
  
 
 

 

 

 

 
MSc Physics 

Science for Energy and Sustainability 

Master Thesis 

 

Decoupling Processes in Tandem Solar Subcells 
under Standard Operating Conditions  
by Combining Modulated Techniques 

 
 

 

 

Author:     Maximilian K. H. Mundt 
First Examiner:    Prof. Dr. Bruno Ehrler 
Second Examiner:   Prof. Dr. Erik Garnett 
Daily Supervisor:   Dr. Agustin Alvarez 
 
 
 
 

July 8th, 2025 

 

 

 

  



2 

 

Abstract 

 

With the ever-increasing impact of the Global North on the environment and 

the Global South, large-scale changes are needed to make our practices 

sustainable again. Among these necessary adaptations is the large-scale 

deployment of renewable energy-generation technologies worldwide. As 

electricity demands are projected to increase drastically over the next decades, 

solar technologies are being optimized to increase their energy yield.  

Among these technologies are tandem solar cells, which utilize multiple 

absorber layers to increase their theoretical efficiency. However, depending on 

the device architecture, optimal operation requires multiple processes to occur 

simultaneously, leading to complex interactions between them. As this 

technology presents a useful tool for advancing the energy transition, it is 

crucial to gain more understanding of the physics governing its behavior to 

more effectively improve its power-conversion efficiency. 

Thus, in this master’s thesis, a novel method for characterizing tandem solar 

cell processes under solar operating conditions is presented. Utilizing light-

modulation techniques via independent light-emitting diodes, the subcells are 

distinguished from one another without light flooding, which is shown to impact 

subcell behavior. Furthermore, individual recombination and transport 

processes within subcells are quantified, allowing for a detailed analysis of 

which behaviors are affected by internal or external conditions. Finally, by 

repeating measurements under different strengths of sun-equivalent 

illuminations, subcell behaviors over different voltages can be determined, 

leading to further knowledge on subcell current-voltage responses. Thereby, 

this method will hopefully contribute to sustainable development by providing 

researchers with a tool to analyze individual tandem solar cell behaviors under 

real-world illumination conditions. 
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List of Abbreviations 

2T   2-terminal 

CPE   constant phase element 

EC   equivalent circuit 

EQE   external quantum efficiency 

GaAs   gallium arsenide 

IMPS   intensity-modulated photocurrent spectroscopy 

IMVS   intensity-modulated photovoltage spectroscopy 

InGaP   indium gallium phosphide 

JSC   short-circuit current 

JV   current-voltage 

LED   light-emitting diode 

TSC   tandem solar cell 

VOC   open-circuit voltage  
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1   Introduction 

Solar cell production has grown exponentially due to the need for a clean energy transition [1]. 

Most of these solar cells are produced from stable silicon, which boasts a record of 27.6% 

efficiency in lab settings [2]. However, this record efficiency has only improved little over the 

last three decades, as these devices approach their theoretical detailed balance limit of 29.8% 

[3]. Since large-scale infrastructural, technological, and behavioral changes are still needed to 

meet climate goals [4], it is crucial that new strategies are developed to overcome these 

barriers.  

Thus, research into tandem solar cells (TSCs) has gained increasing attention [5] as the 

addition of a second absorber layer greatly increases the theoretical limit for power conversion 

efficiency [6]. For this second layer, metal halide perovskite semiconductors are very attractive 

due to their tunable, direct bandgap, which allows perfect matching of absorption spectra as 

well as little material needed to produce an efficient absorber [7]. However, significant 

improvements are still needed, as is evident from the gap between the record efficiency of 

perovskite/silicon TSCs at 34.9% [2] and their detailed balance limit of 42.3% [6].  

To continue driving improvements, it is useful to understand where the main problems in 

producing TSCs lie, such that research can be efficiently directed to where it is most needed. 

Performing current-voltage (JV) measurements is a quick and easy method to assess the 

performance of a device, though the information that can be extracted is limited, especially in 

2-terminal (2T) devices [8]. 

