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Intrinsic Point Defects and Frenkel Pair Formation
in Photovoltaic Absorber Zn3P2: Regulating p-type
Conductivity†

Nico Kawashima,abc and Silvana Botti ac∗

This study investigates the ground-state energetics and thermodynamics of intrinsic point defects in
zinc phosphide Zn3P2 using ab initio density functional theory combined with an extensive potential
energy landscape search. Our analysis reveals that the defect chemistry is dominated by zinc vacan-
cies VZn and zinc interstitials Zni, with equilibrium concentrations significantly surpassing those of
other intrinsic species. Notably, we find that phosphorus interstitials Pi, previously suggested to be
significant, possess high formation energies and likely exist only in negligible quantities. The charac-
teristic p-type conductivity of undoped Zn3P2 is shown to be a direct consequence of zinc vacancies,
which act as shallow acceptors and pull the Fermi level toward the valence band. Furthermore,
we identify a positive binding energy between VZn and Zni, leading to the formation of electrically
benign Frenkel pairs that partially compensate the intrinsic p-type conductivity. Our results suggest
that achieving n-type conductivity is fundamentally limited by these thermodynamic constraints. We
conclude that hole densities can be optimized through phosphorus-rich growth conditions and high-
temperature annealing, and suggest that future photovoltaic strategies should prioritize interface
engineering over bulk n-type doping.

1 Introduction
Zinc phosphide Zn3P2 is a II–V semiconductor that has long been
recognized as a promising candidate for thin-film photovoltaics
(PV)1,2. Its direct band gap of approximately 1.48–1.54eV3–5

aligns almost ideally with the solar spectrum for single-junction
devices6, while its high absorption coefficient allows for efficient
thin-film, potentially flexible devices7–9. Beyond PV, recent stud-
ies suggest that the tunability of its electronic properties with
composition may also be leveraged for thermoelectric applica-
tions10,11.

Critically, Zn3P2 is composed entirely of earth-abundant el-
ements12. This makes it a highly sustainable alternative for
the large-scale deployment required by rising energy demands,
especially when compared to established technologies such as
CdTe, Cu(In,Ga)Se2 (CIGS), or GaAs, which rely on scarcer or
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and Astronomy, Ruhr University Bochum, Universitätsstraße 150, D-44801, Bochum,
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b Friedrich Schiller University Jena, Institute of Condensed Matter Theory and Optics,
Max-Wien-Platz 1, D-07743 Jena, Germany
c European Theoretical Spectroscopy Facility (ETSF)
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more hazardous materials13. Although research into the mate-
rial dates back several decades, it has seen a recent resurgence in
interest driven by significant advancements in epitaxial growth,
nanowire fabrication, and sophisticated thin-film deposition tech-
niques14–17.

Despite these promising properties, the commercial realization
of Zn3P2-based devices remains challenging. One yet unresolved
problem is the lack of a definitive consensus regarding intrinsic
point defects, their impact on the electronic structure, and their
influence on potential extrinsic doping strategies. While Zn3P2 is
consistently observed to be natively p-type in experiments18–20,
the microscopic origin of this behavior remains elusive and sub-
ject of debate. Previous theoretical and experimental investiga-
tions into its point defect chemistry have yielded inconclusive or
even contradictory results21–24. Consequently, a unified physical
model is still lacking. This discrepancy is further enhanced by the
wide range of off-stoichiometric stability displayed by this mate-
rial10, which introduces substantial uncertainty when comparing
pristine stoichiometric theoretical models with experimental sam-
ples that may express varying degrees of structural disorder or
defect densities beyond the dilute limit.

From a computational perspective, the accuracy of Density
Functional Theory (DFT) predictions for Zn3P2 is often limited
by the large unit cell (which contains 40 atoms) and the accom-
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panying complexity of the defect potential energy surface (PES).
As highlighted by Mosquera-Lois et al.25, simple gradient-descent
optimization often fails in these complex systems, as the algo-
rithms become trapped in local minima. A common pitfall is
the inadvertent enforcement of high-symmetry starting configura-
tions. If the true ground-state configuration involves a symmetry-
breaking distortion, it may remain undetected, leading to overes-
timated formation energies and incorrect transition levels.

In this work, we address these challenges by conducting a rigor-
ous and comprehensive search of the defect configurational space.
Furthermore, we account for metastable configurations that may
coexist in experimental samples at finite temperatures. The tran-
sition energies associated with these metastable states might di-
rectly influence carrier recombination and, ultimately, the perfor-
mance limits of Zn3P2 solar cells26,27.

Finally, we extend our analysis beyond static formation en-
ergies to include the calculation of thermodynamic properties.
This allows us to provide quantitative predictions of temperature-
dependent and chemical potential-dependent defect concentra-
tions. Our results both validate existing findings and reveal new,
lower-energy configurations for dominant defects, resulting in
significant shifts in predicted transition energies.

