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Copper-chalcogenides are promising candidates for thin film photovoltaics due to their ideal electronic
structure and potential for defect tolerance. To this end, we have theoretically investigated the
optoelectronic properties of Cu,SiSes, due to its simple ternary composition, and the favourable
difference in charge and size between the cation species, limiting antisite defects and cation disorder.
We find it to have an ideal, direct bandgap of 1.52 eV and a maximum efficiency of 30% for a 1.5 pm-
thick film at the radiative limit. Using hybrid density functional theory, the formation energies of all
intrinsic defects are calculated, revealing the p-type copper vacancy as the dominant defect species,
which forms a perturbed host state. Overall, defect concentrations are predicted to be low and have
limited impact on non-radiative recombination, as a consequence of the p—d coupling and antibonding
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1 Introduction

Net greenhouse gas emissions have continued to rise in the last
decade, with the largest growth coming from increased CO,
emissions from the burning of fossil fuels for energy.® Solar
photovoltaic absorbers are one of the most promising renew-
able energy technologies for combatting this crisis. In partic-
ular, thin-film chalcogenide absorbers have been fervently
investigated, offering the possibility of reduced material and
processing costs, improved low-light performance and greater
manufacturing flexibility as compared to conventional silicon
solar cells.*® CdTe and Cu(In,Ga)Se, are the current market-
leaders in this area; however, these materials suffer from the
use of rare/toxic elements. Lead-halide perovskites, which have
been at the forefront of photovoltaic research for the last
decade, show remarkable defect tolerance, but also have
stability and toxicity concerns.*”®* Emerging chalcogenide
absorbers, such as Cu,ZnSnS, (CZTS), have shown reduced
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further as a potential defect-tolerant photovoltaic absorber.

efficiencies due to killer defects and performance-limiting
disorder.>'* The complex quaternary structure containing
similarly-sized cations increases the number of possible
defects, with the dominant killer defect Sny, stabilized by
widespread Cu-Zn disorder.’*™ As a result, CZTS solar cells
may already be reaching the limit of their performance, moti-
vating the search for alternative candidate absorbers through
high-throughput screening studies.'>** These studies search for
materials that are earth-abundant, with favorable optoelec-
tronic properties, but ignore the role of defects and disorder.

A variety of copper chalcogenides with suitable bandgaps for
visible light absorption have emerged from these coarse
screening studies, including CuSb(S,Se),, Cu,(Si,Sn)Se; and
LiCuS.**** To further reduce the number of candidate materials,
we can learn from the failures of CZTS to employ several design
principles to guide the search for a defect tolerant, diamond-
like photovoltaic absorber, which could be integrated into
current device architectures. By selecting cations with larger
differences in charge and ionic radii, the prevalence of cation
disorder and detrimental antisite defects could be reduced. To
this end, we computationally investigated Cu,SiSe; (Si'V (r =
0.26 A) and Cu’ (r = 0.6 A)), which had also been identified to
have an ideal bandgap from screening studies using the semi-
local mBJ + U DFT functional.*

We calculated the electronic and optical properties of Cu,-
SiSe; using both hybrid DFT and Green's function (GW)
methods, including the radiative efficiency limits and electronic
band alignment. Given that defect-induced carrier recombina-
tion is the dominant limiting factor for power-conversion effi-
ciencies in emerging PV absorbers,* an understanding of the
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intrinsic defect thermodynamics is crucial for establishing an
accurate outlook on the potential PV performance. Defect
calculations were therefore performed using hybrid DFT to gain
a complete picture of the intrinsic defect chemistry. In doing so,
we predict Cu,SiSe; to contain low concentrations of deleterious
defects. We expect our results will inspire further investigations
into Cu,SiSe; for photovoltaic applications.

2 Results

Cu,SiSe; belongs to the adamantine family of materials,*
crystallizing into the monoclinic Cc space group. There are two
inequivalent Cu' sites and one Si" site, each connected to four
Se"' anions to form corner-sharing tetrahedra, Fig. 1a. The
lattice parameters of the conventional unit cell, determined
using the HSE06 functional,"”*® are a = 6.70 A (0.4%), b = 11.84
A (0.3%), ¢ = 6.67 A (0.6%), with percentage errors given with
respect to experimental values.' Lattice parameters calculated
using other DFT functionals are provided in the ESI Section 1.}

