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Grand challenges in emerging PV ] HIERN

Understanding the essential device physics

Improvement headroom of

Voltage losses 20 % PCE now reached emerging PV towards DB Limit
e Level -matching at interfaces by OPV! 20 ® OPV
* QFLSin bulk See Guan et al. 62%| O Perovskites
https://doi.org}lo.1002/adm 25 : I
2.202400342 9 e . 100%
Operational stability: o
e Re-orientation at interfaces Still, large headroom 5 70%
e De-mixing in bulk For improvement v o " '509% DB Limit

Photochemistry

1 1.5 2 2.5 3

* Well established model: compare two samples Low throughput E_ (eV)
* Model search along one dimension: encounter trends : emerging-pv.org
* Model search along several dimensions: use machine High throughput (one campaign)
learning
* Find needle in haystack (quasi-infinite dimensionality): Outlook:

towards a digital twin Big Data (across campaigns & labs)
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Novel ICL for n-i-p Perovskite-Organic Tandem Solar Cells
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Causal structure of Material Science
a Process conditions /7 Structure ‘GFunction Target
N\ property

High fidelity study along the causal chain: two samples are enough for clear cut result
Jingjing Tian, Chao Liu, et al., in submission (2024)
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20 D:A pairs

Same process conditions

How to minimize voltage losses: driving forces and dual EL Klrﬂ
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A Classen et al., Nat. En. 2020
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Voltage losses: driving forces and LE lifetime ﬂ "' 'E“"
Analytical treatment: Three-states model Voltage losses follow universal trend
t Explained by LE < CT equilibrium
LE kaiss kse
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A. Classen et al., Nat. En. 2020 LE<>CT driving force + offset (eV)

At low driving force, LE lifetime is crucial!
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Voltage losses: the role of interfacial disorder

Only 1 D:A pair: WF4:IT-4F bi-layers
16 different process conditions

Method: transfer printing - U S i 7 _—
* abruptinterface T — __j”"ﬂ __,E_j] Rong Wang
 Individual morphology control B L—J e b
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Annealing temperature R. Wang et al., Adv. En. Mat 2024
Different optima for charge generation and recombination




CT energies and static interfacial disorder EL spectra HI[ERN
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R. Wang et al., Adv. En. Mat 2024
Surprisingly small variation of EL spectrum




Voltage losses: the role of interfacial disorder HI[ERN

Only 1 D:A pair: WF4:IT-4F bi-layers
16 different process conditions

Strong effect of process conditions High driving force — high LE population! Caused by interfacial disorder
on driving force within same D:A pair! “Anti-Boltzmann” behavior??

Approximate objective function

LE * \’ High disorder —
high CT degeneracy
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R. Wang et al., Adv. En. Mat 2024

Interfacial disorder increases effective degeneracy of CT states
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Training optical proxy experiments on the fly Kﬂ HI[ERN_
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(a) microstructure (b) Optical probe c) Optical proxy experiment
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R. Wang et al., Adv. En. Mat 2024
Bulk disorder controls interfacial disorder

UV-Vis is much easier than EL/FTPS/EQE! Proxy experiment!



Towards interfacial disorder management

Method: hierarchical mRMR embedded GPR (C. Liu et al., Adv. Mat 2023)

Result: Knowledge graph of essential predictors for target properties

® /

Stokes shift

D:A interface : : ﬁ

o [T-4F bulk

Relationships:
Processing- Structure- Structure-
Structure ~Structure Property
Processing Structure : Targe.t
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R. Wang et al., Adv. En. Mat 2024
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Can OPV be processed in ambient conditions?