2 Computational details
The energetics of intrinsic point defects in Zn3P2 were calculated
following established first-principles formalisms28–30. We adhere
to the modern reporting standards for computational defect stud-
ies as outlined by Squires et al.31. The formation energy ∆Eq

f of a
defect in charge state q is defined as

∆Eq
f = Eq −Ebulk −∑

i
niµi +q(EVBM + εF )+Ecorr , (1)

where Eq and Ebulk are the total energies of the supercell con-
taining the defect and the pristine bulk reference, respectively.
The variable ni represents the number of atoms of species i added
(ni > 0) or removed (ni < 0) to create the defect, with µi being
the corresponding chemical potential. The Fermi level εF is refer-
enced to the valence band maximum EVBM of the bulk, and Ecorr

accounts for finite-size corrections.
To approximate the dilute limit while maintaining computa-

tional feasibility, we employed an 80-atom supercell (twice the
volume of the 40-atom tetragonal unit cell). This configuration
ensures a minimum periodic image separation of approximately
11.3 Å, which we validated as sufficient to accommodate local
structural distortions.

To rigorously identify the global ground-state configurations,
we utilized the ShakeNBreak and doped software packages32,33.
This involved a systematic search of the configuration space,
which samples the potential energy surface through chemically-
guided distortions and explicitly breaks local symmetry via ran-
dom atomic “rattling”. Such a treatment was shown to be nec-
essary for overcoming the limitations of standard local optimiza-
tion, which often fails to capture significant reconstructive relax-
ations in semiconductor defects25.

We considered a comprehensive set of intrinsic point defects,
including vacancies (VZn, VP), antisites (ZnP, PZn), and intersti-

tials (Zni, Pi). For each defect type, we investigated a wide range
of charge states to capture all potentially relevant transition lev-
els within the band gap. Zinc vacancies VZn were evaluated in
charge states ranging from +1 to −2, while phosphorus vacancies
VP spanned +3 to −1. Antisite defects ZnP and PZn were investi-
gated in ranges [0,+5] and [−5,+3], respectively. Zinc interstitials
Zni were treated in states [0,+2], whereas the complex potential
energy surface of phosphorus interstitials Pi was explored across
a wide range of nine charge states from −3 to +5.

The configuration space for defect complexes is inherently
high-dimensional. In this work, we focused on the interaction
between the most prevalent species: the zinc vacancy VZn and the
zinc interstitial Zni. Rather than an exhaustive global search, we
constructed a Frenkel pair by placing the herein identified lowest-
energy VZn and Zni configurations within the same supercell at a
distance of about 2.6 Å, followed by a full geometry optimiza-
tion to determine the stable local geometry and binding energy.
Charge states ranging from −2 to +2 were considered.

To model experimentally relevant growth environments, chem-
ical potential limits were derived from the calculated Zn–P binary
phase diagram. Relevant competing materials and phases were
derived from the Materials Project34 alongside results from our
earlier work11. We considered both Zn-rich and P-rich chemical
potential extremes, where the accessible range is defined by equi-
librium with elemental Zn (Zn-rich limit) and ZnP2 (P-rich limit).

Spurious electrostatic interactions between charged peri-
odic images were addressed using the Kumagai-Oba correction
scheme35. This approach, extending the Freysoldt-Neugebauer-
Van de Walle formalism36, utilizes the anisotropic static dielectric
tensor to model the defect-induced potential.

Total energy calculations, structural relaxations, and the com-
putation of dielectric properties were performed using Density
Functional Theory (DFT) as implemented in the VASP code37,38

(version 6.3.2) within the Projector Augmented Wave (PAW) for-
malism39. The valence electron configurations were treated as
d10 p2 for Zn (12 electrons) and s2 p3 for P (5 electrons).

Initial structural relaxations of defect supercells were per-
formed using the PBEsol functional40,41, while final electronic
properties and total energies were obtained using the HSE06
screened hybrid functional42 with the standard mixing param-
eter (α = 0.25). All calculations were spin-polarized (collinear)
and included non-spherical contributions to the gradient of the
density within the PAW spheres. While the often cited experimen-
tal band gap of Egap = 1.51eV was utilized for post-calculation
alignment of transition levels (scissoring), the internal electronic
structure was calculated using the default HSE06 parameters.

The structural model for tetragonal Zn3P2 was sourced from the
Materials Project database (mp-2071)34. Bulk lattice parameters
were subsequently optimized using the PBEsol functional, as de-
tailed in Section 1 of the Supplementary Information (SI). For all
subsequent defect calculations, the supercell volume and shape
were fixed at these bulk values while the internal ionic positions
were relaxed. Although the final supercell energies were com-
puted using the hybrid HSE06 functional on PBEsol-optimized
geometries, the resulting errors from spurious strain and resid-
ual internal forces43 are considered negligible.

2 | 1–12Journal Name, [year], [vol.],

Page 2 of 13Journal of Materials Chemistry A

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
A

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

8 
Ju

ne
 2

02
6.

 D
ow

nl
oa

de
d 

on
 6

/1
9/

20
26

 3
:1

7:
54

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D6TA03447K

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6ta03447k


A Γ-centered 3× 3× 3 k-point mesh was used to sample the
Brillouin zone of supercells. For the plane-wave basis we set
an energy cutoff of 400eV. Electronic cycles were converged to
2× 10−5 eV, and ionic relaxations were continued until all inter-
atomic forces were below 10meV/Å.

A precise evaluation of the pristine density of states (DOS)
is needed for determining charge carrier concentrations, Fermi
level, and equilibrium defect concentrations. To this end, DOS
calculations were performed using the HSE06 functional on the
PBEsol-optimized primitive unit cell. To ensure numerical accu-
racy, a dense k-point mesh was employed in conjunction with
tetrahedron smearing. All remaining parameters were kept con-
sistent with defect supercell calculations.

