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1. Physical Model 

1.1. Model Equations 

In this section the governing equations of the drift-diffusion model implemented in Setfos 4.6 
1 are explained. The quantities are described in the next section. 
 

1.1.1. Electronic Drift-Diffusion 
The continuity equations for electrons and holes govern the change in charge carrier density 
due to current flow, electron or hole exchange with traps, recombination and generation. 
 

 
𝜕𝑛𝑒

𝜕𝑡
(𝑥, 𝑡) =

1

𝑞
∙

𝜕𝑗𝑒

𝜕𝑥
(𝑥, 𝑡) − 𝑅𝑡𝑒(𝑥, 𝑡) − 𝑅(𝑥, 𝑡) + 𝐺𝑜𝑝𝑡 ∙ 𝑔(𝑥)  Eq. 1a 

 

 
𝜕𝑛ℎ

𝜕𝑡
(𝑥, 𝑡) = −

1

𝑞
∙

𝜕𝑗ℎ

𝜕𝑥
(𝑥, 𝑡) − 𝑅𝑡ℎ(𝑥, 𝑡) − 𝑅(𝑥, 𝑡) + 𝐺𝑜𝑝𝑡 ∙ 𝑔(𝑥) Eq. 1b 

 
For the calculation of the charge generation profile g(x) Setfos considers the measured 
illumination spectrum, the complex refractive indices and the thickness of each layer of the 
cell stack. 
 
Radiative recombination is described by 
 
 𝑅(𝑥, 𝑡) = 𝛽 ∙ 𝑛𝑒(𝑥, 𝑡) ∙ 𝑛ℎ(𝑥, 𝑡) Eq. 2 
 
The currents of electrons and holes consist of drift in the electric field and diffusion due to the 
charge carrier density gradients. Hereby the absolute unit charge q=1.6∙10-19C and the sign 
convention for the current according to Selberherr 2 are used. 
 

 𝑗𝑒(𝑥, 𝑡) = 𝑛𝑒(𝑥, 𝑡) ∙ 𝑞 ∙ 𝜇𝑒 ∙ 𝐸(𝑥, 𝑡) + 𝜇𝑒 ∙ 𝑘𝐵 ∙ 𝑇 ∙
𝜕𝑛𝑒

𝜕𝑥
(𝑥, 𝑡) Eq. 3a 

 

 𝑗ℎ(𝑥, 𝑡) = 𝑛ℎ(𝑥, 𝑡) ∙ 𝑞 ∙ 𝜇ℎ ∙ 𝐸(𝑥, 𝑡) − 𝜇ℎ ∙ 𝑘𝐵 ∙ 𝑇 ∙
𝜕𝑛ℎ

𝜕𝑥
(𝑥, 𝑡) Eq. 3b 

 
 

1.1.2. Ionic Drift-Diffusion 
The continuity equation for anions and cations governs the change in ion density due to ionic 
current flow.  
 

 
𝜕𝑛𝑎

𝜕𝑡
(𝑥, 𝑡) =

1

𝑞
∙

𝜕𝑗𝑎

𝜕𝑥
(𝑥, 𝑡) Eq. 4a 

 

 
𝜕𝑛𝑐

𝜕𝑡
(𝑥, 𝑡) = −

1

𝑞
∙

𝜕𝑗𝑐

𝜕𝑥
(𝑥, 𝑡) Eq. 4b 

 
Ions diffuse due to a density gradient or drift in the electric field. 
 

