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Atomic-structure changes of 30° partial-dislocation cores due to excess carriers in GaP
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It was experimentally reported that light illumination leads to reduced deformation stresses in some III-V
compound semiconductors such as GaP. This phenomenon is known as the negative photoplastic effect, which
is expected to originate from interactions between photoexcited carriers and glide dislocations. To clarify its
physical origin at the atomic and electronic levels, density-functional-theory calculations were performed for
Shockley 30° partial dislocations in GaP. In the absence of excess carriers, both Ga and P cores of the partial dis-
locations were found to have reconstructed structures that are energetically most stable. This can be understood
by the fact that dangling-bond-like states at undercoordinated atoms of the dislocation cores are removed by core
reconstruction. In the presence of excess carriers that would be formed by light illumination, the reconstructed
Ga and P cores were able to trap excess holes and electrons, respectively, and were subsequently transformed to
unreconstructed structures. It was also found that the unreconstructed structures due to excess carriers tend to
have smaller potential barrier heights for dislocation glide, as compared to the pristine reconstructed structures
without any excess carriers. This is in good agreement with the increased dislocation mobility in GaP under

external light illumination that has been experimentally reported.

DOLI: 10.1103/PhysRevMaterials.8.093605

I. INTRODUCTION

III-V group inorganic compound semiconductors have re-
ceived a lot of attention due to their excellent optical and
electronic properties, having many applications such as light-
emitting diodes, laser diodes, and photovoltaic cells [1]. This
class of materials, however, are in general brittle and eas-
ily fracture at room temperature [2], leading to their limited
processability and reliability. In this regard, light illumination
has been reported to alter plasticity or hardness of inorganic
compound semiconductors. This phenomenon is called the
photoplastic effect (PPE) and is classified into negative PPE
(n-PPE) and positive PPE (p-PPE). The n-PPE corresponding
to decreased flow stresses or hardnesses under external light
illumination was observed for some III-V group compound
semiconductors of GaAs and GaP [3-5]. On the other hand, II-
VI group semiconductors such as ZnS and CdS were found to
exhibit the p-PPE where external light illumination increases
flow stresses [6—14]. Since plastic deformation is mediated by
dislocation glide, it is most likely that external light illumina-
tion can strongly affect dislocation mobility.

When a semiconducting material is irradiated by light
with an energy higher than its band gap, electron-hole pairs
are generated via band-to-band transition. The PPE is thus
thought to arise from interactions between such excited
carriers and glide dislocations. In this regard, our recent theo-
retical calculations showed favorable core structures of glide
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dislocations with and without excess carriers in II-VI group
compound semiconductors [15-18]. It was found that in the
absence of excess carriers, the glide partial dislocations have
unreconstructed structures with undercoordinated atoms at
the cores. In the presence of excess carriers, however, the
partial-dislocation cores were found to trap excess carriers
by their excess electrostatic potentials and further undergo
atomic reconstruction by the formation of like-atom bonds at
the cores. From these results, a plausible mechanism of the
p-PPE is that light illumination reduces potential energies of
glide partial dislocations by such core reconstruction and in
turn increases Peierls potential barriers for dislocation glide
(decreased dislocation mobility), leading to increased flow
stresses. In fact, reduced dislocation mobility in ZnS under
light illumination was also confirmed experimentally by creep
mechanical tests at room temperature [19].

In contrast, it remains unknown whether such a mecha-
nism of atomic-structure change of the dislocation cores due
to excess carriers proposed for II-VI group semiconductors
can be applied to III-V group semiconductors. Unlike II-VI
group semiconductors, for instance, GaAs showed reduced
deformation stresses by light illumination (n-PPE), which
was ascribed to increased dislocation mobility during light
illumination [3—4]. Increased dislocation mobility by exter-
nal light was also observed in GaP [5]. To account for such
increased dislocation mobility in GaAs and GaP [3-5], the
recombination-enhanced dislocation glide (REDG) mecha-
nism [20-22] seems to be sometimes used, where excess
carriers generated by light illumination recombine nonradia-
tively at dislocation cores, simultaneously emitting phonons
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TABLE I. Calculated band-gap energies (E,) obtained from GGA, GGA+U, and HSE calculations with the experimental data.

