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Anion-Cation Antisites: A First-Principles Study

Menglin Huang,' Shan-Shan Wang,! Yu-Ning Wu,!-* and Shiyou Chen® !

lKey Laboratory of Polar Materials and Devices (MOE), East China Normal University, Shanghai 200241, China

 State Key Laboratory of ASIC and System, School of Microelectronics, Fudan University, Shanghai 200433,
China

™ (Received 5 November 2020; revised 5 January 2021; accepted 21 January 2021; published 16 February 2021)

Anion-cation antisite defects usually have low density in the group III-V (e.g., GaN) and I — IV — V,
(ZnGeN,, ZnSnP,) semiconductors, and thus, have not drawn enough attention in defect studies of
ZnGeP, since 1976. However, our first-principles calculations based on a hybrid functional show that
the anion-cation antisite defects (Gep and Pg.) can have very high density (10'7 — 10'® cm™3), making
them the dominant defects in ZnGeP,. Their calculated photoluminescence (PL) spectra agree well with
the 1.4 and 1.6 eV PL peaks observed experimentally, indicating that they may be the origin of defects,
which challenges previous assumptions that the P vacancy (¥p) defect is responsible for the two PL peaks.
Although the anion-cation antisites (Gep and Pg.) and cation-cation antisites (Gez, and Zng.) both have
densities as high as 10'7 cm™3, ZnGeP, suffers from serious donor-acceptor compensation, which results
in a low carrier density (below 10'° cm™3), and thus, poor electrical conductivity. These results explain
the mysterious observation that ZnGeP, crystals grown using different methods have a high defect den-
sity, but low carrier density and high resistivity, and also indicate that it is challenging to suppress the

defect-induced optical absorption in the development of high-power ZnGeP,-based optical devices.
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I. INTRODUCTION

ZnGeP, is a group II-IV-V, semiconductor in the
chalcopyrite structure, which can be derived from the
binary zinc blende—structured GaP via cation mutation,
i.e., replacing the group III cation Ga** with group II
Zn** and group IV Ge**. It is one of the most promising
infrared nonlinear optical materials that can be used for fre-
quency conversion, second-harmonic generation (SHG),
and optical parametric oscillator (OPO), owing to its large
nonlinear optical coefficient, high thermal conductivity,
and sufficient birefringence [1-16].

In the development of high-power ZnGeP,-based opti-
cal devices, the presence of point defects in the crystals
is a serious limiting factor, e.g., although the material is
relatively transparent for the 0.7-2.5 um light, there is
still a broad defect-related absorption band [17-25]. It is
reported that the density of both the donor and acceptor
defects can be as high as 10" cm™ [26,27], indicat-
ing that the influences of point defects can be significant.
Interestingly, despite such a high density of defects, the
electrical conductivity of crystals grown is very poor. A
ZnGeP; crystal can be grown using the Bridgman method
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[28,29] or high-pressure physical vapor transport (HPVT)
[19,30]. Bridgman-grown ZnGeP, exhibits p-type con-
ductivity with a low hole density of 10'® ecm™3 [31-33],
whereas HPVT-grown ZnGeP, is reported to show n-type
conductivity with high resistivity [19,30].

To understand the origin of the broad defect-related
absorption band and high resistivity, both experimental
and theoretical techniques are adopted to study the point
defects in ZnGeP, [17—19,34-47]. Electron paramagnetic
resonance (EPR) [17,35-39] and photo-EPR [34,36-39]
studies detect three major defect signals, namely, two
donors, which are presumably attributed to Vp and Gez,
[17,34], and one acceptor, which is attributed to Vz, or
Znge [35], based on the measured g matrix and hyper-
fine interaction. The photoluminescence (PL) spectra show
that Bridgman-grown p-type ZnGeP, exhibits three differ-
ent PL peaks at around 1.23 [40], 1.4 [23,41], and 1.6 eV
[23,31,40,41,47], while the HPVT-grown crystals have an
exclusive emission at 1.2 eV [19,47]. According to the
EPR and photo-EPR results, both the 1.4 and 1.6 eV PL
peaks are attributed to the P vacancy (Vp) defect [23,41],
while the 1.2 eV emission is attributed to the antisite on
cation sites (Gez,) [19]. Theoretically, Jiang et al. calcu-
lated the formation energies of five point defects, Vz,, Ve,
Gezy, Znge, and Vp to try to explain the PL peaks and
EPR signals corresponding to these defects, and found that
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Gey, had a low formation energy and could act as a p-type
limiting defect [43—46].