The thermodynamic stability of the Zn–P system was assessed
by considering the competing on-hull phases Zn, P, and ZnP2. Fol-
lowing a computational workflow consistent with the aforemen-
tioned defect studies, all phases were relaxed at the PBEsol level
before final energy evaluation with the HSE06 functional.

The macroscopic static dielectric tensor of Zn3P2 was deter-
mined by accounting for both electronic and ionic contributions.
The high-frequency (optical) dielectric constant was calculated
in the independent particle approximation using the HSE06 hy-
brid functional, incorporating spin-orbit coupling (SOC) effects.
These calculations employed a plane-wave energy cutoff of 350eV
and a Γ-centered 5×5×5 k-point grid. To ensure convergence of
the dielectric response within the density-density framework, 940
bands were included in the summation.

The ionic contribution to the static dielectric constant was de-
termined using the PBEsol functional, also with the inclusion of
SOC. For these calculations, a higher plane-wave energy cutoff of
700eV and a Γ-centered 5×5×4 k-point grid were utilized to ac-
curately capture the macroscopic static dielectric tensor. The final
total dielectric constant used for subsequent defect formation en-
ergy corrections was derived from the combination of these elec-
tronic and lattice components.

The equilibrium concentration [Dq] of a defect in charge state
q at temperature T is determined by its formation energy ∆Eq

f
through the Boltzmann distribution

[Dq] = Nsgq exp

(
−

∆Eq
f (εF )

kBT

)
, (2)

where Ns is the density of possible site positions in the lattice, gq is
the configurational and spin degeneracy, and kB is the Boltzmann
constant. To determine the equilibrium Fermi level εF and the
self-consistent carrier concentrations, we enforce the macroscopic
charge neutrality condition,

n0(εF )− p0(εF )+∑
i,q

q[Dq
i ] = 0 , (3)

where n0 and p0 are the free electron and hole concentrations,
respectively. This system of equations is solved iteratively, as the
concentrations of charged defects depend implicitly on εF , which
is in turn constrained by the total charge density.

For defect complexes, we further calculated the binding energy

Fig. 1 Pristine tetragonal unit cell of zinc phosphide Zn3P2 containing
24 Zn-atoms (gray) and 16 P-atoms (purple).

Eb,
Eb = ∆E f [A]+∆E f [B]−∆E f [AB] , (4)

where ∆E f [A] and ∆E f [B] are the formation energies of the iso-
lated constituents, and ∆E f [AB] is the formation energy of the
complex. A positive value for Eb denotes an attractive interaction
and the potential for stable complex formation.

3 Results and Discussion

3.1 Pristine zinc phosphide
We start by describing the properties of the pristine crystal with-
out any defects, as determined by this work.

In its ground state, zinc phosphide has a complex structure ex-
pressed by its large tetragonal unit cell which contains 24 zinc
and 16 phosphorous atoms, see Fig. 1. The structure is invariant
under the 16 symmetry operations of the group P42/nmc (#137),
which includes point inversion at the center of the unit cell.

The choice of functional for ab initio geometry optimization sig-
nificantly influences the predicted unit cell dimensions. In Section
1 of the SI, we provide a comparison of unit cell parameters ob-
tained via gradient descent calculations using three distinct func-
tionals: LDA, PBE, and PBEsol. We chose to proceed with the
PBEsol-optimized model for all further point-defect calculations.

The band gap as computed via HSE06 was determined to
be 1.16eV, which is below the experimentally determined 1.48–
1.54eV3–5. An underestimation of this magnitude is consistent
with the documented performance of HSE06 for semiconduc-
tors44,45. In Fig. 2 we show the density of states near the band
gap as calculated with the HSE06 functional. We found little im-
pact of spin-orbit coupling on the magnitude of the band gap. We
also took a close look at effective masses and determined their
values from fitting 3rd-order polynomials. See Fig. 3 for a closeup
of the fitted band structure and Table 1 for the final results. We
note that all these values, but especially the heavy hole, come
with some uncertainty. A discussion of the reported errors can
be found in Section 2 of the SI. The influence of the choice of
functional is discussed in Section 3 of the SI.

Finally, we computed the dielectric tensor of pristine Zn3P2.
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Fig. 2 Close-up of the total and projected DOS of Zn3P2 near the band
gap, computed using the HSE06 functional. The spin-resolved DOS is
shown, with spin-up states plotted with positive intensity and spin-down
states plotted with negative intensity.

Fig. 3 Electronic band structure of Zn3P2 near the band edges. Valence
bands (bottom) and conduction bands (top) are shown along the Γ-Z
(left) and Γ-X (right) directions. Effective masses reported in Table 1
were obtained by fitting the band curvature in the vicinity of Γ.

Table 1 Effective carrier masses at the Γ point, given in units of electron
mass m0. Bands are classified as valence (VB) or conduction (CB) bands
and indexed by their relative energies at Γ; the index 1 denotes the
valence band maximum or conduction-band minimum, respectively. By
convention, negative effective masses correspond to valence band (hole)
states.

path band effective mass (m0)

Γ → X VB3 -0.26 ± 0.09
VB2 -0.24 ± 0.10
VB1 -0.50 ± 0.20
CB1 0.17 ± 0.01
CB2 0.28 ± 0.02
CB3 0.27 ± 0.02

Γ → Z VB3 -0.31 ± 0.09
VB2 -0.35 ± 0.01
VB1 -0.16 ± 0.02
CB1 0.31 ± 0.09
CB2 0.27 ± 0.05
CB3 0.27 ± 0.05

Table 2 Summary of atomic chemical potentials (µi) at the phase bound-
aries of Zn3P2. The Zn-rich and P-rich limits are defined by equilibrium
with elemental Zn and the ZnP2 secondary phase, respectively. All values
are reported in eV/atom.

