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CdTe: Motivation
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Most commercially-successful thin-film PV solar cell technology ‘ Efficiency record

ldeal band gap of ~1.5 eV

Low carrier masses

Strong absorption

Relatively simple crystal structure (zinc blende)
Well-studied, relatively well-optimized manufacturing
Stable

Low energy payback time (2x better than Si)

Low degradation rate

="~ market cap
First Solar.

CdTe Solar Farm in California (550 MW)
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Scarpulla et al. Sol. Energy Mater Sol. Cells 2023
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CdTe: Motivation A

Most commercially-successful thin-film PV solar cell technology
But PV efficiency has stagnated at 22.1% (out of a potential ~32%), limited by defects
 Limited p-type doping concentrations

e Defect-mediated electron-hole recombination
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CdTe: Defects
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Modelling Electron-
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Kavanagh et al. ACS Energy Lett 2021
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Modelling Electron-Hole Recombination /%E
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Modelling Electron-Hole Recombination

ACS Energy Lett 2021
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Voltage (V)

Vg is a crucial defect to avoid in CdTe!
Explains importance of Cl treatment (partially passivates V)

Suggests Cd-rich growth conditions are optimal -> Matching current

record devices'

1. Li etal. Nature Energy 2021
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Detect Structure Searching
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Mosquera-Lois, Kavanagh et al. Chem Soc Rev 2023
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Detect Structure Searching

4
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Structure determines:

Formation energies

» Concentrations

» Doping

» Thermodynamics...
Localisation (deep vs shallow)

Recombination activity

Chadi & Chang Phys Rev B 1989
Lany & Zunger Phys Rev Lett 2004
Du & Zhang Phys Rev B 2005
Morris, Pickard, Needs Phys Rev B

Migration
Catalytic activity

Varley et al J. Phys.: Condens. Matter 2011
Kehoe, Scanlon, Watson, Chem Mater 2011
Krajewska, Kavanagh et al. Chem Sci 2021
Osterbacka, Wiktor J Phys Chem C 2022
Kononov et al. J. Phys.: Condens. Matter 2023
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Does it matter?
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Structure ad Energy & Properties (recombination, catalytic activity, diffusion, conductivity...)

Further Examples:

« Gallium vacancies, migration and compensation in Ga,Os5!

« Catalytic activity (divalent metal dopants in CeO,)?

« Persistent Photoconductivity in Si, GaAs DX centres34

* Hydrogen Complexes in Silicon>

« Defect absorption / bandgap lowering (Sn-doped Cs3Bi,Brg)¢
« Oxide polarons (in BiVO,)’

« Colour centres and deep anion vacancies in lI-VlI compounds?

Varley et al J. Phys.: Condens. Matter 2011

Kehoe, Scanlon, Watson, Chem Mater 2011

Du & Zhang Phys Rev B 2005

Chadi & Chang Phys Rev B 1989

Morris, Pickard, Needs Phys Rev B 2008

Krajewska, Kavanagh et al. Chem Sci 2021
Osterbacka, Ambrosio, Wiktor J Phys Chem C 2022
Lany & Zunger Phys Rev Lett 2004

N BA WD =

Defect Concentration (cm~3)

1.2

1.0

ot
®

o
»

Relative Energy (eV)
o
o~

©
N

0.0

1020
1016
1012

108

10*

® Standard Relaxation

-1/
*
L
\
1
R Ty .
% "o "
L 22
@ o -y
L a »
9 o0
- i ? L
Tetrahedral (T ) Te Dimer (C, ) Bipolaron (C,)

100

— AEX=1.0eV
+0.2 eV
+0.5eV

600

800

1000 1200

Temperature (K)



ShakeNBreak / }»

|dea: Leverage the localised “molecule-in-a-solid”

J J
. . . an _,.0 .
behaviour of point defects: € \;\/‘ o  Ideal Defect
: : : : : Vei: ¥ N N e (e.9:Ve)
* Chemically-guided neighbour bond distortions: sl W A A
: o
No. distorted bonds = A{Valence Electrons} . Bond Distorion "
S ¥ M1t
e Stretch/compress neighbour bonds (50% range) I & I 5=10% ) f !
S it . ) 2 o 9 o [S0e=+50]% o ‘9w o 2
& Distortion mesh of trial structures o A A b ) o %o A b
4 < J J J J
, . Vv Vv Rattle V¥ ¥
« 'Rattle’: Add small random displacements to break 3 9 8 ¢
. . a 3 .
symmetry and aid location of global minimum 2 2. ) é: ,
O g s
. 8W L 3 ]
-> Relax Y N e
v v Relax V¥ ¥