Despite these pioneering studies, the defect physics in
ZnGeP; is not yet well understood. An early EPR study
in 1976 mentioned an anion-cation antisite defect, pre-
sumably the neutral Pg. antisite [48]. Surprisingly, the
anion-cation antisite defects had neither been observed in
a large number of experimental studies in the following
decades [17—19,34-42], nor considered in first-principles
calculation studies [43—46,49,50], so it is unclear whether
these antisites exist or have high density in the ZnGeP,
crystals grown. Most of the previous defect studies focused
on point defects, such as Vz,, Vge, Gezn, Znge, and Vop.
In fact, such kinds of defects (vacancies and cation-cation
antisites) are also the dominant defects in other II-IV-V,
semiconductors, such as ZnGeN,, ZnSnN,, and ZnSnP,
[51-55], so it is also natural to focus on these defects
in ZnGeP,. However, an obvious difference should be
noted between ZnGeP, and other II-IV-V, semiconduc-
tors, i.e., ZnGeP, has a high density of defects, but also
high resistivity, so the defects do not increase the electri-
cal conductivity, in contrast to the cases in other II-IV-V,
(ZnSnN;, ZnSnP;) semiconductors, which are found to
have metalliclike conductivity contributed by a high den-
sity of defects [51,52,55—-58)]. This difference indicates that
the defect physics may be quite different in ZnGeP;.

Here, we revisit the defect physics of ZnGeP, through
systematic first-principles calculations based on a hybrid
functional and find that the defect physics of ZnGeP, is
quite unexpected, because a very high density of cation-
anion antisite defects (Gep and Pg.) can form and become
the dominant defects. The importance of these cation-
anion antisites has been neglected since 1976 and deserves
special attention in future defect characterization studies.
Furthermore, the high density of antisite defects, including
the cation-anion antisites Gep and Pge, and cation-cation
antisites Gez, and Znge, induces serious donor-acceptor
compensation, resulting in a low hole carrier density, and
thus, high resistivity. The calculated PL spectra of these
defects show that the PL peaks around 1.4 and 1.6 eV may
originate from Gep and Pge, respectively, and the 1.2 eV
peak originates from Gey,, which challenges the previous
opinions that the P vacancies are responsible for the two
PL peaks at 1.4 and 1.6 eV.

II. CALCULATION METHODS

A. Defect formation energies

All structural relaxation and total-energy calculations
are performed based on density-functional theory and
plane-wave pseudopotential methods, as implemented in
the Vienna ab initio simulation package (VASP) [59].
For the exchange-correlation functional, the hybrid func-
tional in the Heyd-Scuseria-Ernzerhof (HSE) [60,61]

form is adopted with the standard exchange parame-
ter @ =0.25 and screening parameter x=0.2 A~'. The
projector-augmented-wave (PAW) [62,63] pseudopoten-
tials are used, and Zn 3d'? 4s%, Ge 4s 4p2, and P 3s? 3p>
electrons are treated as valence electrons. The energy cut-
off of the plane-wave basis is setto 350 eV, anda 6 x 6 x 3
Monkhorst k-point mesh [64] is used for the primitive cell
and single I' point for the 144-atom defect supercell. The
convergence test with a larger supercell and denser k-point
meshes shows that the results are converged.

The formation energy of the point defect « in the ionized
charge state g is calculated by [65,66]

AEf(,q) = E(a,q) — E(ZnGePy) + Y mi(E; + )
+q(Er + eypm + AValign) + Eimagea (1)

where E(c,q) is the total energy of the supercell with a
defect « in its charge state ¢, and E(ZnGeP;) is the total
energy of the pure ZnGeP, supercell. u; is the atomic
chemical potential of an atom reservoir of element i, ref-
erenced to the energy, E;, of the pure elemental phases of
Zn, Ge, and P. eypy is the eigenvalue of the valence-band-
maximum (VBM) state in the bulk supercell and EF is the
Fermi energy referenced to the VBM level. AVjjig, aligns
the averaged electrostatic potential of the farthest area from
the defect in the supercell. Ejmaee accounts for the spurious
interaction caused by the charged defect image and neu-
tralizing background charge [67,68]. The total correction
qAVilign + Eimage 1s compared with that calculated with
the scheme proposed by Freysoldt et al. [69] in the Sup-
plemental Material [70], showing that the transition-level
difference is negligible.

B. Defect and carrier densities

For a defect « in its charge state g, the equilibrium den-
sity n(w, ¢) is a function of its formation energy, which can
be given by [65,66]

n(o,q) = Nsitesgqe[(_AEf (oz,q))/(kgT)]’ (2)

where AEy (o, q) is the defect formation energy, kp is the
Boltzmann constant, and 7 is the temperature. Nges 1S
the number of defect sites per unit volume, and g, is the
degeneracy factor, which reflects the number of possible
configurations for electrons occupying the defect level and
changes with the charge state g.