Thus, methods have been developed to study the subcells individually [9]. Usually, these 

measurements involve using photons of a wavelength only absorbed by one subcell to saturate 

it with free electrons. This strategy makes the saturated subcell effectively invisible to electrical 

measurements, allowing the non-saturated subcell to be investigated individually, for example, 

in external quantum efficiency (EQE) and absorption measurements [10,11], capacitance-

voltage experiments [12], and thermal admittance spectroscopy [13]. Furthermore, 

electroluminescence has been used to determine the current-voltage responses of individual 

subcells [14,15], whereas photoluminescence has helped in mapping the subcells’ voltages 

under different illumination conditions [16]. 

Additionally, impedance spectroscopy has been used to disentangle the different 

processes in a device [17-20]. However, this technique produces data that can be interpreted 

in multiple ways, as seen in the different equivalent circuits (ECs) chosen by Zarazua et al. 

[21], Yoo et al. [22], and Seyed-Talebi and Kazeminezhad [23]. The multitude of interpretations 

of a given impedance spectrum also implies ambiguity in attributing observed impedance arcs 

to specific physical processes in a device [24]. 

To partially combat this latter issue, Roose et al. [25] have measured the impedance of a 

perovskite/perovskite TSC with two separate light-emitting diodes (LEDs) corresponding to 

each subcell’s absorption spectrum. By using the technique of saturating one subcell at a time 

with one of the LEDs, they could thus measure the other subcell individually. When comparing 

the resulting spectra to the impedance of the TSC under current-matching conditions using the 

characteristic frequencies, the subcells could effectively be disentangled from one another. 

Similarly, Park et al. [26] used a perovskite/silicon device with 2T and 3-terminal contacting to 

show that flooding a subcell with light effectively makes it invisible for impedance. 

However, even though the setups of Roose et al. [25] and Park et al. [26] offer these useful 

additional insights, the decision to light-flood one subcell comes at the expense of not being at 

standard operating conditions. This is especially limiting in perovskite subcells, where the 

mobile ion distribution, which is affected by illumination, can determine device functionality 
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[27,28]. Furthermore, the measurements face the same drawback of regular impedance 

experiments in that it is unclear whether an identified process is due to recombination or 

transport. 

To mitigate this issue, Alvarez et al. [29] have recently used intensity-modulated 

photocurrent spectroscopy (IMPS) and intensity-modulated photovoltage spectroscopy (IMVS) 

on single-junction solar cells to supplement impedance measurements. Using the optical 

properties of their solar cells, this combination of techniques allows a deeper understanding of 

the origin of the different observed processes, clearly separating recombination and transport. 

Additionally, one can extract additional parameters, such as the efficiency at which photons 

are absorbed and energetically separated, as well as the differential external quantum 

efficiency (𝐸𝑄𝐸𝑑𝑖𝑓𝑓) of one’s device at different voltages. As light-modulated techniques 

depend on the absorptive properties of the device being measured, they therefore present an 

interesting tool for a new characterization method of TSCs.  

Thus, in this work, impedance spectroscopy, IMPS, and IMVS are used on TSCs to identify 

the impedance effects of each subcell by using two independent LEDs. The techniques are 

first explored on a silicon photodiode and a perovskite solar cell to observe and understand 

the relationships between the different techniques. Next, these methods are verified on a III-V 

TSC by comparing light-flooded and equal-illumination responses of the subcells. This step 

highlights the importance of characterizing subcells under solar operating conditions, as light-

flooding alters the observed responses. Afterward, the techniques are applied to a 

perovskite/silicon TSC to analyze the behaviors of various processes and how they change as 

a result of degradation. Finally, using different sun-equivalent offset illuminations, the voltage-

dependence of the observed behaviors is analyzed. Using these insights, JV responses of the 

individual subcells as they operate in the full TSC could be reconstructed by combining the 

trends in the observed parameters. 

