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Abstract

There is widespread interest in reaching the practical efficiency of cadmium telluride (CdTe) thin-film solar
cells, which suffer from significant open-circuit voltage loss due to high surface recombination velocity and
Schottky barrier at the back contact. Here, we focus on back contacts in the superstrate configuration
with the goal of finding new materials, that can provide improved passivation, electron reflection and hole
transport properties compared to the commonly used material, ZnTe. We performed a computational
search among 229 binary and ternary tetrahedrally-bonded structures using first-principles methods and
transport models to evaluate critical materials design criteria, including phase stability, electronic structure,
hole transport, band alignments, and p-type dopability. Through this search, we have identified several
candidate materials and their alloys (AlAs, AgAlTey, ZnGePq, ZnSiAsy, CuAlTesy) that exhibit promising
properties for back contacts. We hope these new material recommendations and associated guidelines will

inspire new directions in hole transport layer design for CdTe solar cells.

1. Introduction

Cadmium Telluride (CdTe) is currently the leading
thin-film photovoltaic (PV) technology on the mar-
ket. While CdTe thin-film solar cells have achieved
impressive conversion efficiencies of > 22%,[1] there
is a growing interest in the research community and
industry to reach practical efficiency limits approach-
ing 28%, which has been achieved by GaAs solar
cells with a similar bandgap, while retaining mar-
ket leading cost.[2, 3] There are several materials fac-
tors that limit device efficiencies, including carrier
recombination in the bulk,[4, 5] grain boundaries,
and interfaces.[6] Studies indicate reducing carrier
recombination at the CdTe interface with the con-
tact layers presents a significant opportunity to ul-
timately increase device performance beyond 25 %
efficiency.[6, 7] Back contact optimization is likely to
enable further improvements in device efficiencies.|[8]
Figure 1 shows the typical architecture of a super-

Preprint submitted to ChemRzxiv

strate CdTe solar cell with a transparent top (front)
contact, n-type emitter, and a hole-selective back
contact to p-type CdTe. The challenge of creat-
ing an optimal back-interface contact has been the
goal of academic and industrial research for several
decades, and is comprehensively reviewed in Refs.
9, 10, 8. Back contact interfaces are also important
for perovskite and chalcogenide (e.g., CIGS) solar cell
technologies.[11] Here, we focus on the materials chal-
lenge of designing electron-reflecting back contacts
that serve as efficient hole transport layers in CdTe
solar cells.

Commercial thin-film CdTe solar cells employ Cu-
doped ZnTe (ZnTe:Cu) as the hole-selective back con-
tact. However, ZnTe:Cu fails to passivate the back
interface or form desired electron reflection to en-
hance performance.[3, 12] Other Cu-containing ma-
terials that have been considered as back contacts
include Cu,Te,[13] Cu,S,[14] HgTe:Cu, Cul, CuSCN,
and Cu,Zn;_,S.[13, 14, 15] Copper is commonly used
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Figure 1: (left) Typical architecture of a CdTe solar cell in
superstrate configuration. Arrows indicate direction of solar ir-
radiation. (right) Desired band alignment between CdTe and
the back contact, providing barrier-less hole transport and elec-
tron reflection.

to dope CdTe p-type in the 10'* — 10'° cm~ range.[8]
The Cu ions in the back contacts, including ZnTe:Cu,
are known to diffuse into CdTe, and substitute Cd to
form shallow acceptor states (p-type doping). How-
ever, “excess” Cu in CdTe is also associated with
metastability and long-term performance degrada-
tion, including changes in the series resistance and
fill factor.[16, 17, 18] Non Cu-containing compounds
such as SbyTes, AsoTes, FeSy, MoO,,, NiO,, and Ni-
P have also been explored for back contacts.[8] How-
ever, the realization of loss-free, electron-reflecting,
hole-transport layers that form Ohmic contacts re-
mains an outstanding materials challenge. There is a
need to search for new contacts for future CdTe PV
technology.

A material that is suitable as a back contact in
a superstrate CdTe solar cell needs to fulfill a num-
ber of design criteria: (1) interfacial chemical stabil-
ity with CdTe to prevent the formation of undesired
secondary phases, (2) high hole mobility and hole-
to-electron mobility ratio to facilitate hole transport
away from the interface, (3) valence band (VB) align-
ment with CdTe, ideally within 0-0.3 eV to ensure a
small barrier for hole transport (Figure 1) and ro-
bust fill factor, (4) suitable conduction band (CB)
alignment to allow electron reflection at the inter-
face, which implies higher CB minimum than CdTe
(Figure 1), (5) p-type dopability, which, in addition
to introducing hole carriers can also be advantageous
for alignment of the Fermi energy at the interface,

and (6) absence of deleterious deep interface states
that cause non-radiative carrier recombination. As a
candidate material will need to simultaneously sat-
isfy this set of materials requirements. As such, the
search for new back contacts for CdTe is complex
and non-trivial. Since the relevant material proper-
ties can be directly estimated or inferred from first-
principles calculations, a broad computational search
is a starting route to find new back contacts.

Computations have proven to be a powerful tool
in accelerating materials discovery beyond the con-
ventional trial-and-error approach. With contin-
ued improvements in methods and software, and the
broader availability of computational resources, high-
throughput (HT) computational searches of novel
functional materials have become viable. HT search
approaches rely on first-principles calculations and
simplified models to determine material properties
and performance descriptors/metrics. To expedite
searches, often various approximations are employed
without overly sacrificing accuracy. In spite of the
assumptions and approximations, HT computations
have been quite successful in unravelling novel ma-
terials for energy storage, thermoelectrics, photo-
voltaics, and other applications.[19, 20]

In this work, we undertook a computational search
to identify new back contacts for CdTe solar cells.
We performed this search among 229 tetrahedrally-
bonded structures (TBSs) from the Inorganic Crys-
tal Structure Database (ICSD).[21] We computed the
bulk and interfacial chemical stability of the TBSs.
We then computed the electronic structure and esti-
mated the hole mobility of those TBSs that satisfy
the thermodynamic stability criteria. Subsequently,
we assessed the band alignment of the structures that
exhibit the desired band gap and hole mobility. In
addition, we also considered factors such as lattice
matching with CdTe, which contributes to the inter-
facial structure. Finally, we assessed the p-type dopa-
bility of the candidate materials with desired band
alignments. From this search, we have identified sev-
eral candidate TBSs and their alloys (AlAs, AgAlTe,,
ZnGePsy, ZnSiAss, CuAlTey) that have promising
properties required for back contacts in CdTe solar
cells.



