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ABSTRACT: Bismuth-based solar absorbers have recently Shallower Reduced
garnered attention due to their promise as cheap, nontoxic, and Defects O O Recombination

efficient photovoltaics. To date, however, most show poor effi-
ciencies far below those seen in commercial technologies. In this
work, we investigate two such promising materials, BiSI and BiSel,
using relativistic first-principles methods with the aim of identifying
their suitability for photovoltaic applications. Both compounds
show excellent optoelectronic properties with ideal band gaps and
strong optical absorption, leading to high predicted device perfor-
mance. Using defect analysis, we reveal the electronic and struc-
tural effects that can lead to the presence of deep trap states, which
may help explain the prior poor performance of these materials.
Crucially, detailed mapping of the range of experimentally acces-
sible synthesis conditions allows us to provide strategies to avoid the formation of killer defects in the future.

H INTRODUCTION includes a direct band gap between 1.1—1.5 eV, strong onset of
optical absorption above the band gap to ensure effective
collection of visible light, small charge-carrier effective masses
to promote mobile charge transport, and defect tolerance to
prevent unwanted recombination of photogenerated carriers.
Other factors, such as the availability and cost of raw materials,
and compatibility with commonly used hole and electron
contact materials,"* will further dictate market viability.

The lead hybrid halide perovskites have recently emerged
as possible contenders to commercial silicon technologies.'”"*
Their rapid development, reaching 22.7% power conversion effi-
ciency within a decade,'” can be attributed to a fortuitous
combination of excellent optoelectronic properties.'® Not only

Solar power currently presents the most attractive low-carbon
alternative to fossil fuels, in part due to the vast amount of
energy the sun provides, which dwarfs the total known supplies
of oil, coal, and gas.l’2 Furthermore, as the cost of solar devices
continues to diminish, photovoltaics (PV) offer the highest tech-
nical potential of any renewable energy resource and suggest an
attainable route to curbing climate change.3 Indeed, the once
aspirational 2020 cost target of $1.00 per W for solar tech-
nologies, set by US Department of Energy in 2011, may now
be in reach. If PV is to compete in utility-scale power gen-
eration, however, a further increase in cost-competitiveness will
be necessary. A recent report suggests a long-term target of ‘ ) -
$0.25 per W by 2050 is essential for solar to reach 30% market do they possess all t}.1e ‘desued.attrlbu'tes described above. but
penetration, presenting a significant challenge to the PV com- ‘t‘he. strong sp}n—orblt’,lnteract1on acting on Pb results mn-a
munity. spin-split indirect gap ,1t7hought to reduce carrier recombina-

While the price of silicon-based devices has fallen steadily tion by a factor of 350%. " Accordingly, the prototypical hybrid
over the past decade, this is largely the result of optimized halide sol.ar ab.sorb.er, CH;NH;,Pbl; (MAP bL;), shows exjcrem'ely
manufacturing processes and increased economies of scale lf)ng cle;rrler—d.lﬁusmn lengths resgltu:§ from large carrier h.fe-
with the underlying efficiency of panels remaining roughly times, © benign defect properties,” and excellent carrier

unchanged.é’7 A further reduction in price per W is limited by rnobilitiezsz.zo Unfortunately, Ng‘;“P bI; possesses poor chemical,”'
the fundamental cost of producing silicon wafers, which is thermal,™ and photostability™ which, deszgite much research
unlikely to change after 60 years of development in the tran- effort, has yet to be adequately addressed.

sistor industry, and the requirement of relatively thick films The recent progress seen in the hybrid perovskites has sparked
due to silicon’s poor optical absorption.8 Third-generation solar intzerest into other lone-pair containing materials (i.e,, possessing a
absorbers present an exciting alternative with increased efhi- ns” electronic configuration), particularly those containing the

ciency, roll-to-roll printing, and the use of lightweight flexible

substrates offering routes to reduced costs.””" Received: March 16, 2018
Any new solar absorber must show efficient optoelectronic Revised:  May 14, 2018
properties if it is to compete with existing technologies.'" This Published: May 14, 2018
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heavier post-transition metals such as Sb and Bi.""**~*” These
materials are expected to show comparable absorber properties
due to their soft polarizability—enabling large dielectric con-
stants and efficient screening of charged defects—and large
spin—orbit coupling effects, leading to increased conduction
bandwidth and lower effective masses.

