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SUMMARY

Thin-film photovoltaics (PV) offers a path to decarbonize global en-
ergy production. Unfortunately, existing thin-film solar absorbers
have major issues associated with either elemental abundance,
stability, or performance. Entirely new and disruptive materials
platforms are rarely discovered, and their search is traditionally
slow and serendipitous. Here, we report a first-principles high-
throughput (HT) computational screening for new solar absorbers
among 40,000 known inorganic materials. Next to band gap and
carrier effective masses, we also use computed intrinsic defects as
they can limit the carrier lifetime. We identify the Zintl-phosphide
BaCd,P, as a potential high-efficiency solar absorber. Follow-up ex-
periments confirm the promises of BaCd,P,, highlighting an optimal
band gap, bright photoluminescence (PL), and long carrier lifetime,
even in unoptimized powder samples. Importantly, BaCd,P, con-
tains no critical elements and is stable in air and water. Our work
demonstrates how computational screening combined with experi-
ments can accelerate the search for photovoltaic materials.

INTRODUCTION

Photovoltaics (PV) will play a central role in the ongoing energy transition toward a
sustainable, low-carbon-emission society.'™ In that regard, thin-film solar cells
have remarkable prospects because their manufacturing can require smaller upfront
capital investment, less energy input, and produce fewer greenhouse gas emissions
than today’s dominant silicon-based technology.” Thin-film technologies can also
offer compatibility with flexible substrates and band-gap tuning opportunities, lead-
ing to building-integrated power generation or tandem devices in combination with
silicon PV.>7 Among the different materials used as solar cell absorbers, CdTe and
Cu(In,Ga)Se; (CIGS) have achieved high power conversion efficiency of over 22%
and have been commercialized for almost two decades.®” Unfortunately, CdTe
and CIGS rely on critical elements, such as tellurium and indium, raising concerns
for multi-terawatt scale deployment.'”"" Over the last decade, earth-abundant
thin-film materials such as CuZnSn(S,Se)s (CZTS) and, in particular, lead halide pe-
rovskites (e.g., MAPbls, where MA = CH3NH3) have emerged. However, CZTS lags

behind commercial thin-film technologies in efficiency,'*"*

15-20

while halide perovskites
suffer from long-term stability issues.

Large-scale deployment of thin-film PV demands high-efficiency, stable, and low-
cost solar absorbers that are yet to be discovered. For over half a century, only a
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limited number of materials have been explored for thin-film PV applications,”' " as

conventional materials discovery is an intrinsically slow process. Most of the mate-
rials research efforts in the thin-film PV field have been devoted to modifying known
semiconductors (cation substitution in CZTS,?®~3? mixed-cation/mixed-halide pe-
rovskites,>> 3¢ etc.), but the recent advent of halide perovskites demonstrates that
an unexpected new family of PV materials can still be found and revolutionize the
field. This motivates further “out-of-the-box” explorative work, especially toward
more stable materials than the halide perovskites.

High-throughput (HT) computational screening can significantly accelerate materials
discovery and is emerging in the PV field.*’~*® Although earlier HT searches for solar
absorbers focused on bulk material properties, such as band gap, effective mass,

and optical absorption coefficient,’ ¢

more complex properties related to intrinsic
defects have started to be integrated into the screening as well.*”**® Considering
defect-assisted nonradiative carrier recombination is essential in the search for
new high-performance solar absorbers.*”°° Indeed, designing and discovering ma-
terials with “defect tolerance” and long carrier lifetime has become an important
target for the PV community.>*>° Yet, only a few HT studies have included defect
properties in the screening process, and their focus so far was on copper-based inor-
ganic materials®’ and perovskite compounds.“® Moreover, these computational pre-
dictions have not yet led to the experimental realization of a proposed solar
absorber.

Here, we identify the BaCd,P, as a long carrier lifetime and stable solar absorber us-
ing HT computational screening followed by bulk synthesis and experimental char-
acterization. We perform an HT search to screen about 40,000 inorganic materials
obtained from the Materials Project database,”” most of which are registered in
the Inorganic Crystal Structure Database (ICSD).”® We find a handful of materials
combining a suitable band gap, small effective masses, and promising defect prop-
erties that will not cause strong nonradiative carrier recombination. Among these
promising candidates, we select the Zintl-phosphide BaCd,P, and explicitly show
that the computed nonradiative recombination rates in BaCd,P, are better than or
comparable with those in high-efficiency solar absorbers such as the halide perov-
skites. We experimentally synthesize and characterize BaCd,P,, showing that this
material is highly stable in air and water. Bright photoluminescence (PL) and time-
resolved microwave conductivity (TRMC) measurements confirm the computed
direct band gap of 1.45 eV and present a promising long carrier lifetime of up to
30 ns. All of these results indicate that BaCdP; is a promising high-performance so-
lar cell absorber with the potential to open a new avenue in PV for an entire family of
Zintl AM2X; solar absorbers (where A and M are +2 ions and X is a pnictogen).

