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ABSTRACT: Photomechanical effect in semiconductors refers to
a phenomenon that plastic deformation is influenced by light-
induced electron—hole (e-h) excitation. To date, increasing
amounts of theoretical and experimental studies have been
performed to illustrate the physical origin of this phenomenon.
In contrast, there has been little discussion about this effect in
superhard materials. Here, we adopted constrained density
functional theory simulations to assess how e-h excitation
influences two boron-based superhard materials: boron carbide
(B,C) and boron subphosphide (B;,P,). We found that the ideal
shear strengths of both systems decrease under e-h excited states.
Under e-h excitation, the redistribution of electrons and holes
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contributes to the decreased strength, weakening the bonds initially broken under the shear deformation. The simulation results
provide a fundamental explanation for the softening effects of superhard materials under e-h excitation. This study also provides a
basis to tune the mechanical properties of superhard materials via light irradiation.

KEYWORDS: superhard, B,C, constrained DFT, photomechanical effect, amorphization

1. INTRODUCTION

Electron—hole pairs (EHPs) normally form in semiconductors
as the electrons near the valence band maximum are excited to
the conduction band through light irradiation with an
appropriate wavelength.' In turn, these light-induced EHPs
will influence the electrical properties of semiconductors used
in electronic devices. Additionally, extensive research has
established that electron irradiation or light illumination
impacts the mechanical properties of many semiconductors,
which is known as photomechanical effect.”® For example, the
flow stress of CdS in compression increases under light
illumination.” Similar phenomena have also been reported in
other II-VI compounds. Indeed, Carlsson et al.** found that
both ZnO and CdTe single crystals display the same light-
induced flow stress increase. However, the physical origin of
photomechanical effect remains controversial due to the
complex coupling of mechanic loading, electron—hole (e-h)
lifetime, and chemical bonding.

Generally, there are two competitive deformation mecha-
nisms in semiconductors, dislocation and deformation
twinning. Researchers have conducted in situ transmission
electron microscopy (TEM) experiments and found that
electron-beam irradiation enhances the dislocation mobility in
II-VI ionic semiconductors due to the nonradiative
recombination of excited carriers at dislocation cores.”® It
was suggested that the activation energy of dislocation
nucleation in semiconductors is less than that under darkness
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because the recombination of excited EHPs weakens ionic
bonding in ionic semiconductors.” A recent experimental study
reported that ZnS exhibits different deformation mechanisms
under various light illumination conditions.'"” In complete
darkness conditions, the ZnS crystal suffers plastic deformation
dominated by dislocations at a large strain of 45%.'° In
contrast, under light irradiation conditions, ZnS suffers brittle
failure deformation dominated by twinning, implying that the
light-irradiated EHPs involve in activating deformation
twinning,'’ To explain these interesting findings, Wang et al.
performed constrained density functional theory (CDFT)
simulations to investigate how excited EHPs in ZnS affect the
general stacking fault energy surface (y-surface).'’ Under light-
illumination conditions, ZnS tends to form more twins due to
the EHP-weakened ionic bonding. Moreover, EHPs excited by
electron beam and photoactivation also have an impact on the
mechanical properties of III-V covalent semiconduc-
tors.”'>”'° In our previous study, we combined CDFT
simulations, nanoindentation experiments, and TEM measure-
ments to explore this photomechanical effect on III-V
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semiconductors of GaP, GaAs, and InP."° Under light
irradiation, excited EHPs weaken covalent bonds, which lowers
the energy barrier for the deformation slip and makes these
III-V semiconductors more ductile.

It has previously been established that boron carbide and
related superhard materials can be considered high-temper-
ature semiconductors because of their excellent thermal
stability. For example, boron carbide B,C is regarded as a p-
type semiconductor whose bandgap is 3.84 eV.'”!% B,P, is
also a semiconductor whose bandgap is 3.35 eV from
experimental measurements.'”*° In addition, early work
reported that B;O is a promising p-type semiconductor with
a bandgap of ~3.0 eV and high carrier mobility from
theoretical calculations.”’ Therefore, it is speculated that the
mechanical properties of these superhard materials are affected
by light illumination or electron irradiation.

Different from II—VI and III—V semiconductors, dislocation
activities and dislocation plasticity are not observed in B,C and
related superhard materials under conventional loading
conditions at room temperature due to high lattice
resistance.””>* In contrast, B,C prefers to exhibit abnormal
brittle failure under pressure, leading to the formation of
amorphization bands. These amorphous bands have been
widely observed in B,C under hypervelocity impact,”
nanoindentation, and scratch experiments.m_29 A recent
theoretical study has indicated that the formation of
amorphization bands can be ascribed to the C—B—C chain
reacting with B;;C icosahedral clusters under shear deforma-
tion, leading to the deconstruction of B;;C icosahedra in the
crystalline phase.”® Our recent study showed that excess
electrons in B,C are accumulated between the chain and cage,
influencing the amorphization of B,C.”' However, the
influence of excited EHPs on the amorphization of B,C
remains unknown.