2. Background

Hole transport from CdTe into the back contact
and therefore, solar cell device efficiency is highly sen-
sitive to the valence band alignment Ay p.[3, 12] The
electron reflection property of the back interface also
critically depends on Ay g because of the associated
band bending. Figure 2 shows the band schematics
for the cases of negative and positive Ay . In both
cases, the conduction band edge of the back contact
(BC) is higher than that of CdTe. Generally, it is
understood that overly large Ay g is associated with
reduced device efficiency. To quantify the tolerable
range of Ay g, we performed 1-D device simulations
with Solar Cell Capacitance Simulator (SCAPS)[22]
for a set of representative parameters. See methods
(section 6.6) for more details.

We considered valence band alignments ranging
from -0.6 eV to +0.6 eV relative to the valence band
edge of CdTe. For the back contact, we assumed a re-
alistic hole doping of 10'® cm™2 and a CdTe hole mo-
bility of 50 cm?/Vs. Figure 7(c) summarizes the sim-
ulated device efficiency as a function of band align-
ment for five different scenarios where the lifetime
was varied between 1-100 ns and the carrier concen-
tration from 10'* cm™2 and 10'® ¢cm™3 (see Table
S1).

It is evident from Figure 2(c) that the device effi-
ciency drops precipitously for large positive and nega-
tive Ay g. Specifically, within -0.4 eV < Ay g <+0.3
eV, the device efficiency is practically unchanged but
reduces significantly outside this range. Our de-
vice simulations are in line with the common em-
pirical guideline that suggests |Ayp| < 0.3 eV is
tolerable.[8, 3, 12] We also considered two more sce-
narios to simulate: (1) an optimistic scenario of
higher back contact hole doping of 10?° cm™3, and
(2) a cautious scenario of lower doping of 1017 cm~3.
Higher doping levels expand the tolerable range of
valence band alignments (-0.6 eV < Ay g <+0.4 eV)
while lower doping levels shrink the range (-0.3 eV
< Ayp <+40.2 €V). In our search for new back con-
tacts, we chose candidate materials that have the de-
sired range of Ay p for a doping level of 10'® cm—3
(Figure 2c).
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Figure 2: Schematic band alignments of CdTe and back con-
tact (BC) for two different scenarios of valence band alignment
Ay p: (a) negative, and (b) positive. The conduction band
edge in both scenarios are higher in energy than CdTe. (c)
Simulated solar cell device efficiency for 5 different scenarios,
labelled 1-5 (see Table S1 for details) assuming p-type CdTe
with hole concentrations of 104 ¢cm™3 and 10 c¢cm~3, and
back contact hole doping of 10'® cm™3.

3. Results

The computational workflow employed to downs-
elect the candidate materials is schematically pre-
sented in Figure 3. We performed the search among
materials documented in the Inorganic Crystal Struc-
ture Database (ICSD). We started by first identifying
ordered and stoichiometric binary and ternary com-
pounds that have tetrahedrally-bonded structures.
Next, we used the convex hull analysis to determine
the bulk thermodynamic phase stability as well as
the interfacial chemical stability with CdTe. We cal-
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Figure 3: Schematic of the computational workflow to screen
materials and identify promising candidates for back contacts
in CdTe solar cells.

culated the electronic structure and hole mobility for
those structures that satisfy the thermodynamic sta-
bility criteria. Materials that were predicted to have
a desired band gap and relatively high hole mobility
were then asssessed for their band alignment relative
to CdTe. Finally, we used first-principles calculations
to evaluate the p-type dopability of the candidate
structures with the desired band alignments.

3.1. Tetrahedrally-bonded Structures in the ICSD

We developed an automated procedure to iden-
tify TBSs in the ICSD (see section 6.1 for details)
with binary or ternary chemistries and primitive cells
containing less than 50 atoms. In addition, struc-
tures containing rare-earth lanthanides (except La)
and actinides were excluded for practical considera-
tions. From this search, we identified 229 TBSs, in-
cluding 144 binary and 85 ternary structures. We
have verified that our automated search correctly
captures well-known TBSs, including binary II-VI
wurtzite (e.g., ZnO) and III-V zinc blende (e.g.,
GaAs) structures, and ternary I-IT1I-VIs chalcopyrites
(e.g., CulnSey). Using the same automated algo-
rithm, we also confirmed the identification of quater-
nary Io-II-IV-VI, structures such as kesterites e.g.,
CuyZnSnSs, and related compounds (not included in
the subsequent search for reasons explained above).

3.2. Thermodynamic Bulk and Interfacial Chemical
Stability

We assess the thermodynamic bulk and interfacial
chemical stability (with CdTe) of the 229 TBSs from
grand potential phase diagrams obtained through
convex hull construction (see section 6.2 for details).
Here, bulk phase stability implies that the TBS is
thermodynamically stable against decomposition into
competing phases. In a given chemical space, we
consider all known competing phases that are doc-
umented in the ICSD. For example, to assess the
bulk stability of CulnSes, all competing phases in
the ternary Cu-In-Se chemical space are considered
in constructing the convex hull. A structure that lies
on the convex hull i.e., energy above the hull (A Ey,;)
is zero, is thermodynamically stable.

Next, for the TBSs that were found to be bulk
stable, we assessed their interfacial chemical stability
with CdTe also through convex hull construction. In
this case, the convex hull is constructed by consid-
ering all the competing phases in the chemical space
comprised of the elements in the TBS as well as Cd
and Te. For example, to assess the interfacial chem-
ical stability of ZnTe (Figure 4a), we consider all
competing phases in the ternary Zn-Cd-Te chemical



space; ZnTe and CdTe are the only known compet-
ing phases. Here, interfacial chemical stability re-
quires that the TBS is chemically stable in contact
with CdTe under some chemical potential conditions.
In a grand potential phase diagram, this requirement
manifests as a shared edge between CdTe and the
TBS, as shown in the case of ZnTe in Figure 4(a). In
a compositional phase diagram, this is equivalent to
the TBS sharing a tie line with CdTe. ZnTe shares
an edge with CdTe and therefore, can be considered
chemically stable at the interface with CdTe.

The case of ZnTe/CdTe is a trivial scenario be-
cause of the presence of only two competing phases
in the Cd-Zn-Te chemical space. Let us consider a
more complex Cd-Te-O chemical space (ternary space
for easier visualization) that has multiple compet-
ing phases. Figure 4(b) shows the 3D convex hull
with CdTe sharing edges with rocksalt CdO (between
chemical potentials marked by 1 and 2) and with
CdTeOs (between 2 and 3). In contrast, the other
phases in this ternary chemical space such as TeOq
or Cd3TeOg do not share an edge with CdTe and are
likely to be chemically unstable at an interface with
CdTe under thermodynamic equilibrium.