Mosquera-Lois et al. npj Comput Mater 2023
Mosquera-Lois et al. J. Open Source Software 2022 Pham & Deskins JCTC 2020



ShakeNBreak
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ShakeNBreak
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ShakeNBreak / }%

11 relaxations with T'-only sampling
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ShakeNBreak

h
. g~ ~
Successfully reproduces all previously-reported cases > snb Ve,
(Benchmarks: Si, CdTe, GaAs, CeO,, Zn0O...) drnax (A)
0.0 == 0.8
Energy-lowering reconstructions identified in a diverse B i
*
. . 02 1
range of materials & defects - found for defects in every <
© | ] @ e @ 9
material studied (Sb,(S/Se)s, In,O3, TiO,, Se, SITiO; ...) 3 ., - Q X 54
e ' Q. d ©
8 e ?
L e
Can locate low-energy metastable structures L 0)
0.6 Tetrahedral (T)) Te Dimer (C, )
Important for diffusion (transition states) and carrier ——
@ Distortions: 2 Te 00
. : *—0—0—0 Unperturbed '
recombination 08 ||
-0.6 -0.3 0.0 0.3 0.6

Efficient (<10% computational cost of full defect study)

Bond Distortion Factor (for 2 Te near ng)

Automated user-friendly (Python APl or CLI), trivially parallel...

Mosquera-Lois et al. npj Comput Mater 2023
Mosquera-Lois et al. J. Open Source Software 2022



ShakeNBreak: Key Examples

Battery degradation processes in Ni-rich cathodes -~
[Murdock et al. Adv Mater 2024, Squires et al. ACS Energy Lett 2024, Cen et al. JIMCA 2023...]

VAV
AV
%%%@

Oxygen vacancy reconstructions in SrTiOg, key to
photocatalyst performance

[Ogawa et al. In Submission]

Un-stable polarons in CuSbSe,

[Lohan et al. Nature Comms 2025]

oY N/oY
oY TP
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\@-

S 3

Charge compensation in transparent conducting oxides
[Li et al. Chem Mater 2024, Cai et al. APL 2025...]

Extreme charge compensation, defect metastability & impact Vb Vb Vo)

on electron-hole recombination in antimony chalcogenide

solar cells (Sby(S5/Se)3) ~

[Wang et al. PCCP 2022, ACS Energy Lett 2022, Phys Rev B 2023, Joule 2024, ACS Energy Lett

2024...] | N:O Q
“Pd f A\ 377

Quantum defects in CaO 2,0 o 33 e  ®

[Yuan & Hautier APL 2024]
©@Sb @ Se



Structural Reconstructions at Defects

Studies using ShakeNBreak

« Y. Fu & H Lohan et al. Factors Enabling Delocalized Charge-Carriers in Pnictogen-Based Solar
Absorbers: In-depth Investigation into CuSbSe, Nature Comrurmcations 2025

* 5. A. Kavanagh Identifying Split Vacancies with Foundation Models and Electrostatios arXiv 2025

* SR Kavaragh ot al Intrinséc point defect tolerance in selenium for indoor and tandem
photovoltaics Chermdny 2026

+ J. Hu ot al Enabling ionic transport in Li,AIP, the roles of defects and disorder Journal of Materias

Chemistry A 2026

Z. Ca & C. Ma Origin of cxygen partial pressure-dependent conductivity in SeTiO | Appled Physics

Letters 2026

« W D, Neison et al. Oxygen Potential, Urankum Diffusion, and Defect Chemistry in UO ,,, : A Density
Functional Theory Study Jourmal of Physical Chemistry C 2024