Due to the presence of Cu(d) states in this system, which are
poorly modelled by semi-local DFT,* hybrid DFT or the GW
approximation must be used to accurately calculate the opto-
electronic properties. Moreover, the mBJ + U functional has
been shown to underestimate the bandgap of Cu-multinary
chalcogenides, with a root-mean-square error of 0.24 eV.*
Using hybrid DFT (HSE06), Cu,SiSe; is calculated to have
a direct bandgap of 1.52 eV at the I' point, with spin orbit
coupling reducing the bandgap to 1.49 eV (AE, = 0.03 eV). The
HSEO06 band gap is validated by calculation of the electronic
structure using the QSGW method, which includes additional
screening effects from electron-hole interactions. The QSGW
band gap is 1.580 eV, in excellent agreement with HSEO06.
Solving the dielectric spectrum of Cu,SiSe; within the Random
Phase approximation (RPA) and Bethe-Salpeter equation (BSE)
using the QSGW self-energy directly separates the renormali-
zation of the band structure due to electron-hole screening
from direct excitonic effects, Fig. S2.1 Only one sub-gap exciton
is found, at 1.42 eV, giving an exciton binding energy of 0.16 eV.
Plotting the contributions of individual bands to the 1.42 eV
exciton onto the band structure of Cu,SiSe;, Fig. S3,t it is
evident that the exciton has predominantly Wannier-Mott
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character,” with dominant contributions arising from the
valence and conduction bands around I.

As part of the process in manufacturing Cu,ZnSiSe,, films of
Cu,SiSe; were synthesized and a bandgap of 1.4 eV determined
using transmission measurements in 2015.>* These measure-
ments give an indication of the Cu,SiSe; bandgap, however the
sample contained significant amounts of secondary phases and
the synthesis process was not refined for high-quality films.

The orbital-decomposed electronic density of states in
Fig. 1b shows that the valence band is made up of Cu d and Se p
states, with the conduction band predominantly Se p and Si s.
Cu,SiSe; has an antibonding valence band maximum (VBM),
illustrated by the Crystal Orbital Hamiltonian Population
analysis shown in Fig. S4.7 This is typical of materials with
occupied (semi-)valence cation orbitals (e.g. d'® Cu'"), and is
associated with the formation of shallow acceptor defects.>*>”

The highly dispersive conduction band results in low elec-
tron effective masses (<0.20 m,) indicating highly mobile
carriers, beneficial for the extraction of minority charge carriers
in a p-type absorber. The hole masses have much greater
anisotropy, with an effective mass of 1.87 m, from I to V, but
0.18 m, I' to A - revealing fast transport for both carriers in
Cu,SiSe;. A full breakdown of the calculated effective masses is
given in Table 1.

Two metrics for predicting the maximum photovoltaic effi-
ciency were calculated; the spectroscopic limited maximum
efficiency and the method of Blank et al, which take into
account the bandgap and the absorption coefficient of a mate-
rial.***® Using these metrics, Cu,SiSe; reaches a maximum
efficiency of 30% at a thickness of 1.5 pm, with a Lambertian
structured surface (to reduce scattering) increasing efficiency at
thinner film thicknesses (Fig. 2a).

Table 1 Calculated carrier effective masses for Cu,SiSes using HSEO6
hybrid DFT

Hole (my) Electron (my)
I —->Y Ir—-vVv I — A I —->Y I -V I — A
0.92 1.87 0.18 0.20 0.19 0.14
— Total DOS
3.0~ s — Cu(d)
— Se(p)
15 1 — Si(s)
RS
NZS
= | —o]
1.5 J%~<§’
_3.0 B 7 L 1 L |
1.5 2.0 25 3.0

Energy (eV)

(a) Crystal structure of Cu,SiSes, with a single conventional unit cell marked by the dashed line; the atoms are colored as follows: Cu =

blue, Si = gray, Se = green. Structure visualized in VESTA.* (b) Electronic band structure alongside the total and orbital-decomposed density of
states calculated using HSEQ6 (E5 = 1.52 eV). Valence band marked in blue, conduction band in orange, valence band maximum (VBM) set to
0 eV. The total density of states is not shown in the inset, to aid distinguishing between orbital contributions. Plots generated using SUMO.2
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Fig. 2 (a) Maximum PV efficiency (nmax) at the radiative limit as
a function of film thickness, calculated using the SLME and Blank et al.
metrics.?82° (b) Electronic band alignment of Cu,SiSes with various Cu-
based photovoltaic absorbers and CdS, a commonly used buffer layer.
Values (excluding Cu,SiSes) taken from various experimental and
computational ref. 30 and 31.