Among the 229 TBSs, we found 69 structures that
exhibit bulk stability as well as interfacial chemical
stability with CdTe. Among the 69 TBSs are 35 bi-
nary and 34 ternary compounds, including ZnTe as
a benchmark material. Further analyses, including
prediction of transport properties, band alignment,
and p-type dopability focus on these 69 materials.

3.8. FElectronic Structure and Transport Properties
The performance of the back contact is sensitive to
its electronic structure and carrier transport proper-
ties. A suitable back contact for CdTe should ideally
have a valence band alignment of no more than a
few hundred meV relative to the valence band maxi-
mum (VBM) of CdTe. At the same time, the conduc-
tion band minimum (CBM) of the contact should be
higher than the CBM of CdTe to enable electron re-
flection (Figure 1). Given these criteria and the fact
that CdTe band gap is 1.50 eV, we conclude that the
contact material should ideally have a band gap E, >
1.5 eV. For reference, E, of ZnTe is 2.24 eV.[23] High
hole mobility (up), typically larger than 5-10 cm?/Vs
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Figure 4: Visualization of the ternary convex hull in chemical
potential space. Ap; is the deviation of the chemical potential
of element ¢ from the reference (standard) state. See section
6.5 for details. (a) In the Cd-Zn-Te chemical space, CdTe and
ZnTe share an edge indicating interfacial chemical stability
between the compounds. (b) In the Cd-Te-O chemical space,
the interface between CdTe and rocksalt CdO is chemically
stable in a limited range of chemical potentials bounded by
1 and 2. Similarly, CdTe/CdTeO3 interface is stable between
chemical potentials bounded by 2 and 3.

is desired for p-type back contacts to ensure good
carrier transport. To this end, we calculated £, and
estimated pp, (see Methods) of the 69 TBSs (Section
3.2) using DFT calculations.
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Figure 5: Predicted room-temperature hole and electron
mobility of 58 tetrahedrally-bonded structures that fulfill the
thermodynamic bulk and interfacial chemical stability criteria.
Predicted carrier mobilities of CdTe are added for reference.
The carrier mobilities were estimated with a semi-empirical
model described in section 6.3. The color map indicates the
band gap computed with density functional theory (DFT).

The underestimation of band gap with DFT is well
known.[24] For example, E, of CdTe and ZnTe cal-
culated with DFT GGA functional are 0.60 and 1.07
eV, respectively. Because the underestimation is un-
systematic, we adopted a conservative approach in
screening potential materials based on their band
gaps. Namely, we excluded TBSs with zero DFT £,
(11/69) from further consideration. After applying
the minimum F, criterion, we were left with 58 po-
tential TBS candidates.

Next, we estimated the intrinsic, room-
temperature hole (up,) and electron (u.) mobility in
these 58 potential candidate materials using a semi-
empirical model[25], where the input parameters
such as bulk modulus (B) and band effective masses
(mf) are obtained from DFT calculations (see sec-
tion 6.3 for details). The predicted up, and p. of the
58 TBSs are plotted in Figure 5, with the markers
colored by their DFT band gap values. The mobility
computed with the semi-empirical model provides an

estimate of the intrinsic phonon scattering-limited
mobility, and as such, should be treated as the
upper limit. Additional sources of scattering such as
ionized impurities in heavily-doped semiconductors
will reduce the carrier mobility.[26] The computed
properties of these 58 TBSs, including CdTe and
ZnTe, are listed in Table S2.

As is generally found in semiconductors, p. tend
to be larger than pyj, mainly due to smaller conduc-
tion band effective masses. The predicted mobilities
in Figure 5 are consistent with this trend, with the
notable exception of BP, which has equally large elec-
tron and hole mobilities.[27] BP has recently been
the subject of several computational and experimen-
tal studies as a potential p-type, non-oxide transpar-
ent conductor.[27, 28, 29] Some of the materials with
high hole mobility (> 10 ¢cm?/Vs) and large DFT
band gaps (> 1 eV) are labelled in Figure 5. II-IV-
Vs (e.g., ZnSnPy) and I-111-VI; (e.g., AlCuTes) com-
pounds feature prominently among them, in addition
to Al-containing ITI-V compounds (e.g., AISb).

Of the 51 TBSs shown in Figure 5, 48 are predicted
to have pj, > 5 cm?/Vs and 37 with p;, > 10 cm?/Vs.
The next steps in the downselection of the candidate
materials involved determining the band alignment
with CdTe and assessing p-type dopability. The band
alignment and the dopability of a material are both
sensitive to the band gap and therefore, DFT band
gaps are unreliable for these purposes. We used the
GW approximation to compute more accurate band
gaps and individual band edge shifts (see section 6.3
for details). However, GW calculations are computa-
tionally resource intensive, which allowed us to con-
sider only a subset of the 51 TBSs for further consid-
eration.

We computed the GW band gap of 23 TBSs (in-
cluding ZnTe), which were chosen by prioritizing ma-
terials that do not have either large (E, > 2.5 eV)
or small (E4 < 0.5 eV) DFT band gaps. The former
are expected to be ultra-wide gap insulators, which
are extremely challenging to dope,[30] and the latter
are unlikely to have band gaps larger than CdTe (1.5
eV) and comparable to ZnTe (2.24 ¢V). The com-
puted GW band gaps of the 23 TBSs are listed in
Table S3. Where available, the experimental band
gaps are also reported in Table S3. The GW band
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Figure 6: Computed conduction band (CB) and valence band (VB) alignments of 13 tetrahedrally-bonded structures relative
to CdTe. ZnTe serves as a reference benchmark. The underestimation of the band gap in DFT was corrected by applying
band edge shifts obtained from GW quasi-particle energy calculations (section 6.4). AlSb, ZnSiAs2, AgAlTes, CuAlTes, and
CuGaTes satisfy the minimum criteria that the CB and VB are both higher than CdTe, which will enable electron reflection

and hole transport at the interface with CdTe.

gaps of CdTe and ZnTe are 1.51 eV and 2.21 eV,
respectively, which are in excellent agreement with
their measured band gaps. Furthermore, we notice in
Table S3 that the band gaps predicted with GW are
generally in fair agreement with experimental mea-
surements. The methodology adopted in our work
has been shown to produce quantitative predictions
of the ionization potentials and electron affinities of
materials[31] as well as doping tendencies.[32, 33]

At this stage, we enlisted several guidelines based
on heuristics (e.g, GW E, > 4 ¢V, ultra wide band
gap insulators) and practical fabrication-related chal-
lenges (e.g., need for high-temperature processing,
ion mobility, previous experimental attempts) in con-
junction with the computed electronic and transport
properties to perform a further downselection to 13
candidate materials, including ZnTe.

