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A. Discussion of established imaging and mapping techniques 

 

In solar cell research, mainly two approaches are followed for spatial resolved characterization of the 

active cell area, namely scanning-based “mapping” and camera-based “imaging” techniques. A range 

of approaches to determine the local photocurrent have been established for wafer-based solar cells 

such as GaAs or silicon photovoltaics (PV) and were also applied to emerging technologies like 

perovskite solar cells (PSC), namely light beam-induced local current (LBIC) mapping, lock-in 

thermography (LIT) imaging, as well as photoluminescence (PL) and electroluminescence (EL) based 

imaging techniques.1,2 The opportunities and constraints of these characterization methods are briefly 

outlined in the following. An overview is presented in Table S1. 

 

LBIC 

The LBIC method allows recording photocurrent maps by locally illuminating the sample with a 

confined laser spot and measuring the induced local short-circuit photocurrent (Jsc) with high spatial 

resolution.3–5 The acquisition time for one map at short circuit lies in the range of 30 minutes.  

 

LIT 

In dark lock-in thermography (DLIT) imaging, the local power dissipation of a non-illuminated 

sample is assessed by measuring the joule heating induced by an applied AC voltage via a lock-in 

infrared detector. The to assess the local J(V) and local Jsc, several methods to fit equivalent circuit 

models to data acquired at different bias voltages have been proposed. 6,7 The weakness of all methods 

based on fitting data to an equivalent circuit model lies in the fact that, a range of datapoints are 

necessary for a good fit and, most importantly, the choice of the diode model has to be made ex ante 

and has a strong impact on the retrieved parameters.  

Notably, for illuminated lock-in thermography (ILIT), an approach for Si-PV was developed based 

that allows assessing the local Jsc without fitting to a diode model.8 Yet, the approach is based on the 

assumption that the photocurrent at reverse bias does not differ significantly from the Jsc. For PSC, 

reverse bias can induce device degradation,9,10 which might explain why, to the best of our knowledge, 

this ILIT approach was so far not reported for PSC. Both LIT methods have the drawback that the low 

signal-to-noise ration requires long data acquisition times per images in the range of 20 to 60 minutes. 
3 Especially for coupled electric-ionic semiconductors like perovskites, this approach may lead to 

measurement artefacts due to sample degradation or transient ionic effects due to the AC bias voltage. 

 

Photoluminescence imaging 

Employing PL images, based on various equivalent circuit models, a range of refined approaches for 

the spatial determination of the dark saturation current and series resistance11–16 as well as local short 

circuit current17 have been proposed for Si-PV. For perovskite solar cells, PL imaging so far has 

mainly been applied to study layer uniformity, crystallinity and degradation in perovskite solar cells 

under open circuit (PL(Voc)).3,18–23 Recently, PL based series resistance imaging methods have also 

been applied to PSC.24,25  

 

Electroluminescence imaging 

Electroluminescence imaging is based on the principle of inducing luminescence by injection of 

charge carriers via the application of a forward bias that is applied to the device in the dark. For 

photocurrent imaging, EL has, however, only the potential to assess the dark spatial J(V) curves. 

Moreover, for perovskite PV meager signal-to-noise ratios are achieved even at forward bias above Voc 

and for acquisition times of several minutes. For PSC, this does not only limit the spatial resolution 

but can also falsify the result due to an integration over transient effects.22 
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Table S1. Comparison of established photocurrent imaging / mapping techniques and the PPI method. 

 Data 

acquisition 

method 

Data 

acquisition 

time per bias 

voltage 

(approximate) 

[min] 

Applicable 

bias 

voltages 

Steady state 

(spatially 

illumination) 

Steady 

state 

(bias 

voltage) 

Local J(V) 

acquisition 

LBIC mapping 30 0 V no yes no* 

DLIT imaging 20 – 60 various dark yes diode 

model 

fitting 

ILIT imaging 20 – 60 0 V and      

< 0 V 

yes yes no 

PL imaging < 1 various yes yes diode 

model 

fitting 

EL imaging 1 - 10 > Voc dark yes direct 

PPI imaging < 1 various yes yes direct 

 

* For Si-PV, Carstensen et al. presented an approach to reconstruct the local photocurrent at different 

bias voltages from fitting diode-models to LBIC data, however not at microscopic resolution.26   

 

B. Theoretical relationship between the radiative and non-radiative 

recombination 
 

Ideality factor of recombination currents 

If the studied sample can be described by the Shockley diode equation, we can express the 

recombination current density Jrec,i of a specific recombination mechanism (i) by 27,28 

𝐽𝑟𝑒𝑐,𝑖(𝑉) =   𝐽𝑟𝑒𝑐,𝑖,0  [𝑒

∆𝐸𝑓

𝑛𝑖𝑑,𝑖𝑘𝐵𝑇 − 1],  
(S1) 

 

where Jrec,i,0 is a material specific parameter, ΔEf is the quasi fermi-level splitting (QFLS), kB is the 

Boltzmann constant and T is the temperature. nid,i is the ideality factor of the specific recombination 

mechanism. 