RESULTS

HT computational identification of BaCd,P,

Our starting point is the Materials Project electronic structure database. Without
constraints on any specific chemistry, we obtain 39,659 materials with full data on
crystal structure, electronic band structure, and effective masses. We adopt a tiered
computational screening approach (very similar to our previous work”’) to search for
solar cell absorbers among these materials. The procedure is detailed in Note S1 of
the supplemental information. Including electronic and defect properties in HT
screening requires combining calculations at different levels of theory from (semilo-
cal) density functional theory (DFT) to more accurate, but computationally expen-
sive, Heyd-Scuseria-Ernzerhof (HSE) hybrid functional.®? Our screening consists of
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Figure 1. Theoretical power conversion efficiency versus material cost for 19 potential thin-film
solar cell absorbers identified from high-throughput (HT) screening

Black diamonds represent known thin-film solar absorbers for comparison purposes. Orange
circles represent materials that are probably stable in air and moisture. Blue circles represent
materials that are likely to be sensitive to air and moisture. Details on the stability assessment are
available in Table S1 of supplemental information.

considering first DFT band gaps and effective masses, followed by a refinement of
the band gap using the HSE hybrid functional, and then defect computations
combining DFT and HSE. Finally, we perform full HSE defect calculations for 19 can-
didates and predict their solar-cell efficiency using an extended detailed-balance
(i.e., Shockley-Queisser) model, which accounts for defect-assisted nonradiative car-
rier recombination.*’4%=%2 At this screening stage, we examine only vacancies and
cation-cation antisites without considering interstitials and cation-anion antisites.
For nonradiative recombination, we assume a constant carrier capture cross-section
for all defects. This effectively penalizes materials with low-formation-energy, deep
defects. Previous work has shown that this model can discriminate between high-
performance solar absorbers and materials that are unlikely to realize high efficiency
because of their defect properties.”’*°"*? The 19 candidates, together with 12 es-
tablished solar absorbers, are displayed in Figure 1 with their theoretical power con-
version efficiency and estimated material cost (see Note S1 for more details). Addi-
tional metrics (beyond cost) related to elemental supply risks can be found in
Figure S2. Given that stability issues are hampering the deployment of halide perov-
skite solar cells, we have taken into account stability in selecting candidate materials.
Unfortunately, there is no easy-to-compute criterion for assessing stability in realistic
conditions. We can estimate the thermodynamic stability (energy above hull) of ma-
terial versus competing phases from DFT, but this is a poor indicator of stability in air
and with respect to moisture.®*** In fact, most non-oxide materials show thermody-
namic instability in contact with oxygen.®® Kinetic effects and surface passivation are
likely to be key factors for their stability but are currently poorly assessed by theory.
To assess the stability of the candidate materials, we therefore follow the experi-
mental reports on these materials, including the work reporting their synthesis and
structural determination. As summarized in Table S1, direct experimental
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information on air/moisture stability can be found for most of the candidate mate-
rials. Interestingly, the reported air/moisture stabilities agree with the solid-state-
chemistry experience of the authors: the higher the alkali and alkaline-earth metal
per formula unit, the less stable to air/moisture the material will likely be. For
example, according to this experience, KZnP (33%) should be less stable than
BaCd,P, (20%), which is in line with the experiment. For BaLiAs, BaNaP, KSb, and
Na4CdP;, which to our knowledge lack direct experimental information on air/mois-
ture stability, we expect them to be highly sensitive to air/moisture, given their high
alkali and alkaline-earth metal per formula unit. Our stability assessment is conveyed
in Figure 1 through the color of the data point.

The most promising candidates when combining power conversion efficiency, mate-
rial cost, and stability are BaCd,P, and BaZrS;. The BaZrS; perovskite has recently
been studied for thin-film PV applications.®®*” In contrast, BaCd,P; is classified as
a Zintl compound and has received little attention in the PV field since it was exper-
imentally reported in the 1980s.°8 Although BaCd,P, has recently been shown to

possess a suitable band gap and small effective masses,***?

our HT screening, which
includes defect-assisted nonradiative recombination, makes it stand out from the
vast number of materials with suitable band gaps. Other candidates, such as the
spinel ScCd,S, or K;SnTes, have cost and abundance issues. They are still of scien-
tific interest, and substitution strategies could be considered to reduce or even elim-
inate the use of the critical elements (Sc and Te). Other interesting candidates, such
as KZnP, NayKSb, SrCuN, and CazAsN, are excluded due to stability concerns,
confirmed by their experimental synthesis reports.””’* Based on these consider-
ations, we select BaCd,P, as the most promising solar absorber candidate. In the
following, we provide a more detailed study of the optoelectronic and defect prop-
erties of BaCd,P,.

