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Abstract

As the efficiency of perovskite silicon tandem solar cells is increasing, the upscaling

for industrial production is coming into focus. Spatially resolved, quantitative, fast,

and reliable contactless measurement techniques are demanded for quality assurance

and to pinpoint the cause of performance losses in perovskite silicon tandem solar

cells. In this publication, we present a measurement method based on spectrally inte-

grated photoluminescence (PL) imaging to extract subcell-selective implied open-

circuit (iVoc) images from monolithic perovskite silicon tandem solar cells. We validate

the approach using spectrally resolved absolute PL measurements based on an inte-

grating sphere for the perovskite top cell and PL-calibrated carrier lifetime images for

the silicon bottom cell. Additionally, Voc measurements of solar cells with low contact

losses are used to validate the new measurement technique. We find a good agree-

ment of the iVoc images with the validating measurements with a maximum deviation

of well below 1% compared to the validation measurements.
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1 | INTRODUCTION

Recent remarkable progress in research and development of monolithic

perovskite silicon tandem solar cells lead to certified power conversion

efficiencies (PCE) of up to 33.7%.1 However, further optimization of

this technology is necessary for its successful commercialization. First,

in comparison to the theoretical limit of exceeding 40%,2–4 there exists

a significant gap in improving device structures, materials, and passiv-

ation technology to fully realize the potential of tandem solar cells. Sec-

ond, it is worth noting that most of the reported high-performance

devices have been achieved with small areas of approximately 1 cm2.1,5

However, when scaling up to large area devices, the challenge lies in

achieving homogeneous deposition of the multiple layers, particularly

the perovskite absorber, since inhomogeneities often result in

performance-degrading defects.6,7 Moreover, even at the nanoscale,

the presence of local impurities in the perovskite top cells can serve asOliver Fischer and Anh Dinh Bui contributed equally to this work.
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degradation centers, negatively impacting the long-term operation of

the device.8 Addressing these challenges is vital to enable large-scale

mass production and necessitates the early-stage evaluation of solar

cell quality during the optimization processes. A profound understand-

ing of the photovoltaic parameters and the underlying causes of losses

is imperative to successfully accomplish this objective.9

The open-circuit voltage Voc is a crucial parameter for assessing

the quality of perovskite silicon tandem solar cells. From this value,

other optoelectronic parameters such as pseudo fill factor, ideality

factor, and activation energy of recombination can be estimated.10,11

These parameters, in turn, allow for the estimation of performance

losses resulting from non-radiative recombination and series resis-

tance in a device.12,13 However, since Voc is just a global value, it fails

to provide insights into the influence of local defects on the overall

device performance. Additionally, Voc can only be measured in the

final assembled device, limiting its usefulness in early-stage material

selection. Moreover, Voc is affected not only by local or homoge-

neously distributed defects and recombination sites in the bulk and at

interfaces but also by energy barriers at various material interfaces

within the solar cell stack.14 Therefore, to gain a more comprehensive

understanding of the limitations of large-area perovskite silicon tan-

dem solar cells, a thorough evaluation of the influence of local defects

and interface energy barriers is insightful. In this context, the implied

open-circuit voltage iVoc, related to the quasi-Fermi level splitting

(QFLS), offers a valuable alternative. iVoc represents the maximum

theoretically achievable Voc (i.e., the Voc of a solar cell with no contact

losses) and can be measured in contactless mode. Therefore, it holds

potential for the application in early-stage material selection pro-

cesses.15 In addition, it plays a crucial role in distinguishing between

internal losses in the active layer caused by defects and losses result-

ing from energy barriers.16,17 Last but not least, since iVoc can be sep-

arately measured for each subcell, it serves as a useful parameter for

understanding and diagnosing subcell performance in multi-junction

photovoltaic devices.18,19

Several measurement techniques can be applied to determine the

iVoc of photovoltaic devices. While spectrally resolved absolute aver-

age photoluminescence (PL) measurements have been commonly

used to extract the spatially averaged iVoc,
20,21 they lack spatial infor-

mation and are unsuitable for large solar cells with local defects as

they cannot pinpoint the exact location of the defects. An alternative

approach is micro-PL mapping, which allows obtaining iVoc maps,22,23

but it suffers from long measurement durations for large samples, lim-

iting the high sample throughput. A promising solution is provided by

the hyperspectral imaging method, which allows the acquisition of

spatially resolved iVoc images within reasonable measurement dura-

tions.24,25 However, this method requires complex and tunable filters.

Another simpler and faster method is a PL-calibrated carrier lifetime

measurement,26–28 widely used in silicon solar cells, but it is not suit-

able for the top cell of tandem devices due to the lack of information

on doping densities and dopant types, as well as the relatively short

carrier lifetime that is challenging to measure. Fortunately, spectrally

integrated absolute calibrated PL imaging methods29,30 can overcome

these challenges by offering a cheap, fast, and spatially resolved

approach to selectively capture the iVoc image of each subcell in a tan-

dem device.

In this work, we present a method that enables fast iVoc imaging

on various devices including single junction and tandem solar cells.

