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ABSTRACT: Cu,ZnSngbased solar cells, which constitute an inex- Q O QA 9O
pensive, beyond-Si photovoltaic technology, oftenfsam low open- xnx @

circuit voltage and €iency. This drawback is often attributed to diso@ ............... d:ixf ofib

in the Cu Zn sublattice of the kesterite structure. While previous x n x

experiments have reported improved performances with isovalent o™ w'ip @

substitution of Cd and Ag for Cu and Zn, respectively, the fundamental ! :x x

driving force for such improvements remains unclear. Here, we use density N Y o

functional theory to study bulk stability, defect, and surface energetics, as Q ot W @

well as the electronic structure of these dopants,im&hiz We nd n X bﬁ

that Cd and Ag can increaseciencies, depending on the dop e R/ AP

concentration and Cu content used during synthesis. Most importa e x “““ n x S
nd that a low level of Cd doping can suppress disorder in the kesterite &) 2 O O

phase across all Cu concentrations, while a low level of Ag doping can do
so only when Zn- and Sn-rich conditions are employed. A higher Ag
content is beneial as it stabilizes the kesterite structure, whereas a higher Cd content is detrimental as it stabilizes the lower-
gap stannite structure. Cd does not gigntly inuence the surface energetics of kesterim&ua Ag, on the other hand,

decreases the surface energiescsigtiy, which would favor smaller particle sizes. We thus attribute the coarsening of particle
size and changes in morphology observed dur#g3D$ synthesis to annealing conditions during sulfurization and
selenization, instead of angat of Cd or Ag. Finally, we suggest the exploration of abundant, nontoxic, isovalent dopants, i.e.,
di erent from the attributes of Cd and Ag, to improve the performancZnsiCai

INTRODUCTION cheap to process, and has an ideal single-junction band gap

011 : . . . )
Photovoltaic (PV) technology, which converts solar irradiatiog"4 1.6 eV).* ! Typically, CZnSnis selenized, i.e., Se is

directly into usable electricity, is an important source of cle tr%dusced Imt()) the Sazsub!attme, allr?wmg the band 9ap of
and sustainable electricity. Commercially, multicrystallifgeZNSng to be tuned” to improve the power conversion

silicon (Si) PVs, with eiencies of 20%- constitute the € ciency.** Despite its |dea|. band gapAnbng su ers
state of the art, because of the abundance of Si and higfig™m Poor € ciencies (a maximum ofl2.6% in Se-doped
optimized fabrication methods. However, Si P\és fom  © IS that are signcantly lower than the20% observed in
poor light absorption arising from the indirect band gap ofU(IN.Ga)(S,Se), CdTe-, and Si-based ceftmor e ciency
crystalline Si and consequently require thick Si layers that the@Sed by band-gap narrowing has been attributed to the near-
increase the cost, amount of material used, and energy 39eneracy of the kesterite and stannite polymorphs, which
productior? Thin- Im, beyond-Si technologfeshich rely on leads to disorder |n.the Cu and Zn sublattlces2 (i.e., _formatlon
direct band gap semiconductors such as ‘GEAZE’ of Cw,, and Zn,, antisite defects, r_especnvbﬁyﬁ. Previous
Cu(In,Ga)(S,Se)’ and organicinorganic hybrid perov- vyork has shown that Cu vapanmesc()/,gwhlch are more
skite$ have been developed to overcome the limitatiodikely to fgg[;” under Zn-rich conditions, can improve
imposed by the intrinsic properties of Si. However, thes® ciencie$*** Thus, CyZnSng is ideally synthesized
compound semiconductor materials are made of rare (suchUler bog12402%-poor and Zn-rich conditions to achieve high
Ga) or toxic elements (such as Cd, Pb, or As), which inhibi@ Cl€ncy. _ _ .
their potential as commercial PV technold@eselopers of One strategy for reducing disorder on theZbusublattice
beyond-Si solar cells therefore are still searching for mater(@8d thereby improving eiency) is to use isovalent dopants
that have high eiency and are cheap, abundant, andthat destabilize Guand Zr, antisite defect$?® In general,
nontoxic.
Among various beyond-Si candidatesZnSmgbased Received: February 13, 2018
cells display promise because the light-absorbing componeatised: June 16, 2018
is comprised of abundant, environmentally friendly elementspPisblished: June 18, 2018
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antisite defect formation is facilitated if the cations forming th&gni cant particle coarsening observed durin@nSn$g
antisites have similar ionic ratiiuch as 0.6 A for both Cu synthesis experimentally is not caused by either Cd or Ag
and ZR* in tetrahedral coordinatiohThus, ions that are  doping but rather may be attributed to selenization conditions.
isovalent with Cuor Zr?* with ionic radii signcantly Our results indicate that a careful tuning of both the chemical
di erent compared to those of *Cor Zr** are doping  conditions during synthesis and the extent of doping are
candidates that can potentially inhibit the formation ofequired to maximize performance. Previous theoretical
antisites. For example,?C@vith an ionic radius of 0.78 A  studie§®*"?%3” 39 have calculated the antisite formation
vs an ionic radius of 0.6 A forgrand Ag (1 Avs 0.6 Afor  energies, but they have done so only at dilute Cd and Ag
Cu") are promising candidatésndeed, experiments have doping levels, signifying the depth and importance of our
demonstrated a sigoant improvement in eiencies of  current study.
CwZnSn$ cells that are doped with eithe?Gat Ag.>° **

Interestingly, both Gtland Ag exhibit a peak in the open- METHODS
circuit vggl,tlage\(og and e ciency as a function of doping
content. . For example, étidopedo cells achlt_ave a p\i!@zl; in this work using spin-polarized DFT, as implemented in the Vienna
and.an eciency .Of 0.438 V and 8{?' respectively, at 5% Cdab initio simulation package (VASHY, and employing the
doping in selenized ¢nSng cellsg._ Analogously, a peak projector-augmented-wave (PAWtheory. We use a kinetic energy
e ciency of 11% at 40% Cd doping has been reported ircuto of 520 eV for the plane wave basis. The orbitals are sampled on
Cw,ZnCd; ,SnS cells’* Similarly, Agdoped cells exhibit a a well-convergéepoint mesh (energy converged within <0.05 meV/
maximumV,. of 0.422 V and a peak eiency of 9.8% at atom) with a density of at least 1k28oints per reciprocal atom
3 5% Ag dopin@l. Note that 5% Ag doping refers to a (wherek; is the number dé-points in theth direction)_‘.‘3We began
substitution of 5% for all Cu sites with Ag, which correspondy using the strongly consted and appropriately normed
to a Ag concentrationx) of 0.025 per S. Similarly, 5% Cd (SCAN) functional for describing the electronic exchange-
doping reects a Cd concentratioref) of 0.0125 per S. correlation (XC) for all bulk and defect calculations, because SCAN

Al both C& dopi d Aodopi . . satises all 17 known constraints for the behavior of an XC functional,
SO, bo oping and Agdoping cause an INCréase IN e the generalized gradient approximation (GGAR also

the particle size of the synthesized €8ngduring the high-  penchmarked the SCAN-predicted formation enthalpies of binary Cu,
temperature selenization prot&ssit therefore is unclear Zn, Sn, Cd, and Ag sdés Figure Sjland the lattice parameters of
whether Cd and Ag doping improves performance vieyered SnSand kesterite GAnSnS (Table S) against
destabilizing antisites in the bulk or via stabilizing certaiexperimental values and found fair agreement between SCAN-
surface facets and enhancing grain growth, which coulgdicted and experimental quantities. _
decrease the number of charge-carrier trap sites at graM\lotably, our benchmarking indicates that SCAN does not predict
boundaries. band gaps of semiconductors accurately, with calculated eigenvalue
In this work, we evaluate the formation energy of varim%alos of 0.13 and 0.05 eV for kesterite and stannitgZ08ng