Q Search x4 X
* X, Wang ot al. Sultur vacancies limit the cpen-circuit voltage of Sb,S, solar cells ACS Energy Letters
2024
Welcome to ShakeNBreak! * Z. Yuan & G. Hautier First-principles study of defects and doping mits in Ca0 Appledc Priscs
Letters 2024
U * B E. Murdeck 1 @ Li-Site Defects Induce Formation of Li-Rich impurity Phases: Implications for
sage Charge Distribution and Performance of LiNi o 5., M , Mn 15 O, Cathodes (M = Fe and Mg; x = 0.06~
Instaiiation 0.2) Advanced Materials 2024 Dimerization  Cation-anion  Crystal field splitting  Electrostatically
*'A. Q. Saquiren 3t ol. Quygen dimarization as 2 defect-deivan provess In ik (RO, ACS Siseny rebonding & Jahn-Teller driven
Python API v Letters 2024
) « X. Wang et al. Upper efficlency fimit of Sb,Se, solar celis Jouke 2024 Vv : Ce Cd
Tutorials Y« L Mosquera-Lols ot al. Machine-leaming structural reconstructions for sccelerated point defect 9 Te“ ° Ga E‘ 1 0 Te
Miscellaneous Tips & Tricks caiculations npj Computational Matenals 2024 As
* 5. R Kavanagh ot al. doped: Python toolkit for robust and repeatable chargod defect supercell L
calculations Journa' of Open Source Software 2024
Information « ¥ Li ot al. Computational Prediction of an Antimony-based n-type Transparent Conducting Oxide: | ! !
Code Compatibllity F-doped Sb,0y Chermisiry of Materials 2024 ° ’
« 5. Hachmioune et ol Exploring the Thermoslectric Potential of MgB,: Electronic Band Structure,
Contributing Transport Properties, and Defect Chemistry Chemstry of Matera's 2024 ‘
« X. Wang et al. Four-electron negative-U vacancy defects in antimony selenide Frysca Review 8 \
Change Log 2023
ShakeNBreak on GitHub (2 « Y. Kumagal et ai. Alkall Mono-Prictides: A New Class of Photovoltalc Materials by Element Mutation

PRX Energy 2023 XX



doped: Calculating Defects in Solids

ShakeNBreak

/ \ WA
\ o n
Generate Defects N e « 9 e o
e Optimal supercell BN RIS "
_ !f * Finite-size corrections , \ —=
e Symmetry analysis \
* |nterstitial placement < * Chemical potentials :
e Estimate charge states \'\ * Fermilevel alignment '\ o
”~
¢ Competing phases Advanced g
Perform & Process \ Thermodynamics analysis N
* DFT/ Force fields / * Defect transition levels ‘\' a
b Structure SearChlng . Symmetry & degeneracy \"'/‘
* Electrostatics, ¢ Concentrations
4444 Chafge' densities, i * Doping limits... deped
SI'l ' 1S strain fields... e
135 1
2006« 4| ':. O Open Source MIT
d Yaie-
Distance from defect (A} MADE WITH PYTHON ®

& doped.readthedocs.io

Kavanagh et al. J Open Source Softw 2024


https://doped.readthedocs.io/

a“

doped: Design Philosophy /Eg £

« Wide-spanning functionality
» Reasonable defaults, but with full control/flexibility for the user

 User-friendly, extensive tutorials/documentation, automated

compatibility/sanity checks
 Aid and encourage reproducibility
« Computational efficiency through intelligent algorithms

* Publication-ready outputs doped

40



doped: Calculating Defects in Solids

ShakeNBreak

h

Generate Defects / . o
/ Formation Energies

Optimal supercell \ o /
: -‘ /' * Finite-size corrections

Symmetry analysis

=5 {  eChemical potentials '\

Interstitial placement

* Fermi level alignment

Estimate charge states

/ . Advanced

* Competing phases _ ; )4
Perform & Process ; / Thermodynamics analysis P R
¢ F.=.§ / o 7 . e
Q! / Force'fields V. o s > 4 * Defect transition levels N
*Structure searching /o . W—— &
* Electrostatics, " . v « Concentrations
*4 4t JProe densities, i * Doping limits... deped
SI'T I' 1 strain fields... e
0000 £l
00000 i,
5383 \_ it <
[ *Sege:
Distance from defect (A) MADE WITH PYTHON @

& doped.readthedocs.io

Kavanagh et al. J Open Source Softw 2024


https://doped.readthedocs.io/

doped: Detect Generation 2

from pymatgen.core. structure isport Structure « Candidate interstitial sites generated with

from doped.generation import DefectsGenerator

Voronoi tessellation (most reliable
# Load our relaxed bulk (host) structure: aI:)I:)rC)aCh)'I - 0Or user—specrﬂed.

relaxed primitive CdTe = Structure.from_file("CdTe/relaxed_primitive POSCAR")

# generate defects:
defect_gen = DefectsGenerator(relaxed_primitive_CdTe)

« Auto-generated optimal supercell, or

Generating DefectEntry objects: 100.0%| | [00:85, 19.58it/s] .
— user-provided.