Thereby, due to the advantages of IMPS and IMVS, the same improvements to impedance 

spectroscopy on TSCs are demonstrated as the methods of Roose et al. [25] and Park et al. 

[26], while introducing new insights without the drawbacks of flooding a subcell. Aside from 

assigning a TSC’s processes to its subcells, the extent to which a given impedance feature 

originates from recombination or transport could be quantified while remaining in sun-

equivalent conditions. Thus, this method will, ideally, provide a useful tool to enhance TSC 

characterization and their improvements by providing insights into the mechanisms governing 

a device’s performance and how changes in internal and external conditions may affect various 

behaviors.  

2   Theoretical Background 

2.1   Perovskite 

With their rapidly increasing record power conversion efficiencies [2], perovskite solar cells are 

rapidly gaining popularity for applications in solar energy [30]. A large reason for this is their 

crystal structure (see Figure 1), which is easily synthesized [31] and provides a direct, tunable 

bandgap [7]. This means that the active layer can reach high efficiencies even for thicknesses 

of only a few nanometers, leading to high cost efficiency, low weight, and the possibility to 

create flexible films that can be bent to adapt to many different types of surfaces. 
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Figure 1. Perovskite crystal structure, as depicted by Dai et al. [32]. 

Despite these advantages, however, perovskite also has several drawbacks that hinder 

its market readiness as a solar-cell material [33]. Firstly, due to its ionic structure, its stability 

is greatly dampened by exposure to environmental influences such as oxygen or water [34]. 

Additionally, ion migration driven by electrical biasing and illumination can play a large role in 

degrading the device, which may change or even destroy the crystal structure, leading to 

significant performance decreases [35]. Though some strategies have been developed to 

mitigate these issues, they remain a significant roadblock to the commercialization of 

perovskite devices [36]. 

Nonetheless, due to its many beneficial properties that also allow it to be paired with 

other materials to form TSCs, perovskite is clearly set on the roadmap as a crucial material for 

the energy transition [37]. Therefore, it is vital to continue researching this material on its own 

and when integrated into devices to identify mechanisms that can combat its drawbacks. 

2.2   2-Terminal Tandem Solar Cells 

Unlike single-junction solar cells, TSCs possess multiple active layers whose electrons are 

excited by light of different energies (see Figure 2 and [6,38]). Based on the bandgap of an 

absorber’s material, it will transform photons with energies above its bandgap energy into an 

electronic current while transmitting photons of lower energies. Thus, TSCs will have a high-

bandgap material on the top to absorb high-energy photons with little thermalization losses, 

while the lower-energy light is transmitted and absorbed by a subsequent layer. To utilize the 

increase in energy of the free charges in 2T TSCs, a recombination layer between active layers 

facilitates the recombination of a hole from one absorber layer with an electron from the other 

layer [39]. Thus, there is a large energy gap between the extracted electron and hole, leading 

to a greatly increased voltage during charge extraction [38,39].  

This mechanism, however, requires an equal number of free photogenerated charges 

in the two neighboring active layers [38,39]. If there is an excess number of charges in one 

subcell, there are no opportunities to recombine with a charge from the other subcell. Thus, 

due to charge conservation, the mobile carriers will have to recombine within the subcell since 

they cannot be extracted. 
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Figure 2. Simplified diagram of photogenerated charge extraction in a 2-terminal tandem solar cell. The higher-energy 
photons absorbed by the top subcell are exemplified by a blue photon, whereas the lower-energy ones are exemplified by 
an infrared one. 

This effect means that under mismatched conditions, the subcell with fewer 

photogenerated charge carriers will limit charge extraction. As the charge-saturated subcell 

thus effectively becomes less visible to electrical measurements, as its photoresistivity is 

decreased [21], a popular method for characterizing TSC subcells is to light-flood one subcell 

and change the experimental conditions for the other one. As the saturated subcell will not 

impact the electrical measurements, changes in signal are assumed to stem from the limiting 

subcell [10]. However, complications can arise when operating away from standard solar test 

conditions, such as parasitic absorption [11] and luminescence coupling [40], leading to 

responses influenced by the abundance of charges in the inactive absorber layer. 

