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Selenium (Se) has been studied for over 140 years as the first solid-state solar cell, yet it has
only achieved a maximum power conversion efficiency of 6.5%. To improve the efficiency, we pro-
pose derivative structures via element mutation. Specifically, we replace Se with Group 15 pnictogens
(Pn = P, As, Sb) and fill the interchain space with alkali metals (M = Li, Na, K, Rb, Cs). Our cal-
culations reveal that the band gaps of MPn span the optimal range for solar absorption. We find that
NaP, composed of earth-abundant elements, has excellent properties as a solar cell absorber, including a
slightly indirect band gap, high optical absorption coefficient just above the absorption onset, light elec-
tron and hole effective masses, and ambipolar dopability. However, carrier capture calculations show that
P vacancies may limit its photovoltaic performance. Therefore, we propose solutions to reduce P vacancies
through chemical potential control. Finally, we present preliminary results of NaP powder sample growth;
this reveals a direct band gap of 1.66 eV, close to the predicted value of 1.62 eV. MPn represents a new
class of absorber to rival other emerging photovoltaic technologies.

DOI: 10.1103/PRXEnergy.2.043002

I. INTRODUCTION

In 1873, Willoughby Smith reported that solid sele-
nium (Se) exhibited photoconductivity [1]. Three years
later, Adams and Day demonstrated the first solid-state
solar cell using Se [2]. Since then, Se has been investi-
gated as a photovoltaic material [3]. Among various types
of crystal structure, the trigonal phase (t-Se) with infi-
nite helical Se chains on a hexagonal lattice [Fig. 1(a)]
records the best solar cell performance [3]. Indeed, t-Se is
known to have a high absorption coefficient over 104 cm−1

just above the absorption onset. However, the best power
conversion efficiency reaches only 6.5% [4], which is
low compared to >22% in commercialized photovoltaic
materials, such as Si, CdTe, GaAs, CuInSe2, and hybrid
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perovskites [5]. One contributing factor is the larger band
gap of 1.8 eV [3] compared to the optimal value around
1.3–1.5 eV estimated from the Shockley-Queisser (SQ)
limit [6], which already decreases the radiative efficiency
limit from 33.7% to 27.2% [6]. In addition, wide band gap
materials tend to be much less defect tolerant, by provid-
ing wider energetic regions for deep defect levels to arise,
which can decrease solar efficiency through nonradiative
recombination [7,8].

Substituting elements while maintaining charge neutral-
ity, often referred to as element mutation (see, for example,
Ref. [9]), is a common practice in the search for new mate-
rials. Examples are II-VI semiconductors, such as ZnSe,
which are obtained from Group 14 semiconductors (e.g.,
Si) by element mutation [Fig. 1(b)]. The Zn2+ site can be
further mutated to +1 and +3 cations, resulting in I-III-
VI semiconductors, e.g., CuInSe2. Here, we propose a way
to extend the element mutation technique. Instead of sim-
ply substituting one element with two, while retaining the
average oxidation state, we introduce ions into the vacant
sites within the structure and mutate the elements while
preserving overall neutral charge.
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FIG. 1. (a) Crystal structure of trigonal Se. (b) Schematics of the element mutation from the Group 14 and Group 16 elemental
semiconductors. Crystal structures of (c) monoclinic and (d) orthorhombic alkaline mono-pnictides. Blue and red circled arrows depict
the helical chain rotation directions from the back of the paper to the front. In (d), inequivalent sites and an interstitial site (i) considered
in the point-defect calculations are also illustrated. Interstitial site in o-NaP is located at (0.938, 0.667, 0.675) in fractional coordinates.

To retain the chainlike structures in t-Se, we consider
Group 15 pnictogens as anions, due to their ability to cate-
nate (i.e., self-bond in the form of low-dimensional ring,
layer, and chainlike motifs) [10]. The cations are then
intercalated between the chains to maintain a charge bal-
ance [see Figs. 1(c) and 1(d)]. Such alkali mono-pnictides
(MPn, M = Li, Na, K, Rb, Cs; Pn = P, As, Sb) have
indeed been partly synthesized, as shown in Fig. 2(a).