GGA+U: U = —10eV on P-3p

GGA_PBE Previous work®

This work HSE06 o = 0.2 Experiment”

E, (eV) 1.65 2.22

2.14 222 2.26

4Reference [29].
bReference [32].

that accelerate dislocation glide. However, this mechanism
was originally put forward to account for light-emitting degra-
dation of the semiconductors due to anomalous dislocation
generation during operation, and thus was not intended for
plastic deformation behavior of the n-PPE.

In the present study, density-functional-theory (DFT) cal-
culations were performed to investigate dislocation core
structures with and without excess carriers in GaP, which is
a typical III-V group compound semiconductor. Dislocation
formation energies were evaluated to clarify the stability of
the core structures with and without excess carriers. Local
densities of states (LDOSs) of the dislocation cores were
analyzed to investigate specific electronic structures due to
the dislocation cores. In addition to the generalized-gradient
approximation with Hubbard U correction (GGA+U) calcu-
lations, hybrid functional calculations were also performed
to check the validity of the results obtained by GGA+U
calculations. A physical origin of the increased dislocation
mobility in GaP under light illumination was clarified in terms
of atomic-structure change and energetics of the dislocation
cores.

II. COMPUTATIONAL METHOD
A. DFT calculations

DFT calculations were performed using the projector aug-
mented wave (PAW) method implemented in the Vienna
ab initio Simulation Package (VASP) [23,24]. The exchange-
correlation energy was computed using the generalized-
gradient approximation (GGA) with the Perdew-Burke-
Ernzerhof (PBE) formalism [25]. A plane-wave cutoff energy
was set to 450 eV for all cases. The 3d, 4s, and 4p orbitals
for Ga and the 3s and 3p orbitals for P were treated as valence
electrons in the PAW potentials. GGA calculations typically
underestimate the band-gap energy, which often affects defect
formation energies [26,27]. To reproduce the experimental
band gap, GGA+U calculations [28] were thus performed
by setting an effective U parameter to —10 eV for the P-3p
orbitals [29].

To check the validity of GGA+U calculations with the neg-
ative U value, standard GGA-PBE calculations with smaller
supercells involving a partial dislocation pair as described
below (144-atom supercells for unreconstructed dislocation
cores and 288-atom ones for reconstructed dislocation cores)
were performed. From comparisons of dislocation formation
energies between GGA+U and GGA (see Fig. S1 in the
Supplemental Material [30]), it was confirmed that absolute
values of the formation energies are somewhat dependent on
whether GGA+U or GGA is used, but the overall trend in

the relative stability of neutral and charged partial dislocations
over the entire Fermi energy range is not affected by the DFT
approaches.

For a further cross-check of the calculated results, Heyd-
Scuseria-Ernzerhof (HSE [31]) hybrid functional calculations
were also performed by setting the amount of exact exchange
a to 20%. Table I indicates that band-gap energies of zinc-
blende structured GaP perfect crystal (E;) obtained by the
GGA+U and HSE calculations are close to the experimental
value [32].

As will be described later, dislocation cores were mod-
eled mainly with parallelepiped-shaped supercells containing
288 atoms [15]. Here, the x- and z-axes were parallel to the
[112] and [110] directions of the cubic zinc-blende struc-
ture, respectively. For the k-space sampling, a 1 x 2 x 6 grid
was used. For structural optimization, the energy and force
convergence criteria were set to 107% eV and 1072eV/A,
respectively. For HSE calculations, 144-atom supercells were
used with a 1 x 2 x 6 k-mesh grid. In this case, single-point
calculations were performed using the dislocation-containing
supercells relaxed by GGA+U calculations.