3.4. Band Alignment and Lattice Matching with
CdTe

A favorable band alignment between CdTe and the
back contact is an important materials design crite-
rion, as discussed in Section 2. To reiterate, specif-
ically there are two primary requirements: (1) the
CBM of the contact material should be at a higher
energy than that of CdTe to facilitate electron re-
flection, and (2) the valence band alignment (Ay p)
should ideally be within -0.4 eV to +0.3 eV to facil-
itate hole transport (barrier-less or small barrier for
hole injection) and minimize efficiency losses (Fig-
ure 2). Band alignment is not an intrinsic prop-
erty of a material pair, but instead depends on
the specific details of the surface terminations, and
whether interfacial defects are present that may pin
the Fermi energy.[34] Nevertheless, for the purposes
of materials evaluation, we computed the band align-
ment of the 13 candidate TBSs by invoking some
physically-motivated assumptions. Here, band align-
ment is evaluated individually for each material rel-



ative to the vacuum (reference energy), using their
DFT-relaxed structures. Determing real band offsets
is complex and require accurate interface modeling,
which is computationally intensive and must be con-
sidered on a case-by-case basis.

It is well-known that the (110) surface is
the simplest non-polar termination of zinc blende
structures.[35] The (110) surface is also the com-
mon non-polar termination of ternary chalcopyrites.
Given the non-polar nature, large-scale surface re-
constructions are not expected to occur, unlike on
polar surfaces.[35, 36] Therefore, we uniformly com-
puted the band alignment between the (110) surfaces
of CdTe and the 13 candidate TBSs by referencing
their VBM and CBM to the vacuum energy (see sec-
tion 6.4 for details). The computed band alignments
are summarized in Figure 6. Here, we assume that
the band alignment calculated from the individual
band edge positions reflects the band alignment at
a real interface. Of course, interfacial defects and
reconstructions induced by lattice mismatch will af-
fect the actual band alignment, but these estimates
are still a useful starting point to identify promising
candidate materials.

We calculated the ionization potential of CdTe
to be -5.8 eV, which is in good agreement with the
measured value of 5.8-5.9 eV.[8, 15] Five out of the
13 TBSs exhibit the desired band edge positions
ie., -04 eV < Ayp <40.3 eV and CBM higher in
energy than CdTe. In addition to ZnTe, we find
AlAs, ZnSiAsy, ZnGePs, and AgAlTey posses these
band edge feature. In addition, there are “sister
structures” that may be alloyed to realize the desired
band edge features and a means to tune lattice
matching with CdTe. These include AlAs/AlISb,
CuAlSes /CuAlTey, and CuGaSe;/CuGaTes.

ZnTe: The band alignment of ZnTe/CdTe was
calculated as a reference benchmark because ZnTe
is widely used as the p-doped back contact in
CdTe thin-film solar cells. Our calculations suggest
that ZnTe has a near-ideal band alignment with a
small positive VB alignment Ayp = 0.03 eV and
significantly higher CB (Figure 6) owing to its large
band gap of 2.2 eV. Our calculated band alignment
is in agreement with similar calculations reported in

the literature.[37, 38] We also simulated the interface
band bending with SCAPS[22] using similar assump-
tions as in Section 2. Namely, we assumed p-type
CdTe with hole doping of 10'® cm~3, back contact
hole doping of 10'® cm ™3, and for simplification, the
same density of states for both the absorber and the
back contact. In Figure 7(a), we find that the band
bending is favorable for barrier-less hole transport
from CdTe into ZnTe and simultaneously, electron
reflection. However, there is a large lattice mismatch
between the (110) planes of ZnTe and CdTe. Based
on DFT-relaxed structures, we predict a 6.5% lattice
mismatch, with CdTe possessing the larger lattice
constant. Such a large lattice mismatch may lead to
several outcomes, including highly strained (tensile)
ZnTe near the interface, formation of dislocations,
and other interface defects.[39, 40] As such, the near-
ideal band alignment may be compromised when
forming a real ZnTe/CdTe interface leading to low
electron selectivity and high carrier recombination,
as evident in experimental measurements.

AlAs, AlSb: These III-V compounds are interesting
candidates because they are generally not as popular
for functional applications as their well-known
counterparts AIN, GaN, GaAs etc. The VBM of
AlAs is 0.23 eV below that of CdTe (Figure 6),
which is within the tolerable range of valence band
alignment Ay p (Section 2). The simulated band
bending, shown in Figure 7(b), indicates a small
barrier for hole injection into AlAs. The band bend-
ing at the CB is similar to ZnTe, which is desired
for electron reflection. However, AlAs has a very
large lattice mismatch of 13.4% with CdTe in the
(110) plane. The sister structure, AlSb, has a VBM
that is 0.63 eV above CdTe; such a large positive
Ay p is outside the tolerable range of valence band
alignments. The simulated band bending, shown
in Figure 7(c), exhibits a large barrier for hole
injection. The downward sloping conduction band of
CdTe will result in an electron sink at the interface
causing significant carrier recombination. AlSb is
slightly better lattice matched (5.9%) in the (110)
plane, compared to ZnTe. Due to the smaller lattice
constant, AISb is also expected to be under tensile
strain at the interface with CdTe. AlAs and AlSb
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form a complete solid solution.[41, 42] Therefore, it
may be possible to improve the lattice matching of
AlAs by alloying with AISb in way that also avoids
the unfavorable band bending associated with AlSb.

ZnSiAsy;, ZnGeP,: II-IV-V, compounds have
been intensely studied as earth-abundant solar
absorbers.[43] The VBM of ZnSiAs; and ZnGeP5 are
0.3 eV above and -0.3 eV below CdTe, respectively,
which is within the desired range of Ay . Figures
7(d) and 7(e) are the simulated band bending at
the interface with CdTe, which suggest that these
II-IV-V5 compounds are promising candidates with
small barrier for hole injection. The CB bending
in ZnSiAss might result in electron accumulation
at the interface; however, this effect will be limited
because the depth of the potential well is relatively
shallow.. In the (110) plane, the relevant lattice

constants are a and b, which are equal for tetragonal
ZnSiAsy (a 5.68 A) and ZnGePy (a = 5.50
A). Unlike zincblende ZnTe, AlAs, and AlSb, it is
not immediately obvious how the lattices of these
I-IV-V, compounds will match CdTe (6.62 A).
However, the large mismatch in the a, b lattice
constants (ZnSiAse — 14.2%, ZnGePy — 16.9%)
implies that the ZnSiAs2/CdTe interface may have
a high concentration of dislocations or the interface
may even turn amorphous.