CDFT simulations are performed in this study to explore the
effect of e-h excitation on the deformation mechanism of
superhard materials B,C and B,P,. First, we examined the
shear deformation of B,C along the most plausible slip system
of (001)[100] under e-h excitation states. Here, we used the 3-
index rhombohedral slip system in this article. Our results
indicated that e-h excitation lowers the ideal shear strength of
B,C. This arises from the excited e-h redistribution where the
holes are distributed among the B—B bonds between
icosahedra, while the excited electrons are distributed among
the B;,C icosahedra. Then, we examined the shear response of
B,,P, along three plausible slip systems: (011)[211], (111)
[110], and (001)[100] under light illumination. B;,P, is also
softened when subject to e-h excitation, resulting from the
bond strength reduction of the intericosahedral B—B bond and
the chain P—P bond. Our calculation results indicate that
excited e-h pairs significantly weaken the bond, which leads to
the decrease of the strength of superhard materials.

2. COMPUTATIONAL METHODOLOGY

In this work, all the simulations were carried out using the
Vienna ab initio simulation (VASP) package based on periodic
and plane-wave-based codes.”*”*" The pseudopotentials
generated from the projector augmented wave (PAW)
formalism were used to describe the interaction between
ions and electrons of each atom. The electronic exchange and
correlation energies were examined using generalized gradient
approximation type Perdew—Burke—Ernzerhof functionals.”
In all DFT simulations, the cutoff value of plane waves was set

as 500 eV and the criterion of total energy error for self-
consistent field iterations was 107 eV. The partial occupancy
of each orbital was performed using the tetrahedron method
with Bl6chl correction.”® The conjugate gradient method was
applied to relax the ions in geometry optimization, and the
force convergence for the ion relaxation was set as 107> eV/A.
To evaluate the Brillouin zone integration, the K-point mesh
based on the Monkhorst-Pack grid approach was applied. The
resolution of the K-point meshes in all simulations was above
2 X 1/40 A%,

We applied the theory of Voigt-Reuss-Hill*’ to explore the
effects of e-h pairs on the elastic properties of B,C and B,,P,,
through calculating the bulk modulus (K) and shear modulus
(G) from the elastic constant, Cj. We first performed DFT and
CDFT to calculate 21 independent elastic constants C;; under
both ground and excited states based on the stress—strain
relationship in a sufficiently small deformation range,
respectively.’”** Then, we used S; = (C;)™" to calculate the
stiffness constant 5,7.37’38 Finally, according to the Voigt-Reuss-
Hill approximate model, the bulk modulus (K) and the shear
modulus (G) could be obtained by the corresponding single-
crystal C; and S,-]-.37’38

To describe the e-h excitation in superhard materials, we
applied the CDFT scheme®**>**~* in which the occupation
of the electronic state is fixed to the particular configuration.
The occupation matrix of the excited hole or electron was
acquired by removing an electron from or adding an electron
to the neutral system, respectively. The electron/hole
occupation configuration is fixed during the structure
relaxation, assuming that small structure change does not
significantly influence the excited e-h configurations.

To investigate the deformation mechanism, we carried out
the ideal shear deformation on B,C along the (001)[100] slip
system, which is the most plausible rhombohedral slip system.
For B,,P, we considered three slip systems: (011)[211],
(001)[100], and (111)[110] since its plausible slip systems
may differ from those of B,C.””** In all these calculations,
structure parameters are allowed to relax along all five strain
components other than the imposed shear strain.*’ After
relaxation, the residual stresses were less than 0.2 GPa. For the
shear deformation of B,C, we used a 2 X 2 X 2 supercell with
120 atoms and employed a (3 X 3 X 3) K-point grid mesh. For
the shear deformation of B,,P,, we used the supercell with 84
atoms for the (111)[110] slip system, the supercell with 112
atoms for the (011)[211] slip system, and the 2 X 2 X 2
supercell with 112 atoms for the (001)[100] slip system,
respectively. We applied the (4 X 2 X 2), (3 X 3 X 3), and (3
X 2 X 4) K-point grid meshes for (111)[110], (001)[100], and
(011)[211] slip systems, respectively. The small supercell in
DFT simulations leads to high carrier concentrations of ~1.15
x 10*! cm™ for B,C and ~1.02 X 10*! cm™ for B,,P,, which
corresponds to the highly doped semiconductors.**~**