Since the ionized defects produce carriers and become
charged, we can calculate the charge density of all ion-
ized acceptor defects (V;) and the charge density of all
ionized donor defects (Nz)r ). For nondegenerate semicon-
ductors, the density of hole and electron carriers follows
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the Boltzmann distribution, which is given by

po = Nye Er/ksT, 3)

ny = Nce(EF*Eg)/kBT’ 4)

where N, and N, are the effective density of states for
the valence-band and conduction-band edges, respectively.
Ny, Ng , no, and pgy should satisfy the charge-neutrality
condition

po+ Np=ng+Nj. (5)

By solving Eq. (5) self-consistently, we can determine the
Fermi level, Er; electron and hole carrier density; and the
density of all point defects in different charge states under
different chemical-potential (growth) conditions [71,72].
Since the crystals are usually grown at a high growth
temperature and then annealed to room temperature,
defects form during growth and may change their charge
states after annealing, which can change the Fermi level
and carrier density. Therefore, we determine the density
of defects at room temperature through two-step calcula-
tions [66,73,74]. In the first step, we solve Eq. (5) at a high
growth temperature and determine the density of all defects
in different charge states, from which we can determine the
total density of each defect (summed density of the defect
at all possible charge states). In the second step, we fix the
total density of each defect to that determined in the first
step and redistribute the density at different charge states,
according to the Fermi-Dirac distribution of electrons on
the defect levels at room temperature (here the Fermi level
is determined through solving the charge-neutrality Eq. (5)
at room temperature). With the redistributed density of
defects at different charge states and the Fermi level, the
carrier density at room temperature can also be calculated.

C. Photoluminescence spectrum

The calculation of the photoluminescence line shape
is according to the absolute luminescence intensity as a
function of photon energy hw given by [75,76]

en,w’

[(hw) = 3m, 28 nc3h me

— hw),
(6)

D U Winlp W) 8 (EzpL + Eim — Epy

n

where e is the elementary charge, #, is the index of refrac-
tion, m, is the mass of an electron, gy is the vacuum
permittivity, and c is the speed of light. p,, is the Boltz-
mann factor, which reflects the thermal occupation of the

[ (hw) =

initial vibrational state m. W;, and Wy, are the total (elec-
tron + nuclear) wave functions for the initial state (indexed
by m) and final state (indexed by n). p is the momentum
operator. Using the Condon approximation, which assumes
that the momentum matrix element M = (Y;[p|yr) is
independent of the nuclear configuration, the luminescence
intensity can be rewritten as

[(hw) = No’f (ho), (7)

where N = [(eznr) / (3m280nc3h)] |Mf |2 contains the
parameters independent of the photon energy hw. Since
the luminescence intensity will be normalized, the exact
calculation of N can be replaced by a normalization fac-
tor. /' (hw) is the so-called spectral function, which can be
written as [77—79]

> " D Ximlxn) P8 Ezpr + Ein — Epy — hew),
®)

where (xinlx) is the overlap integral for initial and final
vibrational wave functions, and Ej, and Ej, are the corre-
sponding phonon energies, which can be numerically eval-
uated by solving the one-dimensional (1D) Schrédinger
equation along the 1D-harmonic potential-energy surface
for initial and final states. The § function ensures energy
conservation that the transition from W;,, to Wy, is allowed
only when the sum of the electronic energy difference Ezpp
(Ezpp is the energy of zero-phonon line corresponding to
the charge-state transition level calculated for defects) and
vibrational energy difference E;,, — E5, equals the emitted
photon energy Aw. Since the energies of phonon states
are discrete, with a quantized energy difference under the
assumption of harmonic vibration, the § function should
be broadened to produce a continuous luminescence spec-
trum. Here, we replace the § function by a Gaussian, as
suggested by Alkauskas et al. [78].

II1. RESULTS AND DISCUSSION
A. Phase stability

To calculate the formation energies of defects according
to Eq. (1), we need to determine the chemical potentials
of Zn, Ge, and P that can stabilize the ternary compound
ZnGeP;,. ZnGeP, has a tetragonal chalcopyrite structure
with the space group of 7-42d, which can be derived from
the zinc blende structure by orderly occupation of the
cation sites with Zn and Ge [shown in Fig. 1(a)]. Our HSE-
calculated lattice constants, a = 5.468 A and c=10.745 A,
are highly consistent with experimental values, as shown
in Table I. In contrast, the semilocal generalized-gradient
approximation (GGA) functional [85] overestimates the
lattice constants, while local-density approximation (LDA)
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FIG. 1.
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(a) Unit cell of chalcopyrite ZnGeP, crystal structure. (b) Thermodynamic chemical-potential region (shown in gradient

color) stabilizing ZnGeP, with respect to competing secondary phases, such as Zn, Ge, P, ZnP;, and Zn3P, in three-dimensional (uz,,
Uae, 1p) space. (c) Projection of the chemical-potential region on the (uzn, te) plane. Six points 4, B, C, D, E, and F are selected as
the synthesis conditions under which the defect properties will be calculated.