BiSI and BiSel are two such materials that show promise for
photovoltaic applications (Figure 1). Despite possessing indirect

Figure 1. Crystal structure of BiSel viewed along (a) the [100]
direction and (b) the [001] direction. (c) A three-dimensional view,
highlighting a single one-dimensional chain. Bi, Se, and I atoms are
denoted by gray, green, and purple spheres, respectively.

fundamental band gaps, strong optical absorption is maintained
by their slightly larger direct band gaps of 1.59 and 1.29 eV,
close to the ideal indicated by the Shockley—Quiesser limit.*”
In 2012, Hahn et al. produced solar cell devices containing both
BiSI and BiS,_,Se,I solid solutions but found poor performance
in both cases.””" Further research on BiSI remained limited
until 2015, when a high-throughput screening identified BiSI
and BiSel as promising candidate photovoltaic absorbers due to
their small density of states (DOS) effective masses and large
jonic dielectric constants.>* These properties, in addition to a
valence band maximum composed of antibonding states, was
proposed to provide a high level of defect tolerance, essential
for an efficient solar absorber. A subsequent relativistic hybrid
density functional theory (DFT) study indicated both com-
pounds possessed ideal optoelectronic properties for solar absorb-
ers, and attributed the limited performance of the cells produced
by Hahn et al. to poor electronic alignment of the absorber to
the hole and electron contact materials used.” Recent progress
in low-temperature synthesis methods, enabling BiSI films with
enhanced incident photon-to-current conversion efficiency
(IPCE), further indicates the possibility of high-performance
photovoltaics based on the bismuth chalcoiodides.*

In this work, we examine the optoelectronic properties of
BiSI and BiSel using quasiparticle self-consistent GW (QSGW)
theory. Temperature-dependent effective masses, calculated within
Boltzmann transport theory, are found to be relatively small in
the directions of the 1D ribbons, indicating carriers should be
mobile. Furthermore, strong optical absorption in combination
with ideal band gaps results in high spectroscopically limited
maximum efliciencies at small thin film thicknesses. We inves-
tigate the full range of intrinsic defects likely to form during
equilibrium synthesis conditions. On the basis of this analysis,
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we identify regions of chemical potential space that may reduce
the level of trap assisted recombination by ~10” cm™ s™". Our
results, therefore, may act as a guide to experimentalists
attempting to produce more efficient bismuth chalcohalide-
based photovoltaics.

B COMPUTATIONAL METHODOLOGY

Geometry optimizations and defect energy calculations were
performed within the framework of density functional theory, using
the Vienna ab initio Simulation Package (VASP).**%7 Convergence
with respect to k-point sampling and plane wave energy were tested
with a 3 X 6 X 2 I'-centered mesh and 400 eV cutoff found to
converge the total energy to 1 meV/Atom, for the 12 atom primitive
cells of BiSI and BiSel. Complete structural optimization of the lattice
parameters and atomic positions was performed, such that the force on
each atom totalled less than 0.01 eV A™" with a larger cutoff energy of
520 eV used to avoid basis set errors arising from Pulay stress.*®

Geometry optimizations were performed using the PBEsol func-
tional,®® a version of the Perdew Burke and Ernzerhof (PBE) func-
tional™® revised for solids. PBEsol has been shown to accurately repro-
duce the structure parameters of many materials containing weak
dispersive interactions (such as those seen across the [BiSI],, chains)
without requiring an additional dispersion correction.”' ~** Tonic con-
tributions to the static dielectric constants were calculated using the
PBEsol functional using density functional perturbation theory (DFPT)*
with a 8 X 14 X 6 I'-centered k-point mesh necessary to reach
convergence. The calculated dielectric constants and Born effective
charges are provided in Table SI of the Supporting Information.

Defects were calculated in a2 X 3 X 1 (72 atom) supercell using the
PBEsol functional with a 2 X 3 X 3 k-point mesh. The PBEsol
functional reproduces the experimental band gaps of BiSI and BiSel,
thereby negating the need to extrapolate the defect energies to account
for band gap underestimation. We note, however, that PBEsol can
suffer from the self-interaction error, which may cause unwanted
delocalization of defect states. While fully ionized defects (i.e., those
with no excess electrons or holes) will not be affected, partially ionized
or un-ionized defects may be artificially stabilized by this delo-
calization.*® The formation energy, AHj, of a defect, D, with charge
state, g, was calculated as