All crystal orbital Hamilton population (COHP)* analyses
in this work were executed in the LOBSTER package.*”*" The
COHP can be used to investigate the chemical bonding
information, which is based on PAW output from the VASP
code. The COHP refers to partitioning the band structure
energy in terms of the contributions of orbital pairs. The
bonding (i.e., negative value), antibonding (i.e., positive value),
and nonbonding (i.e., zero values) regions in the range of a
specific energy can be obtained through COHP analysis.
Projected COHP (pCOHP) allows the chemical bond to be
projected from plane waves. In addition, the integrated
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Table 1. Elastic Moduli (K and G) of B,C and B,,P, under the OhOe and 1/4 e-h Pair Excited States, Respectively”

KV GV
B,C 238.61 202.96
B,C + 1/4e-h pairs 233.01 201.50
By,P, 199.89 191.27
B,,P, + 1/4e-h pairs 196.34 180.25

Ky Gy K G
236.98 194.87 237.79 198.92
230.29 189.88 231.65 195.69
198.50 190.60 199.19 190.64
192.66 179.30 194.50 179.78

“The Ky and Gy represent the bulk modulus and shear modulus for the Voigt average, respectively. The Ky and Gy, represent the bulk modulus and

shear modulus for the Reuss average, respectively (unit: GPa).

pCOHP (IpCOHP) can be applied to determine the bond
strength by calculating the integral from the initial band energy
to the Fermi energy. A higher value of IpCOHP suggests a
higher bond strength.51 To evaluate the electron and hole
distribution under e-h excitation, the charge density difference
between the e-h excited states and the ground state was
calculated. We carried out the electron localization function
(ELF) to probe the bonding breaking and rearrangement
during the shear deformation. The value of the ELF isosurface
is 0.85. The visualization software VESTA>* was used to
display the crystal structure, ELF analysis, and charge density
difference.

3. RESULTS AND DISCUSSION

3.1. Crystal Structure under e-h Excited States. B,C
and B,P, have a similar crystal structure, both belonging to
the R3m space group.””** Previous studies revealed that B,C
consists of a B;;C icosahedron cluster and C—B—C chain
connected to the icosahedron along the [111] direction.”” The
extra polyhedral bonds of B;;C can be regarded as two-center-
two-electron (2c—2¢) bonds, and the middle B atom in the C—
B—C chain would provide one electron to participate in the
internal bonding of B;C, making 26 electrons delocalized in
the B;;C icosahedron and leading to the formula of
(B,,C)'"[C—B*—C] for B,C. The equilibrium lattice param-
eters given by DFT simulations are a = b = 5.207 A, ¢ = 5.057
A, a = =113.98° and y = 65.14°. The lattice parameters are
changed to a = b = 5.206 A c=5061A a=p=11396° and
Y = 65.19° under e-h pair excitation with an e-h concentration
of 1.15 X 10*! ecm™3, suggesting that the lattice constants are
barely changed.

The B,P, single crystal has a rhombohedral unit cell similar
to that of B,C but with the B,, icosahedron and the P—P chain
along the [111] direction. The P atom in the P—P chain
provides one electron to involve in the internal bonding of B,
icosahedra, becoming P*, resulting in a formula of (B,,)* [P*—
P*], satisfying Wade’s rule.® Our DFT simulations give the
equilibrium lattice parameters a = b =c= 5252 Aanda=f=
7 = 69.58°. The lattice constants are changed to a = b = ¢ =
5251 A and a = f = y = 69.64° under e-h excited states with a
concentration of ~1.02 X 10*! ecm™, suggesting that the e-h
excitation does not have a significant influence on the lattice
constants of B;,P,.

It is expected that the e-h excitations will have an impact on
the elastic properties of B,C and B,,P,. Therefore, we used the
theory of Voigt-Reuss-Hill to investigate this effect. Table 1
lists the computed results of the bulk modulus (K) and the
shear modulus (G) of the ground state and excited state with
1/4 e-h pairs. For B,C, the K and G of the excited state with 1/
4 e-h pairs decrease by 2.65 and 1.62% compared to the
ground state, respectively, indicating that e-h pairs weaken
B,C. The same trend also appears in B,P,. 1/4 e-h pair

excitation leads to a decrease of K and G by 2.41 and 5.70%,
respectively, suggesting that e-h pairs also weaken B,P,.