One advantage of the MPn composition is that the
physical properties can be optimized by changing the
cation-anion combinations or synthesizing their alloys. For
instance, the band gap is controllable within a range of
optimal band gaps for solar cells, as shown later. Another
advantage is the electrostatic interactions between cations
and anion chains: contrary to the weak van der Waals inter-
actions between the Se chains in t-Se, the cations should
attract the anion chains more strongly, which results in
greater stability.

In this study, we performed first principles calculations
on the phase stability and optoelectronic properties of MPn
compounds to investigate their potential as photovoltaic
materials. It is found that a series of MPn compounds cover
the appropriate band gap range for solar cells and exhibit
relatively strong optical absorption onsets and low elec-
tron and hole effective masses. We also calculated the point
defects in NaP, a representative of MPn composed of non-
toxic and earth-abundant elements, because point defects
generally dominate the photovoltaic performance. Our cal-
culations reveal that P vacancies (VP, where V means a
vacancy) have relatively low formation energies and show
deep levels, which should be detrimental to photovoltaic
efficiency based on the Shockley-Read-Hall (SRH) theory
for nonradiative recombination [11,12]. Indeed, calcula-
tions of nonradiative carrier capture rates reveal that the

carrier recombination by VP is likely to be significant. To
reduce VP concentrations, we propose to control the Fermi
level by adjusting growth conditions and/or introducing
dopants. To verify our calculations, we synthesized NaP
and measured its direct band gap using a diffuse reflection
measurement. Our experiment shows that the observed
direct band gap is 1.66 eV, which closely matches the
calculated direct band gap of 1.62 eV.

II. RESULTS AND DISCUSSION

A. Physical properties of alkali mono-pnictides

Experimentally, MPn is known to crystallize in the mon-
oclinic phase (m-MPn) with space group P21/c [Fig. 1(c)]
or the orthorhombic phase (o-MPn) with space group
P212121 [Fig. 1(d)]. Although there are two anion chains
in both unit cells, the spiral handedness is different, as
shown in Figs. 1(c) and 1(d); two chains rotate in opposite
directions in the monoclinic phase, while they rotate in the
same direction in the orthorhombic phase. However, the
local structures are similar. For example, two inequivalent
cation sites are coordinated by five and six anions, respec-
tively, in both phases. The cycles are different between
MPn and t-Se; the anion chains in m- and o-MPn have a
fourfold screw rotation [Figs. 1(c) and 1(d)], while the Se
chains in t-Se have a threefold screw rotation [Fig. 1(a)],
resulting in the space group P3121.

Figures 2(a) and 2(b) show the experimentally observed
phases and the calculated total energy differences between
the two phases, respectively. We used the HSE06 func-
tional in all calculations because it is a reliable method
for predicting semiconductor properties (see Sec. IV
for details). The ionic radii generally increase as one
moves down the periodic table [13]. As the ratio
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FIG. 2. (a) Experimentally reported phases. Dark gray color indicates that neither monoclinic nor orthorhombic phases are reported.
(b) Total energy of the orthorhombic phase relative to that of the monoclinic phase for each composition (E(o-MPn) − E(m-MPn)), in
meV/f.u. Positive (negative) values indicate that the monoclinic (orthorhombic) phases are more stable. (c),(d) Calculated band gaps in
eV; (e),(f) minimum hole effective masses (m∗

h); (g),(h) minimum electron effective masses (m∗
e); and (i),(j) optical absorption onsets

in eV (see text for details). Top panels (c),(e),(g),(i) are the results for the monoclinic phases, while bottom panels (d),(f),(h),(j) are
those for the orthorhombic phases. Effective masses are in units of the electron rest mass. In (c),(d), direct bands are surrounded by red
squares. In (e)–(h), mean effective masses are also shown in brackets. All the calculations were performed using the HSE06 functional.

of cation to anion ionic radii decreases, the mon-
oclinic phase becomes more stable. This is mainly
because the interchain space is slightly smaller in m-
MPn. In fact, the volumes of m-MPn are smaller
than those of o-MPn for all cation-anion combina-
tions (see Table S2 within the Supplemental Mate-
rial [14]).