[86] underestimates them. With the HSE-optimized struc-
ture, the band gap of ZnGeP;, is found to be 2.058 eV at the
I" point, which also agrees well with the experimental val-
ues (2.0-2.1 eV) [22,87,88] and a recent HSE-calculated
value of 2.15 eV [89].

When this ternary compound ZnGeP;, is stable, relative
to the competing phases that can be formed by the three
elements Zn, Ge, and P, the ranges of their chemical poten-
tials, u; (i=2Zn, Ge, or P), should be limited. Under the
thermodynamic equilibrium, the chemical potentials of Zn,
Ge, and P should satisfy

Mzn + HGe + 2p = AEy (ZnGePy),

where AEr(ZnGeP,) = —0.98 eV is the calculated for-
mation energy of ZnGeP, and is slightly lower than the
GGA-calculated value of —0.89 eV [90]. Because u; = 0
means the element is so rich that its pure elemental phase
can form, uz, < 0, uge < 0, and up < 0 should also be
satisfied in order to ensure that no elemental phases of Zn,
Ge, or P coexist in the synthesized samples. In order to
avoid the coexistence of secondary phases, such as Zn;P;

TABLE 1. Calculated lattice constants of ZnGeP,, compared
with experimental and previously calculated results.

a (A) c (A) n =cl2a
This work 5.468 10.745 0.983
Experiments 5.46 [35] 10.71 [35] 0.981

5.466 [80] 10.722 [80] 0.981

5.465 [81] 10.771 [81] 0.985
Calculations 5.499 [82] 10.840 [82] 0.986 (GGA)

5.396 [83] 10.665 [83] 0.988 (LDA)

5.473 [84] 10.749 [84] 0.982 (HSE)

and ZnP,, the chemical potentials should also satisfy

3uzn + 2up < AEp (Zn3Py),

WUzn + 2up < AEr (ZnPy),

where AE;(Zn3Pp) = —1.20 eV and AE;(ZnP,) =
—0.86 eV are the calculated formation energies of Zn;P,
and ZnP,, respectively. Based on the above equations
and inequations, we can determine the chemical-potential
region that stabilizes pure ZnGeP,, which is plotted with
gradient color in Fig. 1(b) [in three-dimensional (uz,, (Ge,
up) space] and Fig. 1(c) [projected on the two-dimensional
(Uzn, Hae) plane]. As uge becomes lower, and thus, Ge
becomes poorer under the synthesis conditions, Zn3P, and
ZnP, will form. Therefore, ug. is restricted to a small
range near 0 eV, meaning that the Ge-rich condition should
always be satisfied for synthesizing pure ZnGeP, samples.
It should be noted that there are differences between the
calculated and experimental formation energies of com-
pounds, e.g., the calculated values of GaN, Zn;P;, and
ZnP, are —1.34, —1.20, and —0.86 eV, respectively, while
the experimental values are —1.63, —1.65, and —1.26 eV,
respectively [91-94]. The difference is due to the error
in the elemental-phase reference energies [92], which is
common in defect calculations of compound semiconduc-
tors [95] and can cause an error of around 0.2-0.3 eV
in the elemental chemical potential and defect-formation
energies.

It should also be noted that the stable chemical-potential
range of ZnGeP, had also been calculated by Jiang et
al. [43,44]; however, their results differ significantly from
ours. We attribute the difference to three reasons: (i) they
do not consider an important secondary phase, ZnP;,
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which can limit the stable chemical-potential region signif-
icantly; (i1) they consider a secondary phase, GeP, which,
however, is found to be intrinsically unstable with a pos-
itive formation energy, according to our hybrid functional
calculations, and thus, does not influence the chemical-
potential region, and (iii) they use the semilocal LDA
functional, but we use the hybrid functional. The first
reason is major, because our test calculations show that
the stable region calculated using different functionals (as
shown in Fig. S1 within the Supplemental material [70])
are all consistent and similar to that in Fig. 1 as far as ZnP,
is considered. Our results are also consistent with recent

x-ray photoelectron spectroscopy results that the impurity
phases during ZnGeP, growth are Zn3;P, and ZnP; [96].

B. Dominant point defects

After determining the stable chemical-potential region
of ZnGeP,, we select six representative points in the region
and calculate the defect properties in the ZnGeP, samples
synthesized under these conditions. In Fig. 2, the formation
energies of all point defects (including three vacancies,
Vzn, Ve, and Vp; six antisites, Znge, Znp, Gez,, Gep, Pzn,
and Pge; and three interstitials Zn;, Ge;, and P;) in different

Formation energy (eV)

e

RN

Gezn

Formation energy (eV)

FIG. 2. Calculated formation energies of point defects in different charge states as a function of Fermi level under the chemical-
potential points (a) 4, (b) B, (c) C, (d) D, (e) E, and (f) F shown in Fig. 1. Gray arrows denote the Fermi levels under the corresponding
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charge states are plotted as functions of the Fermi level.
For the three interstitials, we consider at least 30 interstitial
sites from which we search for the low-energy configura-
tions after performing calculations for all sites. Figure 2
shows the formation energies of the lowest-energy con-
figurations, which are always higher than 2 eV, so their
density should be very low (for other higher-energy con-
figurations, their density should be even lower, so they
are not shown in Fig. 2). The atomic structures of the
lowest-energy interstitial configurations are shown in Fig.
S2 within the Supplemental Material [70].