3.2. Amorphization of B,C under e-h Excitation. To
illustrate the deformation mechanism of B,C under e-h
excitation, we applied the ideal shear deformation along the
(001)[100] slip system since it is the most plausible slip
system. Previous TEM experiments have established the
formation of the amorphization along this (001)[100] slip
system.”® Recent DFT simulations confirmed that the ideal
shear strength for this slip system is the lowest among all 11
plausible slip systems.”® To illustrate the effects of carrier
concentration (n,), we consider two e-h concentrations: 1h—1e
per supercell (1.15 X 10*' cm™) and 2h—2e per supercell
(229 x 10*! cm™3).

The stress—strain curves of B,C for the slip system (001)
[100] under the ground state and e-h excited states are shown
in Figure 1. The OhOe, 1hle, and 2h2e denote the ground state,

50 . ; ; ;
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Figure 1. Stress—strain curves of B,C for the (001)[100] slip system
under the two e-h pair excited state (2h2e), the one e-h pair excited
state (lhle), and the ground state (OhOe), respectively. The key
failure steps displayed by the filled symbols are shown in Figures 2,
S1, and S2.

one e-h pair excited in the supercell (n; ~ 1.15 X 10*' cm™),
and two e-h pairs excited in the supercell (n, ~ 2.29X 10*'
cm™?), respectively. With 1h—1e, the ideal shear strength of
B,C drops to 38.98 GPa compared to 41.22 GPa at OhQe,
decreasing by 5.43%. Meanwhile, the critical failure strain
increases from 0.348 to 0.364. Therefore, excited e-h pairs
reduce the strength but enhance the ductility of B,C. The
carrier concentration also influences the strength of B,C. As
the n; increases to 2.29 X 10, the ideal shear strength further
decreases to 38.51 GPa, while the critical shear stress remains
0.364, indicating that a higher e-h concentration decreases the
ideal shear stress. Notably, the slope of the stress—strain
relations of excited states decreases in the elastic deformation
region (shear strain <0.1), indicating that the shear modulus
also decreases under e-h excitation. This is consistent with the

https://doi.org/10.1021/acsami.2c05528
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d) Strain=0.263 e) Strain=0.364

Figure 2. Structural evolution of the B,C system along (001)[100] shear under the 1hle excited state: (a) intact structure; (b) structure deforms
elastically at a shear strain of 0.227; (c) at a shear strain of 0.24S, the C8—BS1 bond breaks; (d) no icosahedra are destroyed at a shear strain of
0.263; (e) at 0.381 shear strain, the stress reaches the maximum value; (f) failure starts by the cage C8 reacting with the chain B9S at a shear strain
of 0.397. Indigo and sienna balls, respectively, represent the B and C atoms. A yellow isosurface represents the ELF with a value of 0.8S.

25

a) 1 0hoe, £ =0 : 1), 0l ohoe, e=0227 ]
1.5¢ 1 i CBM state
CBM state 05+ ' 1
g:_ 1.0+ 4 ‘E H
0.5 i R
8 L 8 0.0
0.0 ‘ & 11 A
03¢ 3 0.5F : 1©) —— Oh0e, £=0
-1.0+  VBMstate | 1 VBM state 8 —1lelh,e=0
st : 1 ol : | —— OhOe, £ = 0.227
PO A S e el teine=0227 1
-15 <10 -5 0 5 10 15 15 -10 -5 0 5 10 15 8
Energy (eV) Energy (eV) =4l /]
2.0F lhle,e=0 ; L lhle,e=0227 -
c) ; 5l /]
1.5+ CBM state | 4
o 1O 0 I A
= -18 -16 -14 -12 -10 -8 -6 -4 -2 0
8 05p Energy (eV)
?- 4
0.0
-1.0 B
-0.5
VBM state
-1.0F 4 -1.5 4
-15 -10 -5 0 5 10 15 5 10 15
Energy (V) Energy (eV)

Figure 3. pCOHP analysis for the C8—BS1 bond between icosahedra under the 1h1le state and OhOe state: (a) at a strain of 0.0, the intact structure
under the OhOe state; (b) at a strain of 0.227, the deformed structure under the OhOe state; (c) at a strain of 0.0, the intact structure under the 1hle
state; (d) at a strain of 0.227, the deformed structure under the lhle state; (e) JpCOHP for C8—B51 bonds between icosahedra under the lelh
state and OhOe state. The charge density difference for the perfect structure and deformed structure between the lhle state and OhOe state is
inserted in (c) and (d), respectively. The electronic orbitals of the conduction band minimum (CBM) are marked by light orange, and those of
valence band maximum (VBM) are marked by blue; and the hole and electronic densities caused by e-h excitation are marked by light green and
lavender, respectively.