- . spectivelyHigure S29,fThese values are sigwintly lower than
neutral and charged antisite defects in pu;EnSog at those reported experimentallyl@ 1.6 eV’*® and theoretical

dilute Cd and Ag doping leveig{andx,, 0.015 per S),  yajues employing advanced many-body methods1(68%Y).
and at high concentrations of Ag and Xed ( 0.125 per S,  |ndeed, the performance of SCAN is of similar quality to that of GGA,
andx,y 0.25 per S) using a variety of density functionalwhich is well-known for underestimating band gaps of semi-
theory (DFTY>*“based calculations. We consider theconductor¥for the case of kesterite and stannitZi€eng (Figure
formation of neutral antisites under three distinct chemic&l2c )i Therefore, we used GA#D calculations®” to perform _
conditions, namely, Cu-rich (presence of ZnS, SnS, and GHa“tta“Ve comparisons AOf %a“qrégzs ms)tghsvkeSt%e alnd stannite
: : : i uctures wi and Ag dopi re e useU values
rznr%iilsc:]lg,mgn(fgﬂ]&zzi’pﬁggsetgilgi% 83_588: ((Sp-rr(iac?f?r;%% ?efrived from embedded Hartréeck calculations, namely, 3.6 eV

. : . for Cu, 4.5 eV for Zn, and 4.8 eV for&n. the case of Ag and Cd
Zn-, Sn-, and Cu-deient phases). To estimate the impact of 4o,in0 e used thévalues derived for Cu and Zn, respectively, to

antisites on the hole conductivity opAnEng we calculate  pe consistent in describing the electronic structure of Cu/Ag and Zn/
the formation energies and the (charge) transition energyd pairs. For relaxing the bulk structure within the GGA+
levels of a few lowest-energy ionized antisite defects. framework, we also added dispersion corrections using the D2
addition, we assess the stability of the kesterite and stannitethod of Grimme (resulting in QGAHD),52 in accordance with
polymorphs as a function of Ag and Cd concentrations and tWVIOl_JS_WOI’%l. Note that these dispersion corrections are applied

in uence of Ag and Cd doping on the respective energies psterioand therefore act only forces and hence the relaxation of a
(110) and (112) surface facets in kesterite (i.e., the mostructure. . . .
stable, and therefore most relevant, facets of this material). ulk Structure. Figure 1displays the structure of the kesterite

e ; . - YH4nel a) and stannite (panel b) polymorphs eZESn$2->* Cu,
results indicate that Cd doping and Ag doping exhibig, sn “and S atoms are indicated by blue, gray, green, and yellow

qualitatively derent behaviors with doping. For example cjrcles, respectively. The dashed black line indicates the extent of the
under dilute doping conditions, Cd inhibits the formation ofconventional unit cell. Cations (Cu, Zn, and Sn) and anions (S) are
antisites under all Cu conditions, whereas Ag suppresd®sh in a tetrahedral coordination environment in both structures.
antisite formation only under Cu-rich conditions. Similarly, Cdhe main dierence between kesterite and stannite arises from the
and Ag stabilize the stannite and kesterite polymorphsgtacking of the cations along tiiirection. While distinct Sn+Cu
respectively, at high levels of doping. Additionally, at logndicated by the legeri@n-plariein Figure &) and Zn+Cu'gn-
doping concentrations and under Cu-poor conditions, Calané) planes form in the Kesterlte, segregation of_ Cu atoms in
(Ag) is not (is) expected to sigoantly enhance hole Stannite leads to the formation of exclusive Cu (indicat&iliby

L o X . lané in Figure b) and Sn+Zn‘¢Zn/Sn-plang planes. Notably, a
conductivity within the kesterite structure. Our Calcwat'ongrevious study predicted near-degeneracy for the two structures with

also indicate that, while Cd doping has a negligible impact @ cyznsng compositiori* Within the kesterite structurgigure
the surface energies of kesterite, Ag doping cagasiggi  1a), each Zn (Sn) atom has six Cu and two Sn (Zn) atoms that are
decrease the energies of (110) and (112) surfaces. Thus, the nearest cations, at a distance3a84 A. Four of the nearest Cu

We calculated the bulk, defect, and surface energetiggn&dnSu

.
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a) Kesterite b) Stannite Defect Formation Energies.The formation energy of any defect
Q 0 O within a pristine crystal structure is givéfi by
ﬂiﬁrw/ -plane ‘ . . I
o e (i) e = Bea S By St GE &
%Cu—plane
o o whereEjdss ' (E5iie™) corresponds to the DFT-SCAN-calculated
5 & 7r/Sn-plane energy of a supercell with (without) the defecs, the number of
: AN atoms of specieadded (>0) or removed (<0) to create the defect,
a : O is the corresponding chemical potentialzaaddE,,, are the Fermi
Ox _{x Cu-plane energy of the pristine bulk structure and electrostatic correction
e, Qi B Ja i D terms, respectively, which are relevant only for charged defect
ﬂx Zn/Sn-plane calculations (with chargg® We employ SCAN to calculate the
g o o formation energies of neutral defects, i.e., all valence electrons are
a

added (removed) for each atomic species that is added (removed),

Figure 1.Structures of the (a) kesterite and (b) stannite ponmorphsWhIIe employing GGAMD for calculating formation energies of

) S . harged defects, i.e., donor or acceptor defects with ionized electrons
2154 ’ '
of CuZnSnS The dashed black lines indicate the conventlonaltc:)r holes (see below). AX 2 x 2 supercell of the conventional