AgAlTey: In our search, AgAlTes; has emerged
as the most promising candidate material. Recent
studies of AgAlTes has focused on its application as
an intermediate-band solar cell absorber,[44] but, to
the best of our knowledge, has not been investigated
as a back contact for CdTe solar cells. We predict
that the band alignment of AgAlTe; is similar



to ZnTe, with a near-ideal VBM position with
Ayp = 40.03 eV (Figure 6). The CBM position is
also comparable to ZnTe owing to the similar band
gaps (2.28 eV vs. 2.21 for ZnTe). Therefore, the
simulated band bending for CdTe/AgAlTe, is almost
identical to ZnTe. In addition to the favorable band
alignment, the most attractive aspect of AgAlTes is
the smaller lattice mismatch (2.4%) with CdTe in
the (110) plane, which may facilitate formation of
less defective interfaces with CdTe.

CuAlTey;, CuAlSe,: I-III-VI, chalcopyrites have
been researched as solar absorbers for more than
three decades.[45, 46] We predict that Ayp of
CuAlTes; and CuAlSe, are +0.38 €V and -0.44 eV,
which are outside the tolerable range of VB align-
ments. CuAlTey; and CuAlSe; are known to form a
complete solid solution. Since the Ay g of CuAlTe,
and CuAlSe, are opposite in sign, one could optimize
Ay p through alloying. CuAlTey and CuAlSes are,
in fact, known to form a complete solid solution.
In this case, while the band alignment could be
tuned through alloying, the bigger challenge lies in
the large lattice mismatches of 7.7% (CuAlTez) and
14.4% (CuAlSeq) in the (110) plane. Perhaps, one
could also envision alloying CuAlTe, with AgAlTes
to improve the p-type dopability of AgAlTes (see
Section 4).

CuGaTey, CuGaSe,: These I-III-V5 chalcopyrites
are chemical analogues of CuAlTe; and CuAlSes, so
it is not surprising to find that the band alignments
show similar trends. The Ay g of CuGaTes and
CuGaSes are +0.65 eV and +0.026 eV, respectively.
On the other hand, the CBM of CuGaTey(CuGaSes)
is above(below) of CdTe. While Ay p of CuGaSe,
is similar to ZnTe and AgAlTey, the lower CB is
not desired because it will allow electron injection
(rather than reflection) at the interface. The large
lattice mismatch (>7% for CuGaTey, >14% for
CuGaSey) remains an outstanding issue with this
family of chalcopyrites as well. As noted above, it
may be possible to form alloys among the different
chalcopyrites because they are known to readily form
solid solutions.[15]
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In summary, we have identified AlAs and AgAlTe,
as candidate TBSs based on their favorable valence
band alignments. We have also considered their lat-
tice matching with the (110) plane of CdTe and
found that AgAlTes may offer better lattice match-
ing than ZnTe, which in turn might reduce interfa-
cial defects and suppress deletrious carrier recom-
bination. Finally, we have discussed the possibil-
ity of alloying between sister structures (AlAs/AlSb,
CuAlTey /CuAlSes, CuGaTey/CuGaSes) as a means
to fine tune the VB alignments and lattice matching.

3.5. p-type Dopability

The TBSs have to be doped p-type to be used as
a hole-transporting back contact for CdTe solar cells.
It is recommmended that the back contact should
be at least moderately p-type with free hole concen-
tration >10'7-10'® cm™—2 so that an appreciable hole
conductivity is achieved. Whether a material can be
doped p-type (or n-type) fundamentally depends on
the formation thermodynamics of the native defects.
We used first-principles defect calculations to assess
the p-type dopability of the candidate TBSs (see sec-
tion 6.5 for details). Here, p-type dopability refers to
the potential of a material to be doped p-type.

A material is considered p-type dopable if the most
favorable native donor defect has high formation en-
ergy. In such a case, holes generated by a sufficiently
soluble acceptor dopant are not compensated by the
electrons created by the native donor. In other words,
a “killer” donor defect is absent under the chosen
conditions.[30] Accordingly, a p-type dopability win-
dow (AE,) may be defined as a donor formation en-
ergy at the VBM, where a large positive AE, indi-
cates a highly p-type dopable material while a large
negative window would suggest difficulty in p-type
doping.

ZnTe can be doped p-type with Cu,[47] N,[48]
or Sb[49] to achieve high hole concentrations in
excess of 1017 cm™3. We used first-principles defect
calculations to assess the p-type dopability of AlAs,
AgAlTe;, and CuAlTe,, which were identified as
promising canidadates based on their stability, hole
mobility, and band alignment with CdTe.
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Figure 8: Formation energy (AEp 4) of native defects as a function of the Fermi energy (Er) for (a) AlAs, under moderately
Al-poor conditions, (b) AgAlTes, under the most Al-poor conditions, and (¢) CuGaTez, under the most Al-poor conditions.
The charge state (q) of certain defects are labelled next to the defect lines. The p-type dopability window (AE),) is a measure
of the likelihood that a material can be doped p-type. A large positive AE), indicates a highly p-type dopable material while a
large negative window would suggest difficulty in p-type doping.

AlAs: Our defect calculations suggest that AlAs
is p-type dopable material with the largest AE,
of ~0.2 eV under moderately Al-poor/As-rich
conditions (Figure 8a). The lowest-energy donor (at
Fermi energies closer to the valence band) changes
between As vacancy (Vas), and anti-site defects
(Asal, Alps) depending on the thermodynamic state
determined by the Al and As chemical potentials.
Al vacancy (Va)) is the lowest energy acceptor
(at Fermi energies closer to the conduction band)
under most thermodynamic conditions. Due to
the counterbalancing effect of chemical potentials
on the different donor defects, the largest AE, is
obtained at moderately Al-poor/As-rich conditions,
as opposed to under highly Al-rich/As-poor or
Al-poor/As-rich conditions. The positive AE,
suggests that AlAs is p-type dopable. Our findings
are consistent with several studies where p-type
AlAs has been realized through group 14 doping
(Si, C)[50, 51]; hole concentrations > 107 cm~3
have been reported. We also find that the formation
energy of Al interstitials is very high. Therefore,
unlike Cu, we do not expect Al interstitial diffusion
to the interface or into CdTe to be an issue for p-type
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AlSb. However, diffusion of the p-type dopants (Si,
C) as interstitials is still possible and requires careful
consideration in selecting the dopants. We also know
from experimental literature that AISb can be doped
p-type with hole concentrations as high as 10 cm™3
with Mg, Be, and Si doping.[52, 53] In fact, carbon
contamination during growth is known to be a cause
for unintentional p-type doping of AlSb.[54]