First, we describe the procedure to convert the relative PL signal to

iVoc. Unlike Soufiani et al.,29 we utilize wide range bandpass filters,

allowing the flexible application of the method to perovskite solar

cells with various band gaps. Additionally, the use of wide range band-

pass filters improves the signal-to-noise ratio and enables capturing

the signal at low excitation intensity, which is useful for further char-

acterization methods, such as the Suns-PL method.31–33

To calculate iVoc from the detected PL signal, precise knowledge of

the absorptance A is essential. In previous studies, absorptance was

extracted from measured reflectance and transmittance spectra.29,30

However, the direct determination of absorptance from reflectance and

transmissivity is not possible for tandem devices or fully completed solar

cells with back electrodes. Therefore, this work accesses the absorp-

tance precisely also in tandem devices or fully completed solar cells with

the use of simulated absorptance spectra or external quantum efficien-

cies (EQEs). The use of EQEs to approximate A was also applied in the

past for hyperspectral imaging.25 In contrast to the approach in Soufiani

et al.,29 this allows to include a larger part of the PL spectrum and not

only restricts the spectral range to the high energy tail of the PL signal

with constant absorptance. This helps to overcome the limitation of

low measurement signal in the high-energy tail of the PL spectrum.

Moreover, Soufiani et al.29 investigated thick perovskite layers and single

junction solar cells, where the absorptance in the high energy tail of the

PL peak can be assumed to be constant. However, the absorptance is

not constant in the high energy tail if the absorber is not sufficiently

thick. While a thinner perovskite absorber layer is not desirable in a

perovskite single junction solar cell, this can be a desired device design

in perovskite silicon tandem solar cells, as presented in, for example,

Heydarian et al.,21 for reasons of current matching.

Moreover, instead of relying on the terminal Voc,
30 which is chal-

lenging to measure for each subcell in tandem devices, we employ a

reference light source with known power spectrum following the

approach in Soufiani et al.29 This approach enables us to overcome

the difficulty of directly measuring the terminal voltage of each subcell

in monolithic tandem devices. Our method is validated with different

independent measurements including PL-calibrated carrier lifetime,

spectrally resolved absolute PL, and terminal Voc measurements.

Finally, the method is utilized to evaluate the performance and inves-

tigate local losses of each subcell in a tandem solar cell.

2 | METHODS

2.1 | PL imaging setup

The commercial measurement system “Tandem Modulum,” developed
at Fraunhofer ISE and built by Intego GmbH, was used for the acquisi-

tion of PL images. The system is schematically displayed in Figure 1.

The perovskite silicon tandem solar cell can be excited subcell-
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selectively using a 450 nm laser for the perovskite top solar cell and

an 808 nm laser for the silicon bottom solar cell. The PL images are

acquired using a silicon CCD camera. The quantum efficiency (QE) of

the camera provided by the manufacturer is displayed in Figure S1.

Appropriate optical bandpass filters are used to block the laser radia-

tion and separate the luminescent signal from both subcells. For illus-

tration, exemplary PL spectra and corresponding bandpass filter

spectra are shown in Figure 2. The shaded part of the PL spectrum

marks the part of the spectrum that is detected in the camera. In con-

trast to hyperspectral PL images, PL images that are acquired with a

camera and a non-tunable bandpass filter contain no detailed informa-

tion on the spectrum of the PL signal. These PL images simply show

the total PL signal from the sample in the spectral range where the

bandpass filter transmits light. We therefore refer to this PL imaging

method as spectrally integrated PL imaging. The samples were illumi-

nated before the image acquisition to reach stabilized conditions

for measurements on perovskite subcells. For the measurements in

open-circuit mode, the perovskite and silicon subcells are individu-

ally illuminated at 1-sun equivalent conditions. This means that

each subcell is illuminated with the photon flux that it would

encounter in the tandem device under the AM1.5G spectrum. The

1-sun equivalent photon currents are calculated using the EQEs or

absorptance curves of the subcells following the approach from

Meusel et al.34 For this, the spectra of the two lasers are assumed

to be Gaussian shaped with peak widths according to the manufac-

turer's data sheets. The temperature of the sample holder can be

controlled and measured to prevent temperature effects in the

measurements.

2.2 | Extraction of iVoc images

In this section, we describe the method to extract iVoc images from PL

images. The individual steps are displayed in a graphical algorithm in

Figure S2. In a first step, the energy-dependent spectral response

SR Eð Þ of the system is determined. SR Eð Þ accounts for the energy

dependent transmission of photons through the optic components in

the light path and the capture probability in the camera. It is the prod-

uct of the transmission spectrum of the optical filters, the transmis-

sion spectrum of the objective and the QE of the camera. While the

spectra of the optical filters and the objective are measured inhouse

using a Lambda 950 spectrometer with a 150mm integrating sphere

from PerkinElmer, the QE in Figure S1 is provided by the camera man-

ufacturer. In the next step, the scaling factor SF is determined. SF con-

siders that only a small fraction of the total emitted PL photon flux is

emitted in the direction of the camera and can be collected.35 A cali-

bration lamp (ISS-5P-SR-FS from Gigahertz-Optik) with a known

F IGURE 1 Spectrally integrated PL imaging setup. PL images of a tandem solar cell that is placed on a temperature controllable sample holder

can be acquired with the help of two lasers and bandgap filters. [Colour figure can be viewed at wileyonlinelibrary.com]

F IGURE 2 Exemplary bandpass filter spectra used for the
spectrally integrated PL measurements and PL spectra of each subcell
in perovskite silicon tandem solar cells measured with a hyperspectral
measurement system. The part of the PL spectrum detected in the
spectrally integrated PL imaging setup is shaded. [Colour figure can be
viewed at wileyonlinelibrary.com]
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spectrum and spatially uniform photon flux jph,lamp is used to deter-

mine SF according to Equation (1).