BaCd,P, computed bulk optoelectronic properties

BaCd,P; crystallizes in the P3m1 CaAl,Si, Zintl-type structure®®’* (Figure 2A). The crys-
tal structure consists of alternating layers of tetrahedrally coordinated Cd and octahe-
drally coordinated Ba. This structure type has attracted substantial interest for thermo-
electric applications, e.g., the antimonides Mg3Sb, and CaMg,Sb,.” Figure 2B shows
the BaCd,P, band structure calculated with HSE. The direct band gap value of 1.45 eV
is ideal for single-junction solar cells according to the detailed-balance model. There is
a competing indirect gap that should not be detrimental to PV performance and,
instead, has been suggested to be beneficial to carrier lifetime.”” The band structure
exhibits dispersive valence and conduction bands. As a result, the effective masses are
low for both electrons (0.11-0.74 mg) and holes (0.44-0.63 mg).>’’® Further carrier
mobility calculations including phonon scattering give a room-temperature mobility
of 111-916 cm?/Vs for electrons and 123-242 cm?/Vs for holes, depending on the crys-
tallographic direction (Figure S3). The computed mobility is for a perfect single crystal
of BaCd,P, and provides an upper bound for the mobilities in a polycrystalline film with
impurities. Although lower than in Ill-V semiconductors such as GaAs, the mobilities
are comparable with those in many other solar absorbers such as CdTe,”” 8% CZT8,?"
and MAPI3.%? Besides, as shown in Figure 2C, the computed optical absorption coef-
ficient of BaCd,P; is over 10* cm™" in the visible light range and is on par with those of
known thin-film solar absorbers.

BaCd,P, defect charge transition levels and dopability

Our HT screening has identified BaCd,P; to be of interest, not only for its band gap,
carrier transport, and optical absorption but also for the absence of low-formation-
energy, deep defects that can act as strong nonradiative recombination centers. In

4 Joule 8, 1-18, May 15, 2024

Joule



Joule ¢ CellPress

1.45 eV

Energy (eV)
(=}

105k

104 L

Absorption coefficient (cm~1)

3 L s - s s L '
1000 05 10 15 20 25 30 35 40
Energy (eV)

Figure 2. Crystal structure, electronic band structure, and optical absorption of BaCd,P,

(A) Crystal structure of BaCd,P,. Green octahedra and pink tetrahedra show the phosphorus
coordination of Ba and Cd, respectively.

(B) HSE electronic band structure of BaCd,P,.

(C) Calculated optical absorption spectra of BaCd,P,. The absorption calculation is at the DFT-
GGA-PBE level, with the band gap corrected using the HSE value. Also shown are the calculated
optical absorption spectra for GaAs, CdTe, and InP at the same level of theory.

the initial screening, we considered only limited types of intrinsic point defects. In
the following, we provide a comprehensive first-principles study of intrinsic point de-
fects in BaCd,P,. The electrical behavior of the defects is assessed based on their
calculated formation energies and charge transition levels. The defect formation en-
ergy depends on the elemental chemical potentials that are related to synthesis con-
ditions. The allowed chemical potentials of Ba, Cd, and P satisfy the stability condi-
tion of BaCd,P, and are bound by the formation of different secondary phases in the
Ba-Cd-P system (see Figure S4). Figures 3A and 3B plot the defect formation en-
ergies as a function of Fermi level under P-poor and P-rich conditions (Figure S4),
respectively. Formation energies at other chemical-potential conditions can be
found in Figure S5.

Figures 3A and 3B show that vacancies are the dominant defect species in BaCd,P5:
Ve, and V¢4 are the dominant acceptors; Vp is the dominant donor. When ionized,
the vacancies can have low formation energies for Fermi-level positions close to
the respective band edges. Fortunately, they are all shallow defects and can there-
fore be ruled out as nonradiative recombination centers. Early on in the study of lead
halide perovskites, it was hypothesized that the long carrier lifetime and defect toler-
ance of MAPI; result from the shallow nature of vacancy defects.®*®* Although for
MAPI; this picture has been challenged by recent studies,®*® BaCd,P, clearly
shows shallow vacancies for both cations and anions. The formation of shallow va-
cancies has been linked to the electronic structure of the material and, more specif-
ically, to the presence of an antibonding upper valence band and a bonding lower
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Figure 3. Formation energies of intrinsic point defects, carrier capture at the Pcq4 antisite, and nonradiative carrier recombination in BaCd,P,

(A and B) HSE-calculated defect formation energies as a function of Fermi level under P-poor and P-rich conditions, respectively. The formation
energies of Ba interstitials (Ba;) are out of the y axis range of the plots and are therefore not visible.

(C) Local atomic structures of the Pcq antisite in the 0, — 1, and +1 charge states (see also Figure S8D). The gray arrows indicate the relaxation of the
phosphorus antisite when charged. Transition between two adjacent charge states involves two carrier capture processes, as indicated by the colored

arrows and the corresponding capture coefficients; for the capture coefficients, the superscript denotes the initial charge state and the subscript
denotes the carrier type (n, electron; p, hole).