AHP = (EP1 = E) + ) {n(E + )}

+ q(EF + 6\}{) + ‘Ecorr

(1)

where EP is the energy of the defected supercell and E™ is the energy
of the host supercell.””*® The second term represents the energy
change due to the exchange of an atom, i, with a chemical reservoir:
is the number of atoms of each type exchanged, E; is the element
reference energy calculated from the element in its standard state, and
H; is the chemical potential of the atom. e!! represents the energy
needed to add or remove an electron from the VBM to a Fermi
reservoir—i.e., the eigenvalue of the VBM in the host—and E. is the
Fermi level relative to ef. E, is a correction applied to account for
various limitations of the defect scheme used and is comprised of three
terms:

E

corr — E 1 + Ebf + Eicc

potal

)
where E, . is a correction to align the electrostatic potential of the
defected supercell to that of the host,*”** Ey; corrects the effects on
the total energy of erroneous band filling,*’ and E,. accounts for
the unphysical defect—defect Coulombic interactions that occur
between periodic images of charged defects due to finite supercell
size effects.”

The thermodynamic transition level, £(D,q/q’), defined as the
energy at which the charge state of defect, D, spontaneously

transforms from g<>q’, was calculated according to

ED,q _ ED,q/

“D. 4/) = q - q 3)
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The thermodynamic transition levels indicate whether a defect will
act as a shallow or deep defect and can be measured experimentally
through techniques such as deep-level transient spectroscopy.*® The
self-consistent Fermi level and defect concentrations were calculated
using the SC-Fermi code.”' >

To obtain accurate optoelectronic properties, electron transport and
optical absorption calculations were performed using relativistic quasi-
particle self-consistent GW theory (QSGW),** as implemented in the
all-electron (linear muffin-tin orbital basis) package Questaal.>® Starting
from wave functions obtained through local-density approximation
(LDA) calculations, self-consistency of the quasi-particle states was
obtained with the addition of spin—orbit coupling, as recently
described for MAPbL*® and the related antimony chalcohalides.®’
LDA calculations were performed on a 3 X 6 X 2 I'-centered mesh
with a smaller 2 X S X 2 mesh found to provide convergence of the
QSGW results.

While generally providing significantly greater accuracy than density
functional theory-based methods, QSGW has been shown to sys-
tematically overestimate the band gaps for a wide range of materials,
including most semiconductors.”* This is thought to derive from the
lack of electron—phonon interactions and the absence of ladder
diagrams coupling electrons and holes, leading to insufficient screening
in the random phase approximation (RPA).*® Inclusion of these effects
will reduce band gap overestimation but is extremely computationally
demanding. Here, we instead adopted the empirical hybrid QSGW
(hQSGW) approach,® in which 80% of the QSGW self-energy is
combined with 20% of the LDA potential. This method has been
shown to provide significant improvements in the calculation of band
gaps and band positions in a broad range of semiconductors.” ™'

Carrier effective masses were calculated using the BoltzTraP code
based on calculations performed using hQSGW. Convergence of
BoltzTraP properties necessitates very dense k-point meshes,
especially for low carrier concentrations and temperatures, as con-
sidered here. Accordingly, a 24 X 40 X 20 k-point mesh was used in
the hQSGW calculations of electronic and optical properties.

62

B RESULTS

BiSI and BiSel crystallize in the orthorhombic Pnma space
group, in which [BiChl],, ribbons are held together by weak
van der Waals-type interactions (Figure 1).5%%* The quasi-one-
dimensional ribbons are formed of distorted edge-sharing
pseudo-octahedra, comprising 3 Bi—Ch and 2 Bi—I bonds with
the Bi lone pair occupying the vacant site. Geometry relax-
ations, performed using the PBEsol functional, were found to
result in lattice constants in good agreement with experiment
(full results provided in Table S2 of the Supporting
Information).

BiSI and BiSel possess complex electronic structures with
many band extrema, often located away from high-symmetry
points in the Brillouin zone (presented in Figure S1 of the
Supporting Information).”” Accordingly, conventional band
structures along typical high-symmetry paths are not sufficient
to accurately determine intrinsic electronic properties such as
the fundamental band gap and charge carrier effective masses.
In this report, we calculated these properties based on extremely
dense sampling of the Brillouin zone to ensure predictive
capability versus experiment. The band gaps of BiSI and BiSel,
calculated using hQSGW, were found to be 1.76 and 1.50 eV,
respectively, in close agreement with previous hybrid DFT
results (Table 1).” We note that the difference between
indirect and direct band gaps is very small (0.02 eV in both
cases), indicating the indirect nature will have minimal effect on
optical absorption. Both compounds show a relatively strong
temperature dependence on the size of the band gap (dEg/ dT =
—7.0 X 107* eV K™ for BiSI and —6.5 x 107" eV K™' for
BiSel),” likely due to the weak forces holding the BiChI
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Table 1. Fundamental Band Gaps of BiSI and BiSel
Obtained Using Different Methods”