 

If the voltage drop across the contact layers is negligible, we can approximate the QFLS by the voltage 

at the outer terminals ∆𝐸𝑓 = 𝑒𝑉. Deviations of this case are discussed in Section C.  

For ∆𝐸𝑓 = 𝑒𝑉, we can simplify two cases: close to the short circuit case (V → 0V) 

𝐽𝑟𝑒𝑐,𝑖(V) →   0.  (S2a) 

This means that in the ideal case, all charge carriers are extracted outside of the cell in short circuit.  

If the applied voltage is larger than the thermal voltage (𝑉T = 𝑘𝐵𝑇 𝑒⁄  ≈ 25.8 mV ≪ V), which is the 

case except for voltages close to short circuit, the equation can be approximated by 

𝐽𝑟𝑒𝑐,𝑖(𝑉) =   𝐽𝑟𝑒𝑐,𝑖,0 𝑒
𝑉

𝑛𝑖𝑑,𝑖𝑉T ,  
(S2b) 

on which we focus in the following consideration.   

 

The ideality factor can be expressed by29  
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𝑛𝑖𝑑 =
𝑚

𝛿
.  (S3) 

Herein, m is a measure for the number of the charge carrier types (n or p for negative or positive 

charge carriers, respectively) that are involved in splitting the quasi Fermi levels: np = nm (or pm). 

Herein n = Δn + n0 and p = Δp + p0, where Δn,p being the (symmetrically) photoexcited charge 

carriers with Δn = Δp. n0 is the background doping concentration. We can see that if the material is 

sufficiently doped (n0 >> Δn, p0 << Δp) then n >> p (or vice versa) and hence m approaches one.  

If the photogenerated charge carriers greatly excess the background doping concentration 

(Δn = Δp >> p0, n0, also known as high injection), then n ≈ p and m → 2. This is most probably the 

case for typical perovskite photoabsorbers which, in contrast to Si-PV, have been reported to behave 

like intrinsic or low-doped semiconductors. 30–33 

The ideality factor is also influenced by the recombination reaction order δ. In open-circuit conditions, 

the reaction order describes how the effect of the charge carrier density n on the specific 

recombination  

𝑅𝑖 = 𝑘𝑖𝑛𝛿 ,  (S4) 

with ki being the recombination specific rate constant. Hence, δ can be imagined as the number of 

charge carriers that are involved in a recombination process (at the time when the process happens). 

 

For the n ≈ p, m → 2 case, there are two recombination processes with clearly defined recombination 

orders: radiative and Auger recombination (the remaining Shockley-Read-Hall (SRH) recombination 

is discussed further below). For radiative or band-to-band recombination, two charge carriers are 

involved as a free electron recombines with a free hole, thereby emitting a photon. We can write  

𝑅𝑟𝑎𝑑 = 𝑘𝑟𝑎𝑑𝑛𝑝,  (S5) 

and hence δ = 2. For the recombination current this means that nid,rad = 1 and  

𝐽𝑟𝑎𝑑(𝑉) =   𝐽𝑟𝑎𝑑,0𝑒
𝑉

𝑉T . 
(S6) 

 

For Auger recombination, the recombination of an electron and a hole leads to the excitation of a third 

charge carrier, hence δ = 3 and nid,Auger = 2/3. In contrast to Si-PV, PSC display low Auger 

recombination rate constants k3,33 which means that under normal illumination intensities around 

1 sun, the contribution of Auger recombination to non-radiative recombination processes can be 

neglected. 

 

The remaining contribution to non-radiative (SRH) recombination for PSC is still under debate and a 

range of different recombination processes with different specific ideality factors have been 

reported.28,34 According to the considerations above nid,n.r. needs to lie between 1 and 2. If the ideality 

factor if the entire I-V curve close to one then it is reasonable to assume that Jn.r. is either negligible or 

that nid,n.r. ≈ 1. In this case, Jn.r. is linearly proportional to Jrad as expressed by k = const. in Equation 

(2).  

 

Generalized form of Equation (5) 

In the following, we consider the general case where  

𝐽𝑛.𝑟.(𝑉) =   𝐽𝑛.𝑟.,0𝑒
𝑉

𝑛𝑖𝑑,𝑛𝑟𝑉T . 
(S7) 

Now, Equation (2) can be written as  

𝐽
𝑛.𝑟.

(𝑉) =   𝑘′ ∙ 𝐽
𝑟𝑎𝑑

(𝑉)
1

𝑛𝑖𝑑,𝑛𝑟 , 
(S8) 

with k’ = const.  