B. Dislocation modeling

GaP with the zinc-blende structure has a primary slip
system {111}(110). Previous experimental observations by
weak-beam electron microscopy indicated the presence of
30°-30° Shockley partial dislocation pairs separated by a
{111} stacking fault in GaP [33]. Therefore, such Shockley
30° partial dislocations with a Burgers vector of 1/6(211)
were focused as typical glide dislocations in GaP. Since the
{111} plane is polar, the partial dislocation cores are off-
stoichiometric and hence are either Ga-rich or P-rich, which
are hereafter referred to as the Ga core and the P core, re-
spectively. The 288-atom supercell contains a Ga core and
a P core separated by a {111} stacking fault with its width
(dsp) of 2.6 nm in order to satisfy three-dimensional peri-
odic boundary conditions and overall stoichiometry. Here the
dislocation lines were set to be parallel to the z-axis ([110]).
The dislocation cores were located at the quadrupole positions
over periodic supercell images to cancel elastic interactions
between dislocations at the cores even in the finite-sized
supercells [34].

For both the Ga and P cores, unreconstructed and re-
constructed structures were considered as initial structures
and were relaxed by structural optimization. The initial un-
reconstructed structures were obtained by displacing atoms
according to the elastic theory, as shown in Figs. 1(a) and
1(b). However, these structures have undercoordinated atoms
along the dislocation lines. In this case, it is likely that the
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as indicated by previous studies [35—42]. For the 30° partials,
double period (DP) structures of reconstructed dislocation
cores were reported, in which undercoordinated like atoms
form new bonds along the dislocation lines [Figs. 1(c) and
1(d)]. Such a DP structure was also considered in the present
study. Since the DP structure has doubled periodicity of the
unreconstructed structure along the z axis, the number of
atoms in the supercells for the DP reconstructed structures
was 576.

Our recent study for II-VI compound semiconductors [16]
showed that energetic positions of defect-induced levels due
to dislocations within the band gaps can vary with supercell
size. To examine such a supercell-sized dependence in GaP,
LDOS curves of the unreconstructed 30° partial pairs were
plotted against dsr in Fig. 2: dsg = 1.3, 2.0, 2.6, and 3.3 nm
correspond to the supercells of 48, 144, 288, and 480 atoms,
respectively. It was found that the shapes and positions of
the defect-induced levels are almost the same regardless of
the supercell sizes over 288 (576) atoms (dsp > 2.6 nm).
Although experimental dsg was around 4-8 nm [33], it is
reasonable to consider that the fundamental characteristics
of electronic structures at the dislocation cores can be well
described even by the 288-atom (576-atom) supercells with
dsg = 2.6 nm. Therefore, the results mainly shown below are
the ones from the 288-atom (the unreconstructed structure)
and the 576-atom (the reconstructed structure) supercells.

C. Dislocation formation energy AE;

To determine energetically stable atomic structures of the
Ga and P cores, dislocation formation energies AE¢(q) were
calculated by

AE;(q) = Er(dislocation, g)— Er(perfect) + g(Evpm + &F).
(D

Energy (eV)

FIG. 2. LDOS curves of (a) the Ga core and (b) the P core of
the unreconstructed partial dislocations with different dsg (1.3, 2.0,
2.6, and 3.3 nm), obtained from the GGA+U calculations. The VBM
and CBM of the perfect crystal are shown by the vertical dashed
lines. These LDOS curves are obtained from the atoms circled in
light green in Fig. 1.

Er(dislocation, g) and Er(perfect) are the total energies
of the 288-atom (or 576-atom) supercells of a dislocation
pair and the perfect crystal, respectively. ¢ is a charge of
the partial-dislocation pair. To investigate the effects of ex-
cess carriers on the dislocation formation energies, excess
electrons or holes were independently introduced into the
supercells, and the numbers of excess carriers were then
changed in the range of g from —4 to +4. For example, if
one electron is added to (removed from) the supercell, the ¢
value is equal to —1 (41). Eypwm is the energy of the valence-
band maximum (VBM) in the perfect crystal, and ef is the
Fermi energy measured from the VBM. Since Evygy of the
finite-sized supercells with a partial-dislocation pair is differ-
ent from that of the perfect crystal, Eygy was corrected by
average electrostatic potentials as follows:

" I
Evpym = E{)]%r I\ZCt + V;\l;;locauon _ Vap‘)lzrfect’ (2)
where EP is the VBM energy of the perfect supercell, ob-

tained from an energy difference between Er(perfect, g = 0)
and Er(perfect, g = +1). Vdislocation 354 Vet are average
electrostatic potentials of atomic sites farthest from the dislo-
cation cores and in the perfect crystal, respectively.
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FIG. 3. LDOS curves of (a) the unreconstructed and (b) the
reconstructed partial-dislocation pairs with ¢ = 0 obtained from
GGA+U calculations. The LDOS of the bulk is also shown in the
top panel. The vertical dashed lines represent the highest occupied
levels.