compound E?SE E}g‘QSGW E}E‘QSGW'RT E;"P
BiSI 178 1.76 1.56 1.56—1.59
BiSel 1.52 1.50 1.31 1.29-1.32
aEgHSE gives the 0 K band gap (with the omission of zero point

motion), calculated using the HSE06 functional,; E]g‘QSGW is the 0 K
hybrid quasi-particle self-consistent GW (hQSGW) result, and
EMSCWRT g the hQSGW result extrapolated to room temperature
(293 K). All calculated results explicitly include spin—orbit coupling.
E;® gives the range of experimental band gaps, obtained from refs 28

and 65.

ribbons together, which allow for significant thermal expansion.
As the hQSGW results do not take into account thermal effects,
we therefore calculated the room temperature (293 K) band
gaps based on the above corrections. The temperature cor-
rected band gaps of 1.56 eV (BiSI) and 1.31 eV (BiSel) are in
good agreement with the room temperature experimental opti-
cal band gaps of 1.56—1.59 and 129-1.32 eV, respec-
tively,zs’65 highlighting the accuracy of the hQSGW approach.
Unlike the hybrid perovskites, in which spin-splitting of the
band edges is thought to significantly reduce radiative recom-
bination, the band structures of BiSI and BiSel do not show any
Rashba-type effects.'” Regardless, the slightly indirect nature of
the fundamental band gap is expected to result in lower
radiative recombination rates.

Carrier Effective Masses. To assess the suitability of BiSI
and BiSel for photovoltaic applications, carrier transport prop-
erties were investigated using the Boltztrap code. As the solu-
tions to the Boltzmann transport equations are dependent on
both carrier concentration and temperature, calculation of these
properties allows for the effect of different doping regimes and
device operating conditions to be evaluated. In solar absorbers,
the antagonistic dependence of minority carrier concentration
and diffusion length with regard to open-circuit voltage generally
results in an optimal carrier concentration of ~10'—10"7 cm™
to prevent recombination losses. The charge-carrier effective
masses of BiSI and BiSel, taking into account a carrier concen-
tration of 10'® cm™ and representative device operating temper-
ature of 293 K, are provided in Table 2. The 1D crystal structure

Table 2. Effective Masses of Electrons (m¥*) and Holes (m;¥)
in BiSI and BiSel Calculated Using hQSGW and the
BoltzTraP Code”

*

*

m} mt

compound x y z 0o y z
BiSI 2.33 0.30 0.72 2.66 0.79 0.61
BiSel 1.61 0.30 0.94 1.79 0.84 0.81

“Results provided in units of the electron rest mass, .

results in effective masses that are strongly anisotropic: the
electron effective masses are smallest in the directions parallel
to the axis of the ribbons (along [010]), while the hole masses
show an inverted trend with the [001] direction (spanning
across the ribbons) showing the lightest masses, indicating that
considerable interactions between the chains must be present.

In both BiSI and BiSel, the effective masses of electrons are
smaller than those of holes, as seen in other bismuth chalco-
genide and halide-based semiconductors.’*®” We note that
these values deviate considerably from the effective masses
calculated based on parabolic fitting of the band structure,

DOI: 10.1021/acs.chemmater.8b01135
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which indicate holes as the lighter of the two charge carriers,'!
thus highlighting the limitations of this approach in treating
complex band structures with multiple band extrema. The small
electron effective masses in the direction parallel to the 1D
ribbons of 0.30 m, for both BiSI and BiSel indicate that
electrons should be fairly mobile and contrast favorably to
other third-generation solar absorbers such as CuZnSnS (m¥* =
0.18 m,)*® and MAPbI, (m* = 0.15 m,)."