ure];ltofve.!ﬁcgstggrrzzrrgzgigdgg ;tnrugtrl:rzsr,]. d leu?esgréegir:/,elgray, aIgéj'sterite structure, corresponding to 64 S atoms, is used for all defect
Y P 2t &l » Tesp y- calculations. Notably, the G31(2.29 A) and ZnS (2.33 A) bond
distancesfar’ from the defect within a 2 2 x 2 supercell are
identical to the DFT-SCAN-relaxed Guand Zn S bond distances
atoms are located in the same Zn (Sn) plane for each Zn (Sn) atowjthin the pristine kesterite structure, justifying the supercell size used
while two Cu and two Sn (Zn) atoms are placed in an adjacent Sior neutral defect calculations. The chemical potentials employed in
(Zn) plane along thedirection. this work (;) are referenced to the SCAN energies of the pure
Surface Energies.We calculate surface energies in pure, Cd-elements in their ground-state structures at 0 K¢ £e.(SCAN, 0
doped, and Ag-doped £ZaSn$ by using GGA#+D instead of K) 0. To calculate the 0 K SCAN energies of pure elements, we use
SCAN to directly compare with previous calculations that used GGAce-centered cubic Cu and Ag, hexagonal-close-packed Cd and Zn,
+U+D to estimate cleavage energies in thEnSnS systemi- We cubic-diamond-Sn, and orthorhombieS. All initial structures used
ensured minimum slab and vacuum thicknesses of 11 and 15 iAthis work are obtained from the inorganic crystal structure database
respectively, in all of our surface calculations, based on previou$§SD)>* and subsequently relaxed within DFT-SCAN.
reported convergence tésts.%° Note that we use pseudo- In the case of charged defect calculationsy(i.e) in periodic
hydrogens°°to cap one of the terminating surfaces while calculatingolids, the spurious electrostatic interactions of the charged defect
the (112) and (110) surface energies of the kesterite structure. Qmith its periodic images and the homogeneous background charge
(112) and (110) terminations containing dangling bonds around a 8sed to render the cell electrostatically neutral to avoid divergences
atom, we used pseudo-hydrogens with fractional core (and electroréc typically corrected by evaluatindetheterm®® One method of
charges of +0.25, +0.5, and +1 to mim@uSor S Ag), S Zn (or estimatinge,, is to separate the spurious electrostatic interactions
S Cd), and S Sn bonds, respectively. Similarly, on cation-terminatethto a long-range [L/( r), dominated by interactions beyond
(112) and (110) terminations with dangling S bonds around a catiorsupercell boundaries and screened by the dielectric conastahs,
we used a +1.5 fractional-core-charged pseudo-hydrogen to replicatbart-range (interactions within the supercell) component, as initially
S atom. Typically, fractional charges of pseudo-hydrogens afeveloped by Freysoldt et’alypically, the long-range component is
determined by the coordination environment of a given atom basewaluated by assigning a point charge®{RE) Gaussian charge
on electron counting ruf®$? For example, each Cu atom is distributiofi® to the defect and its periodic images. On the other
coordinated by four S atoms in a tetrahedral environment withihand, the short-range term is considered to be #rentie between
kesterite Figure &), corresponding to four C8 bonds. Given that the DFT-evaluated electrostatic potential between the defective and
each Cu atom contributes one valence electron, the electronicistine supercells, where“alignmerit term is chosen such that
contribution from Cu in each of the four Gubonds is 0.25. short-range electrostatic interactions decay to zero far from the
Therefore, when a S atom on the surface has a dangling bond thatiésecE® Thus, E,,r = Esc g V, whereEsc is the electrostatic
missing a Cu atom, a pseudo-hydrogen with a core charge of 0.2®mergy from long-range interactions avids the alignment term.
introduced to saturate the bond. Although the pseudo-hydrogen Note that the formation energy of charged defects in semi-
approach does not prevent the calculatiofretédtivé surface conductors depends strongly on the Fermi [Eyeddt to O at the
energies, i.eEdoRed. ERristne cajculating absolute surface energiesvalence band maximum) within the band gap, necessitating usage of
requires complex geometries to decouple the energetic contributiarsappropriate XC functional that yields at least a qualitatively correct
from the pseudo-hydrogénsThe surface energy with pseudo- gap. Given that SCAN grossly underestimates the band gap of
hydrogens is daed a5, ace= (Esiabspseuss  NEuid/(2 A), where kesterite CGZnSnS (Figure SR we chose the GGAK-D functional
Esiab+pseuds: N Eouie @NdA correspond to the energy of the slab model for all charged defect calculations considered in this work. Notably,
with pseudo-hydrogens, the number of conventional unit cells usedftmmation energies of neutral defects, which are indepenBgnt of
construct the slab model, the energy of a pristine conventional ceimputed with GGAH+D are in fair agreement with SCAN values
without pseudo-hydrogens, and the area of the surface, respectiVi@ith the exception of Ag on Zn antisites (Jedble S§H.
Positions of pseudo-hydrogens were determined on the basis of theortantly, we evaluate charged defect energetics only under low
bond distances in pseudomolecules, which resemble the coordinati@eh or Ag doping levels and use the same initiagu@tions as
environment for a given ion. For example, we use the relaxed iothose of the lowest-formation energy gorations in SCAN.
positions from a tetrahedral Guideudomolecule (core charge of H Because the tetragonal kesterite strudtigeré &) is anisotropic,
= +1.5), which resembles the tetrahedral coordination of Cu by founie employ the extension of the Freysoldt correction §¢ffeime
atoms within kesterite, to determine the location of a pseudanisotropic systems by Kumagai and Ob&igees S4 and 55
hydrogen that represents a S atom in a danglirg nd Figure as implemented in the python charged defect toolkit (PyCDf@.
1a). Calculations of pseudomolecules are done using th&J&GA+ convergence of the short-range electrostatic potential to a constant
functional (and the same approximations as mentioned aboveklue far from the defect within the Freysoldt correction scheme
Calculations with capped hydrogens included a minimum of thrg&igure Syjusti es the use of ax22 x 2 supercell for our charged
frozen atomic layers (forces of <0.05 eV/A) to mimic the semitéin ~ defect calculations. Moreover, we plot the variation in the charged
bulk structure below the surface. defect formation energy for the. Aantisite ¢ = 1) as a function of
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the supercell size used (up to 3% 3) in Figure S@o demonstrate RESULTS
fair convergence 0.1 eV) employing a2 2 x 2 supercell. The
values ok, for all charged defects considered are provided|m

S7 while the dielectric tensor, calculated using density function
perturbation theory (as implemented in VASP), is listeabie 1

Pure CyZnSnS. Figure 2plots the formation energies of
yarious neutral defects against the Cu chemical potential in

O
R
. . o . % & 5 _
Table 1. Dielectric Tensor of Pristine Kesterite ZnoSn§, o o Oof)« o 00»0“
Calculated Using GGA+D* e AR l - ;
contribution i - 22 < 14 “ F
electronic 7.85 7.85 7.87 CAR1 § 4
i > : : N@Cz =7
ionic 1.84 1.84 2.26 o 4 : - 4
net 9.69 9.69 10.13 2 kb -7 :
. . . . o 0.8 -7 B
#The “net contributiohre ects the summation of the electronic and c L o g
ionic contributions, which in turn is used in estimBgjpn charged -(% 0.6- tag : ~
defect calculation§dble SY. The o -diagonal components of the € o4 el :
dielectric tensor {) are 0. 5 04T g
L . :
0.2H 4
O 1 1 1 1 1 I
05 04 03 02 01 0
Phase Diagrams and Chemical Potentials.Quinary phase Hoy (8V)

diagrams, namely, for &n Sn S Cd and CuZn Sn S Ag . . . .
T : _ .o Hgure 2. Formation energies, based on DFT-SCAN, of various
systems, at 0 K are built using the DFT-SCAN-calculated energ'es'édegects in pure kesterite,ZnSn$ plotted vs the chemical potential

binary, ternary, quaternary, and quinary compounds in th . - " w .
aforementioned chemical space, whose structures are availabl%f'ﬁus'; haemn(? tag]on:fliﬂé: n(():if (?12 'Qgg::ﬁea 2?:55%?&%”19 on

the ICSD;* are simulated using SCAN. Note that we consider onl . i
structures that are ordered, i.e., structures in which all available S3lft(ee§bpectlvely. Vac indicates vacancy.

are occupied by one element only. A list of all compounds used and . .
their corresponding space groups are providédbie S2 The undoped kesterite @InSng The formation energy of a

python materials genomics (pymatgen) library was used islefectin a given structure is indicative of the energy penalf[y for
constructing the phase diagriimm general, a thermodynamic the defect to form Wlthl_n t_he structure. Thus, a format|_on
“facet indicates the set of compounds (or phases) that can exist Bn€ergy of less than zero indicates the spontaneous formation of
equilibrium. Thus, the chemical potentials of all species are uniquélydefect within pristine kesterite;An6ng (Figure , at a
de ned in a given facet. The facets that contain the kesterit®w concentration of dopants. Negative formation energies at
Cw,ZnSn$ structure, i.e., conditions under which kesteritehigh doping concentrations typically lead to the formation of
Cu,ZnSng can exist at equilibrium, and the corresponding chemicaecondary phases via side reactions that eventually destabilize
potentials are listed ifables S3pure CyzZnSng), S4 (for Cd the host material. The notation used to indicate each defect in
substitution), ané5(for Ag substitution). Figure Zand the rest of the manuscript) is thatpfvkere X