The calculated band alignment for Cu,SiSe; is shown in
Fig. 2b. The ionization potential is calculated to be 5.9 eV,
similar to other Cu-based absorbers. Thus we can expect Cu,-
SiSe; to be a p-type material and that initial devices could
leverage previously-developed device architectures (e.g. for
CZTSe and CIGSe) for easy fabrication. Due to the high pre-
dicted efficiency and composition of non-toxic/earth-abundant
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elements, Cu,SiSe; is a promising candidate as a photovoltaic
absorber, warranting further investigation.

2.1 Defect chemistry

To further assess the potential of Cu,SiSe; for solar cell opera-
tion, an understanding of its defect chemistry is required. High
concentrations of deep defects limit the performance of most
emerging photovoltaic absorbers. These deep states enable the
non-radiative recombination of charge carriers, reducing device
efficiencies.'™**** Formation energies for all intrinsic defects of
Cu,SiSe; were calculated and the transition level diagrams
under the most Cu-poor and Cu-rich conditions are shown in
Fig. 3. The chemical potential space for Cu,SiSe; is bound by
seven intersections, with the most Cu-poor regions also being
Si-poor, and the most Cu-rich being relatively Si-rich. Formation
energy diagrams for the remaining chemical potential limits
and a plot of the chemical potential space are provided in the
ESI Section 3 and 4.}

Most Cu-based absorbers are synthesized under Cu-poor
conditions, with Vg, being the dominant defect species -
although in the case of kesterites (e.g. CZTS), Cug, antisite
defects dominate.®?%**” Indeed for Cu,SiSe;, we find V¢, to have
the lowest formation energy and find it to be a shallow acceptor
state resulting in Cu,SiSe; being intrinsically p-type, with the
hole carrier concentrations being of the same order of magni-
tude as the Vg, concentration (Table 2). Annealing to the
experimental temperature of 775 K and then quenching to 300
K, the high concentration of V., places the Fermi level at
—0.03 eV (Cu-poor) and 0.07 eV (Cu-rich) relative to the VBM
(Fig. 4). Through careful control of the annealing temperature
and cooling rate the position of the Fermi level and hence the
carrier concentrations could be tuned.

The DFT supercell approach for calculating defects fails to
properly model the bound states of resonant/shallow defects, as
their large, delocalized wave functions extend far beyond the

4.5 —

0.0 T T T T T T T

0.0 0.4 0.8 1.2

Fermi Level (eV)

Fig. 3 Formation energies as a function of Fermi level for the intrinsic defects in Cu,SiSes under the most (a) Cu-poor (G) and (b) Cu-rich (D)
conditions. G and D correspond to the position on the chemical phase diagram, see ESI Section 3.1 For each defect species, only the lowest
energy defect site has been plotted. Charge state labels only included for defects with low formation energies for clarity. The self-consistent

Fermi level is plotted by the dashed black line.
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Table 2 Defect and hole concentrations under Cu-poor and Cu-rich
conditions with an annealing temperature of 775 K

Concentration (cm )

Defect species Cu-poor Cu-rich
Do 3 x 10" 8 x 10"
Veu 3 x 10*° 1 x 10'®
Vsi 7 x 10" 3 x 10°
Vse 5 x 10° 2 x 10"
Cu; 9 x 10" 3 x 10
Si; 9x 1074 3 x 10"
Se; 3 x 10" 3 x 10°
Cug; 4 x 10 2 x 102
Secu 4 x 10" 2 x 10%
Seg; 9 x 10™ 3 x 10%
Sige 7x107* 2 x 10°
Sicu 5 x 10" 8 x 10*

supercell length.***" Thus constraining these states to the
supercell results in strong finite-size effects and spurious
exciton-like interactions. However, several indicators can be
used to determine that the defect is a true shallow state. For
instance, we find the charge density of the V2, hole state to be
delocalized across the supercell (ESI Section 57), that the
calculated (0/—1) transition level shifts toward the VBM with
increasing supercell size, and lastly, that the atomic sites
surrounding the vacancy differ in position by less than 0.01 A
between Vgi and VQ,. Indeed, using the screening methods
developed by Kumagai et al.,** we find the V¢, hole state to have
similar orbital character to the bulk VBM, demonstrating its
hydrogenic perturbed host state (PHS) nature. Therefore,
despite the large predicted concentrations for copper vacancies
(Table 2), their shallow nature means they will not play a role in
non-radiative capture processes.**

The lowest formation energy n-type defect is Cu,. There are
four distinct interstitial sites, with the lowest energy site having
the deepest (+/0) donor level, 0.17 eV below the CBM. As a result,
Cu; may trap charge carriers, however the impact on device
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Fermi Level wrt VBM (eV)

02 03 04 05

Fig. 4 Position of the Fermi level during annealing (red) and
quenching (blue) under Cu-poor (solid line) and Cu-rich (dashed line)
synthesis conditions.
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performance is expected to be limited due to slow hole
capture.*>**