Among the defects, Ve, Pzy, and all interstitial defects
have too-high formation energies (always higher than 1 eV,
as shown by the dashed lines), so they have negligible
density in the synthesized samples and are thus unim-
portant. Four antisite defects, including two cation-anion
antisites, Gep and Pg., and two cation-cation antisites,
Geyz, and Znge, are found to be the dominant defects with
low formation energies under the six representative syn-
thesis conditions. Gez, and Pge can be positively charged
(produce electron carriers) and have the lowest forma-
tion energies in the p-type samples with the Fermi level
close to the VBM level, while Zng. and Gep can be nega-
tively charged (produce hole carriers) and have the lowest
formation energies in the n-type samples with the Fermi
level close to the conduction-band-minimum (CBM) level.
Therefore, they should have important influences on the
electrical and optical properties of ZnGeP,. We will now
discuss their properties individually.

Gez, acts as a deep donor with its (0/4) and (4+/2+)
transition levels located at 0.66 and 0.92 eV below the
CBM level, as shown in Fig. 3. It is in the +1 and
+2 charge states when the Fermi level ranges from 0
to 1.39 eV, indicating that it becomes electrically active
and contributes to n-type conductivity in this Fermi-level
range. Setzler et al. [17,18] observed the existence of
singly ionized Gez, (4+1 charge state) using EPR, consis-
tent with our calculated low formation energy and high

Conduction band
20 0 | i T
Ge, iZn i Ge, p i Zn, i P iV, iV iV, i Zn, i Ge i P

- ; I PO

B ) il i2-/0) P

E ' _(_/ 0 =) i | | |
> : : : : : | (=/0)
1.0 1(0/+) i i 0| i Rl

chj 1 (0/4) ; i
05 @-1-) &0 (2-/-) i ;(0/2+); (0/+)_

0/4)

e : (+/3+)i : ; :

(=/0) § (0/4) | § (-/0) i (0/+) ; ; :

0.0 H H H H H H

FIG. 3. Calculated charge-state transition levels of point
defects in the band gap of ZnGeP,.

FIG. 4. Norm-squared wave function of the defect eigenstates
produced by (a) Gez,, (b) Znge, (¢) Pge, and (d) Gep in their
neutral states. Isovalues of isosurfaces are set to 20% of the max-
imum. Colors of Zn, Ge, and P atoms are the same as those in
Fig. 1.

density of Gez, in p-type samples. However, according
to our calculated results, the formation energy of Ge3; is
much lower than that of GeJ,, when the Fermi level is
low, so we predict that a higher density of Ge%;L should
also exist in p-type ZnGeP,. Significant atomic relaxation
around Gey, is found when the charge state changes from
the neutral (0) state to the ionized +1 and +2 states. The
four neighboring P atoms undergo an inward relaxation by
4.1% and 6.9% in the +1 and +2 charge states, respec-
tively. The deep nature of the Gez, (0/+) and (+/2+)
donor states and the large structural relaxation during
ionization can be understood according to electronic com-
ponent analysis of the donor states. In Fig. 4(a), we plot the
norm-squared wave function of the donor state. Obviously,
the wave function is mainly localized on the Ge cation and
its neighboring P anions, which is the antibonding state of
Ge 4s and P 3p hybridization. Because the Ge 4s orbital
level is much lower than that of the Zn 3s level, the donor
level is low and deep in the band gap. In the neutral state,
the antibonding donor level is occupied, so the Ge — P
bond lengths are large; however, the level becomes par-
tially occupied when the defect is ionized into the +1 state
and fully unoccupied when it is ionized into the +2 state,
so the Ge — P bonds shorten significantly.

In contrast to Gez,, Znge is an acceptor with relatively
shallow (—/0) and (2—/—) transition levels, located at 0.30
and 0.49 eV, respectively, above the VBM level. When
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the Fermi level is close to the CBM, ionized anG; can
have a very low formation energy and high density, which
can limit the n-type conductivity. Atomic relaxation dur-
ing Zng, ionization is rather small, i.e., the corresponding
Zn — P bonds in the Zng. —1 and —2 states remain almost
unchanged. Since the Zng, (—/0) and (2—/—) acceptor lev-
els are relatively shallow, the wave function of the acceptor
state is more delocalized, as shown in Fig. 4(b), and the
state is mainly composed of the P 3p orbitals.