elastic modulus prediction in which the elastic modulus of e-h carbene, leading to the deconstruction of icosahedra, which
excited B,C is lower than that under the ground state. This accounts for the brittle failure.
suggests that the e-h pairs affect the speed of sound in Figure 2 displays the crucial structural evolution for the
semiconductors and may influence the thermal transport shear-induced failure mechanism of B,C along the (001)[100]
properties.”* slip system under the lhle state. The isosurface of ELF [49,
The shear-induced failure mechanism of B,C along the 50] is plotted to assess the bonding breaking or rearrange-
(001)[100] slip system under the OhOe state is shown in Figure ments under shear deformation. The intact structure, displayed
S1 and has been discussed in previous studies.’”’" First, the in Figure 2a, is subject to elastic deformation until reaching the
B—C bond between icosahedra is broken under shear, resulting 0.227 shear strain (Figure 2b). The C8—BS1 bond between
in the carbene forming a lone pair. With the increase of the neighboring icosahedra is stretched during the elastic
shear strain, the B atom in the C—B—C chain interacts with the deformation, but the ELF suggests that it is not broken. The

25795 https://doi.org/10.1021/acsami.2c05528
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Figure 4. (a) Stress—strain curves of B,,P, for (011)[211], (001)[100], and (111)[110] slip systems under shear deformation; (b) stress—strain
curves for the (011)[211] slip system under OhQOe and 1hle states, respectively. The key failure steps displayed by the filled symbols are shown in

Figures 5 and 8.

bond distance of C8—B51 increases to 2.574 A as the shear
strain increases to 0.245 (Figure 2c), breaking the bonds and
forming a lone pair on cage C. The pair electron is located at
the C8 atom, indicating a lone pair electron. No icosahedra are
deconstructed at 0.263 shear strain, as plotted in Figure 2d. At
0.364 shear strain (Figure 2e), corresponding to the maximum
shear stress of 38.98 GPa, the C—B—C chain moves closer to
the carbene formed at a shear strain of 0.245 due to the
intericosahedral bond breaks. With the shear strain further
increasing to 0.381 (Figure 2f), the icosahedra are
deconstructed by forming a new bond between the carbene
(C8) and the middle chain B (B9S). This failure mechanism is
the same as the ground state, indicating that the failure
mechanism is unaffected by e-h pairs along this slip system.
However, the lower ideal shear strength and higher failure
strain suggested the relatively low material strength and higher
deformation capability of B,C under e-h excitation. Under the
2h2e state, the deformation process for the (001)[100] slip
system remains the same with the 1hle state and OhOe state, as
illustrated in Figure S2.

The e-h excitation has a noticeable effect on the failure strain
and ideal strength of B,C. To understand this phenomenon,
we performed pCOHP analysis to investigate the bonding
information and bond strength. A positive crystal orbital
overlap population (COOP) denotes a bonding state, while a
negative COOP denotes an antibonding state.>’ Here, we take
-pCOHP to be consistent with the COOP method. Figure 3a,b
shows the -pCOHP of the intact (0.0 shear strain) and the
deformed (0.227 shear strain) structures under the OhOe state
and lhle state, respectively. The charge density difference
between the 1hle and OhOe states is also displayed to illustrate
the modified electron (hole) distribution under e-h excitation.
The -pCOHP of the C8—BS1 bond between neighboring
icosahedra was calculated because it breaks first under shear
deformation and causes structural destruction. For both intact
and deformed structures, we also integrated the -pCOHP of
the C8—BS1 bond to determine the change of bond strength
with e-h excitation. Figure 3ab shows the bonding and
antibonding characters for the intact and deformed structures
under the OhOe state, respectively. Moreover, there is a
bandgap between the valence and conduction bands. Figure
3c,d displays the bonding and antibonding characters of the
initial and deformed structures at the lhle state, respectively.
With the excited e-h pairs, the electrons near VBM will transfer
from the bonding states to the antibonding states and create
the excess electron and hole states, which are represented by
lavender and light green isosurfaces, respectively. This results

25796

in that the Fermi level touches the bonding state for both
intact and deformed structures. In addition to pCOHP
analysis, we also calculated the charge density difference
between 1lhle and OhOe states for both intact and deformed
structures, respectively, as shown in Figure 3c,d. The hole state
is distributed among the B—C bonds between icosahedra. On
the contrary, the excess electron state is distributed within the
cage, indicating that electron transfers from the intericosahe-
dral bond to the cage, weakening the intericosahedral bonding
and lowering the shear strength for the initial bond breaking
between icosahedral—icosahedral B—C bonds. To confirm this,
Figure 3e shows that the value of -IpCOHP is lower under the
lhle state, suggesting that the e-h excitation decreases the
bond strength.