2.3   Impedance Spectroscopy 

Impedance spectroscopy leverages the different characteristic times 𝜏0 of various processes 

that occur inside an electronic device [41]. By modulating the voltage around a fixed offset 

voltage 𝑉̅𝑎𝑝𝑝, the current modulation response of a device 𝐽𝑖𝑛𝑗, including the phase shift 𝛿 

between the two, is tracked. Thus, the impedance 𝑍 of a device effectively is a frequency-

resolved differential resistance function, as it calculates the ratio between the applied voltage 

perturbation 𝑉̃𝑎𝑝𝑝 and the measured current response:  

𝑍 =
𝑉̃𝑎𝑝𝑝

𝐽𝑖𝑛𝑗

=
|𝑉̃𝑎𝑝𝑝|

|𝐽𝑖𝑛𝑗|
𝑒𝑖𝛿 = 𝑅𝑒(𝑍) + 𝐼𝑚(𝑍) = 𝑍′ + 𝑍′′,     (𝐸𝑞. 1) 

where 𝑒 is Euler’s number, while 𝑅𝑒 and 𝐼𝑚 denote the real and imaginary components of a 

number, respectively.  

At high frequencies, some capacitive or inductive processes may not be able to follow 

the voltage changes, such that their contribution to the current response is not observed. Only 

when the perturbation frequency 𝑓 decreases does it become more likely to change current 

extraction. For capacitive processes, this leads to an arc positive in 𝑍′ and −𝑍′′ which peaks 

at the characteristic frequency 𝑓0, when the phase delay between 𝑉̃𝑎𝑝𝑝 and 𝐽𝑖𝑛𝑗 is the largest. 

This arc is caused by more charges becoming impeded as they increasingly respond to the 

voltage changes with decreasing frequency. The opposite is true for inductive processes, 

which create an arc negative in 𝑍′ and −𝑍′′. Thus, 𝑍 will overall increase for lower frequencies 

for capacitive processes, and decrease for inductive ones, until a full response from the 

processes can be measured. Therefore, at very low frequencies, impedance will be equal to 

the differential resistance 𝑅𝑑𝑖𝑓𝑓 at the given voltage as described by 

𝑍(𝑓 → 0 𝐻𝑧, 𝑉̅𝑎𝑝𝑝) =
𝑑𝑉̅𝑎𝑝𝑝

𝑑𝐽𝑖̅𝑛𝑗

= 𝑅𝑑𝑖𝑓𝑓.     (𝐸𝑞. 2) 
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To analyze impedance spectra, many researchers use ECs [20,41,42]. In circuitry, 

impedance can be modeled using a combination of resistances 𝑅, capacitances 𝐶, and 

inductances 𝐿. In the EC, the constant resistance offset at very high frequencies is given by a 

series resistance 𝑅𝑠. To simulate the phase delays observed in impedance spectra, each 

positive arc is composed of an 𝑅-𝐶 pair with the two elements parallel to one another. The 

product of the two is equal to 𝜏0 given by 

𝑅 ∗ 𝐶 = 𝜏0 =
1

𝜔0
=

1

2𝜋𝑓0
.     (𝐸𝑞.  3) 

However, by intertwining 𝑅-𝐶 pairs in one another, different ECs can be generated that 

will produce different parameter values while simulating the same data set. Furthermore, this 

may also imply different physical mechanisms, as further explored in section 2.4. Therefore, 

one must be careful when assigning an EC to impedance spectra. Nonetheless, ECs provide 

a useful tool as they allow us to quantify how different processes contribute to the overall 

resistance – and thus current responses – of a device at various voltages. 