Optical Properties. A key property to consider when
screening a novel photovoltaic is its ability to absorb visible
light; specifically, a strong onset of absorption up to ~10° cm™
just above the band gap is essential to maximize the collection
of incident solar radiation."" The 0 K optical absorption spectra
of BiSI and BiSel, calculated using hQSGW, are shown in
Figure 2a. As expected, the onset of absorption is lower in
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Figure 2. (a) 0 K optical absorption of BiSI (blue) and BiSel (red),
calculated using hQSGW. Fundamental band gaps (E}g‘QSGW) indicated
by dotted lines. (b) SLME of BiSI and BiSel, calculated using the 0 K
band gaps and optical absorption (dashed lines) and results
extrapolated to room temperature (solid lines).

BiSel, in line with its smaller band gap. Both are excellent
absorber materials with large optical absorption coefficients of
greater than 1 X 10° cm™ seen roughly 0.5 eV above the
absorption edge. Such strong absorption can be attributed, in
part, to the large density of states present at the band edges.”’

The spectroscopically limited maximum efficiency (SLME)
metric, proposed in 2012 by Yu and Zunger, provides an indi-
cation of the maximum possible efficiency of a solar absorber,
considering the strength of optical absorption, nature of the
band gap (direct versus indirect), and film thickness.”””® The
effect of film thickness on SLME is presented in Figure 2b,
calculated using both the 0 K hQSGW band gaps (E;QSGW) and
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absorption coefficients, and results extrapolated to room
temperature (E;‘QSGW'RT). The smaller band gap (closer to the
optimum indicated by the Shockley—Queisser limit) of BiSel
enables a larger SLME of 25.0% for a 200 nm film, compared to
22.5% for BiSL These efficiencies are comparable to other thin-
film absorbers such as CdTe (24.9%) and Cu,ZnSnS, (25.7%)
and, for the case of BiSel, significantly greater than in MAPDI;
(22.1%).”!

Defect Chemistry. Based on our confirmation of the excel-
lent optoelectronic properties of BiSI and BiSel, we performed
calculations to assess how the defect chemistry may affect
device performance. The thermodynamically accessible range of
chemical potentials (Figure S2 of the Supporting Information)
indicates that both compounds are stable with the chemical
potentials limited by formation of Bil; and the corresponding
bismuth chalcogenide (Bi,S; or Bi,Se;). The shape of the phase-
stability region is similar in both cases, comprising a thin strip that
spans a majority of the range of available chemical potentials.
We accordingly identified two distinct synthesis environments
for each compound, one which is anion-rich (S- and I-rich) and
Bi-poor and expected to be optimum for p-type defect forma-
tion (A), and the other, which is anion-poor and Bi-rich (B)
and expected to favor the formation of n-type defects.

The native n-type defects considered in this study include
anion vacancies (V, and V}), anion on bismuth antisites (Chyg;,
and Ij;), the iodine on chalcogenide antisite (Icy,), and the
bismuth interstitial (Bi;). Conversely, the p-type defects studied
were the bismuth vacancy (Vj;), bismuth on anion antisites
(Bicy, and Bij), the chalcogenide on iodine antisite (Ch;), and
anion interstitials (Ch; and I;). Two potential interstitial defect
sites were identified, comprising one octa-coordinated site and
one penta-coordinated site (identified by superscript o and p,
respectively), both present in the voids between the 1D ribbons
(indicated in Figure S3 of the Supporting Information).

BiSI Defects. A plot of formation energy as a function of
Fermi level for all intrinsic defects of BiSI calculated using
PBEsol under the chosen chemical potential environments is
shown in Figure 3. For clarity, the vacancy and antisite defects
are plotted separately from the interstitials. Under the most
p-type conditions (environment A), S; is the lowest energy
intrinsic acceptor with a relatively shallow 0/—1 transition level
0.14 eV above the VBM. The S; acceptor defect is compensated
by I and V}, which acts to pin the Fermi level deep in the band
gap. Indeed, using the calculated defect formation energies to
determine the Fermi level self-consistently (at a temperature of
300 K) reveals it is trapped at 0.77 eV above the valence band
maximum, leading to a hole concentration of 1.21 X 108 em™3.

The other p-type antisite defects show significantly higher
formation energies (around 3 eV for the neutral charge states) and
are therefore unlikely to be present in significant concentrations,
especially considering the low processing temperature for BiSI
films.”” Of the interstitial defects, the 1%, SP, and S? can all act as
acceptor defects, albeit at Fermi levels close to the CBM. Con-
sidering that the Fermi level under environmental conditions A
will be pinned midgap, the interstitial defects are unlikely to
play a role in p-type conductivity.