III. RESULTS

A. Atomic and electronic structures
of the dislocation cores with ¢ = 0

This section discusses electronic and atomic structures of
the 30° partial dislocation pair in the absence of excess carri-
ers (i.e., ¢ = 0). Figures 1(a) and 1(c) show atomic structures
of the Ga core after structural optimization. For the unrecon-
structed structure [Fig. 1(a)], the Ga atoms on the dislocation
line are threefold-coordinated by P atoms, and their inter-
atomic distance of Ga-Ga is 0.380 nm. For the reconstructed
structure [Fig. 1(c)], these undercoordinated Ga atoms clearly
come close to each other, forming Ga-Ga bonds with an inter-
atomic distance of 0.249 nm. Similarly, the unreconstructed
P core also has threefold-coordinated P atoms (the P-P dis-
tance is 0.380 nm), whereas the reconstructed core has a P-P
bond with an interatomic distance of 0.212 nm, as shown in
Figs. 1(b) and 1(d).

It was found that when both the Ga and P cores have
reconstructed structures in the supercell, which is referred to
as the reconstructed pair, AE;(g = 0) is lower by 1.38 eV /nm
than that of the unreconstructed pair. Therefore, the 30° partial
dislocations in GaP favor the reconstructed structures as the
pristine core structures.

To clarify this issue in more detail, their electronic struc-
tures were analyzed. Figures 3(a) and 3(b) show LDOS curves
of the unreconstructed and reconstructed pairs in the 288-atom
and 576-atom supercells, respectively, which are obtained
from the atoms circled in green in Fig. 1. The bulk LDOS
curve was obtained from LDOSs of the Ga and P atoms
furthest from the dislocation cores. For the unreconstructed
pair [Fig. 3(a)], the Ga core exhibits broad defect-induced
levels below the conduction-band minimum (CBM) in bulk,
which are formed mainly by the Ga-4p orbitals, and the P core

also exhibits broad defect-induced levels above the VBM in
bulk, which mainly consist of P-3p orbitals. Notice that both
defect-induced levels are partially occupied, as seen around
the vertical dashed line corresponding to the highest electron
occupied level. For the reconstructed pair [Fig. 3(b)], the Ga
core has the fully occupied extra levels localized just above
the VBM, whereas the P core has the unoccupied extra levels
localized just below the CBM. These defect levels are domi-
nated by the Ga-4p and P-3sp orbitals at the Ga and P cores,
respectively.

Such differences in defect-induced levels within the band-
gap area can be understood in terms of dangling bonds
having unpaired electrons in covalent semiconductors. As
stated above, the Ga (P) core involves the undercoordinated
Ga (P) atoms along the dislocation line. When it is assumed
that GaP is strongly covalent, the undercoordinated atoms
can have dandling bonds, which results in the formation of
defect-induced levels with partial electron-occupancy within
the band gap. This is the case of Fig. 3(a). Such features
of the dangling-bond states at the different cores can also
be confirmed from spatial distributions of the defect-induced
levels displayed in Figs. 4(a) and 4(b). In contrast, such
dangling bonds having unpaired electrons can be favorably
removed by the formation of the like-atom pairs of Ga-Ga
or P-P. This corresponds to the fully electron-occupied or
electron-unoccupied defect-induced levels appearing around
VBM and CBM in Fig. 3(b). In the case of the Ga core,
the fully electron-occupied levels are formed just above the
VBM. Since the defect-induced levels of the reconstructed
Ga core are also composed mainly of Ga-4p orbitals, they
are referred to as deep donor-like levels. As can be seen in
Fig. 4(c), the Ga-4p orbitals are localized and have bonding
interactions between the adjacent Ga atoms at the core, so that
the energy position can be lowered, even compared with that
of the defect-induced levels in the unreconstructed Ga core. At
the P core, however, the defect-induced levels composed of
P-3sp orbitals should have originally antibonding characters
between P atoms, because they come from the valence band.
Such a feature of the defect-induced level can be imagined
from Fig. 4(d). As a result, atomic reconstruction at the P
core can make the defect-induced levels energetically higher.
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This corresponds to the fact that holes originally located at the
undercoordinated P atoms of the core are energetically more
stabilized by such atomic reconstruction.

