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1) Charge separation 

vs. recombination

2) On the importance 

of shallow defects

3) On the importance 

of repetition rates

1.0 1.1 1.2 1.3 1.4 1.5
10-8

10-7

10-6

10-5

10-4

d
if
fe

re
n
ti
a
l 
d
e
c
a
y
 t
im

e
 t

d
if
f (

s
)

Fermi-level splitting DEF (eV)

2.6 OD

2 OD

1 OD

0 OD

simulation

gated CCD

~exp(-DEF/2kT)

~exp(-DEF/3kT)

0 5 10 15 20 25 30 35
10-4

10-3

10-2

10-1

100

lu
m

in
e

s
c
e
n

c
e

 f
 (

n
o
rm

.)

time t (ms)

500 kHz

100 kHz

200 kHz

1000 kHz
50 kHz

25 kHz

20 kHz

0.9 1.0 1.1 1.2 1.3

10-7

10-6

10-5

10-4

ti
m

e
 c

o
n

s
ta

n
t 
t 

(s
)

open-circuit voltage Voc (V)

nQd/(nSexc)

t effSRH n
Q /n

trise

tdecay

d/Sexc

tR

symbols: experimental data

lines: analytical two-state model



PART 0: INTRODUCTION

TRANSIENT PHOTOLUMINESCENCE AND LIFETIMES



Transient Photoluminescence

Layer on Glass – Bulk Recombination
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Transient Photoluminescence

Layer on Glass – Bulk Recombination
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Differential decay times in passivated Si 

wafers
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Richter et al. Phys. Rev. B 86, 165202 (2012)



PART 1: RECAP FROM HOPV 2022

TRANSIENT PHOTOVOLTAGE VS. PHOTOLUMINESCENCE
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Transient Photoluminescence (TPL) Transient Photovoltage (TPV)

measures the decay of an external voltagemeasures the luminescence decay



Transient Photoluminescence

Layer on Glass – Bulk Recombination
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How to make sense out of it
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PART 2: ANALYSIS OF SMALL SIGNAL MEASUREMENTS

RECOMBINATION VS. EXTRACTION



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

10.08.2023 18

0 100 200 300 400

-1

0

1

2

e
n

e
rg

y
 E

 (
e

V
)

position x (nm)

Ec

Ev

EFn

EFp

DEc

DEV

Sexc

Sexc

exc exc
rad biaseff

int SRH int

ext extexc bias exc bias

Q Q

1
2

S S
k n

V d d Vd

V Vdt S n S n

dn dn

 t 

 

  
− + +  

     
=    

    −
 
 

( )

( )

rise
2

1 2 3 1 2 3 1 3

decay
2

1 2 3 1 2 3 1 3

2

4

2

4

k k k k k k k k

k k k k k k k k

t

t

=
+ + + + + −

=
+ + − + + −

Inverse Eigenvalues of Matrix

exc exc bias
1 rad bias 2 3eff

SRH Q

1
2 ,  ,  

S S n
k k n k k

d dnt
= + = =



Recombination and Extraction

Comparison with Experiment
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Collection Efficiencies and Impact on JV curves
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Frequency-Domain Methods
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https://arxiv.org/abs/2303.09908 , https://www.researchsquare.com/article/rs-2978286/v1
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PART 3: SHALLOW DEFECTS

AND HOW THEY CHANGE THE SITUATION



High dynamic range tr-PL
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Defect levels assumed in the modelling
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On the presence or absence of deep defects
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PART 4: REPETITION RATES

AND HOW THEY AFFECT DECAY TIMES



Why t = t can be a decent approximation
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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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1) Rise and decay 

times → recombination 

and extraction times

2) Lifetime loses 

meaning. Effective k 

might be more useful.

3) t ~ 1/frep is a risk to 

consider.
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Transient Photoluminescence

Layer on Glass – Bulk Recombination
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