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Cu,ZnSnS, (CZTS) is a promising candidate
for beyond-Si solar cells
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Disorder = Antisites = Defects

a .
Kesterite Stannite

Cu-Zn: similar atomic radii
Kesterite-Stannite near degeneracy (~3 kd/mol)

G.S. Gautam et al., Chem. Mater. 2018, 30, 4543; Yu and Carter, Chem. Mater. 27, 2920 (2015)



Disorder = Antisites = Defects

Antisite formation

CUZn + ZnCu

a . . .
Kesterite Disordered-Kesterite

Cu-Zn: similar atomic radii
Kesterite-Stannite near degeneracy (~3 kd/mol)

G.S. Gautam et al., Chem. Mater. 2018, 30, 4543; Yu and Carter, Chem. Mater. 27, 2920 (2015)



Disorder in CZTS is thermodynamically
favored under annealing conditions
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Disorder in CZTS is thermodynamically
favored under annealing conditions

Potential impacts of dopants

 Antisite formation: change defect formation energy
» Bulk stability: kesterite vs. stannite

 Electronic structure: change band gap

decreases with Large isovalent dopants?
Increasing « Cd for Zn; Ag for Cu
disorder in CZTS « Ca for Zn; Na for Cu
What properties will a
600 800 Tcmp::::(:mm 1200 1400 dopant aﬁect?

Yu and Carter, Chem. Mater. 27, 2920 (2015); Chem. Mater. 28, 864 (2016); Chem. Mater. 28, 4415 (2016)



Methods

How do we evaluate the influence of dopants?



Density functional theory for defects

For “charged” defects
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For “neutral” defects (g = 0), the strongly constrained and appropriately normed (SCAN)’
functional is used to describe electronic exchange-correlation within Density Functional
Theory (DFT)

« SCAN satisfies 17 known constraints on the behavior of an exchange-correlation functional
« SCAN for defect energetics? Band gaps? Chemical potential limits?
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Chemical potentials

For “charged” defects

- Eantme + 2:iniﬂi +[qEF + Ecorr]

Kesterite with antisites Pure Kesterite Synthesis/doping/operating conditions
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Possible constraints Doplng conditions

For CZTS tobe stable, [ AGFATY = iy an s+ 4

Three Cu-chemical-potential conditions considered
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Udopant ChOsSEN as the maximum possible value at all 3 conditions, provided CZTS is stable
G.S. Gautam et al., Chem. Mater. 2018, 30, 4543 9



SCAN does have the “band gap” problem

scGW gap:
1.64 eV
Exp:
~1.5eV é
g

GW gap: Botti et al., Appl. Phys. Lett. 2011, 98, 241915
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SCAN does have the “band gap” problem

scGW gap: Kesterite GGA+U Stannite ScGW gap:

1.64 eV T | 1.33 eV
Exp: L .- '

SCAN is not reliable for qualitative band gap estimates and estimating
charged defect formation energies

For a more detailed benchmarking of SCAN, refer to

“Evaluating transition metal oxides within DFT-SCAN and SCAN+U

frameworks for solar thermochemical applications”,

G.S. Gautam and E.A. Carter, Phys. Rev. Mater. 2, 095401 (2018)
Poster: CM01.03 (Nov 26, 8pm)
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GW gap: Botti et al., Appl. Phys. Lett. 2011, 98, 241915 G.S. Gautam et al., Chem. Mater. 2018, 30, 4543
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Pure CZTS expected to show disorder: SCAN is
reliable for defect energetics
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SCAN-calculations in agreement with previous GGA+U estimates [Yu and Carter, Chem. Mater. 27, 2920 (2015)]



Pure CZTS expected to show disorder: SCAN is

reliable for defect energetics
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How do Cd or Ag influence CZTS?

Results from defect formation and electronic structure
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Low Cd-doping = less disorder
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Low Ag-doping = less disorder®

Cu1.94Ad0.06ZNSNS, CuAgZnSnS,
a) Low-Ag @ b) High-Ag &
< K < @
o S P o o° 2 o)

»° OO(\O\)’Q A o° OO(\O)'Q A

1.6 T T - T F— T | ' T _ 1.6— T T r— T T T
1.4 1 14 a

> 5 1S 0 3
Q1.2 1 Q1.2E -
> B 1 > e iy
D 4 D2 4E 1
GCJ : 70 : GC) - -
© 0.8 £Cuzn' 1 © o8 H
S | 1 g b .
2 0.6f 12 o6 -
€ 04 : A9y tZNg, (Z0) 1 € T Azt ZNpg (Z0)
= 0. - o — ~
S " [Ado, e 0, 20 1 8 048 AGz+ZN,y (SN)
0.2F L . o a 0.2 5

: | ~ Disorder in pure CZTS: - | | | | | :

0 -0.5 -04 -0.3 -0.2 -0.1 0 0 0.5 0.4 -0.3 -0.2 -0.1 0

fgy (V) f, (&V)

*Low Ag-doping only beneficial at constrained Cu-poor (Zn+Sn rich) to Cu-rich conditions

High Ag-doping should generally be beneficial in suppressing antisites
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High Ag stabilizes kesterite
High Cd stabilizes stannite
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Cd Stannite

Kesterite

Cd (Ag) decreases (increases) band gap
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GGA+U gap, pure stannite: 0.79 eV

GGA+U gap, pure kesterite: 0.96 eV



Isovalent doping in kesterite:
experiments report improved performance

AgCu CdZn
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Isovalent doping in kesterite:
experiments report improved performance
AgCu CdZn

Both Ag and Cd doping increase efficiencies: but only up to a certain
doping content (~ 5%)

Cd = high Cd, higher disorder, efficiency drop

Ag = high Ag, higher band gap, efficiency drop

Alternate dopants? Ag is rare and Cd is toxic
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Qi et al., Energy Environ. Sci. 10, 2401 (2017) 20 Fu et al., Chem. Mater. 28, 5821 (2016)




Na/Ca doping in CZTS

Influence on defect, bulk and electronic properties

21
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Ca-doping = less disorder
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Na stabilizes kesterite and phase separates
ngh Ca Ieads to decomposmon of CZTS
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Na

Na/Ca increases band gap
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GGA+U gap, pure stannite: 0.79 eV

GGA+U gap, pure kesterite: 0.96 eV



Na-doping indeed improves efficiency
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« Low Na-doping should be beneficial

« Ca: low Ca = low disorder; high Ca = instability
 Low Ca, if feasible, will be beneficial

k@ NO evidence or La-doping Improving
performance in CZTS cells, experimentally
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K-J Yang et al., Prog. Photovolt: Res. Appl. 23, 862 (2015) 26
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Summary

Despite being a promising semiconductor for PVs, CZTS solar cells suffer
from poor efficiencies
 Attributed to detrimental disorder-inducing antisites; may be suppressed by

isovalent doping @
Q 2 A 9
Dopants influence multiple quantities O S @
« Defect formation, bulk stability and electronic structure }(Ol{)ﬁo [7n)
& 8
e @
Low Cd = Less disorder; High Cd = More disorder Q W
« Explains “peak” efficiencies observed in experiments @ 2 Y voe

Low Ag = More disorder with less Cu; High Ag = Less disorder
+ High Ag stabilizes kesterite; but also increases band gap of kesterite
» Ag-doping may also exhibit “peak” efficiencies

Low Na = Less disorder; High Na = phase separation
« Low Na will be beneficial in improving efficiencies

Low Ca = Less disorder; High Ca = Instability

* Low Ca, if possible, will improve performance

Search for other feasible and better dopants will be useful 28
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