It is worth mentioning here that the above features of the
LDOSs for the unreconstructed and reconstructed cores can
also be confirmed from HSE calculations (Fig. 5). In the unre-
constructed cores, the defect-induced levels above the VBM
and below the CBM appear in a more discrete manner than
those of Fig. 3(a). However, they are still partially electron-
occupied, and they are composed of the Ga-4p orbitals at the
Ga core (donorlike states coming from the CBM) and of the
P-3p orbitals at the P core (acceptorlike states coming from
the VBM). As a result of atomic reconstruction, these levels
are much more localized in their energy positions just above
the VBM and below the CBM. This ensures the validity of the
LDOS features obtained by the present GGA+U calculations.

B. Dislocation formation energy
in the presence of excess carriers

Figure 6 shows calculated AE¢(q) values for different g as
a function of er. As can be seen from Eq. (1), AE¢(q) is depen-
dent on g that is a slope of the AE;(q) profile against . In this
case, only the lowest AE;(q) value among those with different
q values was plotted at respective eg. The range of e was
set to the band-gap energy (E,) obtained from the GGA+U
calculations (see Table I). It is also noted that four types of dis-
location pairs were considered here. In the above sections, the
unreconstructed and the reconstructed pairs were discussed in
the state of ¢ = 0. In addition, two more different pairs of
the partial dislocations were taken into account: those with
a reconstructed Ga core and an unreconstructed P core, and
with an unreconstructed Ga core and a reconstructed P core.
This is because these dislocation pairs were found to become

14
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FIG. 6. AE; (g) as a function of ¢g obtained from GGA+U cal-
culations for the 288-atom and 576-atom supercells. Four different
types of partial dislocation pairs are considered: the unreconstructed
pair, the reconstructed pair, and the pairs of unreconstructed and
reconstructed cores.

more stable depending on their charge state g (see the details
below).

According to the results in Sec. IIT A, the electronic struc-
tures of the Ga and P cores in the ground state can be
schematically illustrated as shown in Fig. 7(a). The deep
donor-like levels are fully occupied at the reconstructed Ga
core, while the deep acceptor-like levels are fully unoccupied
at the reconstructed P core. When it comes to the case of light
illumination, electron and hole pairs can be formed by band-
to-band transition in GaP. If the excited carriers are produced
near the dislocations, it can be expected that formed carriers
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FIG. 7. Schematic band structure of the reconstructed pair (a)
before and (b) after trapping carriers.
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of an electron and a hole are separated from each other before
recombination. Then, the electrons (holes) can be trapped at
the deep acceptor-like levels at the P core (the deep donor-like
states at the Ga core). This situation is illustrated in Fig. 7(b).
This takes place because the deep acceptor-like levels at the
P core (the deep donor-like states at the Ga core) are fully
unoccupied (occupied). In the normal DFT calculations pro-
viding the ground-state electronic structure for a given atomic
arrangement, a situation such as that shown in Fig. 7(b) in
the presence of an electron-hole pair cannot be realized. In
this study, instead, excess electrons and holes were added
to the supercells independently, and the most stable atomic
structures of the dislocation pairs and their AE¢(g) values
were calculated.

It can be seen from Fig. 6 that when ¢r is located at E,/2
(the nondoped system), the neutral reconstructed pair is ener-
getically most stable (see also Sec. II A). In the presence of
excess electrons (e close to the CBM), the partial dislocation
pair with a reconstructed Ga core and an unreconstructed
P core has the smallest AEf(g) value in the charge state
of ¢ = —3 or —4. As shown in Figs. 3(b) and 4(d), excess
electrons are trapped at the antibonding defect-induced levels
that are composed of P-3sp orbitals at the P core. Then the
reconstructed P-P atomic pair is no longer stable, so that the P
core is transformed into the unreconstructed structure.