2.4   Intensity-Modulated Photocurrent and Photovoltage Spectroscopy 

IMPS and IMVS are a pair of techniques similar to impedance in that they also measure an 

alternating response to a small perturbation. However, instead of applying a voltage 

perturbation, a light perturbation 𝜙̃𝑎𝑝𝑝 is applied, which is measured beforehand by calibrations 

(see section 9.3 and Appendix A). For IMPS, the voltage is held constant, for example, at the 

steady-state open-circuit voltage (𝑉𝑂𝐶), and the current response of the device is measured. In 

IMVS, the voltage response is measured while keeping the current constant, for example, at 0 

A. Thus, the IMPS transfer function 𝑄 is given by the quotient of extracted current modulation 

𝐽𝑒𝑥𝑡 – which is the additive inverse of 𝐽𝑖𝑛𝑗 – and the applied light perturbation (see 𝐸𝑞. 4), 

likening it to a frequency-resolved differential EQE measurement. Conversely, the IMVS 

transfer function 𝑊 is given by the ratio between the voltage response and the light 

perturbation (see 𝐸𝑞. 5): 

𝑄 =
𝐽𝑒𝑥𝑡

𝑞𝜙̃𝑎𝑝𝑝

= 𝑄′ + 𝑄′′, 𝑄(𝑓 → 0 𝐻𝑧, 𝑉̅𝑎𝑝𝑝) =
1

𝑞

𝑑𝐽𝑒̅𝑥𝑡

𝑑𝜙̅𝑎𝑝𝑝

= 𝐸𝑄𝐸𝑑𝑖𝑓𝑓(𝑉̅𝑎𝑝𝑝),     (𝐸𝑞. 4) 

𝑊 =
𝑉̃𝑎𝑝𝑝

𝑞𝜙̃𝑎𝑝𝑝

= 𝑊′ + 𝑊′′,     (𝐸𝑞. 5) 

where 𝑞 is the elemental charge. It is important to note that the value of 𝐸𝑄𝐸𝑑𝑖𝑓𝑓 only describes 

how the device’s photoconversion changes with frequency, not the full extent of current 

generation. Thus, when calculating the total extracted current, it does not suffice to multiply 

𝐸𝑄𝐸𝑑𝑖𝑓𝑓 by the photocurrent, but the dark current from the diode must be added as well. 

As 𝑊 and 𝑄 both have 𝑞𝜙̃𝑎𝑝𝑝 in their denominator, one can divide 𝑊 by 𝑄 to obtain 

𝑊

𝑄
=  𝑍,     (𝐸𝑞. 6) 

as shown by Alvarez et al. [29]. Thus, IMPS and IMVS lend themselves to be compared to 

impedance spectroscopy as the combination of two datasets can be used to calculate the third 

to confirm the uniformity of measurement conditions [29]. Due to these similarities to 

impedance, IMPS and IMVS can also be modeled using ECs, as seen from applications in 

minority charge carrier dynamics and voltage-dependent EQE measurements for IMPS [43] 

and minority charge carrier dynamics and charge-carrier lifetimes for IMVS [44]. Due to their 

dependence on photoexcitation, an additional element for a current source is added to the EC 

to indicate the conversion from light to current in the device. As no (alternating) current is 
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extracted from IMVS, all photogenerated current must be recombined, meaning that any 

elements parallel to this current must be related to recombination [29]. 

The conversion from light to free charge carriers depends on the photon being 

absorbed and generating an energetically separated electron-hole pair. Therefore, 𝑄 and 𝑊 

are proportional to the so-called absorption-separation efficiency 𝜂𝑎𝑠 [29]. Thus, by dividing 

𝑄(𝑓 → 0 𝐻𝑧) by 𝜂𝑎𝑠, one can calculate the extraction efficiency 𝜂𝑒𝑥𝑡 of the charge carriers. 