Vacancies Guessed Charges Conv. Cell Coords Wyckoff

v_Cd (-2,-1,0,+1] (0.000,0.000,0.000] 4a

V_Te [-1,0,41,421  [0.250,0.250,0.250] dc * Generates all intrinsic (and extrinsic if
Substitutions Guessed Charges Conv. Cell Coords Wyckoff e .
_________________________________________________ specified) point defects.
Cd_Te [0,+1,+2,+3,+4] [0.250,0.250,0.250] 4c

Te_Cd (-4,-3,-2,-1,0,+1,+2] [0.000,0.000,0.000] 4a

Interstitials Guessed Charges Conv. Cell Coords Wyckoff

Cd_1_C3v (0,+1,+2] [0.625,0.625,0.625] 16e o F:lel)/ flE})(ik)l(}

Cd_i_Td_Cd2.83 [0,4+1,42] [0.750,0.750,0.750] ad

Cd_1_Td_Te2.83 [0,+1,+2] [0.500,0.500,0.500] 4b

Te_i_C3v [=2,-1,0,+1,42,+43,44] [0.625,0.625,0.625] 16e

Te_i_Td_Cd2.83 [=2,-1,0,+1,+2,+3,44] [0.750,0.750,0.758] Ad

LG o B T e B o< e BB db s I S ond 2 ' Kononov et al 2023 J. Phys.: Condens. Matter 35 334002
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doped: Detect Generation

e Target Supercell: You may want to use a specific supercell for your calculations, perhaps to

reproduce or build on calculations from a previous study with a specific supercell. ¢ Candldate mterSt't'al sites generated W|th
Voronoi tessellation (most reliable
# run this to see the function documentation: approach)1 - or user-speciﬁed.
DefectsGenerator?
Init signature:
DefectsGenerator « Auto-generated optimal supercell, or
structure: pymatgen.core.structure,.Structure,
extrinsic: Union{str, List, Dict, NoneType None, _ 1
interstitial_coords: OptionaliList] = None, user prOVIded'
generate_supercell: bool = True,
charge_state_gen_kwargs: Optional[Dict] = None,
supercell_gen_kwargs: Optional[Dict] None,
interstitial_gen_kwargs: Optional[Dict] = None,
i e i gl il * Generates all intrinsic (and extrinsic if
docstring:  Class for generating doped DefectEntry objects. specified) point defects.

init docstring:

Generates doped DefectEntry objects for defects in the input host
structure. By default, generates all intrinsic defects, but extrinsic
defects (impurities) can also be created using the “extrinsic’
argument. .
« Fully flexible
Interstitial sites are generated using Voronoi tessellation by default (found

to be the most reliable), which can be controlled using the

“interstitial_gen_kwargs' argument (passed as keyword arguments to the

‘VoronoilnterstitialGenerator' class). Alternatively, a list of interstitial

sites can be manually specified using the "interstitial_coords’ argument. 1 Kononov et al 2023 J. Phys.: Condens. Matter 35 334002
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doped: Supercell Generation k2

Efficient, direct optimization of image distance over all possible &4 minimal DFT/computational cost

supercell transformations, and accounting for rotational invariances . 10
Mean improvements of ~10%

compared to custom ASE scans

doped .
§ 1.00 © (Mf:\ Image) ->~35% DFT cost reduction
S 0.95 .. ASE
g “ (FCC Target)
o 0.90 ASE
g) ® (SC Target) 100 e pymatgen/ASE =
£ 085 pymatgen o e
€ ® (Near-Cubic) "
£ 0.80 d Ideal é ) [
= O =~ (Pure FCC/HCP) c L o r—
s 075 e & e
I — L ———
D >\. (Averaged over B
2 0.70 - -Q\.:.... several crystal E 102 }
L t i —
% 0.65 ®e [e) systems) & Example:
Z 0.60 I (9] | I I I " Cubic Structure
: 10" |,
0 10 20 30 40 50 e SR VO TR W —

1.00 125 150 175 200 225 250 275
Minimum Image Distance (in Unit Cell Length)

Number of Primitive Unit Cells N

Gt



doped: Charge State Estimation g

from pymatgen.core.structure import Structure

» Defects can adopt various charge states in from doped.generation isport DefectsGenerator
materials - but which ones will actually be
# Load our relaxed bulk (host) structure:

relaxed_primitive CdTe = Structure. from_file("CdTe/relaxed_primitive POSCAR")
stable?

