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Derivation of Equation 7 

Using Equations 5 and 6, the term 
�
� � in Equation 4 can be rewritten as 
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with �� = 2����eff. From this, simple arithmetic operations lead to: 
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finally leading to Equation 7: 
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��
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��� � 2 sinh ) �
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Using the simplification ( ) xx x→ <1sinh  Equation 7 can be rewritten as: 
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with . = 	 �
��

���
��

exp �− ����
��� �	 as defined in equation (11) in the main document. Equation S3 is then 

inserted into Equation 4 to yield Equation 9 and finally Equation 10. 
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Transport-limited Photocurrents 

 

 

 

Figure S1: Simplified scheme of transport-limited photocurrents. At Voc, no current flows through 

the device and the quasi-Fermi levels of electrons and of holes in the bulk of the active layer are flat. 

Then, qVint = qVext. However, for Vext < Voc and low carrier mobilities the current of photogenerated 

charge is driven by an appreciable gradient of both quasi-Fermi levels throughout the entire active 

layer thickness, resulting in Vint > Vext (graphs adopted from Reference [1]). 

 

 

1D Drift-Diffusion-Simulations 

Simulations were performed with the program SIMsalabim which is described in detail in Reference 

[2]. 

 

Table S1: Parameters for 1D drift diffusion simulations. The following parameters were used in the 

numerical simulations in Figure 1, S2 and S3, if not stated otherwise. 

Temperature T 300 K 

Generation rate G 8 x 10
27

 m
-3

s
-1

 ('1 sun') 

Thickness of active layer d 100 nm, 200 nm, 300 nm  

Dielectric permittivity of active layer ε 3.4 

Band gap energy Egap 1.3 eV 

Effective density of states N 5 x 10
26

 m
-3

 

Bimolecular recombination coefficient k2 10
-11

 cm
3
s

-1
 

Mobility of electrons and holes µe,h varies but µe=µh 

Injection barrier EB 0.2 eV 
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Imbalanced Mobilities 

Shown in Figure S2 are numerical 1D DD simulations in comparison with the analytical model for a 

mobility ratio of 1:2 (a), 1:5 (b) and 1:10 (c) for a 100 nm layer thickness and a mobility ratio of 1:5 

for a 200 nm layer thickness (d). Without loss of generality the electron mobility was set as the faster 

carrier mobility. For the 200 nm layer thickness, the generation rate was reduced to G=4x10
27

 m
-3

s
-1

 

to yield the same JSC as for the 100 nm thick device. 

The analytical approximation works quite well even for imbalanced mobilities, in particular for thin 

layers. For highly imbalanced mobilities and thick layers, the photocurrent will become space-charge 

limited and determined by the smaller mobility.
[3, 4]
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Figure S2: Simulated and calculated JV-curves in case of imbalanced mobilities. Symbols were 

calculated by 1D DD simulations with the parameters given in Table S1 and for different mobility 

ratio (with regard to the faster mobility). Lines show analytical JV-curves calculated with Eq. 10, with 

α calculated from Eq. 12. 
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Barrier Heights 

Reducing the injection barrier heights causes efficient dark injection of majority carriers, 

accompanied by the formation of space charge layers at the contact. As a consequence, the electrical 

conductivity of electrons at the cathode (holes at the anode) will drastically increase, resulting in a 

flattening of the corresponding quasi-Fermi level near the charge injecting contact and an increased 

slope in the bulk of the active layer. As a consequence, charges will be more effectively extracted 

from the bulk, which is why the model tends to underestimates the photogenerated current density 

in certain regions of the JV-curves for thin active layers. As expected, the effect becomes almost 

irrelevant for thicker active layers. 
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Figure S3: Simulated and calculated JV-curves for a reduced barrier height of 0.05 V. Symbols were 

calculated by 1D DD simulations and lines are analytical JV-curves according to Eq. 10 and Eq. 12. 

Only balanced mobilities are considered here. 
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Analytical FF(uoc) Approximations  

There is no explicit expression relating the fill factor to the normalized open circuit voltage. 

Therefore, a set of FF-uoc points was numerically extracted from ideal Shockley-type JV-

characteristics (Equation 1) for different JG/J0. These points are displayed as open symbols in Figure 

S4. Dashed lines show the well-known analytical expressions Equation 16 and Equation S4: 

 

1

)72.0ln(

+
−−=

OC

OCOC

u

uu
FF ,  (S4) 

which were developed to provide an accurate description of FF(uoc) for high values of uoc (and FF).
[5]

 

The solid line is the empirical relation Eq. 18, which was developed in this work to approximate the 

FF(uoc) dependence over the entire FF range. 

 

Figure S4: Fill factor FF as a function of the normalized open circuit voltage. Open symbols uoc are FF-

uoc points, which were extracted from ideal Shockley-type JV-curves. The analytical approximations 

Eq. 16 and Eq. S4 (dashed lines) provide an accurate description for high values of uoc, only. Good 

agreement over the entire FF-uoc range is achieved with the empirical relation Eq. 18 (solid line).  
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