(D and E) Configuration coordinate diagrams describing the Pcq4 (0/ —) and (0/ +) charge-state transitions, respectively (see also Figures S8A and S8B).
(F) Nonradiative recombination rate (denoted as A, in unit of s™") in intrinsic BaCd,P as a function of elemental chemical potentials in the (Aug,, Aucy)
plane. The Arates are givenby A = Ciot X Ny. Here, only the dominant nonradiative center Pcqis considered. The defect density (Ng) of Pcg4is computed
at 1,000 K considering the high synthesis temperature of BaCd,P, (Note S3), while the total capture coefficient (Ciot) of Pcq is determined at 300 K.

conduction band.?">*#? It has been argued that this type of bonding pushes up the
valence-band maximum (VBM) and pushes down the conduction-band minimum
(CBM), making the band edges close to the vacancy dangling-bond states and
hence leading to shallow vacancy defect levels. This defect-tolerant electronic struc-
ture concept applies partially to BaCd,P5; that is, for BaCd,P,, the upper valence
band consists of antibonding states between Cd 4d and P 3p, while the lower con-
duction band arises mostly from the antibonding interactions between Cd 5s and P
3sand 3p (Figure S6). In this regard, BaCd,P, is similar to MAPI3, where both the up-
per valence band and lower conduction band are antibonding (Pb és-1 5p and Pb 6p-
| 5p, respectively).”%°#>°

Some of the antisite defects in BaCd,P5 can also be low in formation energy, notably
for Bacy and Cdg,. Given the large difference in ionic radii between Cd®* and Ba®*
(1.09 versus 1.49 A), one would expect that it should be energetically unfavorable to
form Bacq than Cdg,. However, our previous analysis has shown no clear correlation
between ionic size difference and antisite formation energy.”” What our previous
study found, however, is that elements with similar preferred oxidation states tend
not to form antisites with deep levels. This is the case here for Ba occupying the
site of the smaller Cd but, surprisingly, not for Cd replacing the larger Ba. The
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Bacq introduces no defect level in the band gap of BaCd,P,, as expected. By
contrast, Cdg, is a deep double acceptor. This may be understood from the larger
antisite space of Cdg,, in which not only Cd** but also Cd* and Cd® with bigger ionic
sizes can form. Both the Pcq and Cdp antisites are amphoteric (i.e., exhibiting both
positive and negative charge states across the band gap”®) and have deep levels
in the band gap. The amphoteric behavior of these two antisites may be linked to
the oxidation behavior of P, which can act both as a cation and anion and has oxida-
tion states spanning from +5 to — 3. The interstitials (P;, Cd;, and especially Ba))
have overall high formation energies and should not be a concern for nonradiative
carrier recombination. Based on these results, we will later assess quantitatively
the effectiveness of Cdg,, Pcq, and Cdp as nonradiative recombination centers.
We note that cation-anion antisites have also been found to form deep defects in
other phosphide solar absorbers, such as InP”' and ZnsP,.7?

The defect formation energies plotted in Figures 3A, 3B, and S5 provide important
insights into doping in BaCd,P,. Irrespective of the elemental chemical potentials,
BaCd,P; clearly will not be highly doped, either p-type or n-type, by the intrinsic
point defects. The equilibrium Fermi-level position, which can be estimated to be
near the crossing point between the formation-energy curves for the dominant
acceptor and donor species (such as V4 and Vp in Figure 3A), never gets close to
the band edges, implying very low free carrier concentration. Extrinsic acceptor
doping could potentially make BaCd,P, p-type doped, especially under the P-rich
condition, where the Vp donor and other donor defects have overall high formation
energies, meaning weak compensation (Figure 3B). In contrast, n-type doping in
BaCd,P; is likely to be challenging due to strong compensation from Vg, and V¢4,
whose formation energies can drop to nearly or even below zero for Fermi-level po-
sitions close to the CBM. This doping asymmetry agrees with the relatively high ab-
solute energy of the valence-band edge of BaCd,P, (see Table 52).7°7% We
conclude that BaCd,P; is a natively semi-insulating material with high potential of
realizing good p-type doping. It could be used as an intrinsic layer in a p-i-n junction
or as a p-type layer in a p-n junction.

Deep defects and nonradiative recombination in BaCd,P,

Strong nonradiative carrier recombination requires deep defects with a high enough
concentration but also large carrier capture coefficients.””””” From the above
(Figures 3A and 3B), the deep defects with low formation energies are Cdg,, Pca,
and Cdp. The capture coefficients can be calculated from first principles, considering
nonradiative transition between the deep defect level and an electron at the CBM or
a hole at the VBM via multiphonon emission (details in Note S2). Here, we calculate
capture coefficients for Cdg,, Pcy, and Cdp and determine nonradiative carrier
recombination rates in BaCd,P,. We assume an intrinsic BaCd,P, absorber layer in
a p-i-n device.