50 D:A pairs
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Air-light resilience during production allowing upscaling

Ml i

without need for vacuum/inert gas



Stability trends with frontier orbital levels

Air/light resilience after 30 mins
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Stability trends with molecular structure ] MERN

Gaussian Process Regression (GPR) with embedded mRMR feature selection (C. Liu et al., Adv. Mat 2023)

Target: residual relative Jsc after 30 mins air/light

Relevant and non-redundant Known relation Tentative action
Y1 Only Structure predictors: to physics on stability
0.9
8 0.8 1 . .
= = @ # F on Acceptor Frontier orbital levels Photochemistry
8 0.7
4§ 0.6 -
D 057 Nee # spiro bridges on 6-rings |  Torsional mobility Diffusion
Q. 047 on Acceptor
0.31
021 _ , ; , @ Longest side chain on Hansen parameters Microstructure

Experimental r;gc

 Machine-learned predictors for air/light resilience agree with known physics

* For breakthrough innovation, we must go beyond the known.
Xiaoyan Du et al., INFOMAT (accepted) 2024
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Fast parameter inference by multi-evidence fitting

Why not rely on blackbox optimization?

Process conditions
Target
G property

Quasi-infinite
dimensionality!
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Fast parameter inference by multi-evidence fitting krﬂ HIPERN. .

Why not rely on blackbox optimization?

Target

Structure (geometrical, energetic, dynamic)
property

Process conditions

Electrostatics (T, )

LE bulk D:A interface

L ’7 Aggregation (cg,)

E LUMO = LE Kaiss
. 2 >
Chemistry g f—'“’> DOS (LUMO) =4 /—\' CT CS
% E : <.
T o IE
“ | Homo 3 I +@ ! e
'1> DOS (HOMO) ® ”'
ﬂ] il
I (D D
Effective gap Stationary carrier
density under 1 sun

Quasi-infinite
dimensionality! : ko T -Iln
B N2
eff

Linking P and C directly to material parameters

dramatically reduces search space
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A novel implementation of transient pump-probe kinetics HIJERN.

Julian Haffner-Schirmer
+ Vincent Le Corre

Pump LD Film / Device
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Global fitting yields k1, k, .0 with very little cross-talk




Fitting J-V traces with the same rate equation HIJERN

Benchmarking against simulated data
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Rate equations OK under 2 conditions:
e FF>80%
* No extraction barriers




Fast parameter extraction by self-learning agents
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Understanding FF losses in acceptor-rich blends of PM6:BTP-4F-12
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J. Haffner-Schirmer et al., in submission (2024)
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OPV beyond 20% PCE: accelerating the next breakthrough Krﬂ"”ﬁ“

Problem statement:

e Discovery of unseen trends requires big —
data: volume, variety, veracity:

e [ 1000s of D:A pairs

| Millions of microstructure variations Can’t provide 108 cross-section TEMs

Impossible for a single lab
—> Veracity issues

= Black box optimization without
using human capacity for abstract
thinking

S

Needed:

Probabilistic method to learn (attain predictive power) from
* incomplete,

* indirect,

* uncertain evidence

This is exactly the realm of a digital twin
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How does a digital twin achieve acceleration?
Featurization allows redundancy rejection
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UV-Vis spectra: essential microstructure features for correct V. prediction

Redundancy rejection is not approximation!
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Digital twin: redundancy rejection enables inverse design gl "ERN. |

| 1 ( -1 Find optimal chemical structure
dc = fs (as) =[5 (fO (qO)) given a set of target objectives

Essential optical features to

% o Fast surrogate 7
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L. Lier etal., Joule 8 1-17, 2024




Challenges

Current hot topics in data science:

e Uncertainty quantification
e Requires posterior calculation >

15 parameters
e Cascading surrogates
e From femtoseconds to hours

* From Angstroms to meters

* Mixed integer optimization

BOAR : Bayesian Optimization for Automated Research

Material

Parameters h

e

Fruegrich-Alesander-Univeritit )
|E/ﬁ! !| ‘_rlar-gern rnberg
4‘ HI IERH

TR g

github.com/i-MEET/boar

handles <=10 dimensions
In active development
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2 Deep Photo
M traps  products
us — infinity




Conclusions

* Big data approach required to further reduce voltage losses and increase

operational stability of OPV technology
* Adigital twin will allow acceleration of knowledge generation by redundancy

rejection and fast surrogates allowing inverse design
» A strategy for attaining inverse design capacity is proposed

Goal: from a set of target objectives, identify the optimal molecular structure
and corresponding process conditions
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