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large diffusion lengths in the perovskite are irrelevant if
transport layers do not extract charge efficiently
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can we separate transport layer effects from bulk effects can we account for the effect of the transport layers
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why do time domain methods show two time constants while
frequency domain methods show only one time constant?
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which mechanisms generate the rise and decay time constants?
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shallow traps in perovskite solar cells

transient photoluminescence (tr-PL) measurements
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IMPS time constants versus light intensity
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IMPS time constants versus light intensity
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IMPS time constants versus voltage
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application to experimental data

ITO/SAMS/PTAA/Cs osFA, sMA, 15Pbl, 5:Bry 75 (1.68 eV)/Cg,/BCP/Ag devices
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rise times correspond to charge extraction

decay times correspond to recombination limited
by charge re-injection from the electrodes
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FOM values close to 1 imply a significant electric field in the
transport layers that allows fast charge extraction
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iw % transfer function 1€ time constant — charge extraction

can we separate transport layer effects from bulk >

effects in typical characterization techniques? verify using time- 4o 5y time constant — recombination
domain methods

L depends on bias condition

charge extraction efficiency

can we account for the effect of the transport . 1
layers on the PSC performance? FOM(Vext) = Tove (Vogt)
1+ exc\’ext
Trec (Vext)

future work

determination of FOM and influence of shallow traps versus voltage and light intensity
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effect of mobile ions ‘J
single crystal device — drift-diffusion simulation
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influence of mobile ions
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drift-diffusion simulations
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application to experimental data 9

ITO/SAMS/PTAA/Cs, osFA, sMA, 15Pbl, 55Bry 75 (1.68 eV)/Cy,/BCP/Ag devices
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predicted time constants
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different time constants expressed due to the voltage dependence of resistances and capacitances
rise time constants generally correspond to charge extraction

decay time constants generally correspond to recombination or R;C, attenuation
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derived equivalent circuit ‘J

transport layer

perovskite Rrec = accounts for effects related to the difference

(Vint) [ Vext between the internal voltage V. (quasi-Fermi level
R splitting) and the external voltage under illumination
transport layer (V::c)
ITO
L

S. Ravishankar et al., 2023. PRX Energy 2, 033006. —



extraction extraction

transport layer

velocity
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transport layer mobilities between 104 — 3 x 10-3 cm?V-1s-!

calculated for PTAA-based PSCs

S. Ravishankar et al., PRX Energy 1, 013003 (2022). —
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transport layer resistance 9

recombination resistance

ree Rrec,SRH Rrec,rad
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transport layer resistance

R — 2kgT ox —qVelec
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resistance R (Qcm?)
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Q
()]

O
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0.4 0.8 1.2 1.6

open-circuit voltage V_ (V)

S. Ravishankar et al., PRX Energy 1, 013003 (2022).




the internal and external voltage V| -
b Sl
o~ 1.25 i I i I i I i I i I i I
S .
L
L
=
o 1.20 illumination -
-:% intensity
=
w
T 4 :
<
GJ v,
LI— V
110 L ] . ] . ] . ] . ] . ]
0.0 02 04 06 08 1.0 12
external voltage V_,, (V)
j (V ) _j exp AEF (Vext)
rec\vVext rec,0 nidkBT

D. Grabowski et al., 2022. Solar RRL, 6(11), p.2200507. —



j-V curve

l) JULICH
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L ox qVext _1
J = Jsc — Jo,sat p iqksT

assumptions

quasi-Fermi level splitting is equal to the external
voltage, with and without illumination

current due to photogeneration of charge carriers can
be superimposed on the dark jV curve

D. Grabowski et al., 2022. Solar RRL, 6(11), p.2200507. —
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> e —
2 10" C)
o | LULL
T ~ < L oy
= o 1.20 illumination M1
5 & 10%F E intensity f
o< | =
O é n
© O D |
c 107k >
s :
= :
' o)
e 10-2 * L * L : L : L : L * L LL 1 10 . 1 . 1 . 1 . 1 . 1 . 1
00 02 04 06 08 10 12 00 02 04 06 08 10 12

external voltage V. (V) external voltage V., (V)

I ox qVext _1
J] = Jsc — Jo,sat p niqkgT

D. Grabowski et al., 2022. Solar RRL, 6(11), p.2200507. —
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J-V curve with influence of transport layers 9

> B,

2 10" C)

o j "

T ~ 4 [l

= o 1.20 illumination M1

5 & 10%F 3% intensity f

o< | =

O \E, n

© O D |

c 101k S

5 .

S : £

e 10-2 * L * L : L : L : L * L L?_) 1 10 . 1 . 1 . 1 . 1 . 1 . 1
00 02 04 06 08 10 12 00 02 04 06 08 10 12

external voltage V. (V) external voltage V., (V)

j = GSugcty |exp qVint _ exp qVext
accounts for recombination losses — exc™0 nigkgT NjgkgT
at all points of the jV curve

O. Breitenstein, IEEE Journal of Photovoltaics 4, 899 (2014), U. Rau et al., Physical Review Applied 14, 014046 (2020).

S. Ravishankar et al., PRX Ener% 1, 013003 i2022‘. _
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