The Cdg, gives rise to a deep (0/— ) level at 0.89 eV above the valence
band (Figures 3A and 3B). However, the configuration coordinate diagram for
Cdg, (0/ — ) transition indicates that the electron capture barrier by Cd3, and the
hole capture barrier by Cdg, are both large (Figure S7A). Therefore, without explic-
itly computing the capture coefficients, Cdg, should not be a strong recombination
center despite being a deep-level defect. The Pcq has a (+/ —) transition level near
the mid gap. The direct transition between — 1 and + 1 states will not be efficient due
to the low probability of a defect capturing two electrons (or two holes) at once.”®
The recombination process of Pcy4 can be treated by including the unstable neutral

charge state (g = 0) and through two steps involving the (0/ — ) and (0/ + ) transition
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levels, as previously done for the iodine interstitial (I}) in MAPI5.”” This amounts to
four capture processes and coefficients in total: C° and C: for electron (n) capture
and Cg and C; for hole (p) capture, as shown in Figure 3C. The Pcq (0/— ) and
(0/+) levels are also very deep and locate 0.71 and 0.78 eV above the VBM, respec-
tively (Figures S8A and S8B). Figures 3D and 3E show the configuration coordinate
diagrams for the Pcq4 (0/ — ) and (0/ +) transitions, respectively. All four capture pro-
cesses have small energy barriers, which qualitatively indicates that the capture pro-
cesses by Pcq can be easy. Quantitatively, for Pcg, our calculations—including elec-
tron-phonon coupling—yield a total capture coefficient (Ciot) of 2.77x 1077 cm®/s at
300 K (see Figure S8C), which is significant but comparable with that of the most
active recombination center (I;) in MAPI5.””?” The local atomic structures of P%d,
Pcy4. and P&, plotted in Figure 3C highlight large displacements of the phosphorus
antisite as a result of the charge transitions: the electron (hole) capture by P2, leads
to a downward (upward) displacement of the phosphorus antisite, and Py (P&y)
shows a trigonal planar (trigonal pyramidal) P, configuration with three equidistant
P—P bonds. The Cdp antisite gives rise to a deep (0/2+) level in the band gap.
Compared with Pcy, Cdp presents a negligibly small Cir at 300 K, mainly due to
large hole capture barriers (Figures S7B and S7C; Table S4).

The above results indicate that Py is the most efficient nonradiative recombination
center in BaCd,P,, followed by Cdp, and that Cdg, is inactive. In the following, we
determine the nonradiative recombination rates in intrinsic BaCd,P, at 300 K
(see Note S2). The nonradiative recombination rate (denoted as A) is given by
A = Ciot X Ny, where Cior and Ny are the total capture coefficient and concentration
of a recombination center, respectively. Figure 3F plots the nonradiative recombina-
tion rate A in intrinsic BaCd,P, as a function of the elemental chemical potentials
that control defect formation energy and concentration. The recombination rate is
larger under P-rich conditions, which favor the formation of Pcy. Remarkably, the
recombination rate is at most ~10° s~', which is orders of magnitude smaller than
that of MAPI3 (~107 577, computed at a similar level of theory),w'99 This is because
the Pcq concentration is rather low (on the order of 10"" ecm™2 or less) in intrinsic
BaCd,P,. Indeed, the lowest formation energy of Py, even under the extreme P-rich
condition, is higher than 1.0 eV (Figure 3B), which is still larger than the highest forma-
tion energy of the I; in MAPI5 under the iodine-rich condition.”” We also emphasize that
the Ciot of Pcg is comparable with that of |; in MAPbl;. Using the calculated A rates, the
nonradiative lifetime ( = 1/A) in intrinsic BaCd,P, is on the order of at least 10 us, indi-
cating the potential for a remarkably long bulk carrier lifetime.

If BaCd,P; is used as a p-type absorber layer in a p-n junction, the carrier capture
behavior changes. In p-type BaCd,P,, the electron capture coefficients will domi-
nate the total capture coefficient (Note S2; Table S4). As a consequence, not only
Pcg but also Cdp will act as nonradiative centers. In addition, the Pc4 and Cdp con-
centrations will be orders of magnitude higher when the Fermi level gets closer to
the valence band (Figures 3A and 3B). Assuming that the Fermi level is 0.2 eV above
the VBM, the nonradiative recombination rates are ~10%-108 s~ (Figure S9). Such
values are still on par with those in standard inorganic p-type solar absorbers
CdTe,'%1°" CIGS,"%? and CZTS,"%*'%* where the computed A rates of ~107 s~
have been typically reported.

Synthesis and stability of BaCd,P,

All our computational results (band gap, optical absorption, carrier mobilities,
intrinsic point defects, and nonradiative carrier recombination at deep defects) high-
light BaCd,P; as a potentially high-performance inorganic solar absorber made of
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Figure 4. Characterization of crystal structure and phase stability of BaCd,P, polycrystalline sample

(A) PXRD pattern with Rietveld refinement for as-synthesized BaCd,P, sample.

(B) PXRD patterns of the BaCd,P, samples after stability tests under various conditions.
(C) TGA and DSC analyses of the thermal behavior of BaCd,P, in air atmosphere.