Pge is an amphoteric defect that can both be positively
charged (ionized donor) and negatively charged (ionized
acceptor). It has the (0/4) transition level at 0.46 eV below
the CBM and the (—/0) level at 0.20 eV below the CBM.
Figure 4(d) shows the wave function of the Pg. (0/+)
donor level. Interestingly, the wave function is very similar
to that of the Geg, donor level and localized mainly around
the antisite P and surrounding P atoms, which indicates
that the donor state is the antibonding state of hybridization
between P 3s and the surrounding P 3p orbitals. This find-
ing is in good agreement with the EPR-measured hyperfine
interaction for PY_, which shows that the spin density
is localized on a central phosphorus and four equivalent
neighboring phosphorus atoms [48]. The donor level of
Pge is higher in energy than that of Geyz,. The reason is
twofold: (i) the P 3s orbital energy is higher than the Ge 4s
orbital energy; and (ii) the P—P bond around P, is shorter
than the Ge — P bond around Gez, by 11.5% in the neutral
state and by 10.0% in the +1 charge state, indicating that
the P-P s-p hybridization around Pg. is stronger than the
Ge-P s-p hybridization around Geyz,, and thus, pushes the
antibonding donor level upward.

Although Gep is also amphoteric, it is the opposite of
Pge, which stays in the —1 charge state over a wide range
of Fermi levels, but becomes the +1 charge state only
when the Fermi level is very low and close to the VBM
level. The wave function in Fig. 4(c) shows that the Gep
(—/0) acceptor state is quite different from other defect
states, i.e., although it is localized around the defect site,
it has little hybridization contribution from the surround-
ing Ge around the antisite Ge. The state is mainly the Ge
4p orbital and has a little contribution from the second-
nearest-neighbor P 3p orbitals. Since hybridization with
the neighboring atoms is very weak, Gep (—/0) acceptor
state can be viewed as a nonbonding state of the Ge 4p
orbital.

C. Defect and carrier density

Figure 5 plots the calculated density of all defects in
different charge states, Fermi energies, and hole-carrier
density changes with the chemical-potential points from
A to F. Obviously, the four antisite defects in differ-
ent charge states have much higher density (as high as
10'7-10'® cm~?) than those of other defects, indicating that
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FIG. 5. Calculated density of all defects, Fermi levels, and

hole-carrier density at room temperature (300 K) in ZnGeP,
crystals grown at a high temperature (1300 K) and under differ-
ent chemical conditions (corresponding to the chemical-potential
points from A4 to F in Fig. 1). Since the allowed range of yg. is
narrow in Fig. 1, its influence on the results is small, and thus,
the differences between 4 and F, B and E, or C and D points are
not large.

they are indeed the dominant defects in this ternary com-
pound ZnGeP,. Besides the four antisites, Vp, Vz,, and Znp
can also have a density higher than 10'* cm~3, so they may
also have important influences on the electrical and optical
properties of ZnGeP,.

One abnormal character of ZnGeP, defect properties
is the high density of anion-cation antisite defects Gep
and Pgc. In conventional III-V and II-VI semiconductors,
such as GaAs [97], GaN [98], InP [99], or ZnO [100],
the anion-cation antisite defects usually do not exist, i.e.,
their density is negligible. Furthermore, in other II-IV-
V, ternary compounds, such as ZnSnN; [51,52], ZnGeN,
[53,54], and ZnSnP;, [55], that have been studied in the past
decade, the anion-cation antisite defects have never been
reported to have a high density (Zn-Sn and Zn-Ge anti-
sites are found to be the only dominant defects in ZnSnN,,
ZnGeN,, and ZnSnP,, but Sn-N, Ge-N, or Sn-P antisites
have not been reported). However, our calculations show
that Gep and P, can have a high density in chalcopyrite-
structured ZnGeP,. The origin can be attributed to the
small atomic size difference and the small electronega-
tivity difference between Ge and P, compared with those
of Sn-N, Sn-P, and Ge-N. It should be noted that the
anion-cation antisite defects, Gep and Pg., had not been
considered by Jiang et al. in their calculation study on the
defect properties of ZnGeP, [43,44], so their high density
had never been reported.

