\

Photovoltaic Conversion by Reciprocity

Jean-Francois Guillemoles

» To cite this version:

Jean-Francois  Guillemoles. Photovoltaic Conversion by Reciprocity. QUEST 2023,
https://www.quest-conference.com/, Jun 2023, Paris, France. hal-04306587

HAL Id: hal-04306587
https://hal.science/hal-04306587v1
Submitted on 25 Nov 2023

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.

Distributed under a Creative Commons Attribution - NonCommercial - NoDerivatives 4.0
International License


https://hal.science/hal-04306587v1
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://hal.archives-ouvertes.fr

Joint Research Unit

Photovoltaic Conversion by Reciprocity

Jean-Francois GUILLEMOLES
~ IPVF, UMR 9006, CNRS-X-ENSCP, Palaiseau, France

',““}.

Chimie Par

i) | pSL % K IPVF

P. 1

ECOLE
EEEEEEEEEEEEE



Photovoltaic today

France : <45 €/MWh and
>3% electricity production

Cumulative Installed capa. [Gv.

25-45% Efficiency

Best Research-Cell Efficiencies NREL

Efficiency (%)

New challenges
- TW scale
- Footprint and sustainability
- Reliability of the new

I PVF 40% des modules sont installés depuis moins de 2 ans...
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Reciprocity

« What absorbs should emit »

half-occluded/visible shadow

fixed specularity A
]
+
—V Network
i
0, 0o 0 0, B

Gustav Kirchhoff, 1859

> All related to exchange between causes and consequences

1 Photons I Photons
Charge Charge
carriers Q carriers Q

Solar cell Light Emitting
diode Diode 4

> All relevant to solar cell operation
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Luminophore Solar Cell

* Lightin: electrons promoted Light in : electrons promoted

e Excitations relax and wander around Excitations relax and wander around

 And disappear: And disappear:
o Radiatively => light out o Radiatively => light out
o Or not (heat) o Or not (heat)

o Or collected at electrodes/ Or not (Voc)
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Reciprocity relationship and conversion of light

Also:
Stokes (1849) & Helmholtz (1856): optical reciprocity
Exact relationships between Lorentz (1896): electromagnetic reciprocity

Einstein (1917): Absorption, sp. & st. emission

Lars Onsager (1931) : microreversibility and reciprocity between fluxes and forces

Absorption & Emission of photons,

Black body Injection & Collection of electrons:
Bbsorptivity Reciprocity PV/LED
1) Solar cell under illumination 2) Light emitting diode under applied voltage V
(1]
E, ,/ o/
-— b
00000000 /ﬁ.tto-.i
A long list of reciprocities in photovoltaics: =
Van Roesbroek 1954, Wurfel 1980, Donolato 1985, =¥ _ .
. Position x > Detailed Balance Relations
Araujo 1994, MA Green 1997, | | Van Roosbroeck-Shock - -
U. Rau 2007 gl 1. Light absorption Hﬂ — 2. Radiative recnmbmatmnTE
' ; =¥ 2. Electron cnllectiun%t Electron injection =

Wong 2012, JJ. Greffet 2018



Quasi-Fermi level splitting Ap  e—) Intensity

Gap, lattice temperature  E ) PL peak E_,
Carrier temperature T  m——— High energy tail
Defects, disorder messssmm) LOw energy tail

Generalized Planck law:

PL Ap B 0 : 1
R R

Em

T

Au=qV

(free energy/particle)

Energy



Tra

Hyperspectral
Imager

easurement

CCD Camera
(Si, or InGaAs)
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Transport properties measurement
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Ambipolar thermoelectric measurment, locally!




Multi-dimensional Luminescence Imaging

Device optimization at each t
fabrication step

Hyperspectral imager

[wn] 4

Contactless =lp (X,Y,0)

=Spectral resolution:2 nm
= Spatial resolution : 1 um (mega pixel)

Non-destructive

Local properties
Method suitable for all PV absorbers

Studying device operation (CW, RT, ...)

Imaging systems

Hyperspectral imager
Spectral & Spatial

[wn] 4

Time-resolved fluorescence Imaging

Time-resolved fluorescence imaging
Temporal & Spatial

"lp(%,Y,1)
=Time resolution : 250 ps
=Spatial resolution : 1 um (mega pixel)

Studying Kinetic parameters 10




Proof of concept

Spectral information
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Photon energy (eV Optical )
Sl > Electric V.
AI-leff/ q
Extracting Apn
oy T 1,180 GaAs 1,164 V 1,149 V
.| 1170 CIGS 0,808 V 0,801V
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A 1,160 S Halide
= | A = _ 1,030 V 1,017 V
£ 2004 . " Perovskite
> £ iR 1,150 =
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100—» § 1,140
“é Delamarre et al. Appl. Phys. Lett. 100, 131108 (2012)
N | - % U | . A. Delamarre et al., JAP 2014
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0,1