In experiments, NaSb and CsSb have been synthesized
in both phases. In contrast, our calculations show that the
monoclinic phase is more stable by 153 meV/formula unit
(f.u.) in NaSb, while the orthorhombic phase is more stable
by 19 meV/f.u. in CsSb. These results suggest that it may
be possible to synthesize other phases that have not been
reported before, with an energy difference of a few tens of
eV/f.u.

CsP and RbP have not been reported experimentally.
However, RbP has been calculated in a rocksalt struc-
ture in the Materials Project Database (MPD) but is
extremely unstable (0.99 eV/atom above the hull). On
the other hand, CsAs has been reported experimentally
[15] but its structure does not contain As chains but
As3 rings. Theoretically, we have calculated the convex
hulls for these CsP, CsAs, and RbP compositions using

the total energies calculated with HSE06 and found that
their monoclinic phases were stable, as shown in Fig. 3.
In fact, o-CsAs is 42 meV/f.u. more stable than the
experimentally reported hexagonal phase [16]. Therefore,
their synthesis via growth condition optimization is likely
possible.

Figures 2(c) and 2(d) show the calculated band gaps.
The differences between the two polymorphs are relatively
small in each case, with a mean absolute difference of only
0.08 eV. The band gaps are in the range of 0.61–1.78 eV,
encompassing the optimal band gap range for solar absorp-
tion around 1.3–1.5 eV in the SQ limit. The gap decreases
significantly as the anion element is shifted down the
pnictogen group from P to As to Sb due to the reduced
ionization potential of the anions; the average band gaps of
phosphides, arsenides, and antimonides are 1.63, 1.22, and
1.00 eV, respectively. On the other hand, the cation species
do not have a large effect because they are spectator ions
with a small contribution to the band edges [17], as shown
in Sec. II B. The calculated Wannier-Mott exciton binding
energies for MPn are also provided in Table S4 within the
Supplemental Material [14], ranging from 0.02 eV for o-
and m-LiSb to 0.43 eV for o-KP.
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B. Electronic structures of earth-abundant o-NaP

Because o-NaP is composed of earth-abundant elements
and has an adequate fundamental band gap (1.59 eV),
effective electron and hole masses, and absorption sharp-
ness (see below), we now turn our focus to its electronic
structure. We would like to emphasize that our calcu-
lated lattice constants match our experimental values, as
shown in the Supplemental Material. Figures 4(a)–4(d)
show its band structure as well as partial charge densi-
ties, Brillouin zone, density of states (DOS), and optical
absorption spectrum, respectively. Those of the other com-
positions in both phases are also shown in Figs. S1–S6
within the Supplemental Material [14], showing similar
qualitative behavior in terms of bonding and DOS orbital
contributions. Therefore, the behavior shown for NaP is
a representative example for the other compositions and
phases.

The valence bands are divided into three regions. The
deep-lying energy region from −15 to −7 eV, denoted as
region I, is mainly composed of P 3s orbitals, as shown in
Figs. 4(a) and 4(d). Significant band dispersion is seen in
the kx direction, which is parallel to the anion chain direc-
tion in real space [see Fig. 1(d)] and reflects the strong
intrachain 3s σ -bonding interaction, while it is almost flat
in the ky and kz directions. The middle region from −6 to
−3 eV (region II) and the upper region from −3 to 0 eV
(region III) consist mainly of the bonding states between
P 3p orbitals and lone-pair orbitals pointing to free space,
respectively [Fig. 4(a)]. Although the conduction bands are
not so clearly distinguished, the lower part of the conduc-
tion bands is composed of intrachain antibonding P 3sp
orbitals. As shown in Figs. 4(c), S3, and S4 within the
Supplemental Material [14], the anion n-s and -p orbitals
(n = 3, 4, and 5 for P, As, and Sb, respectively) mainly
constitute the band edge states. Negligible orbital contri-
butions to the band edges are found for the M+ ions, as
expected, which behave as spectator ions with no covalent

interactions [17]. This electronic structure is similar to that
of t-Se and is also found in chalcogenides, such as As2Se3
[18,19].