3.3. The Effect of Electronic Excitation on B;,P,.
Previous theoretical studies suggested that Bj,P, can suppress
the deconstruction of icosahedral clusters because the P—P
chain facilitates the icosahedral slip under shear deformation,
releasing the accumulated shear stress.** Therefore, the perfect
crystalline B,,P, may be a ductile and hard material. It will be
interesting to examine the e-h excitation on this system with a
different deformation mechanism but a similar crystal structure
to B,C. To elucidate how e-h excitation affects the intrinsic
failure mechanism of B;,P,, we carried out the ideal shear
deformation on B,P, under the ground state (OhOe) and
excited states (1hle and 2h2e).

To determine the most plausible slip system, we first
examined the shear deformation along three possible slip
systems of (011)[211], (001)[100], and (111)[110]. Figure 4a
displays the stress—strain curves of these three slip systems
under ideal shear deformation. The ideal shear strength is
44.02, 39.77, and 36.09 GPa for (001)[100], (111)[110], and
(011)[211], respectively. Our results show that the ideal shear
strength for the slip system (011)[211] is the lowest among
other slip systems. This implies that the slip system (011)
[211] is the most plausible slip system for Bj,P,, which is
different from B,C with the most plausible slip of (001)[100].
Hence, we focused on the deformation mechanism of B,,P,
along (011)[211] to understand the effect of e-h excitation on
the failure mechanism. Figure 4b plots the stress—strain curves
of B},P, along the (011)[211] slip system under the ground
state (OhOe state) and lh—1le excited state. B,,P, deforms
elastically under both OhOe and 1hle states as the shear strain
is less than 0.1. The slope of the stress—strain curve is lower for
the 1hle state than for the OhOe state, indicating that the e-h
excitation slightly lowers the shear modulus of B,P,. This
agrees with the elastic modulus prediction in which the e-h

https://doi.org/10.1021/acsami.2c05528
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d) Strain=0.299

¢) Strain=0.322

f) Strain=0.345

Figure S. Structural evolution of B},P, along the (011)[211] slip system at the excited state with lhle: (a) intact structure; (b) shear stress reaches
the maximum value at a shear strain of 0.254; (c) at 0.276 shear strain, no bonds break in the structure; (d) at a shear strain of 0.299, the chain P3—
P7 bond and the B83—B87 bond between icosahedra are stretched but not broken; (e) at a shear strain of 0.322, the chain P3—P7 bond is broken
and the B83—B87 bond starts to break; (f) no icosahedron fractured at a shear strain of 0.34S. The blue and red balls in the figure, respectively,
denote the B and P atoms. A yellow isosurface represents the ELF with a value of 0.85.
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Figure 6. pCOHP analysis for the chain P3—P7 bond under the 1hle state and OhOe state: (a) intact structure under the OhOe state; (b) deformed
structure (0.254 shear strain) under the OhOe state; (c) intact structure under the 1hle state; (d) deformed structure (0.254 shear strain) under the
1hle state; (e) IpCOHP for the intericosahedral P3—P7 bond under the lelh state and OhOe state. The electronic orbitals of the conduction band
minimum (CBM) are marked by light orange, and those of the valence band maximum (VBM) are marked by blue.

pairs weaken B,,P,. Additionally, the ideal shear strength for
the 1hle state is 35.53 GPa at 0.254 critical strain, which is
1.55% lower than the critical shear stress (36.09 GPa) for the
OhOe state. This indicates that e-h excitation weakens the
strength of B},P,, which is similar to B,C.

We examined the detailed failure mechanism of B,P, along
(011)[211] under both the OhOe state and 1hle state. Figure 5
shows the structural changes and the ELF analysis at various
important strains of B;,P, under the 1hle state (n; ~ 1.02 X
10! cm™). Figure Sa shows the intact structure with the P—P
bond in the chain. The isosurface of ELF analysis confirms this
P—P bond. The structure deforms elastically with continued
shear strain. Particularly, at a strain of 0.254 (Figure Sb), the
ideal shear stress reaches the maximum value. Figure Sc

25797

corresponding to the structure at 0.276 shear strain shows that
the P3—P7 chain bond is stretched from 2.390 to 2.436 A,
while the B83—B87 intericosahedral bond is also stretched
from 2.370 to 2.526 A. However, the ELF shows that both of
them are not broken. Then, at a shear strain of 0.299 (Figure
5d), the distances of P3—P7 and B83—B87 bonds are further
increased to 2.519 and 2.758 A without breaking, respectively.
No isosurface exists between P3 and P7 atoms as the shear
strain further increases to 0.322 (Figure Se), suggesting that
the P3—P7 bond is broken. Meanwhile, the distance of the
B83—B87 bond is drastically increased to 3.041 A, indicating
this bond starts to break. After this, at 0.345 shear strain, each
P atom in the P—P chain interacts with one B atom in the B,
icosahedron without fracturing the icosahedra, as displayed in

https://doi.org/10.1021/acsami.2c05528
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Figure 7. pCOHP analysis for the chain B83—B87 bond under the lhle state and OhOe state: (a) intact structure under the OhOe state; (b)
deformed structure (0.254 shear strain) under the OhOe state; (c) intact structure under the 1hle state; (d) deformed structure (0.254 shear strain)
under the 1hle state; (e) IpCOHP for the intericosahedral P3—P7 bond under the lelh state and OhOe state. The electronic orbitals of the
conduction band minimum (CBM) are marked by light orange, and those of the valence band maximum (VBM) are marked by blue.