Then, Equation (1) yields  
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𝐽(𝑉) =  𝐽𝑔𝑒𝑛 − 𝐽𝑟𝑎𝑑(𝑉) − 𝐽𝑛.𝑟.(𝑉) = 𝐽𝑔𝑒𝑛 − 𝐽𝑟𝑎𝑑(𝑉) − 𝑘′ ∙ 𝐽𝑟𝑎𝑑(𝑉)
1

𝑛𝑖𝑑,𝑛𝑟 
(S9) 

 

Hence, if the relationship between Jrad and Jn.r. is unknown, then  

  𝑆𝑃𝐿(𝑉𝑜𝑐) − 𝑆𝑃𝐿(𝑉) =
𝑐

𝑒 
[𝐽𝑟𝑎𝑑(𝑉𝑜𝑐) − 𝐽𝑟𝑎𝑑(𝑉)]

=
𝑐

𝑒 
 [𝐽𝑔𝑒𝑛 − 𝐽𝑛.𝑟.(𝑉𝑜𝑐) − 𝐽𝑔𝑒𝑛 + 𝐽(𝑉) + 𝐽𝑛.𝑟.(𝑉) ]      

=
𝑐

𝑒 
 [𝐽(𝑉) − 𝛥𝐽𝑛.𝑟.(𝑉) ], 

(S10) 

with ΔJn.r.(V) = Jn.r.(Voc) - Jn.r.(V).  

The normalized difference between the PL signal at two voltages can now be expressed in the general 

form of 

  
𝑆𝑃𝐿(𝑉𝑜𝑐) − 𝑆𝑃𝐿(𝑉)

𝑆𝑃𝐿(𝑉𝑜𝑐)
=

𝐽(𝑉) − 𝛥𝐽𝑛.𝑟.(𝑉)

𝐽𝑔𝑒𝑛 − 𝐽𝑛.𝑟.(𝑉𝑜𝑐)
=: 𝑐𝑒𝑥(𝑉). 

(S11) 

In conclusion, for the case of nid,n.r. ≠ 1 the approach does not yield an exact assessment of the local 

photocurrent since the local non-radiative recombination currents at Voc are unknown. Yet, the 

approach can be still employed as a figure of merit for local charge extraction, as expressed by a 

charge extraction coefficient cex(V). 

Finally, we point out that by comparing the cex(V) image with a complementary photocurrent 

imaging/mapping method the approach can be used to qualitatively assess the spatially resolved non-

radiative ideality factor or internal voltage loss which gives instructive insights in the internal loss 

mechanisms that induce recombination and hamper charge extraction. 

 

 

 

C. Accounting for internal voltage and current losses 

The condition ∆𝐸𝑓 = 𝑒𝑉 in Equation S1 may not be fulfilled die to an internal voltage loss. This can 

occur inside the photoactive layer if there is a diffusion limited current which creates an implied 

voltage inside the device.15 The voltage can also be lost across contact layers due to due to contact 

resistance at the interfaces with CELs or due to resistance of the CEL itself.35 Finally, photogenerated 

charge carriers may be lost due to shunt resistance, e.g., via pinholes that allow electrical contact 

between the CELs. In a first order approximation, such processes can be accounted for if we consider 

local series and shunt resistances, Rs and Rsh, respectively. Now, we can distinguish between the 

current densities and voltage measured at the outer solar cell cables, J(V) and V, respectively, and the 

internal current density and voltage, Jint(Vint) and Vint, respectively, as depicted in Figure S1. For the 

sake of readability, in the following ‚R‘ represents the resistances divided by the considered area.  

Figure S1 shows that  

𝐽(𝑉) =   𝐽𝑖𝑛𝑡(𝑉𝑖𝑛𝑡) −
𝑉𝑖𝑛𝑡

𝑅𝑠ℎ
=   𝐽𝑖𝑛𝑡(𝑉𝑖𝑛𝑡) −

𝐽(𝑉) ∙ 𝑅𝑠 + 𝑉

𝑅𝑠ℎ
.  

(S12) 

If the solar cell follows the Shockley equation, as discussed above we can write  

𝐽𝑖𝑛𝑡(𝑉𝑖𝑛𝑡) = 𝐽𝑔𝑒𝑛 − 𝐽𝑟𝑎𝑑,0 [𝑒
𝑉+𝐽(𝑉)∙𝑅𝑠
𝑛𝑖𝑑,𝑟𝑎𝑑𝑉T − 1] − 𝐽𝑛.𝑟.,0 [𝑒

𝑉+𝐽(𝑉)∙𝑅𝑠
𝑛𝑖𝑑,𝑛𝑟𝑉T − 1]. 

(S13) 
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This yields 

𝐽(𝑉) =   𝐽𝑔𝑒𝑛 − 𝐽𝑟𝑎𝑑,0 [𝑒
𝑉+𝐽(𝑉)∙𝑅𝑠
𝑛𝑖𝑑,𝑟𝑎𝑑𝑉T − 1] − 𝐽𝑛.𝑟.,0 [𝑒

𝑉+𝐽(𝑉)∙𝑅𝑠
𝑛𝑖𝑑,𝑛𝑟𝑉T − 1] −

𝑉 + 𝐽(𝑉) ∙ 𝑅𝑠

𝑅𝑠ℎ
.  