We consider three scenarios while evaluating the constraints gng defect species on a y site. For examplg,inticates a
chemical potentials used in calculating neutral defect formati%cancy on a Cu site. Note that all vacancy defects considered
energies. (i) Cu-rich: GZnSnJis in equilibrium with metallic Cu. are indicated by dashed linesFigure 2 The green and
As Zn-rich and Sn-rich conditions duringZ88n$g are preferred orange lines, with the corresponding notatié(Sa}’ and
during synthesf§we constrain the Zn and Sn chemical potentials to, 9, T PO 9

(zn)”, indicate a defect occurring on the Sn and Zn planes,

be in equilibrium with ZnS (Zn-rich phase) and SnS (Sn-rich), . A
respectively. (i) Constrained Cu-poor: the lowest (most negative) C'L?SpeCt'Vely' For exampiéae, (Sn)” indicates a Cu vacancy

chemical potential that €nSn$ can attain while ensuring Odn ahSdanlaEeI' in the keSterti)te dStrU_C.ture- Similarly, Vac
equilibrium with both ZnS (Zn-rich) and SnS (Sn-rich). The zn (dashed black line iRigure ¥, by denition, occurs on a

and Sn chemical potentials therefore are constrained in this scenaé. Plane. . '
(iii) Cu-poor: the most negative Cu chemical potential @hSu$ Disorder in the Cu and Zn sublattices of the kesterite
without any constraints being placed on the chemical potentials of tetfucture is modeled using a combination of two antisite
other species (Zn, Sn, S, and Cd/Ag). In the case of Cd and Adefects, namely, guand Zr, (solid lines irFigure 2, which
doping, we consider the Cd- and Ag-containing phases exhibiting thecur on neighboring Cu and Zn sites. Thus, a combination of
highest (least negative) possible Cd and Ag chemical potentiaSu,, and Zn, antisites indicates an exchange of Cu and Zn
respectively, while in equilibrium with,AlSnG for each of the  atoms within the kesterite structure, representing disorder in
aforementioned conditions. The explicit equations for all threghe Cu and Zn sublattices. Additionally, fop €2n.,
conditions (including equilibrium criteria under Cd and Ag doping)combination defectySn)’ and*“(zn)” indicate the plane of
considered are providedTiable S6Note that we employ the GGA  1ha cy site that is replaced by the Zn atom. For example
+U+D functional to compute the energetics of charged defects Lrbuz +Zne, (SN)" (solid green line ifigure ¥ indicates an '
Cu,ZnSng However, GGAZ is not an appropriate functional for ea(chnangeuof a Zn atom with a neighboring Cu atom in an

calculating the energy of a pure metal with a highly delocalize - " -
electronic structure, such as pure Cu. Hence, we calculate the cha g@cent Sn plane. SimildiGuz,+Znc, (Zn)” (solid orange

defect formation energies only under Cu-poor conditions, becaul@€ iNFigure ¥ indicates an exchange of neighboring Zn and
there are no metallic phases that are in equilibrium WEnSh$ Cu atoms on the same Zn plane.

(Tables S4S§. To generate the chemical potentials of all species Kesterite CiZnSng is stable with respect to other
under Cu-poor conditions in charged defect calculations, we comp@empounds within the Cdn Sn S quaternary phase
the energies of all relevant binary, ternary, and quaternary compoufiéggram for a narrow range of Cu chemical potentials [from
with GGA+J+D. cu=0¢eVin Cu-richtoc,= 0.57 eV in Cu-poor (dashed
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Figure 3Formation energies, based on DFT-SCAN, of various defects in kegfe®egiunder (a) a low Cd doping levet{ 0.015 per S)
and (b) a high Cd doping level§ 0.125 per S) plotted vs the chemical potential of Cu. The notéSio)is“(Zn)”, and“(Cd)” indicate
defects occurring on the Sn, Zn, and Cd planes of the kesterite sfrignttee)l(respectively. Vac indicates vacancy.

red lines irFigure J), in agreement with previous calculations planes. In a supercell, Zn/Cd arrangemergsedit from the
employing GGA! The chemical potential for the constrained distinct Zn and Cd plane ordering considered here could
Cu-poor region, pinning the Zn and Sn chemical potentials toccur; however, modeling all possible Zn/Cd decorations is
ZnS and SnS, respectively (deéhod3, is ¢, = 0.38 eV. prohibitively expensive. AsHigure 2 the notation$(Sn)’,
Note that the constrained Cu-poor term represents th&Zn)”, and“(Cd)” in Figure 3indicate defects occurring on
chemical potential of Cu for synthesis aZ€sn% under the Sn, Zn, and Cd planes, respectively. Also, the notation
Cu-poor, Zn-rich, and Sn-rich conditions. “(Sn/zn)” in Figure & indicates that the defect energetics are

The formation energies for the,(un., antisites (solid identical on both a Sn plane and a Zn plane. Dashed lines in
lines) acrossc, in Figure Zare 0.22 and 0.25 eV for the  Figure & indicate the ease of doping Cd on a Cy,jj@d Zn
Zn and Sn planes, respectively. These low values indicate #{@d;,,,) site. Dashdot lines in both panels@ure dndicate
the kesterite structure is likely to exhibit disorder irrespectitke formation of a vacancy that neighbors a Cd atom. For
of the Cu content during synthesis, in agreement with previoegsample, Gg+Vag, (Zn/Sn) in Figure & (blue dashdot
studies?%?*?* Indeed, a defect formation of energy®® line) indicates the formation of a Cu vacancy on either the
eV in a given semiconductor can correspond to a substantame Zn plane or an adjacent Sn plane that neighbors a doped
concentration of 2.2x 10 cm 2 at 298 K&%° Additionally, =~ Cd atom on a Zn site. Similarly, \aSn) in Figure ®
defect concentrations ofL0*® cm 3 (or above) in semi- (green dashdot line) indicates a Cu vacancy on a Sn plane
conductors can be measured by experiffients. adjacent to a Cd plane. Solid lines in panels a afiboief 3

The ease of forming Cu vacancies increases, as expedwticate antisites that can lead to disorder in the Cu and Zn
with decreasing Cu availability within kesterite. This isublattices of the kesterite structure. For exampleOOg,
indicated by the linear decrease in the formation energy (fn) in Figure & indicates a disorder in the Cu and Zn
Vag, (dashed orange and green line&igure 2, with a sublattices via Cd and Cu occupation, respectively. Here, (Zn)
decrease in.,. For example, the formation energy of \ec indicates that the Gglantisite occurs on a Cu site and on a Zn
the Sn plane (dashed green line) decreases linearlpfi@gm  plane. Analogously, £€Zn;+Cu,, (Zn) indicates an
eVat o,=0eVto 017 eV at,= 0.57 eV. Also, the exchange of Cu and Zn atoms on the same Zn plane that
trends in Vag, formation energies are roughly identical inare adjacent to a Cd atom doped on a Zn site.
both Sn and Zn planes. Interestingly, the ease of Zn vacancycross Cu chemical potentialsydd 0.12 eV (dashed
formation (dashed black lineRigure 2 also increases with  black line irfFigure &)] has a formation energy that is lower
decreasing inq, Indeed, the formation energy of )yac than that of Cg, [ 1.21 1.4 eV (dashed blue line)],
decreases gradually froth17 eV at o, = 0 eV (Cu-rich) indicating a facile doping of Cd on Zn sites instead of Cu in
to 0.79 eV at, = 0.38 eV (constrained Cu-poor) and the kesterite structure. This strong preference for isovalent
decreases dramaticallyp(41 eV) under Cu-poor conditions substitution is expected and agrees with experimental
( cu= 0.57eV). observations of isovalent-doped inorganic compdunds.