(D) Representative EDS spectra of BaCd,P, with SEM image (scale bar, 100 um).

low-cost elements. BaCd,P, was reported experimentally,’® but no experimental
characterization of the optoelectronic properties of this material had been made.
We have synthesized BaCd,P, powder samples by solid-state reaction of the
elemental Ba, Cd, and P in stoichiometric ratio in sealed silica ampoules. Details
about the synthesis and characterization of the crystal structure and phase stability
are provided in Notes S3-56 of the supplemental information. Figure 4A plots the
powder X-ray diffraction (PXRD) pattern of the BaCd,P, sample, which shows no
coexistence of secondary phases and confirms the previously reported crystal struc-
ture. The crystal lattice parameters obtained from PXRD Rietveld refinement agree
well with previous measurements and our calculations (see Table S5).

As highlighted by halide perovskites, whose applications are limited by their stabil-
ity, 1520

nological deployment of new solar cell absorbers. We find that BaCd,P, is highly sta-

air- and moisture-sensitivity has become an important concern for the tech-

ble in ambient air (for more than 6 months at room temperature) and that immersing
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a sample in water for 12 h causes no appreciable changes in the PXRD pattern. Be-
sides, BaCd,P5 is also found to be resistant to 2.5 M KOH solution for at least 72 h,
probably due to passivation of the surface with hydroxide, as indicated by the
appearance of a small PXRD peak at 29° (26) corresponding to Cd(OH), (Figure 4B).
Only strong acids, such as HCI, concentrated HNOj3, and aqua regia, can dissolve
BaCd,P,. The PXRD pattern of BaCd,P; after heating in the open air at 300°C shows
no significant change in crystal structure (Figure 4B). PXRD taken after a flow test in
N, gas reveals the sample to be stable even at 600°C. In a vacuum (i.e., in an evac-
uated and sealed ampoule), annealing at temperatures of up to 1,100°C results in no
changes, attested to by the similar PXRD patterns. During thermogravimetric anal-
ysis (TGA) and differential scanning calorimetry (DSC) in an ambient atmosphere,
BaCd,P, does not show any appreciable change until 425°C, after which the material
starts to oxidize (Figures 4C, S10, and S11). Morphology and overall stoichiometry of
the synthesized BaCd,P, are examined using scanning electron microscopy (SEM)
and electron-dispersive X-ray spectroscopy (EDS) (Figures 4D, S12, and S13). The
EDS analysis reveals a nearly stoichiometric BaCd,P, sample and, importantly, no
impurity phases in the sample. Overall, all these results demonstrate a very stable
BaCd,P, material for which oxidation is probably kinetically limited and which
should not require complex encapsulation and cumbersome processing.

PL and carrier lifetime in BaCd,P, powder

We have performed optoelectronic characterization of the BaCd,P, powder sam-
ples. PL spectra are collected using a micro-PL setup in air, which allows us to target
individual grains and conduct a statistical analysis of the PL intensity (see details in
Note S7). Figure 5A shows a pronounced PL peak at 1.46 eV (847 nm) at 298 K, in
very good agreement with the HSE band gap (1.45 eV) as well as the step in the
transmittance spectra of BaCd,P, (shown in the same figure). This suggests that
the PL peak at 1.46 eV is due to band-to-band radiative recombination. A weaker
PL peak at 1.27 eV (980 nm) is also observed, probably due to a shallow defect level
close to the band edge. Characterizing this second peak will be the focus of our
future work. Notably, the intensity of the PL peaks only slightly decreases when
the sample is heated up to 368 K and is fully recovered upon cooling back to 298
K (Figure 5A). The robust and strong PL spectra confirm that BaCd,P; is also highly
stable in terms of its optoelectronic properties in the entire temperature range of

298-323 K for typical solar cell operation.'”

To assess the PL efficiency more quantitatively and benchmark it versus a well-stud-
ied solar absorber material, we compare in Figure 5B the PL spectra of BaCd,P, and
GaAs powders under identical excitation conditions. The GaAs sample is obtained
by pulverizing a piece of prime-grade single-crystal GaAs (001) wafer into a fine pow-
der. GaAs is chosen because it is a well-established, high-efficiency solar absorber
and has a similar band gap. The BaCd,P, and GaAs powder samples have similar
particle sizes (Figure S14), so we expect comparable degrees of surface recombina-
tion and multiple scattering optical losses in both samples. Remarkably, Figure 5B
shows that the PL peak intensity of our unoptimized BaCd,P, sample is already in
the same order as that of the GaAs sample (i.e., only ~3 times weaker). This is
also clearly seen in Figure 5B inset, which shows the statistical histograms for the
100 random spots on each sample. The result is encouraging because BaCd,Py,
as a new solar absorber material, lacks the level of purity of the prime GaAs wafer.

