corresponding to the phonon side-
band of BP. This is because BP is an indirect semicon-
ductor and because a phonon-assisted emission process is
involved during the electron-hole recombination [57]. The
obtained energies for these peaks are 1.943, 1.858, 1.780,
and 1.690 eV, respectively, in good agreement with previ-
ous reports at 300 K (Table IV) [12,13,25]. With increasing
pressure, the four bands are gradually shifted to the high-
energy side of the spectrum, while the peak intensities are
promptly reduced. At the critical pressure of ~13.9 GPa, all
PL peaks are almost completely submerged in the background
signals of the diamond anvils (see Refs. [58,59] for PL of

diamond). Apparently, the critical pressure corresponds to
that of the electronic transition as measured in the Raman
spectroscopy measurement [Fig. 8(b)], inferring that the un-
derlying transition mechanism in PL is also linked to the
variation of crystal potential under pressures. As an indirect
semiconductor, the band gap of BP can conveniently be
estimated using the high-energy edge of the PL spectrum.
As shown in Fig. 10(b), the first three emission bands have
a similar pressure dependence of peak position with a slope
of —10 meV/GPa, close to that of the band gap (also see
Fig. S16 in the Supplemental Material [37]). This is because
the position of the sideband is predominantly determined by
the band gap. In contrast, the D band has a relatively flat
slope (i.e., —5 meV /GPa), which may arise from microscopic
aggregates or inclusions of phosphorus as previously pro-
posed in Ref. [13].
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TABLE III. Assignments for the second-order Raman and infrared spectrum of BP.

Assignment Raman (cm™!) at 0.4 GPa, this work Calculated Ref. [14] Infrared (cm™!), this work
Lya + X1a 548.0 554.9 -
2X1A 621.0 616.6 -
Ltp + Lia 697.7 732.6 -
Lia + Xia 705.5 732.3 -
I'ro 799.8 809.3 798.5
o 827.5 834.6 825.5
La + X10 1000.7 1007.6 -
Xta + Lo 1030.8 1035.2 -
Xta +TLo 1127.7 1142.9 -
XTO +LLA 1160.4 1161.6 -
2L1o" 1435.7 1451.2 -
Lo+ Lto 1452.5 1475.5 -
Lio+Tio 1570.0 1583.2 -
2I'to 1594.9 1618.5 -
I'to +T'o 1612.0 1643.8 -

“Based on the phonon dispersion calculations in Ref. [14]; at the L point the phonon frequencies of TO and LO do not degenerate and have

different values of Lo = 726.9cm ™" and L; o = 748.6cm™".

Figure 10(c) shows the room-temperature PL spectra ob-
tained from a 4.5-um thin plate of a single-crystal sample at
different excitation laser powers. At a low excitation power of
2.5 mW, instead of a broadened emission band, a few weak
fringes appear in the same energy region of the spectrum.
This is seemingly caused by the étalon effect, because only
the emitted light with certain wavelengths can be selected
and strongly amplified by the thin crystal with two parallel
reflecting surfaces that form a resonant cavity. Interestingly, as
the excitation power is elevated, these longitudinal modes of
the étalon are remarkably increased. The sharp fringe modes
are symmetrically distributed around the strongest line located
at a wavelength of 707 nm (Fig. S17 in the Supplemental
Material [37]), corresponding to the red color. It is noted
that the fringe width is gently increased (Fig. S18 in the
Supplemental Material [37]), and a similar phenomenon has
also been observed in h-BN and ZnO [60,61]. Furthermore,
the fringe mode spacing AX, as a function of wavelength in
Fig. 10(d), can well be described by the equation as follows
[60-62],

)\‘2
AX = , (@)
2L[n — A(dn/dM)]

where n and dn/dX are the refractive index and its disper-
sion. The thus-derived refractive index value is n & 2.65 (8),
close to that of SiC (n = 2.55—2.60) [36]. The discovery of
photoluminescence-induced étalon effect in BP would provide
many opportunities for the design of entirely new optical
productions for diverse applications.

IV. CONCLUSIONS

In summary, we have synthesized millimeter-sized high-
quality zinc-blende BP single crystals. The nearly stoichio-
metric sample is optically transparent with a moderate band
gap of E, ~ 2.1 eV manifested by its intrinsic yellowish crys-
talline color. We also provide a feasible strategy to tailor the
band gap and crystalline color by tuning the concentration
of incorporated phosphorus. Despite its low elastic moduli,
this material exhibits an unexpectedly high load-invariant
hardness of 38 (3) GPa, near the 40 GPa threshold commonly
accepted for superhard materials. By means of theoretical
simulations, the deformation behaviors of BP under tensile
and shear strains are thoroughly investigated, leading to the
discovery of extraordinary strain stiffening and strengthening,
as well as exceptional mechanical performance. In addition,
both shear and tensile instabilities are closely related to the
formation of hexagonal BP, which ultimately causes the frac-
ture of the material. The study of high-P behaviors of optical
phonon splitting at the zone center has revealed an unusual
electronic transition at ~13 GPa with a strongly enhanced
covalent bonding network. The phonon-assisted photolumi-
nescence is also identified in BP with an indirect band struc-
ture, and the electronic-transition-induced suppression of the
phonon sideband is uncovered at high pressure. Last, there is
evidence for the photon-driven étalon effect in a 4.5-um thin-
plate BP with the strongest radiation wavelength of 707 nm,
corresponding to the red color. BP is a very hard and tough
transparent semiconductor with a finite band gap in the visible
spectrum range, making it a very promising candidate of the

TABLE IV. Energies of photo- (P)- and electro- (E) luminescence (L) band peaks (all in units of eV).

Band designation PL at 77 K, Ref. [13]

EL at 300 K, Ref. [12] PL at 300 K, this work

A 1.782
B 1.744
C 1.695
D 1.658

1.972 1.943
1.886 1.858
1.769 1.780
1.648 1.690
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new-generation semiconductors for a wide variety of practical
applications.
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