(S14) 

For Equation S11, this implies  

  
𝑆𝑃𝐿(𝑉𝑜𝑐) − 𝑆𝑃𝐿(𝑉)

𝑆𝑃𝐿(𝑉𝑜𝑐)
=

𝐽𝑟𝑎𝑑,0 [𝑒
𝑉𝑜𝑐+𝐽(𝑉𝑜𝑐)∙𝑅𝑠

𝑛𝑖𝑑,𝑟𝑎𝑑𝑉T − 1] − 𝐽𝑟𝑎𝑑,0 [𝑒
𝑉+𝐽(𝑉)∙𝑅𝑠
𝑛𝑖𝑑,𝑟𝑎𝑑𝑉T − 1]

𝐽𝑟𝑎𝑑,0 [𝑒
𝑉𝑜𝑐+𝐽(𝑉𝑜𝑐)∙𝑅𝑠

𝑛𝑖𝑑,𝑟𝑎𝑑𝑉T − 1]

 

(S15a) 

or 

  
𝑆𝑃𝐿(𝑉𝑜𝑐) − 𝑆𝑃𝐿(𝑉)

𝑆𝑃𝐿(𝑉𝑜𝑐)
=

𝐽(𝑉) −
𝑉 + 𝐽(𝑉) ∙ 𝑅𝑠

𝑅𝑠ℎ
− 𝛥𝐽𝑛.𝑟.(𝑉 + 𝐽(𝑉) ∙ 𝑅𝑠)

𝐽𝑔𝑒𝑛 − 𝐽𝑛.𝑟.(𝑉𝑜𝑐 + 𝐽(𝑉) ∙ 𝑅𝑠)
. 

(S15b) 

In other words, the working point of the radiative recombination current, i.e., the PL signal, is 

influenced by the series resistance. Moreover, the shunt resistance induces an additional recombination 

path for the (internal) photocurrent.   

 
Figure S1. Equivalent circuit of a solar cell spot with shunt and series resistances, Rs and Rsh, respectively. 
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D. Epitaxial Growth and Characterization of a III-V solar cell  

The GaInAsP solar cell was grown using metalorganic vapor phase epitaxy on a commercial 

AIXTRON AIX2800G4-TM reactor. Trimethylgallium and trimethylindium were used as precursors 

for the group-III elements, and arsine and phosphine for the group-V elements. Silane was used for 

n-type and dimethylzinc for p-type doping. Standard growth temperatures and V/III ratios were used. 

The cell structure is depicted in Figure S2. It consists of a thick n-type Ga0.91In0.09As0.83P0.17 absorber 

above a heterojunction interface to a higher band gap Al0.3Ga0.7As layer. This rear-heterojunction cell 

architecture allows exploiting the higher carrier lifetimes in n-type Ga0.91In0.09As0.83P0.17 and reducing 

recombination in the space charge region.36 More details on the growth process are reported elsewhere 
37.  

 

From the epitaxial layer structure two types of solar cells were processed on the same wafer: larger 

devices with a mesa area of 4 cm² and smaller devices with a mesa area of 0.06 cm². The current-

voltage characteristics of one of the large solar cells was measured under calibrated conditions with an 

AM1.5g solar spectrum in the Calibration Laboratory of Fraunhofer ISE (CalLab). The I(V)-curve was 

modelled using a one-diode equation 38: 

𝐽(𝑉) = 𝐽0 (exp (
𝑞𝑉 − 𝑅s 𝐽(𝑉)

𝑛𝑘𝑇
) − 1) +

𝑞𝑉 − 𝑅s 𝐽(𝑉)

𝑅p
−𝐽ph. 

(S16) 

 

The measured and modelled curve are both shown in Figure S3. The cell exhibits a diode ideality 

factor of 1.04, a dark recombination current of 8.23 × 10-21 mA/cm², a very high shunt resistance of 

9.19 kΩ cm², and a very low series resistance of 0.603 Ω cm². In order to confirm the low series 

resistance a suns-Voc measurement was conducted on a WCT-120 Sinton Instruments device.39 Thanks 

to its currentless measuring mode this method allows to obtain a relative I(V)-curve without series 

resistance effects that can be scaled to the short-circuit current. In Figure S3 the standard I(V)-curve is 

compared to the suns-Voc IV-curve. Both curves coincide to a high degree. Around the open-circuit 

point the suns-Voc-curve is even 10 meV below the calibrated curve which is likely due to the slightly 

different spectrum used for the suns-Voc-measurement.  

The PPI measurements, which employ an excitation spot much smaller than the area of the large cell, 

were performed on the small device in order to achieve an excess carrier density similar to AM1.5g. 

For the reported PPI and PL data, detector counts of a device region without metallization grid was 

selected. The external quantum efficiency (EQE) was measured on a large cell. Its absolute height was 

normalized so that the integrated photocurrent matches the short-circuit current density of the 

calibrated AM1.5g I(V)-curve (correction factor 1.07). The internal quantum efficiency 𝐼𝑄𝐸 =

Figure S2. Schematic solar cell layer structure of the epitaxially grown GaInAsP solar cell.   
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𝐸𝑄𝐸/(1 − 𝑅) was then calculated from the EQE by including the reflectance R(620 nm) = 0.286 (cf. 