Zn–Zn3P2 Zn3P2–ZnP2

Zn 0.000 -0.194
P -0.638 -0.346

This is an important additional characterization as the material
is proposed as a photovoltaic absorber. Moreover, the knowledge
of the static dielectric tensor is needed for the charge corrections
when computing charged defects using the supercell approach.
We find, and utilize, the values for the static dielectric tensor as
reported in eqs. (5) and (6):

εoptic =

9.8 0 0
0 9.8 0
0 0 9.9

 , εionic =

54.2 0 0
0 54.2 0
0 0 12.2

 , (5)

εtotal =

64.0 0 0
0 64.0 0
0 0 22.1

 (6)

3.2 Intrinsic point defects
We now assess the intrinsic point defects in Zn3P2, including
vacancies, interstitials, and antisites. Formation energies and
charge-state transition levels were computed as a function of the
Fermi level according to eq. (1).

The atomic chemical potentials used to calculate defect for-
mation energies are summarized in Table 2. These values rep-
resent the thermodynamic stability limits of Zn3P2 in equilib-
rium with either Zn (Zn-rich) or ZnP2 (P-rich). All potentials
are reported relative to the total energies of the elemental bulk
phases, which were determined to be −1.256eV/atom for Zn and
−6.495eV/atom for P.

The central results of this study are the transition-energy dia-
grams for P-rich/Zn-poor and P-poor/Zn-rich growth conditions
shown in Fig. 4. For each defect type, these plots show the low-
est formation energy as a function of the Fermi level across all
charge states. Kinks in the curves mark thermodynamic charge-
state transition levels at which the defect changes its stable charge
state. A full enumeration of various computed formation energies
is given in Section 4 of the SI.

We find that the Fermi level is restricted to an interval extend-
ing from the valence band maximum (VBM) to approximately
0.75–0.85eV above it, depending on the chemical potentials of
the atomic species. Outside this range, either doubly negatively
charged zinc vacancies or doubly positively charged zinc intersti-
tials acquire negative formation energies and thus form sponta-
neously in large concentrations, compensating free carriers and
driving the Fermi level back into this window. This intrinsic re-
striction for the Fermi level directly implies macroscopic p-type
behavior.

Within this Fermi level range, zinc vacancies and zinc intersti-
tials exhibit the lowest formation energies and therefore domi-
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Fig. 4 Transition energy diagrams from calculated formation energies
as a function of Fermi level. Only the minimum energy configurations
for each species are displayed, representing the thermodynamic ground
state for each charge state.

nate the intrinsic defect population. Phosphorus vacancies and
antisite defects have higher formation energies and are expected
in minor concentrations, while phosphorus interstitials are ener-
getically least favorable and thus essentially negligible.

The influence of the chemical potentials is comparatively mod-
est due to the limited stability range imposed by competing
phases. Nevertheless, under P-rich (Zn-poor) conditions, zinc va-
cancies are further stabilized while zinc interstitials become less
favorable. The opposite trend occurs under Zn-rich conditions.
Within the Fermi level range, the relative stability of antisite de-
fects, however, depends strongly on growth conditions. ZnP anti-
sites are favored under Zn-rich conditions, whereas PZn antisites
are more favorable under P-rich conditions.

Using a Boltzmann formalism, i.e. by relying on eqs. (2) and
(3), we compute equilibrium defect concentrations and the cor-
responding Fermi level self-consistently as a function of temper-
ature. Here, defect multiplicities are directly included and give
a much more quantitative insight than the previous discussion
based purely on the transition energy diagram. The results for Zn-
rich and P-rich (Zn-poor) conditions are shown in Fig. 5. As dis-
cussed, zinc vacancies and zinc interstitials dominate overwhelm-
ingly, with concentrations several orders of magnitude higher
than all other defects, reaching values up to 1017 cm−3. In con-
trast, phosphorus interstitials remain negligible (< 101 cm−3) due
to their high formation energies and are therefore omitted from
the figure. This finding contrasts with earlier studies that pro-
posed phosphorus interstitials as dominant defects21,46,47. We
return to this comparison in a later section.

The self-consistent calculation of defect concentrations also
yields the equilibrium Fermi level, shown in Fig. 6 (dashed lines).
Under both Zn-rich and Zn-poor conditions, the formation of neg-
atively charged zinc vacancies pins the Fermi level close to the
valence band maximum by binding free electrons.

In real samples, however, defect concentrations are rarely in
thermodynamic equilibrium at the operating temperature. In-
stead, defect populations are typically established during growth

Fig. 5 Defect concentrations at given temperature, calculated by using
the computed formation energies shown in Fig. 4, assuming a Boltzmann
distribution, and enforcing charge neutrality.