Cd Doping. Defect formation energies (for neutral defects)Note that isolated Gg antisites are not expected to be
are plotted against the Cu chemical potential in kesterifeund at low Cd concentrations, based on their high formation
Cu,ZnSngat a low Cd doping levely 0.015 per S; panel energy (1.21 1.4 eV). Thus, n-type gdantisites can occur
a) and a high Cd doping level{ 0.125 per S; panel b). At only in combination with other antisites, such as a charge-
a low Cd doping level, a Zn or Cu site is replaced by a Cdompensating p-type £uefect [solid orange line af.32
atom, while half of the available Zn sites in the kesterite ae%/ (Figure a)]. A Cd-,+Cu,,, combination also represents
replaced with Cd at high Cd doping levels. Note that both Zalisorder within the Cu and Zn sublattices. In comparison to
sites within a kesterite unit cell are equivalent, and replacittzat of pure CG4ZnSng the energy required to form disorder-
either of the Zn sites with a Cd atom will be equivalent innducing antisites is higher at low Cd doping levels (solid
energy. Thus, all Zn sites in alternate Zn planes within th@range lines iRigure @ vs solid lines iRigure 2, indicating
kesterite structuré-igure &) are occupied by Cd at high Cd suppression of disorder in,2uSng This is in agreement
doping levels, leading to the formation of distinct Zn and Cabith the experimental observation of higheieacies and,,
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Figure 4 Formation energies, based on DFT-SCAN, of various defects in keglefedal (a) a low Ag doping levey 0.015 per S) and
(b) a high Ag doping level,; 0.25 per S) plotted vs the chemical potential of Cu. The notéfin)isand“(Zn)” indicate defects occurring
on the Sn and Zn planes of the kesterite structigeré ), respectively. Vac indicates vacancy.

values in low-Cd-doped céllsSpecically, the formation high Ag doping levels. Notably, there are threeedi ways
energies of GHCu,, (Zn), Cd,p+Znc+Cuy,, (Zn), and to replace half of the Cu sites with Ag within a kesterite unit
CdgitZne+Cuyy, (Zn) (solid orange lines iRigure a) are cell, namely, (i) replace two Cu sites on a Sn plane with Ag,
0.32, 0.62, and 1.36.55 eV, respectively, all higher than the(ii) replace two Cu sites on a Zn plane with Ag, and (iii)
energy required to induce disorder in undopednSn$ replace one Cu atom in each of two adjacent Zn and Sn planes
[0.22 0.25 eV (solid lines iRigure J). Also, the ease of with Ag. We calculated all of the aforementionedg-con
forming a Cu vacancy adjacent to a doped Cd atomarations, i.e., substituting Cu sites with Ag, and found that the
[Cd,+Vag, 0.29 0.86 eV (dashdot blue line irFigure energy cost to replace two Cu sites on a Sn plane with Ag is the
3a)] is similar to that of forming a Cu vacancy adjacent to a Zlowest (lower than those of the two other garations
atom in pure CZnSng [ 0.18 0.75 eV Figure . Cd considered by 11 meV/f.u.). This nding leads to the
doping therefore leaves the favorability of,\facmation formation of distinct StAg and Zn Cu planes within the
unchanged while suppressitigorder. Additionally, Zn kesterite lattice. As a result, we used thegertion of
vacancies are less likely to form in Cd-dopednSng replacing two Cu sites on a Sn plane with Ag for further
than in pristine kesterite, indicated by the high formatiomalculations of defect energetics at high Ag doping levels
energies of Gg+Vag, (Zn) [ 0.7 1.27 eV (dashed orange (Figure #). As in the case of Cd doping, we do not consider
line inFigure a)]. all possible Cu/Ag orderings within supercells £inSng
Interestingly, Cd ceases to suppress the formation @he notations'(Sn)’ and“(Zn)” used inFigure 4indicate
antisites in the kesterite structure at high levels of doping, dsfects occurring on the Sn and Zn planes, respectively, similar
indicated by the solid linesHigure B. Indeed, the energies to the notations used iigures 2nd3. Note that at high Ag
to disorder via the creation of G8Cuy (Cd) and doping levelsHigure #), “(Sn)" and“(Zn)” refer to the Sn
CdoitCuq (Sn) are 0.19 and 0.21 eV, respectively, lowerAg and Zn Cu planes, respectiveélZzn/Sn)” in Figure &
than the energy required to disorder the undoped kesteritdso indicates that the defect energetics are identical on both a
[ 0.22 0.25 eV Figure . Thus, high levels of Cd within Zn plane and a Sn plane. Dashed lirféigiime 4 indicate the
the kesterite will produce a higher degree of disorder, resultiagse of doping Ag on a Cu {A@r Zn (Ag,,,) site. Solid lines
in lower V,. values and eiencies, again consistent with in Figure 4indicate antisites that lead to disorder in the
experimental observatidhsHowever, a high Cd content kesterite structure. For examplg,#, (Zn) corresponds
within the kesterite can induce a&c the Cd and Sn planes, to the Ag and Zn occupations of Zn and Cu sites, respectively,
especially under constrained Cu-poor to Cu-poor conditionsn a Zn plane, signifying disorder.

This is indicated by the low formation energi@slé 0.4 eV Doping Ag on Cu sites is more energetically favored under
for Vag, for those conditions iRigure B), which might  Cu-rich and constrained Cu-poor conditions-igure 4
mitigate potential decreases iiency. [ 0.14 0.48 eV (dashed blue lineFigure 4)] than doping

Ag Doping. Formation energies for various (neutral) Ag on Zn sites [0.22 0.56 eV (dashed black line)].
defects in kesterite ZinSngat a low Ag doping leved, However, under Cu-poor conditiong,(< 0.4 eV), Ag

0.015 per S; panel a) and a high Ag doping bayel 0.25 doping on Zn sites becomes more facie03 eV at ¢, =

per S; panel b) are plotted against the Cu chemical potential ir0.57 eV) compared to Ag doping on Cu sit€s14 eV).
Figure 4 Note that the chemical potential corresponding taDoping low levels of Ag in £ZmSn$ therefore is quite
constrained Cu-poor conditions has a slightdratiit value  sensitive to the Cu conditions present during synthesis. With
( cu= 0.35eV)inthe AgCu Zn Sn S quinary system regard to introducing disorder in the lattice at low doping
compared to those in the CZn Sn S quaternary and Cd levels, Ag is ective at suppressing antisite formation only
Cu Zn Sn S quinary systemsg(, = 0.38 eV). Analogous under constrained Cu-poor to Cu-rich conditions, as indicated
to the case with Cd dopingi¢ure 3, either a Cu or Zn siteis by the formation energies of three antisite combinations (in
replaced with a Ag atom at low Ag doping levels within ththe range of 0.35eV -, 0 eV) that represents disorder
kesterite, while half of the Cu atoms are replaced with Ag it the kesterite structure: (i) AgZnc,+Cu,, (Zn), 0.34
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Figure 5.Formation energies of various charged antisites considered within keZefitesGncluding (a) Cgl, (b) Cdg,, (¢) Ag,, and (d)

Ag-,, plotted as a function of the Fermi energy. The shaded gray regions indicate the valence band (Fermi energy of <0), and the conduction ba
(Fermi energy of >0.96 eV), where the zero of the Fermi energy is arbitrarily set to the valence band maximum. Three ionized states are conside
for each antisite, namaly; 1 (negatively charged, dashed bipe)) (neutral, dashed green), g1 (positively charged, dashed orange).