AgAlTey;: Among the different growth conditions,
which are set by the elemental chemical potentials
within the phase stability of AgAlTe;, we find
that the Al-poor growth conditions represents the
best case scenario for p-type doping (Figure 8b).
There are several low-energy native donors such
as Ag interstitial (Ag;), Alag and Tea; anti-site
defects that limit p-type doping of AgAlTe;. The
p-type dopability window is -0.35 eV, which suggests
that AgAlTes can only be moderately doped p-type.
While we have not performed an exhaustive search of
possible p-type dopants, using realistic assumptions
about the extrinsic acceptor dopant, we find that it is
possible to achieve > 1017 cm™2 hole concentrations
(Figure SX in the supplementary information). We



have not found any experimental studies that have
attempted p-type doping of AgAlTe;. The low for-
mation energy of Ag interstitials is another aspect of
this material to contend with. Ag is known to diffuse
into CdTe, introducing an acceptor level around 100
meV above the valence band maximum, and cause
p-type doping of CdTe with hole concentrations in
the 10'® cm™ range.[55] This behavior is akin to
Cu, which has its advantages and disadvantages.

CuAlTe,: CuAlTey is a known p-type chalcopy-
rite that has been grown in thin film form by RF
sputtering[56] and is found to form a good ohmic
contact with Mo, which has been used as the final
back contact for CdTe. As-deposited CuAlTes thin
films are self-doped p-type. We confirm through our
defect calculations that CuAlTes is natively p-type
under the most Al-poor growth conditions (Figure
8¢) within the region of phase stability. The native
p-type doping is due to the low formation energy of
acceptor Cu vacancies (V) and Cuy; anti-sites. Cu
interstitials (Cu;) and Tea; are the lowest-energy na-
tive donors that limit the p-type dopability window
(AE,) to +0.25 eV. Under the most Cu-poor condi-
tions, p-type dopability is limited by Alg, anti-site
defects such that AE), is -0.23 eV. As with other Cu-
containing, electron-reflecting back contacts such as
CusTe and Cu-doped ZnTe, Cu is likely to diffuse
from CuAlTe, into CdTe, which will facilitate p-type
doping of CdTe but also cause long-term degradation
issues.

We also know from existing experimental litera-
ture that ZnSiAs,[57] ZnGePq,[58] CuAlSes, and
CuGaSes[15] are either natively p-type or can be ex-
trinsically doped.

4. Discussion

Materials Recommendations and Challenges

We performed a computational search among
229 tetrahedrally-bonded structures to identify
materials as new candidates for electron-reflecting
back contact layers in CdTe thin film solar cells.
Below, we summarize the findings for resultant
candidate materials and validate our predictions
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through comparison with available experimental
data. We also identify the key materials challenges
and discuss possible design strategies to address
them.

AlAs, AIlISb: Metal pnictides have been little
used as back contacts for CdTe solar cells. AlAs
is the only binary compound identified as a can-
didate material in our search. Our GW computed
band gap of 2.09 eV is in fair agreement with the
experimentally measured value of 2.12 eV (Table
S3). High hole mobilities ~100 ¢cm?/Vs at 300
K have been reported in MBE-grown crystals.[59]
Based on the DFT-relaxed structure, we predict a
large lattice mismatch of 13.4% between the (110)
planes of AlAs and CdTe, which is larger compared
to ZnTe (6.5%). The VBM of AlAs is 0.23 eV
below that of CdTe, which is within the tolerable
range of VB alignments. Hole-doped AlAs has
been experimentally realized[59], and our defect
calculations confirm its high p-type dopability. The
migration of Al interstitials to the interface or into
CdTe is not expected to be an issue due to the
low concentrations of Al interstitials in AlAs. It
may be possible to alloy AlAs with AlSb or even
with CdTe, to achieve the desired lattice matching.
While the actual interfacial band offset is far more
complex and depends on the presence of point and
extended defects and formation of space charges,
our results provide early indications of the materials
challenges to be expected in AlAs. Nevertheless,
AlAs has certainly emerged as a promising material
candidate that warrants further investigation. More
in-depth studies will benefit from the existing ex-
perimental and theoretical literature on this material.

AgAlTe;: With a better lattice matching and
VBM that is almost aligned with that of CdTe,
chalcopyrite AgAlTe, is the most attractive can-
didate identified in our search. AgAlTes has been
studied as a potential intraband solar absorber, but
there is limited experimental data on the transport
properties and doping. The band gap of AgAlTe,
is 2.3 eV,[60] in agreement with our GW calculated
band gap of 2.3 eV (Table S3). However, we predict
that AgAlTe; is not highly p-type dopable; with
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Figure 9: Effect of strain on the band alignment of AgAlTes.
The lattice constants a and b are increased to match the lat-
tice constant of CdTe. The underestimation of the band gap
in DFT is corrected by applying band edge shifts obtained
from GW quasi-particle energy calculations performed on the
strained structures (section 6.4).

realistic assumptions, we predict that moderate hole
concentrations on the order of 107 cm™3 could be
achieved through extrinsic doping. We also predict
that Ag interstitials will be present in significant
concentrations (Figure 8b). The presence of Ag
interstitials in an analogous chalcopyrite, AgInSes,
has been experimentally confirmed.[61] Ag diffusion
into CdTe has the same effect as Cu i.e., it acts
as p-type dopant, which is beneficial to achieve
p-type CdTe but may contribute to long-term
degradation similar to Cu. However, Ag% ions
(1.0 A, tetrahedral coordination) are much larger
than Cu® (0.6 A, tetrahedral coordination) and
therefore, we can expect either reduced or sluggish
migration of Ag™ ions. As in the case of AlSb,
we also simulated the effect of lattice strain on the
band alignment of AgAlTe;. We find that the CBM
is lowered by 0.37 eV such that it is still higher
than CdTe CBM (Figure 9b). The VBM remains
almost unchanged and is aligned with the CdTe
VBM. Overall, AgAlTey is an attractive candidate
that deserves further experimental development,
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in particular to address the p-type doping either
through non-equilibrium doping in thin films or by
alloying with other chalcopyrites discussed below.
Chalcopyrites are highly amenable to alloying as
evidenced by the numerous experimental studies.