¢) Strain=0.345

d) Strain=0.369

Figure 8. Structural changes of B},P, for the slip system (001)[100] under the 1hle excited state: (a) intact structure; (b) at 0.322 shear strain, the
shear stress achieved the maximum value; (c) at a shear strain of 0.34S, the chain P13—P14 bond is broken; (d) B64—B82 bond between
neighboring icosahedra is broken at 0.369 shear strain. Blue and red balls in the figures, respectively, represent the B and P atoms. A yellow

isosurface represents the ELF with a value of 0.8S.

Figure 5f. Notably, under the OhOe state, B,,P, exhibits the
same failure process as the lhle state, as shown Figure S3.
These results suggest that the breaking of both P—P chains and
intericosahedral B—B bonds initiates the structural failure of
B,P, under both the ground state and excited states.

Next, we performed pCOHP analysis to analyze the origin of
the effects of e-h excitation on the mechanical behavior of
B,P,. Here, we focused on the P3—P7 chain and
intericosahedral B83—B87 bonds since they break first under
shear deformation and initiate structural failure. In particular,
the obtained -pCOHP curves of these two bonds in both intact
(0.0 strain) and deformed (0.254 strain) structures under the
OhOe state and lhle state are shown in Figures 6 and 7,

respectively. Under the OhQe state, the valence and conduction
bands of P3—P7 and B83—B87 bonds are composed of
bonding and antibonding states in both intact and deformed
structures, as displayed in Figure 6ab and Figure 7a,b,
respectively. When the e-h excitation happens, the electrons
near VBM will transfer from the bonding states to the
antibonding states and create e-h pairs. Thus, the Fermi level
touches their bonding states of both intact and deformed
structures under the lhle state, as shown in Figure 6¢,d and
Figure 7¢,d, respectively. More importantly, for both intact and
deformed structures, the -IpCOHPs of P3—P7 and B83—B87
bonds under the lhle state are lower than those under the
OhOe state, as shown in Figure 6e and Figure 7e, respectively.

https://doi.org/10.1021/acsami.2c05528
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Figure 9. IpCOHP for (a) intericosahedral B64—B82 bond under 1hle and OhOe states and (b) chain P13—P14 bond under 1hle and OhQe states.

This suggests that excited e-h pairs weaken these two bonds,
decreasing ideal shear strength under the 1hle state.

To further illustrate that the excited e-h pairs have an effect
on the mechanical properties of B;,P,, we examined the shear
deformation along (001)[100] under OhOe, 1lhle, and 2h2e
states. Two e-h concentrations including 1h—1e (n; ~ 1.02 X
10*! em™3) and 2h—2e (n; ~ 2.03 X 10> cm™3) are considered
to investigate the effect of carrier concentrations. The stress—
strain curves of the slip system (001)[100] under the ground
state and excited states (lh—le and 2h—2e) are plotted in
Figure S4. Under the lhle state (n; ~ 1.02 X 10*' cm™), the
ideal shear stress of B,P, is 43.00 GPa at 0.322 strain, which is
2.32% lower than 44.02 GPa under the OhQe state at the same
strain, suggesting that the e-h excitation weakens its strength.
However, under the 2h2e state (1, ~ 2.03 X 10*! cm™), the
ideal shear strength (43.12 GPa) is slightly higher than that
under the 1lhle state, suggesting that a higher carrier
concentration might lead to the increase of ideal shear
strength. The critical strain under the 2h2e state (0.345) is
also larger than that of lhle and ground states (0.322). This
indicates that higher carrier concentrations can slightly
improve the ductility of B,,P,. In addition, in the elastic
range (<0.1), the slopes of stress—strain curves for both excited
states (lh—1e and 2h—2e) are lower compared to the ground
state, suggesting that the shear modulus decreases under e-h
excitation, which is the same with B,C. This result is in
accordance with elastic modulus prediction.