 𝑗𝑎(𝑥, 𝑡) = 𝑛𝑎(𝑥, 𝑡) ∙ 𝑞 ∙ 𝜇𝑎 ∙ 𝐸(𝑥, 𝑡) + 𝜇𝑎 ∙ 𝑘𝐵 ∙ 𝑇 ∙
𝜕𝑛𝑎

𝜕𝑥
(𝑥, 𝑡) Eq. 5a 

 

 𝑗𝑐(𝑥, 𝑡) = 𝑛𝑐(𝑥, 𝑡) ∙ 𝑞 ∙ 𝜇𝑐 ∙ 𝐸(𝑥, 𝑡) − 𝜇𝑐 ∙ 𝑘𝐵 ∙ 𝑇 ∙
𝜕𝑛𝑐

𝜕𝑥
(𝑥, 𝑡) Eq. 5b 

 
The continuity and drift-diffusion equations for negatively/positively charged ions are thus 
equivalent to the ones for electrons and holes, except that the ions cannot leave the 
perovskite layer and generation/recombination is excluded. 
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1.1.3. Total Current, Poisson and Device Voltage 
The total current is the sum of electron current, hole current, anion current, cation current, 
displacement current and the current through the parallel resistance. This total current is 
constant in x. 
 

 𝑗(𝑥, 𝑡) = 𝑗𝑒(𝑥, 𝑡) + 𝑗ℎ(𝑥, 𝑡) + 𝑗𝑎(𝑥, 𝑡) + 𝑗𝑐(𝑥, 𝑡) +
𝜕𝐸

𝜕𝑡
(𝑥, 𝑡) ∙ 𝜀 +

𝑉𝑑𝑒𝑣(𝑡)

𝑅𝑝
 Eq. 6 

 
The Poisson equation relates the electric field with the charges inside the layer. 
 

 
𝜕𝐸

𝜕𝑥
(𝑥, 𝑡) = −

𝑞

𝜀
∙ [𝑛ℎ(𝑥, 𝑡) − 𝑛𝑒(𝑥, 𝑡) + 𝑛𝑐(𝑥, 𝑡) − 𝑛𝑎(𝑥, 𝑡) 

 +𝑛𝑡,ℎ(𝑥, 𝑡) − 𝑛𝑡,𝑒(𝑥, 𝑡) + 𝑛𝑝−𝑑𝑜𝑝𝑖𝑛𝑔(𝑥) − 𝑛𝑛−𝑑𝑜𝑝𝑖𝑛𝑔 (𝑥)] Eq. 7 

 
The integral of the electric field over position x plus the built-in voltage is called device 
voltage. It is the applied voltage minus the voltage drop over the series resistance 3. 
 

 𝑉𝑑𝑒𝑣(𝑡) = ∫ 𝐸(𝑥, 𝑡) ∙ 𝑑𝑥 + 𝑉𝑏𝑖 = 𝑉𝑎𝑝𝑝𝑙𝑖𝑒𝑑(𝑡) − 𝑅𝑆 ⋅ 𝑗(𝑡) ⋅ 𝑆
𝑑

0
 Eq. 8 

 

1.1.4. The Built-In Voltage 
The built-in voltage is defined as the difference in workfunctions of the electrodes. The 
workfunctions are calculated using the boundary charge carrier densities nh0 and ne0. 
 

 𝑉𝑏𝑖 =
𝜙𝐴−𝜙𝐶

𝑞
 Eq. 9 

 

 𝜙𝐶 = 𝐸𝐿𝑈𝑀𝑂 − ln (
𝑛𝑒0

𝑁0
) ∙ 𝑘𝐵 ∙ 𝑇 Eq. 10a 

 

 𝜙𝐴 = 𝐸𝐻𝑂𝑀𝑂 + ln (
𝑛ℎ0

𝑁0
) ∙ 𝑘𝐵 ∙ 𝑇 Eq. 10b 

 

1.1.5. Boundary Conditions 
As boundary conditions the electron density at the anode and the hole density at the cathode 
are set to fixed values ne0 and nh0. 
 