Fig. 6 Effects of annealing at different temperatures on the equilibrium
Fermi level, for samples grown under P- and Zn-rich conditions.
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or annealing and subsequently become kinetically trapped upon
cooling. To account for this behavior, we employ the frozen-defect
approximation, which assumes that defect migration and defect-
defect reactions are sufficiently slow during cooling that the total
concentration of each defect species remains fixed at its equilib-
rium annealing-temperature value. Consequently, defect recom-
bination and complex formation during quenching are neglected.
Upon cooling to the operating temperature, only the relative pop-
ulations of the accessible defect charge states and the free car-
rier concentrations are allowed to re-equilibrate. The Fermi level
is again determined self-consistently from the charge-neutrality
condition, now under the constraint of fixed total defect concen-
trations.

Here, the resulting Fermi level as a function of annealing tem-
perature is shown in Fig. 6 (solid lines) for Zn-rich and Zn-
poor growth conditions. As can be seen, the Fermi level shifts
closer to the valence-band maximum with increasing annealing
temperature, further reinforcing the intrinsic p-type character.
For representative growth conditions (P-rich, Tanneal = 650,K and
Tquench = 300,K), we obtain a Fermi level of 0.12,eV above the
VBM. Due to the made assumptions, though, these results should
be interpreted as the limiting case of complete kinetic trapping of
defect species during cooling.

From the knowledge of Fermi level, the density of states (es-
pecially near the band gap) and relying on the charge neutrality
condition, we can explicitly compute the carrier concentration for
both holes and electrons. The resulting trends are shown in Fig. 7.
As the Fermi level approaches the valence band with increasing
annealing temperature, the hole concentration increases signifi-
cantly.

Experimentally reported hole concentrations in Zn3P2 span sev-
eral orders of magnitude, depending on growth conditions, sam-
ple morphology, and stoichiometry. This variability is to be ex-
pected, as Zn3P2 is stable over a relatively wide range of Zn/P ra-
tios. The most recent study known to the authors reported a hole
concentration ranging from 1014 cm−3 to 1016 cm−3 for samples of
varying thickness grown at 270◦C9. Similarly, Paul et al. reported
a hole concentration of 1.09×1015 cm−3 for stoichiometric Zn3P2

films grown at 240–270◦C48. Under increasingly P-rich growth
conditions, the hole concentration rose to 1.22×1019 cm−3. These
samples, however, were significantly off-stoichiometric, with a
Zn/P ratio of 1.22 compared to the stoichiometric value of 1.5.

Earlier studies reported similar trends. Catalano et al.18 syn-
thesized Zn3P2 crystals by vapor transport and subsequently an-
nealed them at 300◦C. Measured hole concentrations were of
approximately 1012 cm−3 under Zn-rich conditions and up to
1016 cm−3 under P-rich conditions. Likewise, Fuke et al.49 grew
Zn3P2 ingots at 400◦C and reported hole concentrations of 1014–
1015 cm−3 for samples with Zn/P > 1.5, corresponding to Zn-rich
conditions, and approximately 1016 cm−3 for stoichiometric sam-
ples obtained under comparatively P-rich growth conditions.

The equilibrium hole concentrations predicted in the present
work, ranging from 6× 1014 cm−3 at 240◦C under Zn-rich condi-
tions to 7× 1016 cm−3 at 400◦C under P-rich conditions, fall well
within the range reported experimentally. Moreover, our calcula-
tions reproduce the experimentally observed increase in hole con-

Fig. 7 Effect of annealing at different temperatures on the final carrier
concentration after quenching to T = 300K, for samples grown under P-
and Zn-rich conditions.

centration with increasing growth temperature and increasingly
P-rich growth conditions. This does not only give validation to our
made assumptions, but also provides a direct recipe for maximiz-
ing hole concentration for potential device design: To increase
the hole concentration based on point defect thermodynamics,
our results suggest that P-rich growth conditions and high growth
temperature, or alternatively post-growth annealing at high tem-
peratures, will lead to the highest hole concentrations. We note,
however, that the present analysis is restricted to intrinsic point
defects only, and therefore does not account for the possible in-
fluence of off-stoichiometric sample growth, extrinsic impurities,
grain boundaries, surfaces, or other extended defects that may
be present in experimental samples. Indeed, a recent study by
Lemerle et al.9 suggested that rotated domains may provide an
additional source of free p-type carriers. Nevertheless, our results
demonstrate that zinc vacancies constitute a sufficient intrinsic
mechanism for generating p-type conductivity in Zn3P2.

Our results also clarify the long-standing difficulty of achieving
n-type Zn3P2

50. Raising the Fermi level toward the conduction
band increases the formation of compensating acceptor defects,
primarily negatively charged zinc vacancies. In addition, charge
redistribution during cooling further traps electrons in negatively
charged defects. The most favorable conditions for electron car-
riers are Zn-rich growth and low-temperature processing or slow
cooling, which maintain defect populations closer to equilibrium
at operating conditions. Even under these conditions, however,
the predicted concentrations remain too low for electrons to be-
come the majority carriers.

Transition-energy diagrams also provide information on defect
levels within the band gap. Here, one should distinguish thermo-
dynamic transition levels, obtained from formation-energy differ-
ences, from optical transition levels. The energy levels within
the band gap which can be directly read off the transition energy
diagrams like the ones in shown in Fig. 4 correspond to those
thermodynamic transitions that would become apparent in equi-
librium measurements such as deep-level transient spectroscopy.
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Fig. 8 Thermodynamic charge-transition levels of intrinsic point defects
in zinc phosphide. The color scale indicates the calculated concentration
of each defect species according to the frozen defect approximation (P-
rich, Tanneal = 650K, Tquench = 300K). Only transition levels located within
the band gap are shown; zinc vacancies are therefore not included, as all
of their computed transition levels lie within the valence band.