The valence band maximum (VBM) is located on the
�-Y line, while the conduction band minimum (CBM) is
at the � point. Indeed, these two are slightly displaced
in many MPn phases, except for K, Rb, and Cs com-
pounds in the orthorhombic phases (Figs. S1 and S2 in
the Supplemental Material [14]). Such slightly indirect-gap
(“pseudodirect”) characteristics can be favorable for solar
cell applications because they inhibit the band-to-band
radiative carrier recombination. For example, the radiative
recombination coefficient of direct-gap p-GaAs is on the
order of 10−10 cm3 s−1 at room temperature [20], which is
much larger than that of Si, on the order of 10−15 cm3 s−1

[21]. Rashba splitting is also known to cause the pseudodi-
rect characteristics, e.g., in the highly efficient perovskite
solar cell absorbers [22].

The minimum hole (m∗
h) and electron (m∗

e) effective
masses are tabulated in Figs. 2(e)–2(h). In general, the
MPn compounds show smaller m∗

h and m∗
e than 1me, where

me is the unit of the electron rest mass, with m∗
h > m∗

e
in general, which is typical of semiconductors. Here, this
can be ascribed to the weaker interactions of the lone-pair
p orbitals comprising the VBM versus the more disper-
sive intrachain antibonding sp interactions at the CBM.
Significant carrier mass anisotropy is witnessed across all
MPn, with low m∗

h and m∗
e along the anion chains but

heavy masses in the interchain directions. However, the
anisotropy depends strongly on the system. The extreme
case is the hole effective mass in m-CsSb, where the
minimum and average hole masses are 0.33 and 11.87,
respectively. In such cases, control of the crystal orien-
tation is essential for practical applications. The effective
masses are generally sensitive to the crystal structures. For
example, the m∗

h of NaP is reduced to about half when
the structure is changed from the orthorhombic to the
monoclinic phase.
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Figure 4(d) shows the optical absorption coefficient of
o-NaP. Those of the other compositions in both phases are
shown in Figs. S5 and S6 within the Supplemental Material
[14]. Since the valence and conduction bands consist of
common anion orbitals, high optical absorption is found,
especially along the chain direction. Such a steep rise is
typical of high-performance photovoltaic materials (e.g.,
GaAs and hybrid perovskites) [23].

We define the optical gaps as the energies at which the
absorption spectra first reach 104 cm−1 and denote the dif-
ferences between the optical and fundamental gaps as�abs,
which is related to the steepness of the optical absorp-
tion spectra [24]. Direct-gap compounds, e.g., o-CsAs,
tend to have smaller �abs, but for solar cell applications,
indirect-gap materials may be more favorable. Therefore,
the indirect materials with smaller �abs, such as m-RbP,
are suitable for use in solar cells.

C. Defect properties of NaP

Figures 5(a) illustrates the chemical potential diagram
of the Na-P binary system, whereas Figs. 5(b) and 5(c)
display the point defect formation energies under Na- and
P-rich conditions, respectively. Irrespective of the growth
conditions, the dominant native defects with low formation

energies are Na and P vacancies (VNa and VP), indicat-
ing that ionic compensation via Schottky disorder domi-
nates the defect chemistry. Under P-rich conditions, o-NaP
exhibits p-type behavior, while under Na-rich conditions,
it shows more insulating behavior. This tendency is com-
parable to other phosphide semiconductors, such as Zn3P2
[25] and ZnSnP2 [26], despite the difference in phosphorus
oxidation states.

The defect and carrier concentrations are determined
using the charge neutrality condition [26]. In calculating
the carrier concentration at 300 K, we assume that the
defects are created at a sintering temperature of 725 K
[27], but we keep the defect concentrations fixed during
quenching, while allowing for variation of charge states,
following the “frozen defect approximation” [26]. Under
P-rich conditions, the equilibrium hole concentration is
sufficiently high (approximately 1018 cm−3), for use in
p-n-junction photovoltaic architectures [28].