(A/cm?)

gen

J,J ., J

Measuring non radiative recombination by PL

0,01

1E-3

Proof of concept: Optical measurements of |_(V, )
curve on GaAs cell

Jrec = ex(ﬂ + ] ex(ﬂ
Jrec o JOl p kT JOZ p kT

- Jgen(Apefflq) g & :
— v —
E © Jgen(Apeff/q)-O-order - E
* JseVoo)
L v (V) *
i
i > i
¥
— vH:)ﬁ -
3 HOH -
Y 1 1 1 1 1 1 1
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v, Voc’ Auefflq (V)

Measurement method o (A/M2) oy (A/M2)
PL with HI (1.8 +0.6) x 1016 (8.9 +1.5) x 10”7
j(V) (7.4 +£0.1) x 1016 (5.6 £0.7) x 10”7

Efficiency with 5% rel. error

Measuring all recombination mechanisms with PL

A. Delamarre, L. Lombez, and J.-F. Guillemoles, Appl. Phys. Lett. 100, 131108 (2012)
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— Hl on full stack : optically extracting electric par

Device A (PCBM)

o o
& 8
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Current transport efficiency
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= Optical measurement  ---- Electrical measurement
~ Electroluminescence Simulation
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1 Photons I Photons S e
Charge Charge RIS
carriers Q carriers Q C Y dtage
- El-Hajje et al., Energ. Env. Sci. (2016).

Amaury Delamarre, et al. IEEE Journal of Photovoltaics 2016, 6 (2), 528-531

Solar cell LED (EL)

Access to transport efficiency and superposition assumption




TR-FLIM : Proof of concept

Access to transport parameters

Bulk lifetime 7,,=75%* 1 ns

Lateral rec. S, = (1 £ 0.1)x10° cm/s
Lateral diff. L 4= 200 £ 10 pm
Photon recycling

... With a single experiment

0
10 — : Simulation
------- : Experimental
= =
~ -1
X 10 X
= &
= i ;
< 10 21
V_, LU 3 Cell center
o = = : . O i : . . .
_ t=0ns t=100ns 0 100 200 -0.04 002 0 002 004
Time [ns] X [cm]
2
10

-0.04 0 0.04 -0.04 0 0.04
X [em] X [em] Bercegol et al. J. Appl. Phys. 122 203012 (2017)



Degradation studies

(a)
o _on — —— 10% Degradation of the perovskite opto-electronic
A S E | 5 . s properties at different X-ray exposure times.
j:f’ 10 §
< g (a) PL intensity maps at 760 nm from the steady-
o state experiment
o) 1h 4h 8h 12h 16h : :
: . — 250 (b) Decay time fitted between t=100ns and t=300ns
o i e B A | (200 after the laser pulse in the pulsed experiment. The
= 150 5 exact same regions are imaged on the two setups.
- 100 = The dotted ellipses represent the regions of interest
20 used for the computation of the averaged spectra and
decays.
(C) . . —— (d) . . -——
10¢ e 108 . Decays Inside < (c) PL spectra inside the damaged area (black ellipse
_pristine in (a)) and pristine sample (green ellipse in (a)) for
different exposure times.
7 10° | @ 104}
% 8, (d) Decays inside the damaged area (black ellipse in
= 1021 =2 4l (b)) and pristine sample (green ellipse in (b)) for
12h . different exposure times.
16h 16h 12/h 8h
10' 1021 : :
700 750 800 850 0 100 200 300
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Correlation lifetime and Voc

(a)
X-Ray damage => CW and TRPL image correlations 800
700
. . . 600
Bulk recombinations increases Vo
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Local correlation

No free parameter

G. Vidon et al. Adv Functional Materials, accepted



Absorption: required for photoluminescence interpretation

Classical techniques

* Not always relevent to our experimental conditions
e Rarely provides imaging

| ) absorptivity
e — jllumination
|\

S
/ PL

Challenges
* Small absorption values both critical and hard to measure
* Disentangle influences of layers and texturing

Generalized Planck’s law

| E =A(E,..i¢) om E”
PL(ZI emit) — ( emit) * hgc(z) * exp (E _ AM(Z )) 4
kgT
Absorptivity Grey body radiation
[1] Ap(z) = FAE eir)) Photoluminescence

Excitation (PLE)

[1] Daub, E. & Wiirfel, P. Ultralow Values of the Absorption Coefficient of Si Obtained from Luminescence. Phys. Rev. Lett. 74, 1020-1023 (1995).
£ \PVF
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Experimental results on halide perovskite

PLE spectra & Reflectivity maps
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