CuAlTe;, CuAlSe;: The family of CuAlChso
(Ch = S, Se, Te) chalcopyrites has been extensively
studied for multiple applications, including solar
absorbers. We calculated the band gaps of CuAlTes
and CuAlSe; to be 2.2 eV and 2.5 eV, respectively,
which are in fair agreement with experimental
measurements (Table S3).[62] Hole mobilities of
5-6 cm?/Vs and 18 cm?/Vs have been reported for
CuAlTe; and CuAlSep, respectively. p-type thin
films of CuAlTe; and CuAlSes; have been grown,
with hole concentrations > 102! ¢cm™3 in CuAlSes.
We confirmed with defect calculations that CuAlTes
is indeed highly p-type dopable. Due to the low
formation energy of Cu interstitials (Figure 8c),
Cu migration is expected along with the same
advantages and disadvantages as Cu-doped ZnTe.
The VBM of CuAlTes is higher than CdTe by 0.4
eV, which could be tuned by alloying with CuAlSes;
however, this may lead to an even larger lattice
mistmatch with CdTe. Given the propensity of
chalcopyrites to form alloys, it will be practical
to consider alloys with CuGaSe,, which has larger
lattice constants than CuAlSes.

CuGaTe,;, CuGaSe;y: Like CuAlChy, CuGaChsy
chalcopyrites have also been investigated as pho-
tovoltaic absorbers and for thermoelectrics.[63]
CuGaTe; has a smaller band gap (1.24 eV) compared
to CuAlTey. Our calculated band gap (1.26 eV) is
in excellent agreement with experiments.[64] Further-
more, room-temperature hole mobilities in the range
of 30-50 cm?/Vs have been reported,[65, 66] which
is within a factor of 2 of our predicted value (27
cm?/Vs). Undoped CuGaTey is natively p-type and
hole concentrations on the order of 10*¥-10!% cm—3
has been experimentally achieved through Ni, Mn,
and Fe doping.[67, 65, 66] While the high hole mobil-
ity and p-type dopability are beneficial, the VB align-
ment relative to CdTe is large (Figure 6). It may be
possible to control the VB alignment by alloying with



CuGaSesz, but with a large lattice mistmatch (> 7%
for CuGaTesy) alloying with CuGaSes will further re-
duce the lattice constants a and b, and increase the
mistmatch with CdTe.

5. Conclusions

We performed a computational search among 229
binary and ternary tetrahedrally-bonded structures
to identify new p-type back contacts to CdTe solar
cells. Through device simulations, we established
that valence band alignments |Ayg| < 0.3 eV are
desired to minimize reduction in efficiency. In addi-
tion to the band alignment criterion, we also consid-
ered interfacial chemical stability, high hole mobility,
and p-type dopability as additional factors in iden-
tifying the candidate materials. We propose AlAs,
AgAlTey, ZnGeP,y, ZnSiAsy, and CuAlTe; as new
back contacts that warrant further theoretical and
experimentals investigations. We also propose alloys
of these candidate materials with other “sister” struc-
tures to achieve the desired band alignment and lat-
tice matching. We hope these material recommenda-
tions will be attractive alternatives to the currently
used back contact, ZnTe. We find that there is no
silver bullet that simultaneously fulfills all the mate-
rials design criteria but AgAlTe,; comes close to being
one.
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6. Experimental Procedures

The computational workflow employed to downs-
elect the candidate materials is schematically pre-
sented in Figure 3. We performed the search among
materials documented in the Inorganic Crystal Struc-
ture Database (ICSD). We started by first identifying
ordered and stoichiometric binary and ternary com-
pounds that have tetrahedrally-bonded structures.
Next, we used the convex hull analysis to determine
the bulk thermodynamic phase stability as well as
the interfacial chemical stability with CdTe. We cal-
culated the electronic structure and hole mobility for
those structures that satisfy the thermodynamic sta-
bility criteria. Materials that were predicted to have
a desired band gap and relatively high hole mobility
were then asssessed for their band alignment relative
to CdTe. Finally, we used first-principles calculations
to evaluate the p-type dopability of the candidate
structures with the desired band alignments.

6.1. Tetrahedrally-bonded Structures

We developed an automated procedure to iden-
tify tetrahedrally-bonded structures (TBSs). For a
structure to qualify as a TBS, we used the follow-
ing two criteria: (1) each atom in the structure



should have four nearest neighbors, and (2) the an-
gle formed by the three atoms - the central atom
and two atoms at adjacent vertices of the tetrahe-
dron, is 109.54+10°. We allowed a tolerance of £10°
from the ideal tetrahedral angle (109.5°) to accom-
modate otherwise TBSs with small distortions. The
nearest neighbor search and calculation of the angles
was performed with the Pylada framework, which
is a Python-based software package for automation
of high-throughput density functional theory (DFT)
calculations and contains modules for crystal struc-
ture analysis and manipulation.[68]

6.2. Thermodynamic Bulk and Interface Stability

We assessed the thermodynamic bulk and inter-
face stability of TBSs from grand potential phase di-
agrams obtained through convex hull construction.
Bulk stability implies that the TBS is thermodynam-
ically stable against decomposition into competing
phases. Similarly, interfacial stability implies that
the TBS is chemically stable in contact with CdTe
under some chemical potential conditions. See Sec-
tion 3.2 for a more detailed discussion of bulk and
interfacial stability.

We considered all competing phases that are doc-
umented in the ICSD in constructing the convex
hull (in the chemical potential space). In most
cases, the DFT total energies needed for the convex
hull construction were taken from the NREL Ma-
terials Database.[69] For the remaining structures,
we relaxed the ICSD structures with DFT using
the plane-wave VASP code.[70] The Perdew-Burke-
Ernzerhof (PBE) exchange correlation functional was
used within the generalized gradient approximation
(GGA).[71] The valence electrons were treated with
the projector-augmented wave (PAW) method. The
structures are relaxed with a plane-wave energy cutoff
of 340 eV and a Monkhorst-Pack k-point sampling.
The formation enthalpy of each TBS and competing
phase was calculated from their DFT total energy
and reference chemical potentials of the elemental
phases. We used the fitted elemental-phase reference
energies (FERE) as the reference chemical potentials,
which has been shown to provide accurate predictions
of formation enthalpy.[72]
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6.3. Electronic Structure and Carrier Mobility