The highest achievable Fermi level is set by the
energy level where the negatively charged defect forma-
tion energy reaches zero. In o-NaP, the Fermi level is
capped by VNa, even under Na-rich conditions, but it is
only 0.21 eV away from the CBM, where the donor con-
centrations are 7 × 1017 and 4 × 1014 cm−3 at T = 725 and
300 K, respectively. Hence, weak n-type doping could be
achievable if donor dopants were available.
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FIG. 5. (a) Na-P chemical potential diagram. (b),(c) Defect formation energies in NaP under (b) Na-rich and (c) P-rich conditions,
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formation energies of metastable neutral VP1, VP2 and Pi are also indicated by bold dashed lines.

Divalent cations that preferentially occupy Na sites
are favorable as donor-type dopants because the cation
orbitals are not involved in the band edge states, and so
are expected to act as resonant donors without perturbing
the carrier mobilities. We examine Mg impurities because
it is a Group II cation adjacent to Na on the periodic
table. Figures 5(b) and 5(c) show that Mg dopants func-
tion as single shallow donors, but their formation energies
are high, necessitating the use of nonequilibrium doping
techniques.

VP and interstitial P (Pi) show ambipolar characteristics
accompanying large atomic variations between different
charge states. Consequently, the neutral charge states are
never thermodynamically stable, i.e., they show negative-
U behavior [29]. The effective U values of a defect D with
charge q (Dq), calculated by

Ueff = Ef[Dq−1] + Ef[Dq+1] − 2Ef[Dq],

where Ef[Dq] means the defect formation energy of Dq,
are −0.56, −0.26, and −0.38 eV for VP1, VP2, and Pi,
respectively.

Based on the SRH expression, nonradiative electron-
hole recombination becomes significant when the charge
transition levels are located near the center of the band gap
[30]. Because VP show lower formation energies and their
charge transition levels are placed in the middle of the gap,
VP could significantly impact solar cell performance. To
examine VP, we compare the local atomic structures before
and after the introduction of VP1 in Figs. 6(a)–6(d). The
results for VP2 are shown in Fig. S7 within the Supplemen-
tal Material [14]. In the “fully ionized” +1 charge state,
a covalent bond is formed between two P atoms located
next to VP [Fig. 6(b)]. This bond has a deep energy level
that is lower than the valence band maximum [Fig. 6(e)].

In this way, the vacancy is eliminated through recom-
bination of the terminated P chains, which can be seen
as a self-healing function. When the charge state is 0 or
−1, however, one or two electrons localize at the vacancy
site, and the P chains terminate with a partially or fully
occupied lone-pair orbital that exists in the energy gap
[Figs. 6(c)–6(f)]. These types of structural reconstructions
and resultant negative-U behavior are known to occur at
dangling bonds in lone-pair chalcogenides and pnictides
and are often termed valence alternation [31,32].

Figures 7(a) and 7(b) show the configuration coordinate
diagrams (CCDs) for the −1/0 and 0/+1 charge state tran-
sitions of VP1. As a consequence of the very different local
structure of VP1

+1 from those of VP1
0 and VP1

−1, the mass-
weighted displacement, Q (see Sec. IV B for details), of
the equilibrium position at q = +1 is approximately twice
that at q =−1, taking the geometry of the neutral charge
state as a reference.

Figure 7(c) displays the nonradiative capture coeffi-
cients as a function of temperature, where Cn

q is the
capture coefficient of carrier type n [=electron (e) or hole
(h)] trapped by defects with charge q. The capture rates
for the −1/0 transitions are moderate (Ce

0 = 10−10 cm3 s−1

and Ch
−1 = 10−9 cm3 s−1 at T = 300 K), while those of the

0/+1 transitions are significantly higher (both Ce
+1 and Ch

0

are 10−7 cm3 s−1 at T = 300 K). As depicted in Fig. 7(c),
the total capture coefficient, Ctotal, can be calculated by
assuming steady-state conditions with negligible carrier
reemission as [33]

Ctotal = C 0
e + C 0

h

1 + (C−1
h /C 0

e )+ (C+1
e /C 0

h )
,
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which is notably high and primarily dominated by the 0/+1
transitions. Therefore, the phosphide vacancies are pre-
dicted to be detrimental to the performance of photovoltaic
applications.

