Relevance of Ge incorporation on the physics of deep

defects in kesterite materials

T. Ratz'?, N-D. Nguyen', G. Brammertz3, B. Vermang?34, J-Y. Raty'

1. CESAM | Q-MAT | Solid State Physics, Interfaces and Nanostructures, Physics Institute B5a, Allée du Six Aolt 19, B-4000 Liege, Belgium
2. Institute for Material Research (IMO), Hasselt University, Agoralaan gebouw H, B-3590 Diepenbeek, Belgium
3. IMEC division IMOMEC | partner in Solliance, Wetenschapspark 1, B-3590 Diepen- beek, Belgium
4. Energyville, Thor Park 8320, B-3600 Genk, Belgium

thomas.ratz@uliege.be
University of Liege [ULiege] -
Department of Physics [BAT. B5a]

Introduction

. - Kesterite phase diagrams
4 . p LIEGE université

&

Point defects in Ge-doped and Ge-alloyed kesterites

Lattice distortion upon defect incorporation

SPIN

Conclusion



mailto:thomas.ratz@uliege.be

Introduction

14F 7
al o Mwrevo = 12.6% 1l 2
o Limitations of the Cu,ZnSnS, kesterite-based solar cell efficiency 1of - e i
11 /- Monograin Growth » i
) ) o 1ol - - Sputtering N . 1
o Bulk point defects have been pointed out as efficient | Peedtmerbepestion o _
. . . $ o
recombination centres (Snz, and/or [Cuz, + Snz.]) 6 A : |
g 7 o V’ * 7
=4l i
o Cationic substitution as a possible route for efficiency s _
improvement s # ’ :
3 i
2 i
Cu+>Ag Sn+>Ge Zn<+<>Cd S <+ Se 1 : 1
0 1 1 1 1 1 1 1 I_
2006 2008 2010 2012 2014 2016 2018 2020
Year
Journal of # RrovaL soCETY
. . ap OF CHEMISTRY
. . . . Materials Chemistry A
What is the impact of Ge incorporation
. . e
on the physics of deep defect in PAPER Vo Ve,
kesterite ? ] _
) Check for updates. Relevance of Ge incorporation to control the
e e warer crem 1. 202210, PIYSICAL behaviour of point defects in kesteritef
% Thomas Ratz, & *2® Ngoc Duy Nguyen, 2 Guy Brammertz, © ¢ Bart Vermang & ¢
and Jean-Yves Raty®
Ratz, Thomas, et al. "Physical routes for the synthesis of kesterite." Journal of Physics: Energy 1.4 (2019): 042003.




Point defect calculations using DFT

From a perfect kesterite crystal to a defected system — supercell approach (64-atom calculations) 3

Motivation: reduction of the V. deficit following Ge incorporation into kesterite materials

Goal: Study of the point defect physical behaviour in Ge doped and alloyed kesterites
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Point defect calculations using DFT
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Correction terms: o Electrostatic interaction between image defects
o Band alignment between charged defects and the host supercell

Freysoldt, Christoph, et al. "First-principles calculations for point defects in solids." Reviews of modern physics 86.1 (2014): 253.




Phase diagram - Kesterite synthesis

[Thermodynamic conditions] o Ucu <0, Uzn <0, ux <0, us <0
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Point defect formation energies (point )

35 T T 3.5 . — 3.5 3.5 —T———— 35 T T 3.5
! — Vo — sy ) ! — Vo | 'd [ —pCuz
=y | CoSe = -
3.0f i — Vzn o4 30F - —Cuy C— Gesy ) 3.0 3.0f i — Va4 3.0 i —— Clce-{ 3.0F
i — Y5 | — Snay  — Gesn | i — Vs ! Gecy
! — Zns i | . —— Znce
251 ; 2.5 ; 4 25 2.5 ; o 1 25F ; — Gezm:| 25
o E i d i
=20 \ - 20 ; Lo 20 = 20 3\; 4 20F ; - 20F
2 | E 20
51.57/ i - 15 * q: = 15 3 15| i - 15F - 15F
= : C
1.0 | - 1.0f | 4 1.0 1.0f | 10| - 1.0f
05 : -1 0.5 // i 0.5 0.5 ; - 05 -1 05
0.0 : | 00/// El | | 0.0 0.0 El | | | 0.0 / | | \ 0.0 | | | |
-0.5 0.0 0.5 1.0 15 —-0.5 0.0 0.5 1.0 1.5 —-0.5 0.0 0.5 1.0 1.5 -0.5 0.0 05 1.0 1.5 2.0 -0.5 0.0 05 1.0 1.5 2.0 —-0.5 0.0 05 1.0 1.5 2.0
Er [eV] Er [eV] Er [eV] Er [eV] Er [eV] Er [eV]
CUZZF\SF\S4 CUZZnGeS4
o Fermi energy level under thermodynamic equilibrium condition
o p-type intrinsic conductivity of kesterites
o Vew Cuzy, Zngy, Xz, (X=Sn,Ge) low formation energies