Figure S4). The procedure to measure EQE and PPI on two different cells was necessary because of 

the difficulty of an accurate EQE measurement on a small solar cell. Considering the effects of 

shadowing due to a different metal grid on these two devices (correction factor 1.03), and given the 

fact that both cells have exactly the same epitaxial structure as they were processed on the same wafer, 

the EQE and PPI results can still be compared with each other. However, the resulting uncertainty of 

this comparison is expected to be high because of the high number of measuring techniques (EQE, 

reflectance, short-circuit current, PPI) involved that each add a little uncertainty to the calculation.   
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Figure S3. Comparison of a calibrated current-voltage characteristics under AM1.5g (red), suns-Voc 

characteristics scaled to the calibrated results (black), and a 1-diode model fit to the calibrated data (blue, 

dashed). The agreement between the curves shows the low series resistance, the high parallel resistance, 

and the ideality factor close to unity.  
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Figure S4. Internal quantum efficiency (IQE) of the 4 cm² GaInAsP solar cell as a function of wavelength. 

The curve was normalized to the calibrated AM1.5g short-circuit current density. The amount of grid 

shadowing was determined and corrected for so that a comparison to the PPI results, evaluated in a 

region of interest without metal grid, from the small solar cell becomes possible.   

 

 

 
Figure S5. Photoluminescence microscopy image of the tested small GaInAsP cell in open circuit. The 

circular active area is covered with a front metallization grid. The yellow scale bar represents 300 µm.   
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E. Perovskite solar cells fabrication 

Materials: Lead iodide and cesium iodide are purchased from TCI co, ltd. Formamidinium iodide, 

methyl ammonium iodide and N2,N2,N2′,N2′,N7,N7,N7′,N7′-octakis(4-methoxyphenyl)-9,9′-spirobi[9H-

fluorene]-2,2′,7,7′-tetramine (Spiro-OMeTAD) are purchased from Dyesol. Ultra-dry 

dimethylformamide (DMF), ultra-dry dimethyl sulfoxide (DMSO) and ultra-dry chlorobenzene (CB) 

is purchased from Acros, dry isopropanol (IPA), 4-tert-butyl pyridine, lithium bistrifluorosulfonyl 

imide (LiTFSI), acetyl acetone, titanium diisopropoxide bis(acetylacetonate), 75 wt. % in isopropanol 

and borane tetrahydrofuran complex solution (1.0 M in THF) are purchased from Sigma-Aldrich. All 

the chemicals are used as received without further purification. Conductive glass, Fluorine-doped tin 

oxide (10 Ω/sq) is purchased from Nippon Sheet Glass, Titanium dioxide paste (30 NRD) is purchased 

from Dyesol. 

Substrate preparation: Nippon Sheet Glass (NSG, 10 Ω/sq) was consecutively cleaned using 2% 

Hellmanex aqueous solution, deionized water, acetone and ethanol by sonicating for 20 min for each 

solvent. After drying with compressed air, UV-Ozone was applied for further cleaning. Compact TiO2 

is deposited on top of FTO using spray pyrolysis method: the substrates are preheated to 450 oC; a 

precursor solution of titanium diisopropoxide bis(acetylacetonate), 75 wt. % in isopropanol is diluted 

with dry ethanol with a volume ratio of 1:9 and addition 4% volume ratio of additional acetyl acetone. 

After spray pyrolysis, the FTO/TiO2 substrate is allowed to heat at 450 oC for 30 min before cooling 

down to room temperature. Mesoscopic TiO2 is applied by spincoating a diluted solution of 30 NR-D 

paste (mass ratio of paste:EtOH = 1:6) at 4000 rpm with acceleration of 2000 rpm/s. The as-prepared 

FTO/compact-TiO2(c-TiO2)/TiO2 paste was then allowed to sinter at 450 oC for 1 h, yielding FTO/c-

TiO2/mesoscopic-TiO2, which is then deposited with perovskite freshly. 

Perovskite deposition: Pure 3D perovskite precursor solution is prepared by dissolving a mixture of 

lead iodide (736.5 mg, 1.60 mmol), formamidinium iodide (237.3 mg, 1.38 mmol), methylammonium 

iodide (9.5 mg, 0.06 mmol) and cesium iodide (15.6 mg, 0.06 mmol) in 1 mL mixed solution of DMF 

and DMSO (DMF (v):DMSO (v) = 4:1) under mild heating condition at ~70 oC to assist dissolving. 

The perovskite active layer is deposited using anti-solvent method, with chlorobenzene as anti-solvent. 