D. Strategies to avoid phosphide vacancies

The concentration of VP under P-rich conditions is
9 × 1016 cm−3 at T = 725 K. To decrease VP, it is straight-
forward to increase the phosphide chemical potential (μP)

during sample growth. Although NaP is in equilibrium
with Na3P11 under P-rich conditions [Fig. 5(a)], inhibit-
ing the growth of competing phases and/or growing the

samples with high phosphorus partial pressures can fur-
ther increase μP. However, increasing μP is not enough to
reduce the VP concentrations. For example, as shown in
Fig. 8, even with an increase of μP by 0.15 eV (δμP =
0 eV, see Sec. IV A for details), which can be achieved by
equilibrating with a phosphorus substance, the VP concen-
tration at T = 725 K is reduced to only 4 × 1016 cm−3. This
is a consequence of the fact that the downshift in the self-
consistent Fermi level upon increasing μP acts to counter
the increase in VP formation energy.

One strategy is to lower the growth temperature. For
instance, by lowering the growth temperature to 500 K,
the VP concentration can be reduced to 4 × 1013 cm−3.
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Another approach is to adjust the Fermi level by intro-
ducing donor dopants. For example, if we introduce single
donors (e.g., Mg dopants at Na sites) at a concentration
of 3 × 1020 cm−3, the equilibrium Fermi level is raised to
0.62 eV at 725 K, which results in a decrease of VP concen-
trations to 1 × 1014 cm−3. However, it should be noted that
these two approaches result in a decrease in hole concen-
tration. Therefore, it is crucial to strike a balance between
the hole and VP concentrations.

E. Synthesis of o-NaP and measurement of its optical
absorption spectrum

To preliminarily verify the potential of NaP as a solar
cell material, we synthesized its powder and measured its
band gap. By heating Na and P at 873 K in the SUS reac-
tion container, P in the upper crucible fully evaporated and
reacted with Na in the lower crucible. A slightly bluish
shiny ingot like silicon was produced, as shown in the inset
in Fig. 9. The obtained sample was identified as single-
phase orthorhombic NaP from the results of powder x-ray
diffraction (XRD; see Fig. S8 within the Supplemental
Material [14]). No secondary phases, such as Na3P or P,
were detected. The sample weight change before and after

1.66 eV

Photon energy (eV)

0.5 mm

FIG. 9. (F(Rd)hν)2 plot of powdered NaP as a function of
photon energy obtained using diffuse reflection spectroscopy
(see text for details). Inset shows the obtained sample before
pulverization.

heating confirmed that NaP with a molar ratio of 1:1 was
generated by reacting P vapor and Na melt.

Figure 9 shows the (F(Rd)hν)2 plot of o-NaP, obtained
from diffuse reflection spectroscopy. Here, F(Rd) is the
Kubelka-Munk function [34], h is Planck’s constant, and ν
is the photon frequency. The point where the extrapolated
line meets the axis is used to determine the direct band
gap of 1.66 eV, which is well reproduced by the calculated
direct band gap (1.62 eV).

III. CONCLUSIONS

We propose improving the efficiency of solid selenium
(Se), the first solar cell absorber, by using an alternative
element mutation technique to explore a new phase space.
Because Se is a Group 16 element solid with a chainlike
catenation structure, we suggest replacing Se with Group
15 pnictogens (Pn = P, As, Sb) and filling the interchain
space with alkali metals (M = Li, Na, K, Rb, Cs). Some
of this family have indeed been synthesized in two differ-
ent crystal structures. The calculated band gaps of MPn
encompass the optimal energy range for solar absorption.

We also find that NaP, which is composed of earth-
abundant elements, has excellent properties as a solar
cell absorber, including strong light absorption to generate
charge carriers and electronic band dispersion to transport
them. Carrier capture analysis shows that the presence of P
vacancies may introduce a performance bottleneck, but we
propose solutions that involve manipulating the atomic and
electronic chemical potentials. Finally, NaP sample growth
and characterization reveal a direct band gap of 1.66 eV,
close to the predicted value. Our study suggests that MPn
represents a promising new class of photovoltaic materials.

Finally, we also would like to emphasize that our pro-
posed element mutation technique could be applied to
alternative systems, allowing the identification of novel
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potentially stable materials, thus offering a new route to
the design of materials in general.