Xn

x¼1
Ix,lamp=n ¼ SF

ð∞
0
SR Eð Þ jph,lamp Eð ÞdE ð1Þ

In Equation (1), Ix,lamp is the number of counts in the pixel at posi-

tion x on the image of the calibration lamp with a total of n pixels.

Note that due to the calibration procedure of SF, only the shape of all

spectra, including the QE of the camera and the transmissivity of the

filters, must be known. Any deviation by a constant factor of the mea-

sured spectra from the true spectra will be accounted for in the cali-

bration of SF.

In the last step, the generalized Planck's law36,37 is used.

Equation (2) shows the relationship of the locally detected PL signal

intensity Ix,PL at pixel x to iVoc,x that is present at pixel x.

Ix,PL ¼ SF exp
q iVoc,x

kb T

� �
8π

c3 h3

ð∞
0
SR Eð Þ A Eð ÞE2 exp � E

kb T

� �
dE ð2Þ

In Equation (2), q is the elementary charge, kb is the Boltzmann

constant, T is the absolute temperature measured on the sample, c is

the speed of light, h is the Planck constant, and A Eð Þ is the energy-

dependent absorptance of the photoactive layer. With this relation,

the PL images can then be converted to iVoc images. Note that for

reasons of readability, we will write iVoc instead of iVoc,x when refer-

ring to a local position in the following.35

2.3 | Determination of A Eð Þ

A Eð Þ is an important parameter for iVoc determination but it cannot be

determined easily for certain substrate structures. In the following, we

describe three approaches used in this publication to determine A Eð Þ,
depending on the solar cell architecture and available data.

For bifacial single junction devices or single absorptance layers

that are deposited on glass, A Eð Þ can easily be extracted with a spec-

trometer using A Eð Þ¼1�R Eð Þ�T Eð Þ, with the reflectance R Eð Þ and

the transmittance T Eð Þ. We use a Lambda 950 spectrometer with a

150mm integrating sphere from PerkinElmer for the measurements in

our work. However, directly measuring A Eð Þ is challenging for both

completed single junction solar cells with full area back contact metal-

lization and individual subcells in monolithic tandem configuration. To

circumvent this challenge, we suggest two alternative methods on

how to acquire A Eð Þ.
One alternative approach to obtain A Eð Þ is through simulations

using raytracing in the silicon bottom cell and the transfer-matrix

method for the perovskite top cell. The simulation methodology is

described in detail in a previous work.38 However, setting up an accu-

rate simulation for A Eð Þ can be a challenging task since multiple input

parameters of the simulation are required.

Therefore, another alternative and simpler method approximates

A Eð Þ based on the measurable EQE EQE(E). Studies comparing the

photo- and electro-luminescence spectra curves of silicon and

perovskite solar cells suggest that A Eð Þ and EQE(E) spectra are very

similar.25,39,40 Simulation data also suggest that the absorptance can

be approximated by EQE(E).21 However, measuring absolute EQEs

EQEabs(E) is challenging for multijunction solar cells, especially for

metastable monolithic perovskite silicon tandem solar cells.41–44 A

scaling factor SFEQE needs to be determined to extract EQEabs(E) from

the as-measured EQE EQErel(E), using EQEabs(E)= SFEQE EQErel(E).

SFEQE is energy-independent and can be determined from spectromet-

ric measurements.34 However, since spectrometric measurements are

time-consuming, we suggest using faster spectrometer-based mea-

surements of R(E) to approximate EQEabs(E). We assume that parasitic

absorptance Apara(E) can be neglected at least for one particular

energy E0 in the spectrum and that T(E0)=0. Then, A(E0)+R(E0)=1

holds true at this point. Assuming further that A(E0)= EQEabs(E0), we

can determine SFEQE and scale EQErel(E) to EQEabs(E) as depicted in

Figure 3. Note that this procedure does not imply that EQEabs(E)+R

(E)=1 for all E. For example, in the low energy part T(E)≠0 and in

other regions, Apara(E) might not be neglectable. The errors introduced

by this scaling procedure are small, as discussed in Section 3.

3 | RESULTS AND DISCUSSION

3.1 | Method validation

3.1.1 | Comparison with PL-calibrated carrier
lifetime measurements

First, we validate our calibration procedure and calculation on a planar

p-type silicon wafer with an amorphous silicon passivation layer by

comparing an iVoc image extracted from an absolute PL image versus

iVoc images from carrier lifetime measurements27 (see the chapter

“Carrier Lifetime Imaging” in the Supporting Information for details on

the carrier lifetime measurements). A bandpass filter covering the

spectral range from 950nm to 1000nm (denoted as BP950-1000)

F IGURE 3 Visualization of scaling procedure of EQEs. [Colour

figure can be viewed at wileyonlinelibrary.com]
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was used to detect the high energy tail of the PL signal for the PL

image. Reflectance and transmittance spectra were used to approxi-

mate the absorptance curve of the p-type silicon wafer shown in

Figure S4. Figure 4A,B illustrates the carrier lifetime image and excess

carrier concentration (Δn) image obtained from carrier lifetime mea-

surement. Figure 4C shows the iVoc image calculated from the Δn

image. Figure 4D displays the iVoc image of the silicon wafer, which

was extracted using our proposed method. Since the measurements

for Figure 4C,D were conducted on different setups with different

measurement geometries, the bright, centered spot (caused by a

reflection of the measurement signal) is more pronounced in

Figure 4D than in Figure 4C. Whereas the first setup has been opti-

mized with respect to measurements on planar samples, that is, imag-

ing artifacts due to parasitic luminescence or reflections have been

reduced to a minimum, this optimization has not been performed yet

for the second setup. Thus, the bright spot in the center of Figure 4D

can be attributed to a reflection artefact and is not an inherent error

of the iVoc imaging method presented here.