Optical transitions (e.g., PL or CL) occur on timescales too short
for full lattice relaxation and are therefore shifted relative to ther-
modynamic levels by the Stokes shift.

In Zn3P2, the most experimentally relevant transitions are ex-
pected from the most abundant defects, namely zinc vacancies
and zinc interstitials, see Fig. 8 for the latter. Zinc interstitials
show transition levels at about 1.3eV above the valence band
maximum. This could potentially explain absorption features ob-
served in previous experiments that were historically interpreted
as a reduced optical band gap. When defect concentrations are
taken into account, transition levels in the range of 1.2–1.4eV
above the valence band maximum are predicted to dominate the
defect-related optical response. In contrast, Zn vacancies ap-
pear to exhibit resonant transition levels within the valence band.
However, analysis of their orbital character and spatial localiza-
tion suggests that these electronic states are characteristic of per-
turbed host states. These hydrogen-like states possess largely ex-
tended wavefunctions that span across multiple unit cells, ren-
dering standard supercell correction schemes insufficient. Using
a simple hydrogenic effective mass model and given the light ef-
fective hole masses reported in Table 1, we estimate that the as-
sociated transition levels lie a few meV above, rather than below,
the VBM, consistent with shallow acceptors with binding energies
of a few meV.

A detailed tabulation of various computed thermodynamic
transition levels computed in this work is given in Section 5 of
the SI.

3.3 Zinc Frenkel defect
The dominating presence of oppositely charged zinc interstitials
and zinc vacancies suggests a strong Coulomb-driven interaction
between these intrinsic point defects. In thermodynamic equi-
librium, such oppositely charged defect species are expected to
form a bound defect complex, commonly referred to as Frenkel
defect. Examining the stability and electronic behavior of these
vacancy-interstitial complexes is therefore important for under-
standing defect and carrier concentrations. Frenkel pairs are gen-
erally detrimental in semiconductors because the mutual passi-

Fig. 9 Detailed comparison of zinc Frenkel defect components. The
transition levels of the isolated zinc vacancy (VZn) and zinc interstitial
(Zni) are shown alongside the (VZn +Zni) complex.

vation of the vacancy and interstitial charges reduces the density
of free carriers, a mechanism well documented in Si and III–V
materials.

The formation energy of the specifically constructed Frenkel
defect complex considered in this work is shown in Fig. 9. The
complex was generated by placing the lowest-energy configura-
tion found for a zinc interstitial in close proximity to the lowest-
energy configuration found for a zinc vacancy, followed by full
structural relaxation of all atomic positions. The resulting forma-
tion energies are reported under both P-rich and Zn-rich chemical
potential limits.

The binding energy of the Frenkel defect is obtained by com-
paring the formation energy of the bound vacancy-interstitial pair
to the sum of the formation energies of the isolated constituents,
VZn and Zni, at the same chemical potentials and Fermi level. In
the present case, the binding energy is effectively independent of
the Fermi level within the relevant range, since the Fermi level
is restricted between the VBM and approximately 0.85eV above
it, and neither the isolated defects nor the Frenkel complex un-
dergo charge-state transitions in this interval. Applying eq. (4)
yields a positive binding energy of 0.77eV for the Frenkel-pair
configuration considered here, indicating a thermodynamically
stable defect complex and a significant attractive interaction be-
tween the vacancy and interstitial. We note, however, that the
present analysis is restricted to a single, manually constructed
vacancy–interstitial arrangement. A systematic exploration of al-
ternative separations and relative orientations may reveal addi-
tional Frenkel-pair configurations with different binding energies.

With the formation energy calculated here, Zn Frenkel defects
are predicted to reach concentrations of approximately 1016 cm−3,
similar in abundance to zinc vacancies (VZn). Frenkel pairs were
excluded from the equilibrium Fermi level and carrier concen-
tration computations due to the limitations of the dilute limit
approximation. Assuming no interactions between defects, the
addition of neutral defect complexes will have no impact on the
charge-neutrality condition. Instead, the steady-state concentra-
tion of these defects is likely governed by the balance of creation,
migration, and recombination, expressed in Kröger-Vink notation
as

Zn×Zn
⇀↽ V′′

Zn +Zn••i . (7)

The precise kinetics of these processes depend on diffusion path-
ways and potential barriers, which remain beyond the scope of
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Fig. 10 Closeup of the transition energy diagram around the equilibrium
Fermi level at 0.12eV. Shown are stable and metastable configurations of
zinc vacancies and zinc interstitials, the two dominating types of defects.

this work.
The Frenkel-pair configuration considered here introduces a

new transition level in the band gap which is slightly closer to
the conduction band than that of the +2/0 charge transition of
the isolated zinc interstitial. This could be explained by a sta-
bilizing effect of the interstitial’s charge state due to the nearby
located negatively charged zinc vacancy. We note, however, that
for defect complexes we did not conduct a full search for lower-
energy configurations of various charge states. Consequently,
lower-energy configurations that could affect the predicted tran-
sition levels cannot be excluded.