Although Gep and Pg. have high densities in ZnGeP,,
their compensation limits the carrier density and electrical
conductivity to a low level. As shown in Figs. 2 and 5,
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the compensation between Gep and P{, pins the Fermi
level at 0.55 eV at point 4 (under Zn-rich conditions)
and at 0.69 eV at point C (under Zn-poor conditions), so
the corresponding hole-carrier density is always low, only
6.4 x 10° and 2.5 x 107 cm™3, respectively. Under Zn-rich
conditions, the calculated hole density of 6.4 x 10° cm~—>
is in good agreement with the experimentally measured
value of about 10'° cm™3 in p-type ZnGeP, [31]. Under
Zn-poor and Ge-poor conditions, the hole density becomes
even lower, which also agrees with the high resistivity
observed in ZnGeP, grown by HPVT [19]. Experimen-
tally, the HPVT samples are reported to be n-type, but
with high resistivity [19]; however, the low carrier den-
sity predicted by our calculations and the Fermi level at
the middle of the band gap indicate that the HPVT sam-
ples are actually intrinsic (rather than n-type, just more
n-type and less p-type than the Bridgman-grown samples),
and thus, have high resistivity. The experiments also show
that the density of both the donor and acceptor defects are
around 10" cm™3 [26,27], which are close to our calcu-
lated density of the dominant cation-anion antisites Pge
and Gep. Both our calculations and previous experiments
show a high density of donor and acceptor defects, but low
density of hole carriers, confirming that there is serious
donor-acceptor compensation in ZnGeP;.

Despite the predicted high density, four of the dominant
defects in the ionized charge states, e.g., Gep, Pge, Geg,
and anG;, are not identified by experiments. This is pos-
sibly because the characterization of defects in ZnGeP,
is mostly through EPR in past decades, but, for the four
charged defects, the defect levels are always fully occu-
pied or empty (full-shell state), which do not have unpaired
electrons, and thus, cannot be observed by EPR. There-
fore, the EPR characterization reports only P%e, Ge}’n, and
Zng, [17,35,48], which have lower densities than those of
Gep, P¢,, Gesl, and ZnZ,, according to our calculation
in Fig. 5. Considering the much higher density of ionized
defects that are not observed in EPR characterization, we
call for a characterization study of defects in ZnGeP, using
other techniques.

D. Defect origin of photoluminescence peaks

A series of experiments show that the p-type Bridgman-
grown ZnGeP, have PL peaks at around 1.23 [40], 1.4
[23,41], and 1.6 eV [20,23,41], while the HPVT-grown
samples have only the 1.2 eV peak [19]. In the literature,
the 1.4 and 1.6 eV peaks are both attributed to the defect Vp
[23,41], while the 1.2 eV defect is attributed to the antisite
defect on the cation site [19]. According to our calculated
defect density, Vp has a much lower density than that of the
four dominant antisite defects, Gez,, Zng., Gep, and Pge.
It is thus natural to investigate if the four antisites produce
any PL peaks and if they are responsible for the three peaks
observed experimentally.

_
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FIG. 6. (a) Calculated photoluminescence spectrum of Gep,

PGe, Znge, Gezy, and Vp in comparison with experimental data
extracted from Refs. [19,23,41]. Solid lines are calculated results
and dots are experimental values. Spectral peaks are normalized.
(b) Corresponding schematic band diagram of carrier excitation
and recombination processes. Fermi level is set to 0.69 eV in the
shaded pink area.

Since the Fermi level is located at 0.55-0.69 eV above
the VBM, Vp, Gep, and Zng, are in the neutral and neg-
atively charged states, so their defect levels are occupied
by electrons [Fig. 6(b)], which can be excited to the CBM
level and produce photoluminescence when the excited
electron at the CBM level has a radiative transition back to
the defect level. The defect levels of Vp, Gep, and Zng, are
1.2-2 eV lower than the CBM level, so their emissions can
be possible origins of the 1.2, 1.4, and 1.6 eV PL peaks.
The levels of Gez, and Pg. are high (1.2—1.8 eV above
VBM), so they are unoccupied [Fig. 6(b)], and the two
defects are in the positively charged states. Under photon
illumination, the electrons in the VBM level can be excited
to these high levels, then a hole is produced at the VBM
level, and the defect Gez, (Pge) changes its charge state
from positive to neutral. The radiative transition from the
defect level to the VBM level can give rise to emissions
in the range of 1.2—1.8 eV, so they can also be possible
origins of the 1.2, 1.4, and 1.6 eV PL peaks.

Figure 6(a) shows the calculated PL spectra of possi-
ble origin defects, according to the spectral function [78],
and the critical factors influencing the spectra are shown in
Table II. In the Supplemental Material [70], we also show
the detailed one-dimensional configuration coordinate dia-
gram for each defect, which illustrates the corresponding
electron excitation and recombination processes. Interest-
ingly, the PL spectra of three defects, Gez,, Gep, and
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TABLE II. Calculated factors that determine the PL spectra, according to the one-dimensional configuration coordinate diagram.
Defect AQ (amu'/? A) Eemission (€V) hQ, (meV) Erel (eV) Sg
Gezn (0/4) 1.48 1.23 26.79 0.154 5.74
Gegzn (+/2+) 1.28 0.98 29.42 0.159 5.42
Gep (0/—) 1.72 1.37 22.08 0.174 7.87
Pge (0/4) 1.19 1.55 31.15 0.125 4.01
Vp (+/0) 2.64 1.40 14.55 0.141 9.69
Zng. (0/—) 0.34 1.76 23.95 0.004 0.15
Znge (—/2—-) 0.42 1.56 18.19 0.007 0.37

AQ, structural difference in generalized coordinate; Ecmission, €mission energy that corresponds to the PL peak; h<2,, effective ground-
state vibrational energy fitted by our first-principles calculation data; E., lattice relaxation energy; S,, ground-state Huang-Rhys

factor.