Figure 5 shows the observed small variations between Figure 4C

and Figure 4D. For instance, the average values of region 1 in

Figure 4C,D are 0.738 V and 0.741 V, respectively, resulting in a rela-

tive deviation of less than 0.4%. In region 2, a reflected signal leads to

an increase in iVoc in Figure 4D. Still, iVoc based on absolute PL-

measurements is less than 0.7% higher compared to iVoc extracted

from PL-calibrated carrier lifetime measurements in Figure 4C. We

conclude that a very good agreement between both measurements is

achieved. As Figure S3 shows, similar results are also found for n-type

multicrystalline silicon wafers. It is worth noting that while the PL-

calibrated carrier lifetime method is restricted to silicon materials, our

proposed method is applicable to a wide range of materials, making it

highly versatile and valuable.

F IGURE 4 Based on PL-calibrated carrier lifetime images (A) and excess carrier concentration distribution (B) an iVoc image can be calculated
(C). In comparison, the iVoc image based on absolute PL measurements according to our method is displayed in (D). The three rectangular regions
marked in (C) and (D) are used for a comparison in Figure 5. The substrate presented is a p-type FZ silicon wafer with amorphous silicon
passivation. The bright spot in (D) is due to reflections that are more pronounced with the optical components used in (D) compared to (C).
[Colour figure can be viewed at wileyonlinelibrary.com]

F IGURE 5 Comparison of mean iVoc in regions 1, 2, and 3 in
Figure 4 determined with the use of PL calibrated carrier lifetime
measurements and absolute PL measurements. The data are also
presented in Table S2. [Colour figure can be viewed at
wileyonlinelibrary.com]
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3.1.2 | Comparison with Voc of full solar cell

In devices with high-quality transport layers and appropriate work

functions, the deviation between the iVoc versus terminal Voc is negli-

gible. Hence, iVoc ≈Voc can be expected. The reliable quality of a sili-

con based standard World PV Scale (WPVS) reference cell and a III-V

material based tandem solar cell allows us to use their external Voc to

validate our method. We use the iVoc images of a p-type silicon WPVS

cell to validate our measurements for the spectral range of silicon with

a WPVS cell. Afterwards, a tandem device can be used to validate the

spectral range of perovskite filters as well. A III-V tandem solar cell

composed of Ga0.35In0.65P/Ga0.83In0.17As with the bandgaps of

1.68 eV (738nm) and 1.18 eV (1051nm) for top cell and bottom cell,45

respectively, serves for this purpose. The EQEs (compare Figures S5

and S6) do not need to be rescaled using the method described above.

For the silicon single junction solar cell the EQE can be scaled to the

short-circuit current. For the III-V tandem solar cell, a spectral metric

measurement was available that allowed the precise scaling of the

subcell EQEs.

Figure 6A displays the iVoc image of a WPVS cell under 1-sun

equivalent illumination. A BP950-1000 was used to detect the high

energy tail of the PL signal. The mean value (calculated by averaging

the iVoc image excluding the fingers) of 0.644V shows no measurable

difference to the external Voc measured at the electrode, which is also

0.644V.

Figure 6B,C shows the iVoc distributions of the top and bottom

solar cell of the III-V tandem solar cell. A bandpass filter covering the

spectral range from 650nm to 750nm (denoted as BP650-750) was

used to detect the PL signal of the top solar cell. A BP950-1000

was used to detect the high energy tail of the PL signal of the bottom

solar cell. The top solar cell in Figure 6B shows an average iVoc of

1.202V over the whole active area. The bottom solar cell in Figure 6C

shows an average iVoc of 0.739V over the whole active area. This

adds up to a total iVoc of 1.941V. Under the illumination of the sub-

cells with both lasers, an average Voc of 1.925V can be measured at

the terminals over a measurement duration of 10 s with an initial volt-

age of 1.926V (laser intensity drops slightly over time). So iVoc and

Voc deviate by approx. 16 mV. Possibly, this deviation is due to the

local shunts or recombination sites in the top cell in Figure 6B. The

shunts lead to a local decrease of ≈40 mV in the iVoc image. Hence,

Voc is also not expected to be uniform across the contact layer of the

solar cell. The exact Voc measured at the terminals depends on the

unknown distribution of the Voc in the contact layer. This cannot be

reflected by any averaging method (here, we apply arithmetic averag-

ing for the iVoc images). However, regardless of the reason for this

deviation, 16 mV correspond only to a relative increase of 0.8% of

iVoc compared to Voc. It is therefore concluded that the agreement of

iVoc and Voc is very good and that the iVoc measurements are vali-

dated by the Voc measurements.