The solid red line in each plot indicates the minimum formation energy at each Fermi energy, indicative of the most stable charged state of tl
defect. Dashed red vertical lines signify acceptr (1) and/or donor ¢, 1  0) transition levels. All charged defect calculations are
performed using the GGA+D functional.

0.68 eV; (i) Ag+Znc,+Cuw,, 0.39 0.74 eV; and (i)  concentrations can ionized dopantsuénce hole (or
AgtZng, (Zn), 0.44 0.78 eV. Under Cu-poor conditions, electron) conductivity without altering the bulk electronic
a low Ag concentration favors disorder in th&Zr@n$ structure. Hence, we consider ionized antisites;,Zm&hg
lattice in comparison to undoped,ZhSn$ (Figure 2, as atonly a low Cd or Ag doping lewel,or x,, 0.015 per S).
indicated by the low formation energy of, A, +Cuy, Because we perform all charged defect calculations using the
(Zn) ( 0.14 eV) and Ag( 0.03 eV). A low Ag doping level GGA+J+D functional, we consider the stability of ionized
therefore is most ective at inhibiting disorder and improving defects only under Cu-poor conditions.
e ciency in the kesterite structure only under constrained Cu- Figure 5plots the formation energies of;C(panel a),
poor to Cu-rich conditions. This is in contrast to a low CdCdc, (panel b), Ag, (panel c), and Ag (panel d) antisites as
doping levelKigure &), which inhibits lattice disorder under a function of the Fermi energy, which is arbitrarily set to 0 eV
all Cu conditions. at the valence band maximum of kesteri{#gnSng The
At high levels of Ag doping in the lattiegyre #), the shaded gray regionsHigure Srepresent the valence (Fermi
formation of antisite defects, namely,#t,, becomes energy of <0 eV) and conduction [Fermi energy of >0.96 eV,
insensitive to Cu chemical potential. Also, given the highéne predicted band gap of kesteriteZ68nS (Figure S2&
formation energies of AgZn,, ( 0.45 and 0.30 eV on the bands. Dashed blue, green, and orange lines in all panels
Zn and Sn planes, respectively) compared to that of undopedlicate negatively chargeg=( 1), neutral ¢ = 0), and
CwZnSng [ 0.22 0.25 eV Figure J], Ag should inhibit positively charged, € 1) defects, respectively. Solid red lines
disorder in the kesterite structure at high Ag concentrations. each panel signify the lowest-energy charge state for the
Note that the suppression of disorder at high levels of Agprresponding defect. For example, the negtral) Cd,,
doping is in contrast to the behavior displayed byigdré antisite (panel a) is stable up to a Fermi energ9.@8 eV,
3b). beyond which the negatively charged (1) defect becomes
Charged Defects in Doped CyZnSnS. To understand  stable. Dashed red linesFigure 5indicate donor and/or
the impact of Cd or Ag doping on the intrinsic hole acceptor transition levels. For example, in the case of donor
conductivity® of CuwZnSng we consider the stability of defects [Cd, (Figure B)], the excess electron can either
various charged ca@urations of the lowest-energy antisites,localize on the donor sitg € 0) or be exchanged with the
namely, Cg, (Figure &), Ag,, and Ag, (Figure 4). We also  electron reservoir of the structure, whose energy equals the
consider ionized cogurations of Gg antisites to facilitate a Fermi energyy(= 1). Thus, a donor transition levglY 0)
direct comparison with ¢d Note that only at low dopant corresponds to the Fermi energy at which the neutral and
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positively charged defect states have equal formation energibgmical potentials, indicating the importance of Cu
Similarly, for acceptor defects, the excess hole can eitlwenditions during the synthesis and operation of Ag-doped
localize on the acceptor sige=(0) or be exchanged with the CuwZnSna
hole reservoir, whose energy equals the Fermi errerdl)( Bulk Stabilities, Band Gaps, and Surface Energetics.
An acceptor transition level [e.g.;,Adrigure B)] is the The energy derence between the stannite and kesterite
Fermi energy at which the neutral and negatively charggdlymorphs (in eV/f.u.), calculated using DFT-SCAN, is
defect states have equal energje@ ( 1). Notably, if a  displayed irfrigure 6for undoped (red bar), fully Cd-doped
donor (acceptor) transition level ‘ishallow, i.e., the
transition level lies kgT from the conduction (valence)
band edge, thermal ionization leading to free electrons (holes)
can occur, resulting in sigrant improvement in electron
(hole) conductivity. AnalogousRdeefi transition levels
( kgT from the band edges) do not lead to an enhancement
in carrier conductivity and often result in the formation of trap
states, facilitating nonradiative carrier recombination.
Isovalent antisites, namely,,C@Figure &) and Ag,
(Figure ), exhibit deep acceptor transition levelspat3
eV (Cd,,) and 0.76 eV (Ag,), with the correspondireg= 0
andq = 1 charged states exhibiting the lowest and highest
formation energies, respectively, over most Fermi energies
across the band gap. Thus, both isovalent antisites are not

expected to sigmiantly contribute to the hole conductivity in Figure 6.Stability of the stannite structure, calculated using DFT-
kesterite CZnSng However, given their low formation SCAN, with respect to the kesterite structure for undop2dSiip
energies (0.13 0.16 eV), isovalent antisites can lead to the("®d Pan. C&CdSng (purple), and AZnSng (blue). The dashed

) : S rple and white lines indicate the energgrehice between the
formation of deep hole traps, potentially resulting in enhance{l; vite and kesterite structures foRQTZN, SNS  and
hole electron recombination and reduced performancezyagznsnsrespectively. T
Interestingly, G4, which is a donor defect, exhibits both a