Vse is an ultra-deep donor, with transitions levels lying below
the VBM - aided by the high energy of the VBM due to Cu d-Se p
repulsion, as observed in Cu,ZnSnSe; (CZTSe).** While this
defect forms in relatively high concentrations under Cu-rich
conditions, due to being electronically inactive it should not
contribute to non-radiative recombination. The Seg; antisite
defect also has ultra-deep donor states in the valence band,
however the defect is additionally found to be stable in the —1
and —2 charge states deep in the band gap. Notably, symmetry-
breaking was required to identify the ground-state structures of
both Vg and Seg; (Fig. S11 and S13%). To stabilize the negative
charge states of Seg; the defect undergoes a significant struc-
tural relaxation. The Seg; defect moves away from the tetrahe-
drally bonded cation site and forms a trimer with two of the
neighboring Se, similar to the reconstructions observed in
Sb,Se;.*® As a result, this defect site could act as a non-radiative
recombination center, however to quantitatively determine its
impact, this would require the calculation of its carrier capture
cross-section.*

The remaining defect states with a formation energy below
1.5 eV, which will form in significant concentrations depending
on the growth conditions, are the Cug; antisite and Vg;. These
defects behave similarly due to the ShakeNBreak***® method
finding that the lowest energy configuration of a Vg; defect is
actually a Cusg; + Vg, complex. This rearrangement occurs due to
the high Si"V oxidation state, resulting in it being unfavorable to
leave the site unoccupied and the low energy of formation of
a Vg, leading to a mobile cation. Thus, both Cus; and Vg; defects
have similar deep-lying levels. However, the carrier capture
cross-sections are expected to be very small due to weak struc-
tural relaxation between defect charge states, with the bonds
surrounding the defect site distorting by less than 0.02 A upon
charge capture/emission. The lack of distortion between charge
states can be explained by considering the orbital make-up of
the valence band and Cus;. As Cu and Si are tetrahedrally-
coordinated by Se, this gives rise to the same Cu d-Se p anti-
bonding interaction as found at the VBM. Thus in the fully-
ionised charge state (Cug;’), the occupied anti-bonding defect
levels lie above the VBM due to Coulomb repulsion, resulting in
deep transition levels. Consequently, it is favorable to remove
electrons and depopulate the anti-bonding levels, placing holes
in the Cu d-Se p states (ESI Fig. S10t). The reduction in charge
lowers the energy of the defect states, resulting in them being
more VBM-like and making g = 0, —1 and —2 the stable charge
states for Cug;.

Overall, our results find the formation energy of antisite
defects to be significantly larger than in CIGS and kesterite
materials (e.g. Cug, defects has a formation energy of 0.4 eV in
CZTS), due to larger valence and size differences between the
cation species (i.e. Si (r = 0.26 A) and Cu' (r = 0.6 A) vs. Sn" (r
=0.55 A) and Zn" (r = 0.6 A) in CZTS, where Sn,, are the killer
defects).>****° This would have the added benefit of reducing
cation disorder in Cu,SiSe; which has been shown to lower the
formation energy of defects in CZTS."™ All remaining defect
species not discussed in detail have too high formation energies

This journal is © The Royal Society of Chemistry 2023
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to form in sufficient concentrations to significantly affect device
performance. Our study of the intrinsic defect in Cu,SiSe;
shows that the antibonding VBM, often associated with defect-
tolerance, indeed contributes to the formation of electrically
benign defects,* borne out by the V¢, and Vs, discussed earlier.
This paints a promising picture for potential defect tolerance in
this compound.

3 Conclusion

In this work, we have investigated Cu,SiSe; as a candidate
photovoltaic absorber, determining its bandgap to be 1.52 eV
using HSE06. A maximum efficiency of 30% at the radiative
limit is predicted for thin film devices, and we expect current
copper-chalcogenide device architectures to be readily trans-
ferable. Using hybrid density functional theory, all intrinsic
defect sites were investigated, with the lowest energy defects
(Vcu and Cu,) expected to be benign with respect to carrier
recombination. As a result, Cu,SiSe; shows great promise as
a potential defect-tolerant photovoltaic absorber, however
further calculations of capture cross-sections are required. We
believe this work serves as a promising outlook on the potential
solar cell application of this material, and hope that it encour-
ages experimentalists working in the field of emerging photo-
voltaics to synthesize and investigate Cu,SiSe; devices.