In contrast, the presence of excess holes (eg close to the
VBM) results in the much smaller AE¢(g) value for the par-
tial dislocation pair with an unreconstructed Ga core and a
reconstructed P core with ¢ = +42. This means that excess
holes can make the unreconstructed Ga core more stable.
This is also explained from Figs. 3(b) and 4(c). Excess holes
can be energetically more favorable by being trapped at the
electron-occupied defect-induced levels at the Ga core. The
electron-occupied defect levels have a bonding character of
the Ga-4p orbitals, so that holes trapped at the defect-induced
levels can make the reconstructed Ga-Ga bond less stable.
Excess carriers formed by external light can change the atomic
structures of the originally reconstructed dislocation cores in
GaP.

Charged defects treated in the periodic supercell calcu-
lations can be subjected to artificial Coulombic interactions
with the neutralizing background charges and their periodic
images, and thus supercell-sized effects on defect energet-
ics should be checked to discuss the relative stability of the
defects [26,43]. Since the infinite straight dislocations lying
along the z direction are treated in the present supercell calcu-
lations, only two-dimensional scaling of the supercell size L
(normal to the z direction) is meaningful, which leads, how-
ever, to a logarithmic divergence of the formation energies
[43]. Moreover, dislocations have elastic fields extending over
the dislocation cores (radius of r.), and the elastic dislocation
energies are also logarithmic divergent with increasing dislo-
cation radius R as ~ ub*In(R/r.) (i is the shear modulus and
b is the Burgers vector) [44,45]. It is noted that R is usually
taken to be half of a distance between nearest-neighboring
dislocations, namely R ~ L/4 in the supercells containing
a dislocation dipole. Based on these facts, convergence of
the formation energies of dislocations cannot be obtained by
extrapolation to infinite L. In the present study, therefore, the
calculated formation energies of the partial dislocation pairs
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FIG. 8. Supercell-sized dependence of corrected formation en-
ergies AEf(q) of the neutral and charged dislocations. (a) The
positively charged Ga core, and (b) the negatively charged P core.
Such charged partial-dislocation cores are unreconstructed.

with an unreconstructed Ga core and a reconstructed P core at
er = VBM (corresponding to the positively charged Ga cores)
and with a reconstructed Ga core and an unreconstructed P
core at eg = CBM (corresponding to the negatively charged
P cores) were plotted against In(L), and were linearly fitted
and extrapolated to the larger In(L) range, as shown in Fig. 8.
It should be noted here that the partial dislocation pairs in
the supercells sandwich stacking faults with dsgp = L/2 and
thus AE¢(gq) in Eq. (1) involves the stacking fault energies
(ysp) that have a linear L dependence. Therefore, AE¢(q)
was corrected as AEf(q) = AE;(q) — ysrAsr in this analysis
(Agr is the stacking-fault area, and ysp separately calculated
is 0.22eV/ nm?), in order to extract the In(L) dependence of
AE¢(q) of the neutral and charged dislocations.

An average distance between dislocations in the real crystal
system was invoked to facilitate the discussion in Fig. 8. In
our previous study, for instance, dislocation densities (p) in

093605-6



ATOMIC-STRUCTURE CHANGES OF 30° ...

PHYSICAL REVIEW MATERIALS 8, 093605 (2024)

deformed ZnS were found to be more than 10% cm™2 and

increase more with increasing plastic deformation [9]. If a
similar dislocation density is assumed in GaP, the average
distance between dislocations (= 1/,/p = L/2) is less than
10® nm, which corresponds to In(L) < 7.6. From extrapola-
tion of the formation energies to such a In(L) range, it was
found that the charged states of the unreconstructed Ga and
P cores tend to be more stable than their neutral states. This
ensures that the partial dislocations in GaP can be charged
in the presence of excess electrons and holes that would be
excited by external light.