The perovskite precursor solution is deposited on the freshly-prepared FTO/c-TiO2/m-TiO2 substrate, 

a two-step spincoating method is applied. 1st step is proceeded at 1000 rpm with acceleration rate of 

200 rpm/s for 10s. 2nd step is followed by 5000 rpm with acceleration rate of 2000 rpm/s for 20 s. 200 

µL of CB is applied at the 10th second. After spin coating, the substrate is allowed to anneal at 110 oC 

for 40 min. The whole procedure is done in a nitrogen-filled glovebox. 

Hole-transporting layer and gold back contact: Spiro-OMeTAD is selected as hole-transporting layer 

(HTL) material. Spiro-OMeTAD is dissolved in chlorobenzene with a concentration of 70 mM, which 

is doped by LiTFSI and 4-tert-butyl pyridine, and the molar ratios are 33% and 330%, respectively. 

The mixed Spiro-OMeTAD solution was spin-casted on the surface of the perovskite at 4000 rpm for 

30 s. The acceleration is 2000 rpm/s. The gold electrode is thermally evaporated on the surface of the 

HTL with the shadow mask with an area of 5 mm * 5 mm. The thickness of gold electrode is 80 nm, 

and the evaporation speed is adjusted to 0.01 nm/s at the first 10 nm, and 0.08 nm/s for the rest of the 

procedure. 

Photovoltaic performance measurements: Stabilized I-V parameters were measured under a class A 

xenon arc lamp solar simulator with a Keithley 2400 source meter. The light intensity was calibrated 

with a calibrated silicon cell. For the measurement of the stabilized PCE, the photocurrent was 

measured while the device was biased at a constant voltage close to maximum power point. 
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F. Stabilized I-V-parameters of the high-efficient perovskite device 

 
Figure S6. Stabilized Jsc, Voc, and PCE (measured at a fixed voltage) of the high-efficient cell discussed in 

Figure 2. The device was measured under a class A solar simulator with a shadow mask of 0.09 cm². 

 

 

G. Jsc/Jgen |PL measurement of perovskite devices at different wavelengths 

 
Figure S7. Jsc/Jgen |PL averaged over the entire microscope image for four different PSCs, probed under red 

(623 nm) and blue (405 nm) LED illumination. 

 

 

H. Calibration and error sources for qualitative Jsc/Jgen |PL imaging 

Uncertainty discussion 

Although the principle is straightforward, it is important to note that the significance of the here 

presented method is restricted to a range of fundamental and technical limitations which have to be 

assessed carefully. First, photon-reabsorption is not considered. Second, we cannot regard lateral 

diffusion currents that lead to an equilibration of charge densities from the ‘high-performing’ spots 

(which are slightly underestimated) and to the ‘poorly performing’ spots (which are slightly 

overestimated). Third, due to the light source of the measurement system, the depths of excitation 

wavelength can be different from an AM1.5g illumination (measurements under different excitation 

wavelengths are presented in Figure S7). Fourth, defining the steady state of the perovskite solar cell 

can be challenging and may vary from one sample to the other, as further discussed below. Finally, a 

detailed discussion of the effect of the diode ideality factor as well as internal (resistive) voltage and 

current losses can be found in Section B and C.  
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Moreover, we note from own experience that it is crucial to ensure homogeneous illumination of the 

entire active cell area. For samples with highly conductive electrodes, as present in the tested III-V and 

perovskite devices, illumination with a light spot smaller than the active area leads to a lateral 

distribution of charge carriers via the electrodes when the probe is biased in in open circuit. This 

induces radiative recombination in the non-illuminated regions and hence reduces the measured PL 

signal in the illuminated region. As this effect is less pronounced for bias voltages closer to short 

circuit, this leads to an underestimation of Jsc/Jgen| PL.   

 

Calibration based on reference solar cell 

The precise quantitative determination of the J(V)-image from PL requires especially the 

determination of the PL signal intensity of the camera detector if a PL of zero is expected which is for 

example influenced by leakage of light through the optical filter and detector noise, as discussed in the 

results section. Ideally, the setup should therefore be calibrated using a reference device for which 

Jsc/Jgen is known. 

In the following, the high performing (stabilized PCE = 21.2 %) perovskite cell (cf. Figure 2 and 

Figure S6) is employed to discuss the calibration of the setup. For the studied solar cell with a band-

gap of 1.54 eV (805 nm) and an ideal EQE of 100 % between 300 nm to the band gap, the highest 

possible photocurrent under AM1.5g (ASTM G-173) is Jgen,max = 27.6 mA/cm². The determined 

stabilized Jsc of Jsc of 26.4 mA/cm² (cf. Figure S6) amounts to 95.7 % of this theoretical limit. 

Assuming an ideal photo absorption (maximum Jgen = Jgen,max), the highest Jsc/Jgen is 0.96. Therefore, 

the sample could be used to calibrate the measurement setup. However, this approach is not fully 

satisfying for two reasons: first, it does not help to correctly assess the baseline of the PL 

measurements. Second, as shown in Figure S8, the device does not yield a completely homogeneous 

pattern for Jsc/Jgen| PL which would mean that some areas need to be assigned with unphysical values 

larger than one.  