IV. METHODS

A. Computational details

The first-principles calculations were performed using
the projector augmented-wave (PAW) method [35,36]
implemented in VASP [37]. The PAW data sets used in
this study are tabulated in Table S1 within the Sup-
plemental Material [14]. We adopted the HSE06 hybrid
DFT functional [38] in the framework of the generalized
Kohn-Sham scheme [39] because it could typically predict
semiconductor band gaps of less than 2.0 eV with good
accuracy [40].

For structure optimization and band structure calcula-
tions, the k-point sampling densities were set to 2.5 Å−1.
Band paths were determined using seekpath [41] with a
mesh spacing of 0.025 Å−1. The force convergence was set
to 5 meV/Å. We used the same calculation conditions for
DOS, optical absorption spectra, and band-averaged effec-
tive mass tensors as in our previous research [16,24]. Note
that this study does not consider the effects of indirect opti-
cal absorptions. The cutoff energies were set to 520 and
400 eV for calculations with and without lattice constant
relaxation, respectively.

B. Details of point defect calculations

For the point defect calculations in orthorhombic NaP
(o-NaP), the lattice constants were fixed at those in the
pristine structure relaxed with HSE06. To increase the
accuracy of the carrier capture rates, a large 4 × 4 × 2
supercell composed of 512 atoms was adopted. The recip-
rocal space was then sampled only with the � point.

For the defect charge states, we extended the terminal
defect charges to achieve an even number of electrons
to ensure that all the defect orbitals could have paired
electrons. For example, we calculated −1, 0, and +1
charge states of VNa and Nai, where i means an inter-
stitial, by taking into account the +1 oxidation state. In
contrast, the oxidation states of pnictogen elements in typ-
ical III-V semiconductors are −3, despite being −1 in
MPn. Therefore, we computed the charge states for VP
from −1 to +3, and for Pi from −3 to +1. We modeled
the vacancies at all inequivalent sites and an interstitial
site (X i1, X = Na, P), which was initially located at the
local minimum of the all-electron charge density shown in
Fig. 1(d). We also calculated interstitial P located between
the P − P bond because it was found to be stable in
the 0 and −1 charge states using the ShakeNBreak code
[42,43].

The calculations of the defect formation energies fol-
lowed the general methodology [44]. The initial site
symmetries were reduced by randomly displacing atoms

within 1.3 times the shortest bond length from the ini-
tial defect site by up to 0.2 Å. The finite size errors
in the defect formation energies were corrected using
the extended Freysoldt-Neugebauer-Van de Walle scheme
[45,46], which worked satisfactorily for various systems
[26,47–52]. The dielectric constants were defined as the
sum of the ion-clamped (ε∞) and ionic (εion) dielectric
constants; they were evaluated using HSE06 and PBEsol
[53], respectively, based on density functional perturbation
theory [54,55]. The ε∞ and εion values for o-NaP are (8.2,
5.7, 5.6) and (5.2, 8.9, 4.8), respectively. Perturbed host
states were identified based on Ref. [16].

We constructed the chemical potential diagrams and
convex hulls from the total energies of the competing
phases using HSE06. The competing phases were obtained
from the MPD [56].

Electron and hole capture coefficients were calculated
for VP1. We adopted the static approximation in con-
junction with the one-dimensional CCDs developed by
Alkauskas et al. [57]. The potential energy surfaces of
the defects are mapped along the configuration coordi-
nate between the equilibrium defect geometries for a given
charge transition. We define the generalized configura-

tion coordinate (Q) as
√∑

α Mα ·�Rα
2, where Mα and

�Rα are the atomic mass and the displacement vector
from the equilibrium position of atom α, respectively. The
defect energies along the configuration coordinates were
corrected using the formalism described in Ref. [58]. The
anharmonicity in the CCD was accounted for by interpolat-
ing and/or extrapolating the potential energy surfaces and
solving the vibrational Schrodinger equation numerically
using CarrierCapture.jl [59].

To evaluate the carrier capture coefficients, we need to
quantify the e-ph coupling and overlap of the vibrational
wavefunctions. The former were quantified by computing
the slope of

〈
ψi|∂H/ ∂Q|ψj

〉
as a function of Q, where ψi

and ψj are the initial and final eigenstates, respectively
[57]. We computed them in the neutral charge state within
the PAW formalism described in Ref. [60] using Nonrad
[60].