It is also noted that the charged unreconstructed P core has
a slightly different atomic structure from the neutral one. Fig-
ure S2 in the Supplemental Material shows the reconstructed
Ga core and the unreconstructed P core with g = —4 [30].
In the charged and unreconstructed P core, the bond angle of
the Ga-P-Ga bonds located at the center of the core becomes
narrower from 129.6° in the charge neutral state [Fig. 1(b)]
to 121.1° [Fig. S2(b) in the Supplemental Material [30]].
In this case, dangling-bond states at the undercoordinated P
atoms at the core involve more electrons than those in the
charge neutral state, which may affect the bond angle at the
dislocation core.

IV. DISCUSSION

As shown above, the partial dislocation cores in GaP are
subjected to their atomic-structure changes from the recon-
structed structures to the unreconstructed ones in the presence
of excess carriers. Such atomic-structure changes at the cores
may affect their dislocation mobilities. In a thermal activation
process, a dislocation velocity v in the kink-pair mechanism
can be expressed as [46,47]

b = vpexp <_i_f> 3)

In Eq. (3), vy corresponds to a preexponential factor related
to the geometry of the kink pair, k is the Boltzmann constant,
and T is a temperature. AH indicates an enthalpy of the
kink-pair formation, and it is also described as AH = AE +
AP—W, where AE is the elastic energy, AP is the Peierls
energy, and W is the work done by an applied stress. AE is
proportional to ub?, and thus it is independent of the disloca-
tion core structure itself. In contrast, when a rectangular kink
shape is assumed for instance, AP depends on the shape and
height of the Peierls-potential barrier [47]. In particular, the
Peierls-potential barrier height is responsible for migration of
the kink pair, which strongly affects the dislocation velocity.

In the present study, therefore, evaluation of Peierls-
potential barriers for dislocation glide was attempted. To
address this issue initially, glide motion of the Ga-core dis-
locations in the neutral and charged states (¢ = +4) was
investigated by nudged elastic band (NEB) calculations [48].
In the present NEB calculations, specific intermediate atomic
structures of the dislocation cores around the saddle points
of their Peierls potentials, reported by Huang et al. [49],
were used as the central image. Some more images between
the initial (or final) structure and the central intermediate
structure (see Fig. 9) were taken to investigate the potential
profiles. It can be seen in Fig. 9 that the Ga core with ¢ = 0
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FIG. 9. Calculated intermediate structures of the Ga-core and P-
core 30° partial dislocations in the neutral and charged states during
glide. They are illustrated in the same manner as Fig. 1.

forms Ga-Ga bonds along the dislocation line even in the
intermediate structure [Fig. 9(a)], but this is not the case with
the Ga core with ¢ = +4 [Fig. 9(c)]. It is also noted that the
stacking-fault widths between the partial dislocations in the
supercells are also varied during the dislocation glide. On the
basis of the stacking-fault energy ysg of 0.22eV/nm? sepa-
rately calculated, therefore, correction of total-energy changes
due to the stacking fault widths was also made to obtain the
Peierls potentials. During the NEB calculations, the atomic
structure of the reconstructed P core was fixed.

Figure 10 displays calculated Peierls potentials of the Ga-
core dislocations. It can be seen that the Peierls-potential
barrier height of the charged Ga core is much smaller than
that of the neutral one. This proves that the charged Ga-core
dislocation has less resistance to glide motion, as compared
to the neutral one. Such a reduced potential barrier height for

»
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o
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=
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Peierls potential (eV/nm)

S
o

1 2 3 4 5 6 7 8 9
Image number

FIG. 10. Calculated Peierls potentials of the Ga-core 30° partial
dislocations in the neutral and charged (¢ = +4) states by using
NEB. The image numbers of 1 and 9 indicate the partial dislocations
at the stationary positions on the slip plane, and the potential energy
of the image 1 was set at zero. The image 5 corresponds to the central
intermediate atomic structures shown in Fig. 9.
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TABLE II. Calculated AEjp for the Ga and P cores with different
charge states gq.

q AEp (eV/nm)

0 1.77

Ga core 4 0.74
+3 0.74

+2 0.74

0 2.10

P core —4 0.01
-3 0.01

-2 0.01

glide of the charged dislocation can be understood because of
the unreconstructed structure. The neutral dislocation should
break the additional Ga-Ga bonds at the core upon glide
[Fig. 1(c)], whereas glide motion of the charged dislocation
without such like-atom bonds [Fig. 1(a)] can be attained only
by bond breaking and bond reformation between Ga and P.