3.1.3 | Comparison with absolute spectrally
resolved PL measurements

In this section, we conduct PL measurements on two perovskite

layers. The two layers are deposited on indium-tin-oxide-coated glass

and are composed of Cs0.05FA0.85MA0.1PbI2.9Br0.1 (with an additive)

and Cs0.05(FA0.90MA0.10)0.95Pb(I0.95Br0.05)3, respectively. This results

in bandgaps of approximately 1.55 eV and 1.56 eV (800 nm and

795 nm), respectively. The absorptance spectra (see Figure S7) were

extracted from reflectance and transmittance measurements. Due to

parasitic absorptance of other layers in the device stack, it is important

to only use the part around the PL spectrum peak where the parasitic

absorptance is negligible compared to the absorptance of the perov-

skite layer. Hence, a bandpass filter covering the spectral range from

803 nm to 813 nm (denoted as BP803–813) was used to detect the PL

signal of the samples. In the following, the iVoc values obtained from

our iVoc imaging method are compared with data obtained from spec-

trally resolved absolute PL measurements using the LuQY Pro tool

from QYB Quantum Yield Berlin (see “Absolute Spectrally Resolved

PL Measurements” in the Supporting Information for details on the

measurement setup).

Figure 7A,B presents the iVoc images of the layers L1 and L2,

respectively. Figure 7C shows the absolute PL spectra of the L1 and

L2 samples acquired from the LuQY Pro tool. The iVoc values were

extracted by fitting the high-energy tail of the spectra. Figure 7D

compares the iVoc values extracted from the selected rectangular

regions in Figure 7A,B, which correspond approximately to the

F IGURE 6 iVoc images of a WPVS silicon solar cell (A) and the top (B) and bottom (C) cell of a III-V tandem solar cell illuminated under 1-sun
equivalent conditions. Voc of the WPVS solar cell is 0.644V and hence equal to the determined iVoc. The Voc of the III-V tandem solar cell is
1.925V, which is 16mV below the sum of the determined subcell iVoc values from (B) and (C) of 1.941V. [Colour figure can be viewed at
wileyonlinelibrary.com]
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regions where LuQY measurements were performed using a single

laser spot with an average size of 1 cm2. For both devices, the devia-

tion between the iVoc values obtained from our iVoc imaging method

and the commercial tool is negligible, within 3 mV (compare Table S3).

This small difference can be attributed to the metastable behavior of

the perovskite material and instrument errors.

While our method provides similar results to the commercialized

tool, it offers the advantage of spatially resolved information. For

instance, as shown in Figure 7A,B, there are numerous low iVoc

regions, some of which extend up to the millimeter scale, particularly

around the edges of the devices (region 1, 3, and 4). Notably, even in

the central area of L1, region 2 exhibits a significantly lower iVoc value

(≈50 mV lower than the average). These regions of low iVoc could be

attributed to defects caused by non-optimized colloidal precursor

solutions, process cleanliness, or nonradiative recombination in the

bulk or at the interface of the perovskite layer. Such defects can

significantly reduce the terminal voltage of the complete device.46

Furthermore, over the long term, these defects can act as centers

of degradation, leading to a rapid decline in device performance.8

Overall, our findings highlight the effectiveness of our method in

capturing spatial variations in iVoc and identifying potential defects

in the perovskite layer that can impact device performance and

stability.

3.1.4 | Uncertainty estimation

In this section, we carefully examine several measurement variables to

develop a more thorough understanding of the potential causes of

uncertainty of the data and how they can affect the accuracy of our

data. This involves looking at measurement-related experiment errors

and evaluating calculation errors that are introduced during the data

processing stage. We thoroughly investigate these factors to quantify

their impact and assess their importance in terms of the overall accu-

racy of our findings. We find that all investigated parameters influenc-

ing the measurement uncertainty result in errors well below 10 mV.

For a perovskite solar cell with iVoc ≈1200 mV, this leads to a mea-

surement error of less than 1%.

Effect of the bandpass filter

To accurately measure the tandem device, it is necessary to employ

different bandpass filters for each subcell to ensure proper collection

of the PL signal from each subcell. Ideally, with an identical camera

and objective and a precisely known spectrum of the calibration lamp,

SF in Equation (1) should remain independent of the bandpass filter

used. However, certain measurement errors, for example, errors in the

shape of the spectrum of one of the measurement setup components,

can occur. If these measurement errors differ for different spectral

F IGURE 7 (A and B) iVoc images of two perovskite layers L1 and L2, respectively. The black squares mark the homogeneous regions used to
calculate a mean iVoc. (C) The absolute PL spectra of the devices measured with the LuQY Pro tool and (D) comparison of the mean iVoc in the
selected regions in (A) and (B) versus the data extracted from (C). The error bars mark the standard deviation of the pixels considered for the
mean value. The data of (D) can also be found in Table S3. [Colour figure can be viewed at wileyonlinelibrary.com]
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ranges, their impact leads to variations in SF as well as potentially in

the calculated iVoc.