3.4 Comparison to previous studies
The defect chemistry of Zn3P2 has been the subject of several
evolving computational studies. A systematic comparison of the
computational methodologies and principal conclusions is pro-
vided in Table 3.

Early assessments by Demers et al.21 utilized semilocal func-
tionals, which necessitated ad hoc band gap corrections that in-
troduced significant uncertainty into the defect energetics. Subse-
quently, Yin et al.22 improved upon this using hybrid functionals,
though their results differed from later studies, probably due to a
lack of spin polarization and finite-size corrections23.

The most recent comprehensive study by Yuan et al.23 ad-
dressed many of these functional-level deficiencies, predicting
that zinc vacancies (VZn) act as a shallow acceptor and that phos-
phorus interstitials Pi give rise to deep levels. Our results align
with some of the trends established by Yuan et al., yet several
critical deviations emerge due to differences in computational
methodology and our more exhaustive search of the configura-
tion space and charge state stability.

The primary distinction in the present work lies in the iden-
tification of ground-state configurations. While Yuan et al. per-
formed robust local optimizations, our efforts to identify several
local minima and enforce explicit symmetry-breaking revealed
significantly lower-energy configurations for both the zinc inter-

Fig. 11 Absolute atomic displacements as a function of distance from
the defect center for the two lowest-energy zinc interstitial configurations
Zni,α (left) and Zni,β (right).

stitial (Zni) and the zinc vacancy (VZn), see Fig. 10. Specifi-
cally, we find that the lowest-energy Zni configuration occupies
a site at the center of a tetrahedron formed by P-atoms (rather
than Zn-atoms as previously assumed), accompanied by a signif-
icantly smaller distortion of the surrounding lattice, with atomic
displacements decaying rapidly within 5 Å of the defect center as
shown in Fig. 11.

Furthermore, Yuan et al. chose to tune the amount of mixing
in the HSE functional family such that the experimental band gap
is reproduced, as has been suggested for computations of point
defects52. We chose to stick to the standard value of α = 0.25.
In fact, while tuning α can improve band gap agreement, it does
so at the cost of total-energy accuracy. Formation energies and
transition levels are more sensitive to errors in the total energies
of the defect supercells than to the precise position of the band
edges, and standard HSE06 has been shown to yield reliable de-
fect formation energies across a broad range of semiconductors
even when the band gap is moderately underestimated28. We
therefore chose to remain agnostic with regard to the band gap,
while relying on well-validated methods for energetics. A post-
calculation scissoring shift to Egap = 1.51eV was applied to the
final transition level diagrams to facilitate comparison with liter-
ature.

Figure 12 illustrates several considered Zni. The configura-
tion shown in red corresponds to the previously proposed lowest-
energy site23, where the interstitial Zn-atom occupies the center
of a tetrahedron formed by Zn-atoms and an octahedron formed
by P-atoms. The green configuration represents the lowest-energy
Zni site identified in this work; here, the interstitial resides at the
center of a tetrahedron formed by P-atoms and an octahedron
formed by Zn-atoms. Finally, the configuration shown in blue
corresponds to the second-lowest-energy Zni site found in this
study, which lies energetically close to the red configuration and
is characterized by an octahedral coordination formed by both P-
and Zn-atoms. Viewed in terms of the (001) atomic layers of the
pristine conventional unit cell, the lowest-energy interstitial con-
figuration (green) occupies a site corresponding to a naturally oc-
curring zinc “vacancy” (when comparing to a fluorite structure) in
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Table 3 Comparison of the computational methodologies and principal conclusions of previous first-principles studies on intrinsic point defects in
Zn3P2. All here listed studies were performed using density functional theory as implemented in the VASP code.

Functional &
basis set

Supercell &
k-sampling

Corrections Configuration search
strategy

Main conclusion

Demers et al. 21

(2012)
GGA-PBE, explicitly
considered spin
polarization,
plane-wave basis
cutoff at 300eV

2×2×2,
containing
320 atoms,
k-point
sampling at Γ

and
(1/2,1/2,1/2)

Thorough
corrections for
image charges,
potential alignment,
band-filling and
band gap
underestimation

Interstitials:
voxelisation of unit
cell, then found site
with furthest distance
to nearest neighbour;
antisites were not
considered

Pi (acceptors) are the main drivers
of p-type conductivity, more so
than VZn. Zni (donors) limit
further p-doping.

Yin et al. 22

(2013)
HSE with mixing
parameter 0.32, spin
polarization not
mentioned,
plane-wave basis
cutoff at 400eV

2×2×2,
containing
320 atoms,
k-point
sampling at Γ

only

None mentioned None mentioned;
Antisites were not
considered

Pi are too high in formation
energy to form significantly; VZn
(shallow acceptors) are the main
drivers of p-type conductivity. Zni
(and less so VP, both shallow
donors) limit further p-doping.

Yuan et al. 23

(2023)
HSE with mixing
parameter 0.32,
explicitly considered
spin polarization,
plane-wave basis
cutoff at 400eV

2×2×2,
containing
320 atoms,
k-point
sampling at Γ

only

Thorough
corrections for
image charges and
potential alignment

All types considered,
large number of initial
trial configurations for
selected defects

Similar to Yin et al., but Zni and
VP introduce deep transition levels.
VP are similar or even lower in
formation energy than Zni.