 

Calibration by baseline assessment 

Hence, a base-line correction for the PL setup was implemented by means of an alternative reference 

sample. Such a sample should induce the same parasitic signals in the detector but without the PL of 

the tested sample. 

For the measurements of the III-V device, the baseline calibration was carried out by measuring the 

reflectance of the sample at a wavelength close to the microscope excitation wavelength and a 

measurement of the PL signal of the highly reflective front electrode metallization of the sample.  

For the perovskite devices, a stack of glass / TCO / m-TiO2 / ZrO2 / carbon-graphite was fabricated to 

resemble a PSC without perovskite. This serves as a baseline to account for reflections and scattering 

from the different layers, whereas that the reflection from the (black) carbon-graphite layer can be 

assumed to approach zero. As shown in Figure S11, for very thin perovskite absorber layers, back-

reflection of PL light from the gold electrode can have a significant impact on the measurement 

whereas for typical device thicknesses, the effect of optical reflection is over-compensated by a higher 

charge-recombination due to the presence of a metal electrode.  

A second challenge lies in the choice of the most suitable light source. Ideally, the device should be 

illuminated by the AM1.5g solar spectrum. However, this is not possible as this spectrum overlaps 

with the PL spectrum of the solar cell. We investigated two LED light sources with a wavelength 

below the PL wavelength of red (632 nm) and blue (405 nm) light. Here, a trade-off needs to be made: 

The red light resembles the absorption depth of the AM1.5g spectrum acceptably well whereas the 

blue light is absorbed by the first few 100 nm of perovskite.40 PL images recorded under blue light will 

therefore overestimate effects associated with processes of charge-carrier absorption and 

recombination at the front electrode. For the red light, however, the parasitic effect of the excitation 
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light reflected from the sample and entering the detector is higher as there is a non-negligible overlap 

between the transmittance of the filter on the detector and the spectrum of the red LED.  

Figure S6 shows the comparison of the PL(Voc) (a) and the Jsc/Jgen |PL image (b, c) under 632 nm and 

405 nm LED illumination equivalent to the photon-flux of 1 sun, respectively. Notably, even after this 

baseline-correction, the Jsc/Jgen |PL averaged over the entire image for the two illumination sources was 

not identical. Under blue illumination it was estimated to 0.84 whereas for red illumination it was only 

0.65.  

Revealingly, the spots with the highest PL(Voc) intensity typically are reflected in the Jsc/Jgen |PL image 

by a region with a high Jsc/Jgen |PL that has a very low value in the center (cf. feature i). However, there 

are also features where this low center spot is not present, such as in ii). 

In conclusion, the above discussion underlines the importance of accurate calibration and stresses that 

the quantitative analysis of the Jsc/Jgen |PL image needs to be carried out with care. Still, for a fast 

qualitative assessment of spatially distributed inhomogeneities, even a non-optimal setup is well 

suited, and the base-line correction can serve to assess the lowest limit of the optically determined Jsc. 

In the following, where we focus on qualitative comparison, the red LED is employed, as it resembles 

better the absorption under solar illumination. 

 

Figure S8. a) PL(Voc) and (b, c) Jsc/Jgen |PL here determined from two PL images at open and short circuit 

of a high performing PSC. The device was illuminated with a blue (405 nm, b) and red LED (632 nm, c). 

Figure (a) and (c) are identical with Figure 2a and b and have been reprinted for comparison. The scale 

bar corresponds to 400 µm. 

 

 

I. Further analysis of PL(V) and I(V) curves of the perovskite device 

Figure S9 shows scaled representations of the local J(V)/Jgen |PL from Figure 3, normalized by the PL 

at short circuit. This representation can be used to compare the shape of the J(V)/Jgen |PL curves if the 

effect of different short circuit currents is ignored. Comparing Figure S9a with Figure 3c, it can be 

clearly seen that although the PL intensity of various spots reacts differently to the change of the bias 

voltage, J(V)/Jgen |PL follows the same exponential shape. This is can be further asserted by a semi-

logarithmic representation, as shown in Figure S9b, displaying perfectly parallel and straight lines. 

The reason why the line is not continued for V < 0.6 V is probably due to a limited sensitivity of the 

PL camera at low changes of the PL intensity.  
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Figure S9. a) J(V)/Jgen |PL curves of the spots discussed in Figure 3, scaled by the respective local short 

circuit current J(0)/Jgen |PL. b) Semi-logarithmic representation, whereby the values from a) were 

subtracted from one. 

 

Figure S10a shows the average PL intensity (black curve) of the entire cell area measured during the 

voltage sweep displayed in Figure 3. For comparison, the current of the entire cell as measured in 

parallel is plotted (red). While the curves match up comparably well, it is interesting to note that the 

slope of the PL(V) curve is lower than that of the I(V) curve. From the considerations outlined below, 

one would rather expect the opposite if the cell was affected by a series resistance or by a non-ideal the 

diode ideality factor (nid > 1). It appears that either the effects are compensated for by an unknown 

third effect or the two effects do not to affect the studied device. 

