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1) On the importance of 

shallow defects

2) On the importance 

of repetition rates

3) Matrix models (for 

fans of linear algebra)
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PART 0: INTRODUCTION

TRANSIENT PHOTOLUMINESCENCE AND LIFETIMES
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Transient Photoluminescence in Lead-Halide 

Perovskite Layer Stacks and Solar Cells

Krückemeier et al. Adv. Energy Mater. 11, 2003489 (2021)

2

PL np nf  

Our samples are intrinsic (i.e. 
have a very low dark carrier 
concentration)



Transient Photoluminescence

Layer on Glass – Bulk Recombination
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Transient Photoluminescence

Layer on Glass – Bulk Recombination
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PART 1: SHALLOW DEFECTS

AND HOW THEY CHANGE THE SITUATION
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Steady state vs. tr-PL
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Steady state vs. tr-PL
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On the presence or absence of deep defects
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Pure film                                 stacks                           full device
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Pure film                                 stacks                           full device
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Summary
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Shallow defects lead to non-

integer nid and continuously 

increasing decay  times.

High defect density needed to 

fit the data.
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PART 2: REPETITION RATES

AND HOW THEY AFFECT DECAY TIMES



Decays vs. repetition rates
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Decays vs. repetition rates
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Why t = t can be a decent approximation

18

0 100 200 300
10-10

10-9

10-8

10-7

10-6

10-5

10-4

10-3

10-2

10-1

100

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

10-8

10-7

10-6

10-5

10-4

lu
m

in
e

s
c
e
n

c
e

 f
 (

n
o
rm

.)

time t (ms)

gated CCD

TCSPC, from 1 MHz to 20 kHz

(the same to Fig. 1c)

a

d
if
fe

re
n
ti
a
l 
d
e

c
a

y
 t

im
e

 t
d
if
f (

s
)

time t (s)

tdiff = t

gated CCD

b

𝑑𝑛 𝑡

𝑑𝑡
= −𝑘𝑛2 𝜏diff = 𝑘𝑛 𝑡

−1
𝑛 𝑡 =

𝑛 0

1 + 𝑛 0 𝑘𝑡
≈ Τ1 𝑘𝑡



Why t = t can be a decent approximation
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Summary
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If a sample is intrinsic, the following holds:

• Every decay not dominated by a deep defect will lead to non-exponential 

decays.

• Those are often similar to radiative recombination (even if they are not)

• They will automatically lead to 𝜏diff ≈ 𝑡 implying that decay times determined 

towards the end of a decay are ~ the inverse repetition rate.
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PART 3: ANALYSIS OF SMALL SIGNAL MEASUREMENTS

EIGENVALUES OF MATRICES ☺



Experimental data – internal vs. external voltage 
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Transient Methods – Recombination and 

Extraction 
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Recombination and Extraction 

Small signal solution
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Recombination and Extraction 

Comparison with Experiment
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Collection Efficiencies and Impact on JV curves
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1) Decay time can 

continuously increase 

for shallow defect rec.

2) t ~ 1/frep is a risk to 

consider.

3) Small signal solvable 

via eigenvalues of matrix 

→ information on 

extraction & recomb.
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