For a more quantitative study of carrier transport and excited-state dynamics in

BaCd,P;, we have performed time-resolved and steady-state microwave conductiv-
ity (TRMC'"1%? and SSMC''®) measurements on BaCd,P, powder (see Note S8).
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Figure 5. Photoluminescence (PL) and microwave conductivity measurements of BaCd,P, polycrystalline samples

(A) Comparison between PL spectra at 298 and 368 K and after cooling down the sample from 368 K back to 298 K.

(B) Average micro-PL spectra of BaCd,P, powder versus that of GaAs powder. The inset histograms count the occurrence of the PL intensity across the
powders.

(C) Three representative photoconductivity transients (black) and tri-exponential fits (blue) as a function of laser fluence (600 nm and 7 ns FWHM),
expressed as the product of carrier yield (p) and mobility sum (3 w).

(D) Population-weighted average carrier lifetime (7) extracted from the tri-exponential fit to all transients collected for two sample replicates as a
function of incident laser fluence.

Microwave conductivity measurements employ a microwave field to probe the
conductive and dielectric properties of semiconductor materials without the need
for electrical contacts, making them particularly suitable for characterizing powder
samples of emerging materials before high-quality thin films are available. Here,
we analyze the equilibrium (i.e., dark) properties of the BaCd,P, powder (Fig-
ure S15A), its transient carrier dynamics (Figures 5C, 5D, and S15B), and its photo-
conductivity action spectrum (Figure S16). Figure 5C shows photoconductivity tran-
sients expressed as a product of charge carrier yield and mobility sum for three
representative laser fluences (see also Figure S15B). The solid blue lines show a fit
to the data employing three exponential decay components from which the popu-
lation-weighted average carrier lifetime is calculated. As seen in Figure 5D, the car-
rier lifetime is within 10-30 ns, depending on fluence; lower fluences result in longer
lifetimes. An up to 30-ns photoconductivity lifetime is promising for unoptimized
BaCd,P, powders because the surface recombination effects are likely at play. For
comparison, such a carrier lifetime already exceeds those measured for CdTe
(before 2014)""" and CZTS (present) thin films.""” Even lead halide perovskites,
which are well known for their long carrier lifetimes, started with carrier lifetimes of
a few to a few hundred ns measured in thin films.""*""* As discussed above, carrier
lifetime is strongly correlated with the efficiency potential and prospects of a new so-
lar cell absorber.

The yield-mobility product extracted from TRMC provides a weighted sum of the

electron and hole mobilities,'%"'%” assuming that every absorbed photon creates
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an unbound electron-hole pair (¢ = 1). Here, we calculate its value using the sum of
the pre-exponential factors from the fits in Figure 5C so as to account for the recom-
bination that occurs within the instrument response function.''® These values are
also fluence dependent. Interestingly, the yield-mobility product increases with flu-
ence, from 1 cm?/Vs at the lowest fluence to 4 cm?/Vs at the highest fluence (see Fig-
ure S15B). Similar behavior is observed in steady-state photo-modulation (Fig-
ure S16B), where photoconductivity rises superlinearly (Ao« F'-) with light flux (F).
Under most circumstances, the steady-state photoconductivity is expected to be
either linear (first-order recombination) or sublinear (Ag « F%> for bimolecular recom-
bination). Both our observations suggest that the present mobility and lifetime re-
sults are limited by a significant population of trap sites: as the injection density in-
creases and traps become filled, the average carrier mobility increases.''® This
observation could be associated with the high surface area of the powder under
investigation (Figure 4D inset). The steady-state photoconductivity action spectra
(Figure S16A) and the PL spectra (Figure 5A) are consistent with this surface trap hy-
pothesis. The former exhibits a non-zero tail to the red of the evident absorption
onset near 855 nm (i.e., 1.45 eV), and the latter shows a broad second emission
peak in the same region.

Finally, we note that the BaCd,P, powder measured by TRMC has an XRD coherence
length of only ~100 nm (Note S4), which likely suggests that the microwave fre-
quency-dependent mobilities reported above are severely limited by scattering ef-
fects due to crystalline grain boundaries or extended structural defects. Indeed, us-
ing a confinement length of 100 nm and an observed 9.6-GHz mobility of 4 cm?/Vs,
we get an intrinsic mobility of ~100 cm?/Vs (Figure S17), in agreement with the
computed mobilities. It is worth noting that in the early-stage development of halide
perovskite solar cells, the carrier mobilities in MAPI3 were also within the order of
magnitude measured for BaCd,P, but increased with improvements in film
quality.""”