In Figure S10b, the curves are plotted in a semi-logarithmic plot to allow a better comparison of the 

exponential shape of the curves. For this representation, the curves were scaled as follows. The current 

was scaled to Iscaled(V) = (1 - I(V)/Isc) and the PL was scaled to PLscaled(V) = (1-(PL(Voc)-PL(V))/PL(0)). 

 
Figure S10. a) Average PL intensity of the entire observed cell area (left axis, black curve) and the 

photocurrent (right axis, red curve) that was measured during the voltage sweep displayed in Figure 3. 

b) Scaled, semi-logarithmic representation of these curves. 
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J. Influence of the gold electrode on the PL(Voc) in perovskite devices 

 
Figure S11. PL(Voc) intensity for a PSC range of samples with reduced thickness, without EEL and 

without HEL. The plot compares the PL(Voc) intensity measured on and outside the active area (AA), i.e., 

the region where the gold back electrode is deposited.  

 

 

 

 

 

 

K. Stabilized I-V parameters of further perovskite devices 

Figure S12a shows the stabilized Voc, as measured under a solar simulator, with the stabilized PL(Voc) 

measured under the PL microscope, for a range of samples with reduced thickness, without HEL or 

without EEL. The highest PL(Voc) is achieved with EEL-free devices, which show however only 

moderate stabilized Voc. Hence, the trend of the PL(Voc) does not represent to observed Voc. In contrast, 

the Jsc/Jgen |PL representation reflects much better the stabilized Voc as shown Figure S12b. This 

demonstrates once more that the PL(Voc) alone it is suited to estimate the device performance.  

In Figure S12c, the stabilized Jsc estimated from the solar simulator are compared with the Jsc/Jgen |PL 

estimated from the PL microscope. The dashed line represents the ideal case where 

Jgen = Jgen,max = 27.6 mA/cm². The measured values are overall in agreement with the expected, linear 

relation. Especially the values of the samples with reduced thickness lie below close to the dashed line 

(except for one outlier). The values of the devices without EEL and HEL lie above the dashed line. 

This could mean that Jgen is below Jgen,max due to non-ideal absorption or photogeneration. Especially 

for the HEL-free devices with very low photocurrents and PL intensities, the deviation could be due to 

the limitation of the method as discussed in the manuscript such as a non-ideal calibrated PL baseline.  

Although we did not focus on the dependence of Voc and FF on the PL in this work, it is yet interesting 

to consider the show seemingly linear relationship between the stabilized PCE and Jsc/Jgen |PL as shown 

in Figure S12d. 
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Figure S12. Stabilized Voc, Jsc and PCE (measured under at a fixed voltage close to mpp) as obtained from 

measurements at a class A solar simulator for a range of devices with a reduced perovskite thickness 

(red), without EEL (blue) or without HEL (magenta). The values are plotted against PL(Voc) or 

Jsc/Jgen |PL, as obtained from a measurement at a PL microscope under red (623 nm) LED illumination. 

 

 

L. Spatial analysis of transient behaviour in perovskite devices 

A further look at the local, transient effects of the spots in Figure 3 is presented in Figure S13. It 

shows the progression of the PL(V) intensity of these spots for different applied electrical bias, 

consecutively switching from Voc to maximum power point (Vmpp) again to Voc, to short circuit (0 V), 

and again to Voc, respectively with a dwell time of 60 seconds each. Vmpp refers to the voltage at 

maximum power point as determined by a previous J-V sweep from Voc to 0 V.  

Regarding the spots in groups A, B, and C, despite the difference in PL intensity, the transient reaction 

to a switch of the voltage bias is very similar. Again, the last switching is the most significant with a 

high overshoot of the PL intensity upon switching to open circuit, followed by rapid decrease within 

few seconds and a slower convergence to a steady-state value. It is instructive to compare the three 

different steps of Voc: one initial step (0 < t < 60 s) before which the device has already been 

illuminated at open circuit for longer than five minutes. A second step (120 < t < 180 s) before which 

the cell was biased at Vmpp. Moreover, a third step (t > 240 s) that was preceded by a working point at 

short circuit. The effect of switching from Vmpp to Voc is marginal and the initial steady-state value 

from the first step is reached to the greatest extent within few seconds. In contrast, there is a strong 

overshoot of PL when switching from short circuit to Voc in the third step. Here, the PL intensity does 

only stabilize and recover to the initial value for spots of group B while the PL is still decreasing after 

60 s for spots of group C. The PL of spots of the group A increases during the process of switching – 

reaching PL intensities of group B in the final step - although it appeared to be stable in the first step at 

Voc. Note that all spots exhibit a stabilized low PL upon switching to short circuit (180 < t < 240 s). 
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Figure S13. Transient evolution of the PL intensity at each spot of the sample depicted in Figure 3 for a 

successive bias of Voc, Vmpp, Voc, 0 V, and Voc for 60 seconds each. 
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