4 Methods

All calculations were performed using periodic DFT within the
Vienna Ab Initio Simulation Package (VASP).>>~** This work uses
the HSE06 hybrid DFT functional which combines 75%
exchange and 100% of the correlation energy from the Perdew,
Burke, and Ernzerhof (PBE) semi-local functional with 25%
exact Hartree-Fock (HF) exchange at short ranges.'”'** HSE06
has been shown to accurately reproduce the electronic structure
and properties of many small bandgap semiconductors,
including Cu-multinary chalcogenide semiconductors.”® A
plane wave energy cutoff of 350 eV was used and k-points were
sampled with a I' centered 4 x 4 x 4 mesh for the 12-atom
primitive cell. The total energy was converged to less than 1 meV
per atom with these parameters, and a force tolerance of 0.01 eV
A" was used during geometry relaxation. The plane wave cutoff
was increased to 500 eV during structural relaxation to avoid
errors arising from Pulay stress. A denser 6 X 6 x 6 k-point
mesh was used for the calculation of the optical properties, and
a larger number of unoccupied bands were included in the
calculation (NBANDS increased to 100). Upper limits to the
photovoltaic efficiency were determined from the HSE06 elec-
tronic and optical calculations, using both the ‘Spectroscopic
Limited Maximum Efficiency’ (SLME) metric and the method of
Blank et al.>®* To calculate the electronic band alignment, the
core level alignment method was used with surfaces generated
by surface.>**”

Defect calculations were performed in a 96-atom supercell
created by the expansion of the primitive unit cell with the
matrix:

This journal is © The Royal Society of Chemistry 2023
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1 1 0
1 -1 2

and was sampled with a I'-centered 2 x 2 x 2 k-point mesh. The
lattice parameters of this supercell were a = 13.41 A, b = 11.84
A, ¢ =12.97 A and angles a = 90.0°, § = 78.4°, v = 90.0°. All
inequivalent vacancy and antisite defect sites were considered,
and Voronoi tessellation was used to determine potential
interstitial sites.*® Overall, this came to six vacancies, nine
antisites and 51 interstitials (Table S3t). To aid the search for
the ground state structures, the ShakeNBreak package was used
to implement the bond distortion methodology to find any
energy-lowering reconstructions at defect sites.*”** This
structure-searching method uses nearest-neighbour bond
distortions, along with random atomic perturbations, in order
to find the lowest energy structure. Each defect was distorted up
to a bond distortion factor of + 0.4, in increments of 0.1. In
order to account for spurious interactions between charged
defects and their periodic image in the DFT supercell approach,
the eFNV charge correction scheme was employed.*>* Forma-
tion energies are then calculated for each defect X in charge
state g using,*

Ef(Xq) = Elot(Xq) - Elot(hOSt) - Zni,u'i + qEF = Ecorr- (1)

where E,(X?) and E,,(host) are the total energies of the defect
supercell and pristine supercell. u; is the chemical potential of
species i and 7 is the number of atoms of species i removed or
added to form the defect. Er is the Fermi level and finally E.,, is
the charge correction term.

Defect concentrations were determined through the calcu-
lation of the self-consistent Fermi level as implemented in py-
sc-fermi.®*® Typically materials are grown/annealed at elevated
temperatures (as is the case for Cu,SiSe; (ref. 19, 23 and 64)),
where defects form, before cooling to room temperature. Thus,
to simulate. Thus, to simulate annealing and quenching, the
equilibrium defect concentrations are calculated self-
consistently at various annealing temperatures. Next, to simu-
late quenching the sample to room temperature, the calculated
defect concentrations are held constant, while the charge states
and Fermi level are allowed to re-equilibrate at 300 K. A sche-
matic outlining the workflow is included in the ESI (Fig. S77).

Many-body perturbation theory calculations were performed
within the Questaal package,* using the QSGW method of
Kotani et al.* together with the modification to include ladder
diagrams within the screened Coulomb interaction W, herein
referred to as QSGW.*”*® The HSE06 ground state structure was
used throughout. Muffin tin radii of 2.37 a.u., 2.07 a.u., and 2.17
a.u. were used for Cu, Si and Se respectively, with an /-cutoff of 4
used for all atoms. A k-mesh of 4 x 4 x 4 and a G-cutoff for the
interstitial plane waves of 8.0 Ry% was used for the convergence
of the QSGW and QSGW self-energies, with a finer 8 x 8 x 7
mesh used for intermediate DFT calculations. The QSGW band
gap was found to converge to within 0.01 eV using 12 occupied
and 12 empty bands, while a finer 6 x 6 x 6 was used for the
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solution of the Bethe-Salpeter Equation and the resultant
dielectric spectrum.
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