To evaluate the impact of these errors, we employed various

bandpass filter configurations and calculated SF and iVoc for the top

cell of the III-V tandem solar cell used for comparison of iVoc to Voc in

Figure 6. The resulting SF and iVoc are displayed in Figure 8. We use

the notation BP650-750 to denote a bandpass filter that transmits

light in the spectral range from 650nm to 750nm. The configurations

used were BP650-700, BP650-725, BP650-750, BP650-775,

BP700-725, BP787-813, BP803-813, and BP950-1000. Figure 8A

illustrates SF of our setup in dependence of the applied bandpass fil-

ter. For all configurations that allow capturing signals below 800nm,

the relative difference of the largest scaling factor compared to the

smallest is found to be less than 14%. However, from Figure 8A, it

seems that SF linearly decreases with the wavelength. Hence, for the

bandgap BP950-1000 configuration, the calculated scaling factor for

BP950-1000 is approximately 38% lower compared to the data in the

BP650-750. The effect of these deviations on iVoc depends on their

root-cause. Since SF strictly decreases with increasing wavelength,

the observed deviation is most likely attributed to an error in the

spectrum rather than measurement noise. In the following we distin-

guish between two cases. In case 1, SF deviates due to an erroneous

calibration lamp spectrum shape (so the real SF for all spectra optical

components of the setup would be constant). In case 2, SF deviates

due to an erroneous spectrum of the optical components

(e.g., transmission filters or QE of the camera).

For case 1, the deviations in SF lead to an erroneous calibration

of the setup and translate into an error in iVoc because the erroneous

spectrum affects only the calibration procedure. For the range from

650nm to 850 nm the deviation in SF then corresponds to an approxi-

mate 4 mV fluctuation in the calculation of the iVoc according to

Equation (2). This would be consistent with the iVoc data calculated

from the top cell of the III-V tandem device, as shown in Figure 8B,

where the difference between the highest and lowest iVoc values is

approximately 6 mV. The deviation in SF for the BP950-1000 com-

pared to the 650–850nm region would result in an approximately

11 mV error in the iVoc calculation. Note that a decreasing SF leads to

an increase in iVoc according to Equation (2). In consequence, the iVoc

of the silicon cell would be overestimated. This is unlikely, because for

the silicon single junction cell presented in Figure 6A, we would then

find iVoc <Voc. Alternatively, the iVoc for the perovskite subcells in the

short wavelength range is underestimated. This would suggest a larger

deviation of iVoc and Voc in Figure 6B,C, which is physically possible

but unlikely for a III-V material based tandem solar cell. Moreover,

case 1 is unlikely, because the shape of the calibration lamp spectrum

could be validated within 2% (see next section on the calibration lamp

spectrum).

For case 2, the erroneous spectrum affects both the calibration

and the actual measurement on the sample. Hence, a non-constant SF

corrects for the average deviation of the measured spectrum from the

true spectrum and improves the precision of the calculated iVoc.

The spectra of all optical components have been measured inhouse.

Only the QE of the camera could not be validated. For the camera,

only an approximated QE provided by the manufacturer (Figure S1) is

available. Hence, the deviation in SF is most likely caused by an error

in the QE of the camera. This implies that the error on the iVoc is

larger for wider bandgap filters, also described in Soufiani et al.29

While the QE of the camera remains relatively flat as a plateau in the

650–850nm range, it exhibits a steeper profile in the 950–1000nm

range. Consequently, even a slight shift in the QE can have a signifi-

cant impact in the 950–1000nm region on the iVoc calculation,

whereas it is negligible in the 650–850nm region.

Effect of the calibration lamp

In this section, we investigate the uncertainties related to the calibra-

tion lamp used for our calibration procedure, where we determine SF

from the arithmetic mean of the lamp image and the calibrated, and

homogeneous photon flux jph, lamp of the calibration lamp considering

F IGURE 8 (A) Comparison of scaling factors SF for different bandpass filters. The vertical lines mark the opening and closing wavelength of
the bandpass filters respectively. The horizontal lines mark the value of SF. (B) Comparison of mean iVoc for the top cell of the III-V tandem solar
cell presented in Figure 6 for different bandpass filters. For all filter combinations between 650 nm and 825nm, the deviation is below 0.5% or
6mV. Note that the largest deviations from the mean value of all filter combinations occur for the bandpass filters 650 nm to 700nm (where the
PL signal is very weak) and the bandpass filter 725nm to 825 nm (where the absorptance or the top cell is very weak and measurement errors
[noise] in the EQE used for the estimation of the absorptance become large). [Colour figure can be viewed at wileyonlinelibrary.com]
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the spectral response of the system according to Equation (1). Two

potential sources of error can influence the results. The first source

arises from the assumption of a homogeneous photon flux and pixel

sensitivity (even though a flatfield calibration is routinely applied) all

over the lamp opening. To assess the error associated with this

assumption, we conducted an experiment using a neutral density

ND1.8 filter placed in front of the camera. The acquisition was con-

ducted for 0.5 s using a bandpass filter (BP803–813 nm). Figure 9A

depicts the captured lamp image, and Figure 9B presents the histo-

gram of the lamp intensity within the region of interest. The measured

lamp signal yielded a mean value of 763.5 counts with a standard

deviation of 22.9 counts. This standard deviation corresponds to an

approximate 1–2 mV uncertainty in our iVoc calculation.

The second source of error stems from variations in jph,lamp. To

evaluate this, we employed a spectrophotometer to measure the rela-

tive lamp spectrum, which exhibited a similar shape to the datasheet

provided by the supplier (see Figure 10) with deviations of below 2%.