 𝑛ℎ(0, 𝑡) = 𝑛ℎ0 Eq. 11a 
 

 𝑛𝑒(0, 𝑡) = 𝑁0
2 ∙ exp (−

𝐸𝑔

𝑘𝐵⋅𝑇
) ∙

1

𝑛ℎ0
  Eq. 11b 

 

 𝑛𝑒(𝑑, 𝑡) = 𝑛𝑒0 Eq. 11c 
 

 𝑛ℎ(𝑑, 𝑡) = 𝑁0
2 ∙ exp (−

𝐸𝑔

𝑘𝐵⋅𝑇
) ∙

1

𝑛𝑒0
 Eq. 11d 

 
The electric potential is evaluated according to 
 

 𝜑(𝑥, 𝑡) = ∫ 𝐸(𝑥′, 𝑡) ∙ 𝑑𝑥′
𝑥

0
 Eq. 12a 

 
 𝜑(0, 𝑡) = 0 Eq. 12b 

 

 𝜑(𝑑, 𝑡) = 𝑉𝑑𝑒𝑣(𝑡) − 𝑉𝑏𝑖(𝑡) Eq. 12c 
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As ions cannot leave the perovskite layer the ionic current is set to zero at the interface HTM-
MAPI (position d1) and at the interface MAPI-ETM (position d2). 
 
 𝑗𝑎(𝑑1, 𝑡) = 0 Eq. 13a 
 
 𝑗𝑐(𝑑1, 𝑡) = 0 Eq. 13b 
 
 𝑗𝑎(𝑑2, 𝑡) = 0 Eq. 13c 
 
 𝑗𝑐(𝑑2, 𝑡) = 0 Eq. 13d 
 
The total ion density is the integral over the perovskite layer. 
 

 𝑁𝑎 =
1

𝑑
∙ ∫ 𝑛𝑎(𝑥, 𝑡) ∙ 𝑑𝑥

𝑑

0
 Eq. 14a 

 

 𝑁𝑐 =
1

𝑑
∙ ∫ 𝑛𝑐(𝑥, 𝑡) ∙ 𝑑𝑥

𝑑

0
 Eq. 14b 

 

1.1.6. Trapping 
Trapping and de-trapping of electron traps is described by the electron trap continuity 
equation. The electron trap can either exchange electrons with the LUMO level at the rate Rte 
or exchange holes with the HOMO level at the rate Rth. 
 

 
𝜕𝑛𝑡

𝜕𝑡
= 𝑅𝑡𝑒 − 𝑅𝑡ℎ Eq. 15 

 
Free electrons in the LUMO can be captured by traps. Trapped electrons can be released 
thermally activated into the LUMO. 
 

 𝑅𝑡𝑒 = 𝑐𝑒 ⋅ 𝑛𝑒 ⋅ (𝑁𝑡 − 𝑛𝑡) − 𝑐𝑒 ⋅ 𝑁0 ⋅ exp (
𝐸𝑡−𝐸𝐿𝑈𝑀𝑂

𝑘𝐵⋅𝑇
) ⋅ 𝑛𝑡 Eq. 16 

 
Trapped electrons can recombine with a free hole. An empty trap can capture an electron 
from the HOMO level by thermal activation (leaving behind a hole). 
 

 𝑅𝑡ℎ = 𝑐ℎ ⋅ 𝑛ℎ ⋅ 𝑛𝑡 − 𝑐ℎ ⋅ 𝑁0 ⋅ exp (−
𝐸𝑡−𝐸𝐻𝑂𝑀𝑂

𝑘𝐵⋅𝑇
) ⋅ (𝑁𝑡 − 𝑛𝑡) Eq. 17 

 
The three equations above describe SRH-recombination in a two-step process. Free 
electrons are captured in the trap and subsequently recombine with a free hole. Alternatively, 
an electron can be thermally activated from the HOMO to the trap level and from the trap 
level to the LUMO. The latter two routes occur however with lower probability.   
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1.2. Physical Quantities 