To calculate the overlap of the vibrational wavefunc-
tions, we first computed the potential energy surfaces of
the different defect charge states. Within standard DFT
approaches, electrons occupy the lowest-energy eigen-
states during self-consistent calculations. Technically, one
can control the occupancy of the defect levels located
outside the band gap (for example, above the conduction
band minimum) using constrained occupation techniques,
but some noise may appear in the energy [59]. Therefore,
we needed to extrapolate the potential energy surfaces in
the regions where defect levels crossed the band edges in
the supercell calculations [e.g., Q> 7 amu1/2 Å for VP1

0 in
Fig. 7(b)]. A quadratic fit worked well for the −1/0 tran-
sitions [Fig. 7(a)] due to the structural similarity, but not
for the 0/+1 transitions [Fig. 7(b)]. Because the functional
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form for extrapolation was often unclear, we used a linear
function to extrapolate and a spline function to interpo-
late for the 0/+1 transitions, respectively, and discussed
the results in a semiquantitative manner.

All the VASP input settings were generated with the VISE
code (version 0.6.6) [61], while the processing related to
defects was done with PYDEFECT [62].

C. Experimental details

NaP was synthesized by the reaction of Na melt and P
vapor. In an Ar-filled glove box (O2 and H2O< 1 ppm),
sodium (Na) metal (Nippon Soda Co., Ltd., Japan; purity,
99.95%) and grains of pure phosphate (P) (Kojundo
Chemical Laboratory Co., Ltd., Japan; purity, 6N; grain
size, 0.5–2 mm) were weighed in a molar ratio of Na :
P = 1:1.06, which was a P-rich composition to compen-
sate for loss of P due to evaporation. (When Na and P
were heated at a ratio of 1:1, a Na-rich phase, Na3P, was
formed as a second phase.) Na and P were separately
placed in boron nitride (BN) crucibles (Zikusu Industry
Co., Ltd.; purity, 99.7%; 8.5 mm outer diameter; 6.5 mm
inner diameter; 18 mm depth). The crucibles were subse-
quently sealed inside a stainless-steel container (SUS316;
outer diameter, 12.7 mm; inner diameter, 10.7 mm; height,
80 mm) filled with Ar gas. In this container, the crucible
containing P was placed on top, and the crucible contain-
ing Na was placed on the bottom. A schematic diagram
of the reaction container and a detailed experimental pro-
cedure are described in Ref. [63]. The sealed container
was heated at 873 K for 24 h using an electric furnace
and then slowly cooled to room temperature. After heat-
ing, the crucible containing sample was taken from the
container in the glove box, and its weight was measured
to evaluate the formation of NaP. The obtained sample
ingot was pulverized with an alumina mortar for pow-
der XRD and optical absorption measurements. Note that
the NaP powder is very reactive to moisture and quickly
turns brown and is possibly flammable when exposed
to air.

The crystalline phases of the products were identified by
powder XRD using a powder diffractometer (RINT2200,
Rigaku, Japan, Cu Kα, 40 kV, and 30 mA). The pattern
was indexed with NaP reference: orthorhombic, P212121
(19), a = 0.6038(1), b = 0.5643(1), c = 1.0142(2) nm [27].
In the Ar-filled glove box, the powder sample was encap-
sulated in a holder with Kapton tape window. Optical
absorption measurements of the NaP powder sample were
conducted through diffuse reflection on a double beam
spectrometer (U4000, Hitachi, Japan) equipped with a
BaSO4-coated integrating sphere. The powder sample was
filled on the SiO2 glass holder and covered with a SiO2
glass plate in the Ar-filled glove box. MgO powder was
used as the white reference. The Kubelka-Munk formalism

was employed to transform the measured diffuse reflec-
tion, Rd, into F(Rd), which was directly proportional to
the absorption, α, as follows: α∝ F(Rd) = (1–Rd)2/2Rd.
The samples after the measurement were first washed with
ethanol and then dissolved in distilled water.
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