The DFT electronic structures were calculated on
the relaxed structures using the GGA-PBE func-
tional. Electronic structures were calculated on a
dense k-mesh with a fixed number of k-points. The k-
point grid was determined according to the equation:
Natoms X Nipts = 8000, where Nytoms is the number
of atoms in the primitive cell and Nyps is the num-
ber of k points. The room-temperature, intrinsic car-
rier mobility (1) was estimated with a semi-empirical
model[25] given by,

o= AB* (mj) ™" (1)

where B is the bulk modulus, m; the band effective
mass, and A, s, and t are fitted constants. Bulk mod-
ulus B is obtained by fitting the Birch-Murnaghan
equation of state to a set of DFT total energies com-
puted at different fixed volumes around the equilib-
rium structure. The density-of-steates (DOS) effec-
tive mass (mjog) is determined from the DOS within
the single parabolic band approximation, such that
the parabolic band reproduces the same number of
states as the DOS within a 100 meV energy win-
dow from the relevant band edges e.g., states be-
tween VBM and VBM - 0.1 eV. With m{)oq and
band degeneracy (Ny,), the band effective mass (my;)
can be determined within the parabolic and isotropic
band approximation as m; = mpog N;Z/g. We
have demonstrated that the semi-empirical model
predicts the room-temperature p within half an or-
der of magnitude of the measured values,[25] which
itself exhibits orders of magnitude variations depend-
ing on the synthesis procedure and sample prepara-
tion. Therefore, the prediction accuracy of the model
is acceptable for rapid screening of a large number of
materials.[73, 74]

The underestimation of the band gap in DFT was
corrected by applying individual valence and conduc-
tion band edge shifts (relative to the DFT-computed
band edges) as determined from GW quasi-particle
energies.[75] We used DFT-PBE wave functions as
input to the GW calculations. The GW eigenval-
ues were then iterated to self-consistency removing
the dependence of the single-particle energies on the
initial DFT calculation. The input DFT wave func-
tions were kept constant during the GW calculations,



which allows the interpretation of the GW quasi-
particle energies in terms of energy shifts relative to
the Kohn-Sham energies. The GW band edge shifts
were utilized to correct the band alignment and band
gap in the defect calculations.

6.4. Band Alignment

The band alignments were computed using the
standard slab supercell approach, wherein the energy
is referenced to the vacuum energy.[31, 76, 77, 78]
Slab supercells with (110) non-polar surface termina-
tions were constructed from the bulk crystal struc-
tures that were previously relaxed with DFT-PBE
functional (Section 6.2). The slabs containing 8-12
“layers” of atoms were separted by 10 A of vacuum
to prevent spurious interaction between the periodic
images of the slabs. The atomic positions in the slab
supercells were relaxed with DFT-PBE functional un-
til the residual forces on the atoms were below 0.01
eV/A. The thickness of the slabs was tested for con-
vergence of the band alignment; with the chosen slab
thickness, the spatially-averaged (in the direction of
the vacuum) electrostatic potential in the center of
the slab was flat and did not exhibit perturbations
due to the surface effects. In other words, the cen-
ters of the slabs reproduced the bulk behavior. Fi-
nally, the VBM and CBM positions were corrected
using the band edge shifts calculated from GW quasi-
particle energy calculations (Section 6.3).

For AgAlTe,, we calculated the band alignment of
the strained structure. The lattice constants a and b
were stretched to match the lattice constant of CdTe.
To find the pseudo ground-state of the strained struc-
tures, we sketched the equation of state by calcu-
lating the total energy at different scaling of the ¢
axis. We identified the ¢ axis scaling that minimizes
the energy and created slab supercells of the strained
structure with elongated a and b and scaled c¢. The
VBM and CBM positions were corrected with band
edge shifts calculated from GW quasi-particle energy
calculations on the scaled unit cell.

6.5. Defect Energetics

The defect energetics were calculated using the
standard supercell approach,[79, 80] in which the de-
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fect formation energy is given by,
AED,Q = ED:q — Ehost + Z U qEF + Ecorr
i

(2)

where AEp , is the formation energy of defect D in
charge state q, Fps and Ey.s are the total energies
of the supercell with and without the defect respec-
tively, and EF is the Fermi energy. The total energies
were obtained with DFT-PBE functional by relaxing
the atomic positions in the supercells. Supercells con-
taining 216 atoms atoms were used to compute the
defect energetics in AlAs, AgAlTes, and CuAlTe,.
The chemical potential p; of element 7 is expressed
relative to a reference state (u?) such that p; =
ud + Ap;. A certain number of atoms (n;) of el-
ement ¢ are added (n; < 0) or removed (n; > 0)
from the host supercell to form the defect D. The
FERE chemical potentials (Section 6.2) were used
as the reference chemical potentials of the elemental
phases.[72] The bounds on Ay, are set by thermody-
namic phase stability conditions, which are obtained
through a convex hull analysis, as described in Sec-
tion 6.2. In experiments, Ap; = 0 corresponds to
i-rich growth conditions and a large negative value of
Ap; represents i-poor growth conditions.
Corrections to the defect formation energy arising
from finite-size effects were included in E..,;, follow-
ing the methodology of Lany and Zunger.[79, 81] The
finite-size corrections include: (i) alignment of the
average electrostatic potential between the neutral,
defect-free host supercell and the charged, defected
supercells, (ii) removal of artificial, long-range inter-
actions between the image charges in periodic super-
cells that are charged, and (iii) correction for Moss-
Burnstein-type band filling due to shallow defects. It
is well-known that DFT underestimates the band gap
of semiconductors, which can affect the calculated
defect formation energies and charge carrier concen-
trations. We address the band gap issue by applying
shifts to the band edge positions based on GW quasi-
particle energy calculations,[75] described in Section
6.3. Formation energies of all point defects that con-
tribute electrons to the conduction band or holes to
the valence band are corrected by adding gAFEcpm



for electrons or subtracting gAFEvy gy for holes, re-
spectively. Here, ¢ denotes the number of electrons
or holes and AEcpy and AEy gy are the individ-
ual band-edge shifts (relative to DFT) obtained from
GW calculations.

The pylada-defects software package was used in
this work for automating the point defect calcula-
tions, including the creation of defect supercells and
calculation of finite-size corrections.[82] The forma-
tion energies of native point defects (vacancy, anti-
site, interstitial) were calculated in charge states ¢ =
-3, -2, -1, 0, +1, +2, and +3. Additional charge
states were considered where necessary. The plau-
sible sites that can accommodate interstitial defects
were determined by a Voronoi tessellation scheme im-
plemented in pylada-defects.[82] The lowest-energy
interstitial site was determined from the total energy
of the interstitial configurations in the neutral charge
state.

6.6. Band Bending and Device Efficiency

Equilibrium band structures i.e., band bending,
was calculated using the SCAPS solver at 300K.[22]
The model consists of 3 layers: CdTe absorber with
p-doping of 1015 cm™3 (unless stated otherwise) and
thickness of 3 um, back contact layer with p-doping
of 10'® ecm™3 (unless stated otherwise) and thickness
of 0.5 um, and front SnOq layer with n-doping of
10%° cm~3 and thickness of 0.5 um. The dielectric
permittivity is set to 10, and the conduction and va-
lence band density of states are set to 10'? cm™3 for
both layers for simplicity. Boundary conditions for
potential are set to “flat bands”.
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