We note that the Sg; and S’ donor defects possess ultradeep
transition levels just above the VBM, which can act as charge
recombination centers and severely compromise p-type conduc-
tivity. However, the incredibly low concentration of these defects
(5.8 x 10" and 0.8 X 10" cm™, respectively, at a device oper-
ating temperature of 21 °C) indicates the effect on conductivity
should be minimal.

DOI: 10.1021/acs.chemmater.8b01135
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Figure 3. Defect transition level diagram for BiSI under (a) a p-type (Bi-poor, S- and I-rich) chemical potential environment and (b) an n-type
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Figure 4. Crystal structure and charge density isosurfaces of the Vg defect in the (a) neutral, (b) +1, and (c) +2 charge states, viewed along the [001]
direction. Green, gray, and purple cylinders indicate bonding to sulfur, bismuth, and iodine atoms, respectively. Electron density represented in

orange. The isosurface level was set to 0.03 eV A3,

Under the most n-type conditions (environment B), the lowest
energy donor defect, L, possesses a shallow +1/0 transition
level 0.08 eV below the CBM. Similar to the p-type envi-
ronment, the Fermi level is pinned midgap (0.57 eV below the
CBM) by compensation with the S;* acceptor defect. V; is the
next most stable donor defect but shows a slightly deeper +1/0
transition level 0.20 eV from the band edge. In comparison, the
neutral Vg is lower in energy than the neutral Vj; however, Vs is
a negative-U defect with a 2+/0 transition state ultradeep
within the gap (0.80 eV below the CBM), which can act as a
charge trap and recombination center. This behavior arises
from the stability of the neutral charge state, in which the two
excess electrons are delocalized over the Bi sites adjacent to the
vacancy such that the majority of the charge density fills the
void in the structure (Figure 4a). To stabilize the charge
density, the Bi atom opposite the vacant S site is pulled toward
the vacancy, leaving the remainder of the 1D chain largely
unaffected. In the +1 charge state, the electron is localized on a
single adjacent Bi atom with considerably less electron density
filling the vacancy site (Figure 4b). This causes the Bi atoms
either side of the S vacancy to displace laterally, resulting in a
structural deformation that propagates along the 1D chain,
increasing the strain in the lattice and raising the defect
formation energy. For the +2 charge state, the Bi atom opposite
the defect site is pulled toward two iodine atoms in an adjacent
chain, resulting in similar lattice deformation but greater overall
stability (Figure 4c).
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Of the n-type interstitials, the Bij defect is lowest in energy
and possesses an ultradeep +1/+3 transition level. However, all
interstitials will be present in very low concentrations due to
their large formation energies at the self-consistent Fermi level.
We note that both Big and Vj are low energy defects with deep
transition levels which can act as charge recombination centers.
To alleviate any detrimental effects on n-type conductivity,
postannealing in a sulfur atmosphere may be required to fill
these defect sites.

BiSel Defects. BiSel shows a defect chemistry similar to that
of its sulfur analogue. A plot of formation energy as a function
of Fermi level for all intrinsic defects of BiSel under the chosen
chemical potential environments is shown in Figure 5. At the
most type conditions (environment A), the lowest energy
acceptor defect, Sey, is lower in energy than the corresponding S;
and marginally shallower, resulting in a transition level 0.13 eV
above the valence band. It is compensated by the Se; defect,
which acts to pin the Fermi level 0.68 eV above the valence
band, resulting in a hole concentration of 8.52 X 10" cm™ at
room temperature.

In comparison to the p-type BiSI defects, the main difference
is the considerably lower formation energy of Sey; (resulting in
a large defect concentration of 4.77 X 10'® cm™), which may
act as a charge recombination center due to its ultradeep 0/+1
transition level. Again, the other antisite and interstitial defects
are much higher in energy and will only be present in very small
concentrations.
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For the most n-type conditions (environment B), the donor
defects are slightly shallower due to a lowered conduction band
minimum based on band alignments relative the vacuum level.”
The lowest energy donor is the I, defect with a transition level
resonant in the conduction band (0.17 eV above the CBM),
which is compensated concomitantly by Se; and Beg,. This
traps the Fermi level 0.43 eV below the conduction band mini-
mum, resulting in an electron concentration of 7.64 X 10" em™
at room temperature.

Both Vg, and Big, are again low energy ultradeep defects with
concentrations of 1.17 X 107 and 4.84 X 10" cm™, respec-
tively. Consequently, while Vg, will be less problematic than its
counterpart in BiSI, annealing in a selenium atmosphere may be
necessary to reduce the effects of Big, on carrier recombination.
For all interstitial defects, their high formation energy precludes
their formation at device operating temperatures.