However, due to uncertainties in the calibration process, the lamp

intensity has an uncertainty of 3% to 5% (depending on the spectral

range) according to the manufacturer, resulting in an approximate

error in the iVoc of below 2 mV. Moreover, with prolonged usage, the

lamp intensity may undergo a change, increasing the measurement

uncertainty. The uncertainty in the total photon flux was checked

using the WPVS cell presented in Figure 6. The solar cell was placed

close to the calibration lamp and the short circuit current was

determined. A current of 105.0μA was expected according to the cali-

bration data of the lamp and the EQE of the solar cell. In the experi-

ment 99.2μA were measured. This is a relative deviation of below

6%, leading to a variation of below 2 mV in the iVoc calculation. Com-

bining both sources of errors, the lamp introduces an uncertainty of

approximately 4 mV in the iVoc calculation in the worst-case scenario

if calibration uncertainty and aging effect lead to a decreased actual

photon flux.

Effect of the approximation of the absorptance

As described in the methods section, the determination of absorp-

tance A Eð Þ in tandem solar cell samples can be approximated using

either EQEs correctly scaled with spectrometric measurements or

EQEs scaled to the 1–R spectrum, which corresponds to the total

absorptance spectrum if no transmission is present. However, neither

of these EQEs fully represent the actual absorptance of the system.

The total absorptance of the tandem cell can be considered as an

upper limit due to parasitic absorptance effects, while the EQE scaled

with spectrometric measurements represents a lower limit as the

internal quantum efficiency of solar cells is less than unity.

As stated previously, it is suggested in literature that the devia-

tion between A Eð Þ and EQE Eð ) is very small or even negligible.25

For samples that absolute EQEs cannot be measured for, relative

EQEs must be scaled as described in Section 2. This approach

adds an additional error. Generally, it holds true that

1¼R Eð ÞþApara Eð ÞþAabsorber Eð ÞþT Eð Þ. With the parasitic absorptance

Apara Eð Þ and the absorptance in the photoactive absorber layer

Aabsorber Eð Þ adding up to the total absorptance. While close to the

bandgap T Eð Þ>0, towards higher energies T Eð Þ¼0 can be assumed

without further restrictions for a solar cell that is not designed for

semitransparent applications. However, depending on the applied

charge transport layers and electrodes, Apara E0ð Þ>0 for E0 being the

energy for which it holds true 1–R E0ð Þ– EQErel E0ð ÞSFEQE ¼0: Conse-

quently, the assumption EQErel E0ð Þ SFEQE ¼1–R E0ð Þ¼Apara Eð Þþ
Aabsorber E0ð Þ ≈Aabsorber E0ð Þ introduces an error in SFEQE . This error

depends on the solar cell structure but is in the range of few percent

for recent perovskite silicon tandem solar cells. For example, for the

device structure of the tandem solar cell in Figure 11 the error is

below 3% according to simulations for both subcells.21 This leads to

an error smaller than 1 mV. The difference between absolute EQE and

total absorptance for both perovskite top cells and silicon bottom cells

in recent studies47–50 on tandem devices is less than 5% (conservative

F IGURE 9 (A) Measurement of the of the
calibration lamp opening using a BP803-813
filter. (B) The histogram of the light intensity
of the lamp in the region of interest. [Colour
figure can be viewed at wileyonlinelibrary.
com]

F IGURE 10 Spectrum of calibration lamp as provided from the
manufacturer (red) and measured (black, in arbitrary units). [Colour
figure can be viewed at wileyonlinelibrary.com]
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approximation from available plots in the corresponding publications),

resulting in a total uncertainty of approximately 2 mV in the iVoc

calculation.

Effect of homogeneous illumination

Two lasers are used to illuminate the subcells under 1-sun equivalent

conditions. For this, the required photon flux of the two lasers must

be determined in the first step. For this, we use the method according

to Meusel et al.34 In this step, an error in the shape of the EQEs will

translate into an erroneous target photon flux. The significance of

this error depends on the precision of the EQE measurement setup

and shall not be discussed here in further detail. However, most

likely it is in the range of very few percent. In the second step, the

laser must illuminate the whole region of interest homogeneously

with the targeted illumination intensity. This introduces usually the

more significant error compared to the first step. In our setup, the

illumination intensity shows a variation of less than 3% on an area of

11 � 11 cm2 for the 450 nm laser as well as the 808 nm. This devia-

tion was determined by measuring the short-circuit current of the

2 � 2 cm2 large WPVS silicon solar cell at 25 different equally dis-

tanced positions. Very small scaled inhomogeneities in the illumina-

tion intensity (speckling) cannot be resolved with this measurement.

However, these inhomogeneities either cancel out through lateral

charge carrier diffusion or are so small that they cannot be seen in

the PL images. Hence this effect can also be neglected. In summary,

the effect of the illumination intensity on the iVoc images is expected

to be in the range of 1 mV.

3.2 | Application to tandem solar cells

3.2.1 | Global voltage loss analysis

In this section, we employ our method to quantify the voltage loss in

a two-terminal perovskite silicon tandem solar cell. The device

structure consists of p-type silicon hetero-junction bottom solar cell

with a planar front side and a textured rear side and a p-i-n perov-

skite top solar. The top solar cell has the structure ITO/2PACz/

Perovskite/C60/SnOx/ITO/Ag/MgF2. The bandgap of the top cell is

about 1.64 eV (756 nm). For more detailed information about the

perovskite composition, please refer to our previous work by Hey-

darian et al.21

Figure 11A,B illustrates the iVoc images of the perovskite top cell

and silicon bottom cell, respectively, under 1-sun equivalent condi-

tions. The arithmetic mean iVoc values for the active area excluding

fingers for the top cell and bottom cell are measured to be 1,140 mV

and 676 mV, respectively. Additionally, Figure 11C presents a com-

parison of the total iVoc obtained from our measurements with the

terminal Voc. It can be observed that there is a loss of 43 mV, which

can be attributed to non-ideal energy band alignments at the contacts.