Zhang et al. 51

(2026)
HSE with mixing
parameter 0.30, spin
polarization not
mentioned,
plane-wave basis
cutoff at 400eV

1×2×1,
containing 80
atoms, k-point
sampling at Γ

only

None mentioned None mentioned Zni (donors) dominate over VP
and are so low in formation
energy that they mostly, though
not completely, compensate the
intrinsic p-type conductivity.

the Zn sublattice. In contrast, the red and blue configurations are
located within different P-layers, previously believed to be more
suited as hosts for Zn interstitials.

Importantly, the same Zni structural motif was obtained both
during the initial configurational search and after subsequent
high-accuracy HSE relaxation, indicating that the energetic pref-
erence of this configuration is robust with respect to the re-
laxation procedure. The discrepancy with previous studies ap-
pears to originate primarily from differences in configurational
sampling rather than from differences in the electronic-structure
methodology.

We find the observed energetic ordering to be primarily driven
by electrostatic interactions. Specifically, the Ewald energy of the
lowest-energy configuration (green) is more than 50meV/atom
lower than that of the second-lowest-energy configuration (blue).
This difference suggests that an increased ratio of Zn-P nearest-
neighbor interactions facilitates a more energetically favorable lo-
cal environment.

Furthermore, our results indicate that phosphorus interstitials
Pi are considerably higher in formation energy than previously re-
ported. This shift suggests that the Pi plays a much less prominent
role in the equilibrium defect chemistry of Zn3P2 than suggested
by either Demers et al. or Yuan et al., and most likely do not sig-
nificantly increase detrimental recombination due to deep levels.

By exploring a wider range of charge states than previous stud-
ies, we also find low-energy configurations for PZn −3 and −4
charge states, which add previously unreported transition levels
in the band gap. Additionally, we have extended the scope of in-
quiry to include defect-defect interactions. Our findings show a
strong attractive interaction between zinc interstitials and vacan-

Fig. 12 Different views of the conventional unit cell of Zn3P2, illustrating
the approximate positions of selected Zni configurations. Colored spheres
(blue, red, and green) were manually inserted into the pristine unit cell
without subsequent geometry optimization and are shown for visualiza-
tion purposes only. Multiple occurrences of the same-colored defect indi-
cate symmetry-equivalent positions in the pristine crystal structure rather
than distinct defect sites. See the main text for more information.
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cies, suggesting that defect clustering may be a significant factor.
During the preparation of this manuscript, a study by Zhang

et al.51 was published, which also addresses intrinsic and extrin-
sic point defects in Zn3P2. While the scopes of these investiga-
tions overlap, significant differences exist in the computational
treatment and the reporting of methodological parameters. The
present work provides a more robust supercell model, exhaus-
tive account of functional selection, finite-size correction, and the
derivation of thermodynamic properties, including equilibrium
Fermi levels and defect concentrations.

4 Summary and Conclusion
This work examines the ground-state energetics and thermody-
namics of intrinsic point defects in Zn3P2.

Our defect thermodynamics analysis shows that zinc vacan-
cies and zinc interstitials are the dominant intrinsic point de-
fects, with equilibrium concentrations several orders of magni-
tude higher than those of all other defects considered. In con-
trast, phosphorus interstitials, which were previously proposed as
abundant, are predicted to occur only in negligible concentrations
due to their high formation energies, even under phosphorus-rich
growth conditions, which rather facilitates the formation of PZn

antisites. The intrinsic p-type conductivity of nominally undoped
Zn3P2 emerges naturally from the prevalence of zinc vacancies.
These defects are thermodynamically stable in negative charge
states and act as electron acceptors, thereby depleting free elec-
trons and shifting the Fermi level toward the VBM. We further find
that zinc vacancies and zinc interstitials, the two most abundant
intrinsic defects, exhibit a positive binding energy for the partic-
ular configuration considered in this work and may form neutral
Frenkel pairs. Such defect pairing could partially compensate the
effect of isolated zinc vacancies and may contribute to moderat-
ing the intrinsic p-type conductivity. A quantitative assessment of
this effect would require a more comprehensive investigation of
Frenkel-pair configurations and their kinetics.

From a device-design perspective, controlling carrier concen-
trations is essential. While we find no intrinsic mechanism that
yields substantial free-electron concentrations, hole densities can
be significantly enhanced by favoring zinc-vacancy formation.
This can be achieved through growth under phosphorus-rich con-
ditions (e.g., elevated phosphorus partial pressures in molecu-
lar beam epitaxy) combined with high growth temperatures, or
through post-growth annealing at elevated temperatures.

While our results provide a good model for the experimentally
observed p-type character, we note that this work considers only
intrinsic point defects. In real samples, extrinsic impurities or ex-
tended defects such as grain boundaries can also affect the elec-
tronic properties. Quantifying their contribution is beyond the
scope of the present work.

The dominance of zinc vacancies among intrinsic point defects
explains the persistent difficulty of achieving reliable n-type con-
ductivity and indicates that such behavior is not primarily limited
by synthesis quality, but rather by thermodynamic constraints.
Consequently, any extrinsic donors compete with compensation
unless intrinsic defect populations can be significantly altered.
Rather than pursuing bulk n-type doping, future photovoltaic de-

vice strategies may benefit more from further enhancing hole con-
centrations and from approaches such as interface engineering
and heterostructure design to control carrier transport and re-
combination.
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