Defect Engineering. Due to the trapping of the Fermi level
mid gap, both BiSI and BiSel will act as intrinsic semi-
conductors, regardless of synthesis conditions, and are best
suited to use in a p—i—n junction solar cell architecture. On the
basis of the analysis of the above transition level diagrams,
under the limits of and n-type conditions, deep defects such as
Chy; and V¢, will dominate, resulting in high concentrations of
deep trap states that may contribute to charge carrier recom-
bination. With this in mind, we explored the full chemical
potential space with the aim of minimizing the concentration of
deep defects that may negatively impact carrier transport and
recombination. At each point within the region of stability in
chemical potential space (Figure S2 of the Supporting Infor-
mation), we calculated the self-consistent Fermi level and cor-
responding defect concentrations. An estimate of the recom-
bination rate was then calculated at each set of chemical potentials
within a Shockley—Reed—Hall recombination model” (expected
to comprise the majority of carrier recombination due to the low
carrier concentrations) using the defect concentrations obtained
in the previous step. Within this model, the recombination rate
RS depends on the charge carrier and defect concentrations
in addition to the positions of the defect transition levels (a full
description of the model is provided in the Supporting
Information).
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In the Shockley—Read—Hall model, defects with transition
levels closer to the middle of the band gap will show consid-
erably greater activity as recombination centers than those with
transition levels close to the band edges. Accordingly, as the
concentrations of deep versus shallow defects varies across
chemical potential space, the rate of recombination can also
be tuned. We note that, due to the computational difficulty in
determinin§ defect charge-capture cross sections from first-
principles,”* our model assumes a constant value for all defects
(6=1x 107" cm?) and will therefore provide only a qualitative
estimate of the true Shockley—Read—Hall recombination rate.

The recombination rate across the range of accessible chem-
ical potentials for BiSI and BiSel is shown in Figure 6. The rate
has been normalized to the region of lowest recombination, as
to indicate which areas of chemical potential space are likely to
result in increased recombination. For BiSI, p-type conditions
show the lowest recombination rate due to the relatively high
formation energy of the dominant deep defects (Sg; and V),
resulting in low concentrations of these defects, in comparison
to the total number of charge carriers. Moving to more n-type
conditions, the rate of recombination increases gradually to
over 107 s7! more than that of the most p-type environment,
due to the lowering in energy of the ultradeep Vg and Big
defects. Accordingly, Bi-poor conditions are essential to reduce
the effect of unwanted recombination on open-circuit voltage in
functioning photovoltaic devices.

For BiSel, the limits of the p- and n-type environments both
show high levels of recombination. This can be ascribed to the
to the low formation energy of the Sep; defect, dominating in
p-type conditions, and the Big, and Vg, defects found under
n-type conditions, all of which show ultradeep transition levels.
However, away from the chemical potential limits, the recom-
bination rate drops sharply due to fewer low-energy trap states
(Figure S4 of the Supporting Information). As such, a more
balanced stoichiometric ratio of starting materials should be
used to reduce the concentration of killer defects. We note that
the differences in the recombination rate behavior between BiSI
and BiSel may have implications for alloys of the two materials,
as recently proposed as a way of tunin§ the optical band gap for
improved photovoltaic performance.”””®
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B CONCLUSIONS

We have demonstrated using relativistic quasi-particle self-
consistent GW theory the potential of BiSI and BiSel as earth-
abundant photovoltaics. Investigations into their optoelectronic
properties indicates small electron effective masses in the directions
of the BiChlI chains, coupled with extremely strong optical absorp-
tion just above the fundamental band gap. We have predicted a
large SLME of 25.0 and 22.5% for BiSel and BiSI, respectively,
competitive with the best current generation photovoltaic absorb-
ers. Defect analysis reveals both compounds are intrinsic semicon-
ductors and are best suited for use in p—i—n junction devices.
Furthermore, mapping of the chemical potential space identifies
regions likely to show reduced recombination rates under accessible
experimental conditions. We reveal that careful control over the
elemental chemical potentials may enable a reduction in trap
assisted recombination rates by ~10” cm™ s™". Our research, there-
fore, can serve as a guide to experimentalists attempting to produce
efficient bismuth chalcohalide-based photovoltaic absorbers.
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