# generate defects:
defect_gen = DefectsGenerator(relaxed_primitive_CdTe)

 False positives = Charge states included, but

not Stable (bad, but [neV[table) Generating DefectEntry objects: 100.¢% | N (00:05, 19.58it/s]
b False negatlves = Not |nC|Uded, but aCtua”y Vacancies Guessed Charges Conv. Cell Coords Wyckoff
v_Cd (-2,-1,0,+1] (0.000,0.000,0.000] 4a
stable (very bad) Te  Enedeal (e2seezsessse s
Substitutions Guessed Charges Conv. Cell Coords Wyckoff
154  »#0—ma N ..o 1 —————_—— ——— S
) Cd_Te [0,+1,+42,+3,+4] [0.250,0.250,0.258] A4c
> Te_Cd [-4,-3,-2,-1,0,+1,+2] [0.000,0.000,0.000] 4a
- \
E% » Interstitials Guessed Charges Conv. Cell Coords Wyckoff
= e e . e T e
o Cd_1_C3v [0,+1,+2] [0.625,0.625,0.625] 16e
® 0.5 — — o Cd_i_Td_Cd2.83  [0,+1,+2] [0.750,0.750,0.750] 4d
g Cd_i_Td_Te2.83  [0,+1,+2) [0.500,0.500,0.508] 4b
O - — Se; Te_i C3v [=2,-1,0,41,42,+3,44] [0.625,0.625,0.625] 16e
0.0 Te_i_Td_Cd2.83 [«2,-1,0,+1,+2,43,44] [0.750,0.750,0.750] 4d
’ | . | , Te_1i_Td_Te2.83 [-2,-1,0,+1,+2,+3,+4] [0.500,0.500,0.5008] 4b
0.0 0.8

Fermi Level (eV)

45



doped: Charge State Estimation L3

* False negatives underestimated for PyCDT due to bias in dataset

200%
« Defects can adopt various charge states in B False Positives 3
: X. state
materials - but which ones will actually be Bl False Negatives
Y 180% |mm Hits .
stable? Most likely
- oXx. states

 False positives = Charge states included, but 160% o

not stable (bad, but inevitable) probabilities

140% |~

Ox. state probabilities,
with ox. & charge

 False negatives = Not included, but actually
stable (very bad)

#(Defect Charge States)

120% | state magnitudes
 As always, fully tunable (probability threshold s |
to control lean/completeness) & flexible
80%

(Intermediate charge states which are metastable should still doped ICSD Prob. pymatgen pycdt
be calculated and are not considered false positives) Method



doped: Calculating Defects in Solids

ShakeNBreak

VA‘ n
Generate Defects /
: \ Formation Energles \
¢ Optimal supercell #
; * Finite-size corrections
* Symmetry analysis
., . : :
¢ Interstitial placement Chsiica ponsitials
’ \
e Estimate charge states \ * Fermi level alignment
¢ Competing phases Perf & Pr \ / Advanged b4
'\ ”~ “~
Ve ' Thermodynamics analysis /i
: ) e
* DFT / Force fields J- * Defect transition levels ‘\.. 4
e Structure searching o Symme(ry & degeneracy & d
* Electrostatics, * Concentrations
980¢ charge densities, f \ * Doping limits.. doped
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Kavanagh et al. J Open Source Softw 2024


https://doped.readthedocs.io/

doped: Finite-Size Corrections ﬁg

As always, automated but fully flexible/controllable (sampling

region, excluded atoms - useful for low-dimensional systems...) Kumagal-Oba (eFNV); anisotropic

| correction, plat » F O 1 entiry.get _tumagal correctioniplot=True)
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correction, plot = CdTe_defect_dict("v_Cd_-2"].get_freysoldt_correction(plot=True)
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doped Case Studies: Split Vacancies % e
Kavanagh arXiv (JPhys Energy Emerging Leaders) 2025 o4 8 @ (All materials on Materials
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+ {5 1134 3231 oafedd inorganic solids
06". o;
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, ® Interstitial-Divacancy Combinations — candidate
ACEsuit/mace \.v/ (d[V,-X] < 5A; d[Host-X ] > 1A) split vacancies
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ML Foundation Model w
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doped Case Studies:

Defects in Sb,Se;
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Importance of (Good) Research Software

Good research software d exponential boosts

in community research productivity

effmass py-sc-fermi But mostly indirect impacts, with a major lack of
TR ‘@ PycOT } _
D { N D o funding for research software management
1syunfold doped ShakeNBreak
(electronic structure analysis) (defect calculation setup and analysis) pOS itions
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\ l (especially when competing with Google etc.)
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