Point defect formation energies

Evolution of the point defect formation energies according to the synthesis conditions: 7
3.0 == Tres? T I . 3.0 SN | | ™ T o 1
<':'><><><> o % oo oop % Dn':'nn * % ° Vg o oog o o
2.5 “oy am®l Moo L "o A e vy 2.5 ° o : "o ° e 2
. 300000392000 ﬁﬂn 0 o V. ' a o u] oooooo°°° ° VCU
a o o ﬁﬁﬁgoﬁg o o0?° S o oo oo |:|<D>° ° Vz—l
20H555880° o, S g 00888882 "1 o Cun 20 8°°c0g ®00000, ogg8y °© o o v
o 8 o o o, QDEEO(D) = 800 1 o a 9 o 08 8ga° o o o S
BEg °8°8°§§°°8588° o Dnngo o Zng; o °° Egg o o . o 0 Ccusl
- o Bo o3 o 8g00000008 5 Cu — g8 g _0®© ®o,o0g 08,6 Zn
= 15F %g40° o_.a_ 8 °o B g8 8 g Sn > 15p0c0° o ®s cee®rE o8] o zpl
Q 0098550000880 * :tgﬂ - o Sngl 2 ®o "ggo0 © 0000, 2350°ED cu
L “ *DD . nnn* * o Dnn -1 L <><><> nnnng OD o o o o Gea}
E 10_8*0009’8000000 B **DD 4 ° 4Zns, S 1.0=© 0 ©0BOO0OO ppp o = o] 0 zp=l
' 0% % % o o* " o ' oo 0 EDE‘D ° o Eg o g Ge
LI LA TP LT B Y
— o [m] ]
0.5 EEEEE:**** EEEEEEE***** DEE_ o slu 0.5 98, . Dnn ooo” o1&
wt “ o B2 ,nenn Yeg TEGaan ® _oo” . po” 132
0.0 o “of = Gea} 0.0 0 Hpao Zn
! ! ! ! ! ! ! ! L] = Ges | | | | | ! ! ! |
-0.5 -0.5
A B C D E F G H | A B C D E F G H |
,u,-[eV] u,-[eV]
Cu,ZnSnS, Cu,ZnGeS,
o Vcu, Cuzp, Zngy, Xzn (X=Sn,Ge) low formation energies
o Geg, most abundant doping defect
o From Snz, to the dopant Gez, to the Gegz, substitutional defect in the Ge-based kesterite




Point defect transition levels

Physical behaviour of the defects previously identified as abundant in the materials
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o Vcu, Cuzy, Zngy acting respectively as acceptor and donor for the later

o Xz, X=Sn,Ge) acting as recombination centres
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o The formation energy is not the only key ingredient impacting the physical behaviour of a defect
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Defects and crystal lattice distortion

What is a deep defect? Combining Shockley-Read-Hall statistics
with multiphonon recombination theory
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Transition between two states: W; the initial band state
and W¥,, the final defect state

Transition probability : W, , = 27ﬂ[|(l111|Hl-nt|ll’2)|2] V N(E,)

electron-lattice
Interaction
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Effective and Noneffective Recombination Center Defects in
Cu,ZnSnS,: Significant Difference in Carrier Capture Cross Sections
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Snz,*! (+1/0) and Snz,*? (+2/+1) are not equivalent
recombination centres as gg,+1 K ggp+2
Zn Zn

The larger the structural relaxation, the larger the
carrier capture cross section o

What is the impact of the Ge incorporation on the lattice distortion ?




Lattice distortion upon defect incorporation

Relation between the lattice distortion upon defect incorporation and the defect carrier capture cross section 10
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Defect emission rate e, depends on

o The energetic position of the defect within the band gap and with
respect to the CBM or VBM

o Carrier capture cross section g, related to the electron-phonon
interaction

—> Reduction of the lattice distortion induced by the formation
of the Gez, substitutional defect in comparison to its Snzy
parent in the Sn-based kesterite




Conclusion \

o Similar physical behaviour of intrinsic point defects in Sn-based and Ge-based kesterites

11

o Via Ge-doping in CZTS, Ges, has been identified has the most abundant defect
o Snz, and Geyz, are identified as recombination centres providing energy levels within the materials band gap

o Net reduction of the lattice distortion upon Gez, formation both for Ge-doping
Conduction band and alloying in comparison to its Sn counterpart

- Possible explanation for the Voc improvement reported experimentally
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