This indicates the potential for further optimization to enhance the

overall cell performance.

By quantifying the voltage loss at the contacts and determining

subcell-selectively iVoc, our method provides valuable insights for

improving the efficiency of perovskite silicon tandem solar cells.

Future optimization efforts can focus on bandgap alignments to mini-

mize voltage losses and enhance the overall performance of the tan-

dem device.

3.2.2 | Local voltage loss analysis

While the global assessment of the iVoc is possible with our iVoc imag-

ing method using mean values, one of the key benefits of iVoc imaging

is the spatial resolution. In this section, this benefit is demonstrated

on a monolithic perovskite silicon tandem solar cell. The analyzed tan-

dem solar cell is composed of a textured p-type silicon hetero-

junction bottom solar cell and a p-i-n perovskite top solar cell. A

FA0.85Cs0.15Pb(I0.78Br0.22)3 perovskite absorber is deposited for the

top cell using the hybrid route. 2PACZ and C60/Snox are used as hole

F IGURE 11 (A and B) iVoc images of
perovskite top cell and silicon bottom cell
of a tandem device and (C) comparison
between the total iVoc of top and bottom
cell and the terminal Voc: [Colour figure
can be viewed at wileyonlinelibrary.com]
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and electron transport layers respectively. The bandgap is approxi-

mately 1.66 eV (747nm).

Figure 12 displays the iVoc images of seven silicon bottom cells

and perovskite top cells on one substrate. Additionally, Figure 13

shows the spatially resolved iVoc of two cross sections of the silicon

iVoc image in Figure 12A and two cross sections of the perovskite iVoc

image in Figure 12B. While most parts of the presented tandem solar

cells are well performing and homogeneous, the chosen cross sections

cover local inhomogeneities. A natural inhomogeneity is the presence

of fingers and busbars, shading the PL signal from the solar cell and

hindering the local iVoc determination. While this cannot be circum-

vented, other defects of the cell can be prevented by changes in the

manufacturing routine. As Figure 13A depicts, a line shaped defect in

the silicon bottom cell leads to a local decrease in iVoc by approxi-

mately 50 mV compared to other well performing parts of the cells

for both cross sections. Several inhomogeneities are visible in the

perovskite sub cell in Figure 13B. Cross section 3 features a very local

defect decreasing iVoc by approximately 93 mV. Cross section 4 fea-

tures a larger patterned inhomogeneity resulting in a loss of approxi-

mately 50 mV across a larger region compared to the well performing

parts of cross section 4.

All these local features are not detectable in global Voc or iVoc

measurements. In consequence, it is hard to attribute low Voc to its

root cause without iVoc imaging. Similarly, the result of spatially non-

resolved iVoc highly depends on the region that is probed on inhomo-

geneous samples. This hinders the comparison of different batches

and can lead to wrong conclusions in the worst case.

4 | CONCLUSION AND OUTLOOK

In summary, we have demonstrated a new iVoc imaging method to

generate spatially resolved iVoc images of various types of single junc-

tion and tandem solar cells based on the PL imaging technique. This

iVoc imaging method offers the advantages of being rapid, contactless,

and subcell-selective, making it suitable for large-area multijunction

solar cells. Since the method uses camera-based imaging and not

point-by-point mapping, the quality of devices can effectively be mon-

itored at high resolution with short measurement times. The largest

samples presented in this report, for example, show a resolution on

the 100μm-scale even for cell sizes of around 11�11 cm2. However,

solar cells with the industrial wafer format M12 could be measured

with no major changes to the measurement setup as well. The method

allows to pinpoint the causes of device failure and accelerate process

and material optimization. In contrast to traditional Voc measure-

ments, our iVoc imaging method can be applied to uncompleted

F IGURE 12 iVoc image of (A) the silicon
bottom cells and (B) the perovskite top cells
of tandem devices, revealing local losses. The
lines labelled 1–4 are cross sections further
analyzed in Figure 13. [Colour figure can be
viewed at wileyonlinelibrary.com]

F IGURE 13 Cross sections of the iVoc images in Figure 12 of (A) the silicon and (B) the perovskite subcell of the perovskite silicon tandem
solar cell. The position of the cross sections is marked in Figure 12. [Colour figure can be viewed at wileyonlinelibrary.com]
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devices without electrical contacts. Furthermore, our method allows

for the evaluation of individual layers, making it particularly valuable

during early-stage sample preparation and characterization for tandem

devices. The measurement error is experimentally found to be very

small. The deviation is no larger than 0.8% for any of the applied vali-

dation methods. The overall estimated impact of errors of the band-

pass filters, the calibration lamp, the determination of the absorbance

spectrum and the sample illumination on the calculated iVoc is in the

range of well below 10 mV.

The presented method was developed to characterize perovskite

silicon tandem solar cells. However, it is not limited to this solar cell

technology. It can be applied to various types of solar cells, if suitable

excitation light sources and band pass filters are available to properly

detect the PL signal subcell-selectively. Therefore, it also allows its

application to, for example, silicon perovskite perovskite triple junc-

tion solar cells. It remains part of a future work to apply this method

under electrical bias conditions to analyze charge carrier extraction

properties. Without any limitations, the method can also be used to

convert electroluminescence images into iVoc images.
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