DISCUSSION

All our computational and experimental results indicate that BaCd,P, is a promising
solar absorber material for single-junction solar cells. It combines an optimal band
gap (1.45 eV) with good transport properties and its measured carrier lifetime on un-
optimized powder is high (up to 30 ns). Critical to large-scale PV deployment,
BaCd,P, does not contain any critical elements and shows high stability in air and
water. At this early stage, we can already compare BaCd,P;, to other thin-film
absorber materials. No established thin-film absorbers possess BaCd,P,'s combina-
tion of long carrier lifetime, earth-abundance (outperforming CdTe and CIGS), and
high stability (outperforming the halide perovskites). The toxicity of Cd is a legiti-
mate concern, as for Pb in the halide perovskites,1 111182120 1y it the element toxicity
has so far not stopped the development of either CdTe or halide perovskite solar
cells. From previous studies of CdTe solar cells, it has become clear that the toxicity
risks can be properly managed by PV module end-of-life recapture and recycling of
Cd.""" Additionally, we note that several other Zintl phosphides crystallize in the
same structure as BaCd,P,, including the less-toxic CaZn,P, and SrZn,P,.'?" In
view of the exceptional properties exhibited by BaCd,P;, these Zn-based com-
pounds are of interest for future studies and could directly eliminate the toxicity
concerns.

Although BaCd;P, shows promising properties, its future development into a com-
mercial thin-film PV technology will require many additional steps: from growing thin
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films (rather than powder) to integrating these films into devices. Thankfully, all of
the constituent elements of BaCd,P; are already utilized in commercial optoelec-
tronic thin-film technologies.”'"""#*""?* In view of the long carrier lifetime, even at
the powder level, polycrystalline BaCd,P, films may be sufficient for high solar cell
performance. The early data thus encourage future work to develop low-cost thin-
film growth methods, such as physical vapor deposition followed by phosphoriza-
tion or vapor-transport deposition (VTD).""""'?*7"?% |n addition, the development
of lab-scale thin film growth methods that do not often transfer to large-scale PV
manufacturing should also be encouraged as necessary to understanding the mate-
rials and developing the technology. Such lab-scale methods could include, for

example, nanocrystal condensation or pulsed laser deposition.'”~"?'

As far as devices are concerned, based on the band gap and predicted dopability of
BaCd,P,, we suggest targeting a single-junction solar cell adopting either a p-n or
p-i-n junction device architecture, with BaCd,P, used as a p-type or intrinsic
absorber layer, respectively. This would require suitable n-type buffer layers (for
p-n junction) and hole- and electron-selective layers (for p-i-n junction). Once a
BaCd,P; solar cell is achieved, long-term device performance and durability under
varying environmental conditions should be explored, though our results already
show highly stable BaCd,P, materials and robust PL under heating. Further down
the road, the Zintl AM,X; pnictide family offers band-gap-tuning opportunities
through chemical substitution, which would open the door to the use of these
Zintl-based materials for tandem cells.

Along the journey toward the development of a new solar cell technology, there will
also be unexpected challenges. However, the recent rise of halide perovskites has
demonstrated that, with the right material and significant efforts from the commu-
nity, new solar cell absorbers can be developed entirely from scratch and rapidly
reach commercially attractive performance. Although not guaranteed, this makes
us hopeful that BaCd,P, and other Zintl-based materials in general could emerge
as a new thin-film PV technology in the coming years.

Conclusions

We have computationally screened about 40,000 materials searching for high-effi-
ciency, stable, and low-cost thin-film solar cell absorbers. A handful of solar absorber
candidates have emerged, and among them, BaCd,P, stands out for its computed
direct band gap (1.45 eV), high carrier mobilities, large optical absorption coeffi-
cients, and, most importantly, favorable point defects that will not lead to strong
nonradiative carrier recombination. BaCd,P, is also made of low-cost and non-crit-
ical elements. Carrier capture calculations show that Pc4 is the dominant nonradia-
tive recombination center, but its high formation energy leads to a very long nonra-
diative lifetime, at least two orders of magnitude higher than that of MAPI3.

Our synthesized BaCd,P, powder samples show an experimental band gap in good
agreement with theory and exhibit bright PL on par with the luminescence of a high-
purity GaAs wafer powder. TRMC measurements on unoptimized powder indicate a
carrier lifetime of up to 30 ns, which surpasses early halide perovskites' thin films and
is on par with present-day established inorganic PV absorbers. This experimentally
confirms the promise of BaCd,P; as a new thin-film solar absorber. In addition to
its exceptional optoelectronic and defect properties, BaCd,P, shows extremely
high stability in air and water. It is stable in ambient air for more than 6 months at
room temperature, and oxidation only starts for temperatures above 425°C. The
high stability will benefit the future development of BaCd,P; solar cells.
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Beyond BaCd,P,, our work highlights how HT computational screening, including
point-defect properties and follow-up experimental synthesis and characterizations,
can identify unexpected solar absorbers with exceptional intrinsic PV properties
among tens of thousands of materials. It paves the way for more computation-driven
materials discovery in the PV field.

EXPERIMENTAL PROCEDURES

Resource availability
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Further information and requests for resources and materials should be directed
to and will be fulfilled by the lead contact, Geoffroy Hautier (geoffroy.hautier@
dartmouth.edu).

Materials availability
This study did not generate new unique materials.

Data and code availability

All data are present in the paperand supplemental information. Other data are avail-
able from the lead contact or corresponding author. Full details of experimental pro-
cedures can be found in the supplemental information.
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