deep donor transition (at a Fermi energy®54 eV) and a

deep acceptor transition Q.91 eV) within the band gap. (purple), and fully Ag-doped (blue) ZaoSng Positive
However, given the high formation energies (>1 eV within thgalues of the energy elience indicate that the kesterite
band gap) and the deep transition levels, i€dot expected  structure is more stable than the stannite. The dashed purple
to signicantly contribute to either electron or hole (white) line indicates the energyedience between the two
conductivity within GZnSng Notably, a comparison of polymorphs at a composition of 20, sCdy SnS
the formation energies of the positively charggd@thed  (CuAgzZnSng. In undoped CyZnSn$ (red bar inFigure
orange irFigure B) and the neutral Ggl (dashed green in ), the kesterite structure is marginally more stable than the
Figure @), both of which correspond to an identical number oktannite structure @8 meV/f.u.), in agreement with previous
electrons within the kesterite structure, indicates that at low GHeoretical estimates using GGA% Cd substitution
doping levels (and under Cu-poor conditions), Cd will alwaystabilizes the stannite structure, with energyedces of
occupy Zn sites, in qualitative agreement with our neutrabproximately 11 and®9 meV/f.u. at CiZn, Ld, SnG and
defect calculation&igure a). Cu,CdSng respectively, with both values being lower than
Surprisingly, the acceptor,Agntisite Figure 8) exhibits that of undoped GHAnSnS ( 28 meV/f.u.). The stannite
(i) an acceptor transition within the valence bandd(47 structure therefore becomes more stable than the kesterite
eV) and (i) a negative formation energy across the band gaphen all Zn atoms in GnSn$are replaced with Cd. In the
indicating that the ionizedq (= 1) Ag,, will remain case of Ag doping, increasing replacement of Cu with Ag
thermodynamically stable at low Ag doping levels and undieicreases the stability of the kesterite polymorph, as indicated
Cu-poor conditions. Although GGAealculations have well- by energy derences of approximately 31 and 157 meV/f.u. at
documented shortcomings with respect to their quantitativeuAgZnSngdashed white line) and ZnpSn$ (purple bar),
accuracy for defect formation energigsalitative trends are respectively.
typically reliable. Thus, our calculations do indicate sponta-Figures Sgpanels a and b) ar&Bdisplay the total density
neous ionization of Agantisites resulting in a substantial of states in pristine and doped,Zn8nS respectively, for
increase in free hole concentration (and conductivity) with both the kesterite and stannite polymorphs, as obtained via
low Ag doping level in &ZnSn& However, large increases in GGA+#UJ+D calculations. Note that band gaps obtained from
free hole concentration can also result in metallic-like behavieGA+J+D calculations are reliable only for qualitative
of the Ag-doped kesterite, which might be deleterious faromparisons with experimental tréAdsor a quantitative
maintaining a reasonablg, and PV eciency. Also, a comparison, screened one-particle Grdanction (GW)
comparison of the formation energies of neutegl akgl calculations need to be empldyeout are prohibitively
negatively charged Adboth of which possess an identical expensive for the unit cell sizes used in our calculations. For
number of electrons) indicates that a low Ag doping levelndoped CZnSn$g the band gaps of both the kesterite
under Cu-poor conditions will always lead to preferential Alg 0.96 eV Figure S2hand the stannite [0.79 eV Figure
occupation of Zn sites. Given that the formation energy @2R)] structures are in agreement with previous calcufdtions.
neutral Ag, is higher than that of Agunder constrained Cu- Cd and Ag substitutions in£ZuSn$a ect the band gaps of
poor and Cu-rich conditionBigure &), Ag is more likely to  both the kesterite and stannite lattices in contrasting ways.
occupy Cu sites (and form neutral antisites) under higher C8pecically, band gaps of both kesterite and stannite
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Cu,CdSng namely, 0.76 and 0.75 eV, respectivelyidure energy nominally should correspond to a reduced particle size
S3a,jy are marginally lower than that of undope €3ng during synthesis. However, experiments reveal only the
(Figure S2a)bsimilar to experimental trerid®y contrast,  opposite, namely sigoant particle coarsening in Ag-doped
Ag substitution increases the band gaps of both kestergample$:® suggesting that Ag plays a more signi role
[ 1.27 eV Figure S3¢ and stannite AGnSng[ 0.94 eV via bulk and defectFigures 4and 5) rather than surface
(Figure S3j compared to that of GEnSng also similar to  energetics. Additionally, the high-temperature-annealing con-
experimental observatidns. ditions employed during selenization 0fZ688n$°"’

Table 2shows the change in surface energy (or relativprobably overcome the driving force for particle-size reduction
surface energy Eloped = Eloped  ppristing \ith Cd and Ag  in Ag-doped GiZnSn$ leading to particle coarsening.

Table 2. Changes in Surface Energy (calculated using GGA DISCUSSION
+U+D) upon Cd and Ag Doping, As Referenced to the Kesterite CZnSn$ an important candidate light absorber

Corresponding Surface Energy of Undoped Kesterite for beyond-Si solar cells, exhibits signt disorder in the Cu
Cw,ZnSng, for the (110) and (112) Surfaces and Zn sublatticé8?*?* leading to poor eciencies of
surface ddoped 3/m?) EA3doped (3/m2) Cu,ZnSn$based solar ceflfsisovalent doping on the Cu

: and Zrit* sublattices has been proposed as a potential strategy
(110), Zn-terminated 0.016 0.242 for suppressing cation disorder within the kesterite struc-
(112), wo Zg, antisites 0.001 0376 ture?”*® Indeed, experiments involving Agd Cd* dopin

AWe consider a (110) surface with Zn+Cu termination and a (112)jthjn CuyZnSn$ have reported improved perform Ak,

surface with two Zpantisites to calculate the surface energies. albeit at intermediate dopant concentrations. Hence, it is

important to understand the fundamental role of dopants
doping for the (110) and (112) surfaces in the kesteritawvithin CyZnSngand to identify limitations, if any. Here, we
structure. Relative surface energies can indicate the (degerformed in-depth,rst-principles quantum mechanics
stabilization of a given surface caused by doping and a@culations to assess theiémce of Cd and Ag doping on
referenced to the energies of the corresponding surfacesbink stability, defect and surface energetics, and electronic
undoped kesterite AnSngin Table 2 For calculating the  structure, at low and high levels of Cd and Ag dopinqndVe

Cd- and Ag-doped surface energies, we consider th&) GGAthat both Cd and Ag can suppress disorder and improve the

+D relaxed bulk structures of kesterite&Z Gy4Cd, SnQ and e ciency of kesterite ¢AnSngbased solar cells, at select

CuAgZnSng respectively. We consider the (110) and (112)doping levels and under Cu conditions during synthesis. We

surfaces for our calculations, because previous experimet® determine at low doping concentrations that the

found that the aforementioned surfaces are dominant durignstrained Cu-poor condition, which corresponds to the
particle growth of kesterite £0Sn$>%*® Note that the  constraint of including Cu-poor, Zn-rich, and Sn-rich
stoichiometric (112) surface is not charge-neutral but is a typenditions during GEnSng synthesis, is ideal for minimizing

3 surface, according to the classion system of Taskér, cation disorder within the kesterite structure.

which necessitates creation of antisite defects (such as twdn the case of Cd doping, Cd clearly prefers the occupation

Zng,) to ensure charge neutralityThe stoichiometric (112)  of Zn over Cu sites in the kesterite structure, as indicated by

surface has four excess electrons, as deduced by electhenlower formation energy for neutraj,Cuahtisites [0.12

counting rule¥’ which can be compensated for by defectseV (Figure )] rather than for neutral ggantisites (1.21

such as two Zp Cu;;+Cuyp, Vag, two Vag,+Vag,, etc. We 1.4 eV). The tendency of Cd to occupy Zn sites is further

chose the two Zpantisites to estimate the impact of doping validated by the higher formation energy of positively charged

on surface energetics under the Zn-rich conditions ofte@d., [>1 eV (Figure )], which corresponds to an identical
desired during GBnSn$ synthesi§*** Each (110) plane in  number of electrons in the lattice as that of neutral Cd
the kesterite structure has either Zn+Cu atoms (Zn planes) ¢r 0.13 eV Figure a)]. Importantly, Cd inhibits disorder only

Sn+Cu atoms (Sn planes), as well. We chose the Zn+Gi low doping concentrations, as indicated by the higher energy

termination for our analysis here (dentfadterminatetin cost to form disordering neutral antisite8.32 0.62 eV

Table 2, because Ggdefects favorably form in the Zn planes (Figure &)] rather than undoped éZnSng[ 0.22 0.25 eV

of the kesterite (dashed black lin€igure 3, any in uence (Figure 3. In addition, a low Cd doping level is not expected

of Cd doping on surface energetics will be strongest on Zn+Q@o enhance the hole conductivity of kesterit&€3ng

planes. because of the deep acceptor transition level of bgih Cd
Cd doping has a negligibleeet on surface energetics, with and Cg, antisites Figure @,b). At a higher Cd content, the

changes in energy 016 and 1 mJ/nf for the (110) and  stannite structure becomes increasingly stable (purple bar in

(112) surfaces, respectively. In comparison to the G®@A+ Figure § alongside an increasing tendency of the kesterite to

cleavage energies reported previduglye percentage disorder [0.19 0.21 eV Figure B)]. Additionally, Cd

changes in (110) and (112) surfaces with Cd doping are doping is expected to decrease the overall band gap of both the
mere 2 and 0.1%, respectively, indicating that Cd dopingkesterite and stannite polymorpBgyre S3a)bThus, the
should not aect particle growth or morphology during contrasting behavior of Cd at low and high doping levels
synthesis. Ag doping eats the surface energies more indicates that there will be a spediow Cd concentration at

signi cantly than Cd doping does, stabilizing the (110) andvhich CyZnSn$ will achieve peak eiency andv,, in