Quantity Quantity Unit 

ne Electron density cm-3 

nh Hole density cm-3 

nc Cation density cm-3 

na Anion density cm-3 

nt,e Density of trapped electrons cm-3 

nt,h Density of trapped holes cm-3 

nn-doping n-type doping density cm-3 

np-doping p-type doping density cm-3 

je Electron current mA/cm2 

jh Hole current mA/cm2 

jc Cation current mA/cm2 

ja Anion current mA/cm2 

j Total current mA/cm2 

E Electric field V/m 

φ Electric potential V 

R Recombination rate s-1 cm-3 

Rte Electron trap – electron exchange rate s-1 cm-3 

Rth Electron trap – hole exchange rate s-1 cm-3 

g(x) Charge generation profile s-1 cm-3 

x Dimension in layer direction nm 

t Time s 

d Full simulation domain width nm 

d1 Position of the interface HTM-MAPI nm 

d2 Position of the interface MAPI-ETM nm 

S Device area cm2 

μe Electron mobility cm2/Vs 

μh Hole mobility cm2/Vs 

μc Cation mobility cm2/Vs 

μa Anion mobility cm2/Vs 

 Recombination coefficient cm3/s 

Vsource Voltage of the voltage source that is connected to the device V 

Vbi Built-in voltage V 

Rs Series resistance  

Rp Parallel resistance  

ΦA Workfunction of the anode eV 

ΦC Workfunction of the cathode eV 

EHOMO Energy of highest occupied molecular orbital eV 

ELUMO Energy of lowest unoccupied molecular orbital eV 

Et Trap energy eV 

ne0 Electron density at the right electrode (x=d) as boundary 
condition of the simulation. 

cm-3 

nh0 Hole density at the left electrode (x=0) as boundary 
condition of the simulation. 

cm-3 

N0 Density of chargeable sites cm-3 

Nt Trap density cm-3 

Nc Total cation density cm-2 

Na Total anion density cm-2 

ce Capture rate for electrons cm3/s 

ch Capture rate for holes cm3/s 

Gopt Photon-to-charge conversion efficiency 1 
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This factor accounts for non-dissociated excitons. 

ε Electrical permittivity (ε = ε0 εr) F/m 

q Unit charge C 

kB Boltzmann constant J/K 

T Temperature K 
Table S1: Physical quantities used in the equations of the previous section and in the main text. 
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2. Model Parameter Analysis 

2.1. Simulation Results with and without Mobile Ions 

 
Figure S1: Comparison of simulation with (red) and without (blue) mobile ions. The measurement is 
shown in black. (a-i) The figure type is identical to Figure 3 a-i in the manuscript. 

 
Figure S1 shows the comparison of the simulation result with and without mobile ions. From 
Figure S1c it is evident that the JV-curve hysteresis only occurs in the presence of mobile 
ions in our model. 
The slow current-rise observed in the double light pulse (Figure S1e) caused by slow 
trapping disappears without mobile ions. The mobile ions do not move on these time-scales, 
but their accumulation at the interface in steady-state lowers the effective field in the device. 
In the case without the mobile ions the trap-filling is still a slow process, but the current can 
rise fast enough due to the high built-in field. The characteristic current-rise in Figure S1f 
disappears without mobile ions. Charges can be injected from the very beginning of the 
voltage step. 
The low frequency effects in impedance spectroscopy (Figure S1g and  Figure S1h) 
disappear when ions are disabled. The same is true for the low frequency shoulder in IMPS 
in Figure S1i. 
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2.2. Simulation Results with one Mobile Ionic Specie 

 
Figure S2: Comparison of simulation with two mobile ionic species (red) and with one mobile ionic 
species (blue). The measurement is shown in black. (a-i) The figure type is identical to Figure 3 a-i in 
the manuscript. 

 
There are several ionic species moving inside a methylammonium perovskite solar cell. 
There is convincing evidence, that iodine vacancies (positively charged) are mobile 4–6. There 
is evidence that methylammonium vacancies (negatively charged) are mobile too but have a 
much lower mobility 6–8. Numerical simulations with mobile ions have been performed with 
one species mobile and one species immobile 9–11 as well as with two mobile species 12–14. 
Figure S2 shows a comparison between those two simulations. The red curve is the same as 
in the manuscript using two mobile species. The blue line is the simulation result using one 
mobile type (positively charged iodine vacancies). In this case the negatively charged MA 
vacancies of the same density are modelled as homogeneously distributed fixed space 
charge (doping). 
Interestingly, the results of the two simulations look almost identical. Apart from the rise-time 
in the transient voltage step experiment (Figure S2f), all major effects are also observed if 
only one ion type is mobile. 
We conclude that, as long as the mobility of the MA ions is very low, it is not of great 
importance to the simulation result whether one or two mobile ionic species are considered. 
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2.3. Simulation Results with and without Traps 

