
RECOMBINATION IN LEAD-HALIDE PEROVSKITE SOLAR CELLS

Thomas Kirchartz1,2, Zhifa Liu1, Lisa Krückemeier1, Uwe Rau1

1IEK-5 Photovoltaik, Forschungszentrum Jülich, 

2NST and CENIDE, Universität Duisburg-Essen



Outline

1) Luminescence efficiency and open-

circuit voltage
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2) Measuring charge-

carrier lifetimes
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Open circuit voltage Voc

Open circuit voltage is controlled 

by recombination (radiative or non-

radiative)
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Different types of recombination
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Why are charge carrier lifetimes relevant?
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Why things are more difficult in reality than

in theory?
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Why things are more difficult in reality than

in theory?

04.09.2020 9

10-9 10-8 10-7 10-6 10-5 10-4
10-7

10-5

10-3

10-1

0.42

0.30

0.18

0.06

10-9 10-8 10-7 10-6 10-5 10-4

1.0

1.1

1.2

1.3
(a)

p 0
 =

 1
0
13 cm

-3p0
 = 10

15  cm
-3

V
o

c
  
 (

V
)

lifetime t (s)

solid lines: 

calculated with VRad
oc  ≈ 1.324 V 

pa = 0

pe = 0.05

krad = 6 ×10-11 cm3 s-1

pe = 0.05

krad = 6 ×10-11 cm3 s-1

p0
 = 10

17  cm
-3

pa = 0

pa = 0.02

D
V

n
o

n
-r

a
d

o
c
  

 (
V

)

Q
lu

m
e

lifetime t (s)

(b)

solid lines:

calculated curves
p 0

 =
 1

0
11 cm

-3

p 0
 = 10

17  cm
-3

pa = 0.10

p 0
 = 10

15  cm
-3

p 0
 =

 1
0
13  cm

-3

Kirchartz et al. Adv. Energy Mater. 2020

𝑄e
lum =

𝑝𝑒𝑘rad𝑛𝑝

Δ𝑛
𝜏 + (𝑝𝑒 + 𝑝𝑎)𝑘rad𝑛𝑝



How can transient methods help…

…to study recombination and voltage losses
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Transient Photoluminescence

Layer on glass - Video
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Transient Photoluminescence

Layer on glass – Bulk recombination
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Layer on Glass

Experimental data
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From time axis to QFLS axis
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Transient Photoluminescence

Layer on glass – Surface recombination
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Transient Photoluminescence

Layer on glass – Surface recombination
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General idea
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Charge transfer and recombination
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Data
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Charge transfer and recombination
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Charge transfer and recombination

Effect of ETL thickness and band offsets
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Transient Photoluminescence – Solar Cell

Video
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Comparison to Voc decays (OCVD)

04.09.2020 22

1.0 1.1 1.2 1.3 1.4 1.5
10-8

10-7

10-6

10-5

d
if
fe

re
n

ti
a

l 
lif

e
ti
m

e
 t

 (
s
)

Fermi-level splitting DEF (eV)

2 µs

1 µs

500 ns

50 ns

100 ns

10 µs

200 ns

20 µs



Large signal lifetime from TPL (wo bias)

Experiment vs. Simulation
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Large signal lifetime from TPL (wo bias)
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Bulk lifetime 10 µs, laser fluence 10 µJ/cm2
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Transient Photoluminescence (TPL) Transient Photovoltage (TPV)

measures the decay of an external voltagemeasures the luminescence decay



Transients with bias light

Video TPV vs. TPL
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bias pulse



TPV Decay Constants

Small signal transients
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TPV vs. TPL Experimental Data

Selected TPL transients and TPV decays
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Experimental data – internal vs. external voltage
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TPV Decay Constants

Experiment vs. Simulation
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