In order to illustrate the effect of e-h pairs on the failure
mechanism, the ELF analysis results of structures at various
critical strains of B;,P, under lhle states (n; ~ 1.02 X 10!
cm™?) are shown in Figure 8. The intact structure is shown in
Figure 8a, and the ELF indicates that the P—P bond forms the
chain. The chain P13—P14 bond is stretched from 2.268 to
2.468 A as the shear strain increases to 0.322. Meanwhile, the
distance of the intericosahedral B64—B82 bond is increased
from 1.747 to 2.222 A, as shown in Figure 8b. However, the
ELF shows that both of them are not broken. In Figure 8c, the
chain P13—P14 bond stretches to 2.529 A and breaks at 0.345
shear strain. In addition, the B64—B82 bond between
icosahedra is also stretched to 2.351 A. However, the isosurface
between B64 and B82 atoms still exists at this strain, suggesting
that it is not broken. Then, the B64—B82 bond breaks as the
shear strain increases to 0.369 (Figure 8d), decreasing the
shear stress from 41.61 to 1.97 GPa. Meanwhile, each P atom
interacts with three icosahedra, forming four bonds, and no
bond within icosahedra breaks. Similar to the lhle state, the
failure mechanism of B,,P, under OhOe and 2h2e states also
arises from the breaking of the P—P chain and the B—B bond
between icosahedra, as plotted in Figures S5 and S6,

respectively. Thus, it is vital to understand how e-h pairs
affect the P—P chain bond and intericosahedral B—B bond in
the process of the shear deformation along (001)[100].

The pCOHP technique was performed to manifest the
changes of strengths for P13—P14 and intericosahedral B64—
B82 bonds under the e-h excitation, as plotted in Figures S7
and S8. Under the OhOe state, the valence and conduction
bands of B64—B82 and P13—P14 bonds are composed of
bonding and antibonding states in both intact and deformed
structures, as plotted in Figures S7a,b and S8a,b, respectively.
Under the 1hle state, their Fermi level touches the bonding
states of intact and deformed structures, as is shown in Figures
S7¢,d and S8c¢,d, respectively. To better illustrate the effects of
e-h pairs on bond strengths, the -IpCOHPs of B82—B64 and
P13—P14 bonds under the lhle state were also investigated
and compared with -IpCOHPs under the OhOe state, as plotted
in Figure 9. For both intact and deformed structures, the bond
strengths of these two bonds under the 1hle state are lower
than those under the OhOe state, indicating that e-h pairs
weaken both intericosahedral B—B and P—P bonds, which
accounts for the reduction of ideal shear strength under excited
states.

Our results show that the softening from e-h pair excitation
in B},P, is less than that in B,C. The ideal shear strength of
B,C is reduced by 5.43% under the 1hle state compared to the
ground state, which is higher than the reductions of ideal shear
strength of B|,P, under the 1hle state (2.32% for (001)[100]
and 1.55% for (011)[211]). The mechanism beyond that can
be explained by our [pCOHP analyses on bonds that break first
and initiate the structural failure. At critical strain before
structural failure, the bond strength of the C8—BS1 bond in
B,C decreases by 81.63% under the lhle state. For B,P,,
when shear is along (011)[211], the bond strength of the P3—
P7 bond only decreases by 49.58% under the lhle state.
Besides, when shear is along (001)[100], the bond strength of
the P13—P14 bond decreases by 40.17% under the 1hle state.
These two values are much smaller than those of B,C. These
results suggest that the excited e-h pairs transfer more electrons
in B,C than in B,P,, causing more apparent softening effects
in B,C.

4. CONCLUSIONS

The present work was undertaken to evaluate the effects of e-h
excitations on superhard materials of B,C and B,P, by using
constrained DFT simulations. Our results indicate that e-h
excitations lower both the shear modulus and the ideal shear
strength of B,C and B,,P,. These results are consistent with
the elastic modulus prediction, e-h pairs leading to a decrease
of both K and G. The microscopic origin for this effect is that
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the excited e-h pairs reduce the strengths of bonds during the
shear deformation and initiate structural failure. For B,C, the
structural failure starts from breaking the B—C bond between
icosahedra. Under excited states, the excited electrons transfer
from intericosahedral B—C bonds to B;;C icosahedra,
weakening the intericosahedral B—C bonds and thus lowering
the ideal strength of B,C. For B,P,, the failure mechanism
shearing along (011)[211] and (001)[100] is due to the
breaking of both P—P chains and intericosahedral B—B bonds.
Under excited states, these two bonds are weakened.
Therefore, the ideal strengths of B,,P, under excited states
are lower compared to the ground state. Overall, our study
offers an atomistic understanding of the mechanical properties
of superhard B,C and B,P, under e-h excitations. This study
also provides the basis for tuning the mechanical properties of
superhard materials through external fields.
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