 
Figure S3: Comparison of simulation with trapping (red) and without trapping (blue). The measurement 
is shown in black. (a-i) The figure type is identical to Figure 3 a-i in the manuscript. 

 
Figure S3 shows the comparison between simulation with traps and Shockley-Read-Hall 
(SRH) recombination and without traps.  
Without traps and without SRH-recombination the fill factor is increased (Figure S3a), the 
ideality factor is close to 1.0 (Figure S3d). Without SRH-recombination the measurement 
results cannot be reproduced. 
If trapping is disabled in the simulation the current-rise in the double light pulse experiment 
(Figure S3e) is faster. Both the first and the second response look identical. All other 
experiments in Figure S3 are only marginally influenced by trapping and SRH-recombination.  
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3. Voltage Pulse – Influence of Surface Recombination 
 
The shape of the current-rise as response to a voltage step depends critically on the surface 
recombination. Figure S4a shows the simulation result of the perovskite solar cell of the 
manuscript (blue line). In this case the surface recombination is very low. The green line 
shows the simulation result with a high surface recombination. The rise-time is significantly 
slower compared to the case with passivated surfaces. 
Surface recombination is modelled by a thin layer close to the interface where the 
recombination pre-factor is much larger than in the bulk. 
 
To further investigate this effect, we fabricated devices with and without a 10 nm thick 
intrinsic passivation layer between perovskite and the doped ETL and HTL, respectively. 
These extra layers are expected to supress surface recombination 15. Voltage-step 
measurements on devices with and without these passivation layers are shown in Figure 
S4b. The current rise of the device without passivation layers is much slower. This behaviour 
is consistent with the simulation with a high surface recombination. 
 
We conclude that a steep current-rise in the voltage step experiment is an indicator for well 
passivated surfaces. 
 

 
Figure S4: Transient current as response to a voltage step. a) Numerical simulation with varied 
surface recombination. b) Measurement of two different MAPI perovskite solar cells.  
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4. JV-Curve Hysteresis 
Even in the presence of mobile ions a perovskite solar cell can be hysteresis-free 11. In our 
previous publication we showed that a sufficiently high charge carrier lifetime in combination 
with a low surface recombination is required for a minimal hysteresis 16. 
 
The device under investigation has a good surface quality (low surface recombination) but a 
low bulk quality (low charge carrier lifetime). The simulated JV-curve with hysteresis is shown 
in Figure S5b. 
In Figure S5a a device with low bulk quality and lower surface quality is shown. Here the 
hysteresis is the largest. Figure S5c shows a device with a high bulk quality but a low surface 
quality. A pronounced hysteresis is observed. Only in the case with high bulk and surface 
quality the hysteresis is minimal as shown in Figure S5d. 
 
If the surface recombination is low (high surface quality) and the charge carrier lifetime is 
high (high bulk quality) then charges can be extracted even against the electric field created 
by the mobile ions 16. 

 
Figure S5: Simulations of JV-curves with hysteresis for different combinations of low (a,b) and high 
(c,d) bulk qualities and low (a,c) and high (b,d) surface qualities. A ramp-rate of 16 V/s has been used. 
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5. All Measurement Data 

 
Figure S6: Measurements of 5 nominally identical devices. (a-i) The figure type is identical to Figure 3 
a-i in the manuscript. 

 
Figure S6 shows the measurement data of 5 nominally identical devices. In total 8 devices 
were measured. Three devices did not work reliably therefore only 5 devices are shown here. 
The reproducibility of the devices is very good. 
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