Moreover, the potential of the neutral Ga-core dislocation
has two explicit peaks at the images 4 and 6. This is mainly
because the Ga-Ga bonds in the intermediate structure at the
image 5 [see Fig. 9(a)] should also be broken during the glide.
Since such like-atom bonds are not involved in the intermedi-
ate structure of the charged Ga core [Fig. 9(c)], the variation
of the potential around the saddle point is not so significant.

As is well known, NEB calculations are computationally
demanding. To qualitatively but systematically investigate
how different the Peierls-potential barrier heights are in the
different cores and different charged states, the potential-
energy differences between the most stable structure and
the intermediate structure were calculated and considered to
be simplified potential barrier heights for dislocation glide
(AEp). This is reasonable from the results of the Ga core in
Fig. 10 because the potential-energy difference at the cen-
tral image 5 reflects the difference in Peierls-potential barrier
height clearly.

As can be seen in Table II, AE, values of the Ga and P
cores in the absence of excess carriers (¢ = 0) were found
to be about 2 eV /nm, while in the presence of excess holes
and electrons, AEp values of the Ga and P cores decreased
by less than half and were almost independent of the charge
states. It can be said that the atomic-structure changes from
reconstruction to unreconstruction due to carrier trapping
can significantly reduce resistance to dislocation glide in
GaP, which may in turn lead to increased dislocation mobil-
ity. This corresponds to the fact that partial dislocations in
GaP have larger mobilities under light illumination, as found
experimentally [5].

As a final note, a plausible key factor for the PPE is
discussed. According to experimental reports and theoretical

calculations for II-VI group semiconductors, the material sys-
tems exhibited the p-PPE, which can be well understood on
the basis of the energetically most favorable atomic structures
of partial-dislocation cores [15,16,18]. Partial dislocations in
II-VI semiconductor crystals tend to have the unreconstructed
atomic structures in the pristine state, whereas they are trans-
formed to the reconstructed atomic structures in the presence
of excess carriers. Since the reconstructed atomic structures
should be broken repeatedly during glide, the formation of
such reconstructed cores can become obstacles for dislocation
glide under light illumination. In contrast, III-V and IV-IV
group semiconductor crystals like GaAs as well as GaP were
experimentally reported to show the n-PPE. Partial disloca-
tions in these systems were found to have the reconstructed
atomic structures without any carriers [38,41,50]. As argued
in the present study, however, the dislocation cores are trans-
formed into the unreconstructed states in the presence of
excess carriers. It can be said, therefore, that a major differ-
ence between the above two systems is the dislocation-core
structures in the pristine state (without excess carriers). The
importance of dangling bonds at the dislocation cores in III-V
and IV-IV semiconductor crystals indicates that ionicity or
covalency of the host crystals should be one of the essen-
tial factors to determine either the n-PPE or the p-PPE. We
would like to suggest that the PPE of the inorganic com-
pound semiconductors can be comprehensively explained in
terms of atomic-structure change at the partial dislocation
cores.

V. CONCLUSIONS

The core structures of 30° Shockley partial dislocations
in GaP with and without excess carriers were investigated
by GGA+U calculations. In the absence of excess carriers,
the lowest-energy atomic structures of the Ga-core and P-
core partial dislocations were found to be reconstructed. In
the presence of excess carriers, the reconstructed Ga and P
cores trapped excess holes and electrons, respectively, and
they were subsequently transformed into the unreconstructed
structures. From an evaluation of energy barrier heights for
dislocation glide, it was found that the Ga-core and P-core
partial dislocations can have much smaller barrier heights for
glide in the presence of excess carriers. This may correspond
to the experimentally observed increased dislocation mobility
in GaP under external light illumination.
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