Pge, are highly consistent with the line shapes of the
experimental spectra.

For Gep, photoexcitation changes its state from Ge, to
Ge) (with an electron in the CBM level), and then the
transition from Ge) to Ge, gives rise to a PL peak at
1.37 eV, so it can be the origin of the 1.4 eV PL peak
observed experimentally [23,41]. For Pge, the photoexci-
tation changes its state from Pge to POGe (with a hole in
the VBM level), and the transition from P, to P(, gives

rise to a PL peak at 1.55 eV, which can be origin of the
observed 1.6 eV PL peak [20,23,41]. The calculated PL
line shapes of these two defects both agree well with the
measured PL spectra. Especially, both experiments and
calculations show that the 1.37 eV emission has a broader
band than that of the 1.55 eV emission, which can be
ascribed to stronger electron-phonon coupling, as reflected
by the larger Huang-Rhys factors (see Table II). For Geyz,,
the ground state is the positively charged state, Ge;, and
the photoexcited state is Gej), with a hole in the VBM
level. The transition from Ge), to Ge, gives rise to a
1.23 eV PL peak, which can be the origin of the PL peak
at 1.2 eV [19].

The attribution of the PL origin to antisite Zng. can
be easily ruled out because either the (0/—) or (—/2—)
transition shows a very narrow PL shape, in contrast
to the experimental one. This is in accordance with the
small Huang-Rhys factors (weak electron-phonon cou-
pling) shown in Table 1. Vp was previously assumed to
be the source of the PL peaks at 1.4 and 1.6 eV. Our cal-
culation also indicates it has a similar emission energy
of 1.40 eV and large electron-phonon coupling. How-
ever, according to Fig. 6(a), Vp shows a narrower PL
than that of Gep, and the shape of Gep agrees with the
experimental result better. The smaller full width at half
maximum of Vp PL can be ascribed to its smaller effec-
tive vibrational energy, €2,, leading to smaller vibrational
wave-function overlap. Considering the higher density of
Gep than that of Vp, it is reasonable to attribute the origin
of the 1.4 eV PL peak to Gep, instead of the previously
assumed JVp.

The appearance of the defect-induced PL peaks indi-
cates that the defects can also induce obvious optical
absorption in the energy range 1-2 eV, which can limit
the transparence, and thus, the development of high-power
optical devices, such as OPO and SHG devices. Since
the densities of these origin defects are high and cannot
be diminished to a low level at a high growth tempera-
ture of 1300 K through changing the chemical-potential
conditions, as shown in Fig. 5, suppressing their opti-
cal absorption should be challenging and important in the
future development of high-power ZnGeP,-based optical
devices. On the other hand, there may be impurities, such
as C, H, and O, introduced during the crystal growth, and
how these impurities interact with the intrinsic defects and
influence the properties also deserves future study.

IV. CONCLUSIONS

Using first-principles calculations based on a hybrid
functional, we find that the defect physics of ZnGeP, is
quite abnormal compared with other group II-IV-V; semi-
conductors. The anion-cation antisite defects, Gep and Pge,
have unexpectedly high density and become the dominant
defects in ZnGeP,. However, their importance has been
neglected in long-term studies on the defects in ZnGeP;
after Pge was initially discussed in 1976. The calculated
PL spectra of Gep and Pg, agree well with the experimen-
tally observed PL peaks at 1.4 and 1.6 eV, respectively,
indicating that they may be the origin defects of these
two PL peaks, which challenges the previous assumptions
that Vp is the origin of the two peaks in PL and EPR
characterization studies. Both cation-cation (Gez,, Znge)
and cation-anion (Gep, Pg.) antisites are found to have
high density, but Pg. and Gey, can act as donors, while
Gep and Zng, can act as acceptors, so they cause serious
donor-acceptor compensation, which results in a low car-
rier density and makes the Fermi level of 0.55-0.69 eV
above the VBM. The serious donor-acceptor compensation
explains the experimentally observed coexistence of both a
high density of point defects and high resistance. Accord-
ing to these results, we call for more defect characterization
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studies on ZnGeP, using experimental techniques besides
PL and EPR and highlight the challenge in suppress-
ing the defect-induced optical absorption for developing
high-power ZnGeP,-based optical devices.
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