(112) surfaces by242 and 376 mJ/m, respectively, with agreement with experimental observations of maximum

respect to undoped @nSn$ In terms of the percentage e ciency at 5% Cd doping’

change with respect to cleavage enétrdigsdoping causes In Ag-doped CiZnSng the site preference of Ag is
31 and 48% decreases in surface energies of the (110) asdnsitive to the chemical potential of Cu within the kesterite

(112) surfaces, respectively. A signit decrease in surface structure. For example, under Cu-poor conditionsaAdpe
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doped either on Cyisovalent antisite) or on Zn(p-type) ( 353.2 eV, calculated via the Ewald summation techni-
sites, as indicated by comparable neutegl [A§.14 eV que’® that is lower than that of the stannite polymorph
(Figure 4)] and neutral Ag ( 0.03 eV) formation energies. ( 352.6 eV). Most of the electrostatic stabilization of kesterite
Doping of Ag within GZnSn$therefore is highly sensitive to arises from weaker repulsions between intraldyeC@n

Cu conditions during synthesis. Additionally, at low Ag dopingpmpared to Sh Zn?* in stannite. In terms of steric
levels and especially under Cu-poor conditions, Ag does rinteractions, neighboring atoms of a similar size lead to less
suppress cation disorder within the kesterite structure, ateric strain than atoms of sigantly dierent sizes. Thus,
indicated by the low formation energy of disorder-inducinthe stannite is better at accommodating steric strain because
neutral antisites 0.14 eV Figure 4)] compared to that of identical Ctiions (or Ag in stannite A@AnSn$) occupy the
undoped CyZnSng [ 0.22 0.25 eV Figure J]. Further- same (001) plane={gure b). In Cu,CdSng the intralayer
more, Ag, which is an acceptor antisite, can spontaneous§rf* Co* distance in stannite is larger3(94 A, after
ionize within the kesterite structure under Cu-poor conditionstructural relaxation using DFT-SCAN) than tHé &n?*
(negative formation energiesigure §), potentially leading  distance (3.81 A) in stannite GGnSng The larger Sh

to large increases in the concentration of free holes. Note that#* distance decreases the level of electrostatic repulsion,
low Ag doping levels can suppress disorder at higher @hich, in combination with the favorable steric interactions of
chemical potentials 0.34 0.78 eV from constrained Cu- planar Cl segregation, stabilizes the stannite polymorph at
poor to Cu-rich conditiong-igure 4)]. Also, Ag, antisites, high Cd levels. In the case of kesteritZ/8ng both

which are the most likely defect under Cu-rich conditions, wiihtralayer Sii Ag" and ZR* Ag" distances (4.1 A) are

not contribute signtantly to the hole conductivity of the signicantly larger than €nCu* and Z#* Cu' distances in
kesterite because of its deep acceptor transitionFiguet(  kesterite CGZnSn$g ( 3.81 A). By contrast, both*Snzn?*

5d). Thus, low levels of Ag doping may not be antige and A§ Ad distances are smaller3(88 A) in stannite
strategy for improving the performance gZ€3n$ cells AgZnSnS Thus, the stabilization of kesterite at high Ag levels
because Ag requires Cu-rich conditions to suppress disord=an be attributed to weakened electrostatic interactions.
which disfavors the formation of \ja&nd the subsequent Experiments often measure improved performance in
retention of p-type behavior in . ZnSng Notably, Ag  CwZnSngsolar cells when there is a gradation in Ag content,
substitution in CGZnSng stabilizes the kesterite structure i.e., higher Ag content toward the n-type CdS layer than
(blue bar inFigure §, in addition to increasing the band gap toward the bulk GZnSn$layer: Cd interdi usion from the

of both the kesterite and stannite polymorplumi(e S3c)d n-CdS layer into the GZnSng lattice may occur during
Altogether, increased disorder at low Ag concentrations versymeration, where a high Cd content withigZ@8n$% can

an increased band gap in kesterite may be the origin of tdetrimentally reduce eiency andv/,. A high Ag concen-
peak e ciency andV,. typically observed in low-Ag-doped tration, adjacent to the CdS layer, might help counterbalance
sample$’ Interestingly, Ag is more eetive at reducing the eect of Cd diusion, stabilizing ordered kesterite and
disorder in the kesterite at higher Ag concentrations within thetaining the band gap, thereby improving the performance,
structure, as indicated by higher formation energies of disoraeplaining experimental treffd<Cd doping within bulk
inducing neutral antisitesd.30 0.45 eV Figure #)], across Cuw,ZnSng may also help by inhibiting dsion of Cd from

Cu chemical potentials. Hence, thectiveness of Ag in the CdS layer by decreasing the Cd concentration gradient
improving the eciency of a GiZnSngbased solar cell will across the GAnSng CdS interface.

be highly dependent on the synthesis conditions,csfigci In this work, we have not considered thect of
on the concentration of Ag being doped and the Cu contergelenization in combination with Ag or Cd doping in
used during synthesis. Cuw,ZnSnS Previous experimental studies have shown that

Our results indicate that Cd doping and Ag doping haveonditions employed during the selenization procée® (
contrasting iruences on the bulk stability, defect energetics’C) can result in particle coarsening of the as-synthesized
and electronic properties of kesteritgZ@8n$and resultin -~ Cu,ZnSng’’ As we do not observe notable changes (0.1
performance improvements viaemgnt mechanisms. For 2%) in the energies of the (110) and (112) surfaces of the
example, across a range of Cu conditions, disorder in the Kasterite with Cd doping, whileding a signcant decrease
and Zn sublattices is inhibited only at low (high) levels of Cq31 48%) in the (110) and (112) surfaces with Ag doping
(Ag) doping in the kesterite. Similarly, high levels of Cd an@Table 3, we speculate that the particle coarsen%w}géeported
Ag stabilize the stannite and kesterite polymorphs, respectiweith both Cd and Ag doping (and attributed to dopantss
(Figure § Cd (Ag) doping also is expected to decreasedue to the annealing conditions during the selenization
(increase) the band gap of both kesterite and stalfigjte process. Notably, substitution of Se for S also leads to an
S3. Coincidentally, at low levels of doping, both Cd and Agncrease in chemical space that is availableZmSD(S,Se)
inhibit lattice disorder within kesterite under constrained Cuo be in equilibrium with or to decompose into, which could
poor conditions. This is in qualitative agreement witlchange the range of Cu chemical potentials with which the
experimental observations of maximurmieacy resulting kesterite structure can be in equilibrium. Thereforecaigni
from using Cu-poor, Zn-rich, and Sn-rich conditions duringare must be taken to ensure that undesired side products are
Cuw,ZnSng synthesis. not produced during the selenization process.

Interestingly, Cd and Ag stabilizeedént polymorphs As one of the main goals in exploring theZbuSn S
(Figure % despite both ions being isovalent dopants (on Znchemistry, away from the better performinglf€uGa S
and Cu, respectively) and being sigmitly larger than the (CIGS) system, is the usage of both abundant and nontoxic
ions they replace, which may be attributed to a combination efements, both Ag (rare) and Cd (toxic) are not viable
electrostatic and stericeets. For example, the kesterite dopants for sustainable, beyond-Si solar cell technology.
polymorph is electrostatically favored at th&Zr@n$g Hence, new abundant, nontoxic, isovalent dopants must be
composition, as indicated/ lmn electrostatic energy explored. Probable candidates include alkali KNaetc.)®
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