Similarly, dividing 𝜂𝑎𝑠 by the photon-absorption efficiency 𝜂𝑎𝑏𝑠 of the device, determined, for 

example, using reflection measurements, one can find the efficiency 𝜂𝑠𝑒𝑝 at which electron-

hole pairs are energetically separated. Thus, the different aspects forming a device’s EQE can 

be quantified using IMPS. 

To simplify the fitting of 𝑄 and 𝑊 data with ECs, the different elements can be 

categorized depending on where they are located relative to the injected photocurrent (see 

Figure 3 (left) and Alvarez et al. [29]). Recombination processes, which are dependent on 

photoabsorption, are named recombination impedance 𝑍𝑟𝑒𝑐. For capacitive processes, they 

are thus comprised of the recombination resistance 𝑅𝑟𝑒𝑐 and a capacitor 𝐶𝑟𝑒𝑐 that is parallel 

only to 𝑅𝑟𝑒𝑐. If there are multiple processes dependent on photoabsorption, all elements 

parallel to the generated photocurrent are included in 𝑍𝑟𝑒𝑐. Therefore, all recombination 

resistors become elements of 𝑍𝑟𝑒𝑐 (see Figure 3 (right)). Processes parallel to 𝑍𝑟𝑒𝑐 can be 

grouped as parallel impedances 𝑍𝑝. Processes that follow 𝑍𝑟𝑒𝑐 in series and share a parallel 

element with it are denoted as 𝑍𝑓. Lastly, elements completely separated from 𝑍𝑟𝑒𝑐 can be 

classified as series impedances 𝑍𝑠. Thus, we use the equations formulated by Alvarez et al. 

[29] for 𝑄 and 𝑊: 

𝑄 =
𝜂𝑎𝑠

𝑍𝑠

𝑍𝑟𝑒𝑐

𝑍𝑟𝑒𝑐 + 𝑍𝑓
(

1

𝑍𝑠
+

1

𝑍𝑝
+

1

𝑍𝑟𝑒𝑐 + 𝑍𝑓
)

−1

,     (𝐸𝑞. 7) 

𝑊 = 𝜂𝑎𝑠

𝑍𝑟𝑒𝑐

𝑍𝑟𝑒𝑐 + 𝑍𝑓
(

1

𝑍𝑝
+

1

𝑍𝑟𝑒𝑐 + 𝑍𝑓
)

−1

 .     (𝐸𝑞. 8) 

    
Figure 3. Visualization of equivalent circuit elements for calculating 𝑄 and 𝑊. 𝑍 and 𝑅 denote impedance and resistance, 
respectively. The subscripts “𝑠”, “𝑟𝑒𝑐”, “𝑓”, and “𝑝” stand for “series”, “recombination”, “following”, and “parallel”, 
respectively. 

From the equation for 𝑄, we can thus also find 𝜂𝑒𝑥𝑡 as a frequency-dependent function 

of the different impedance elements. The DC value for 𝜂𝑒𝑥𝑡 can be found simply by using the 

different values for the EC resistances.  

From visually analyzing these photocurrent-driven ECs, we see how IMPS and IMVS 

are able to distinguish between recombination and transport elements. Unlike in impedance, 

where 𝑍𝑓 and 𝑍𝑝 are parallel to each other, the absorption-induced current will cause 𝑍𝑝 to 

effectively be in series to 𝑍𝑓 while being parallel to 𝑍𝑠 for 𝐽𝑒𝑥𝑡. Thus, a transport resistance 𝑅𝑡𝑟𝑎, 

which could be placed at 𝑍𝑓 coupled with a capacitance as 𝑍𝑝 (see Figure 3 (left) and [29]), 
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would lead to a very different result in IMPS and IMVS than a second recombination resistance 

𝑅𝑟𝑒𝑐 (see Figure 3 (right)), as it would become a competing process to the (first) recombination 

resistance rather than simply being in series. 

This distinction of the EC elements also reveals how recombination and transport have 

contrasting roles when modeling a photovoltaic device. Since IMPS measures the extent to 

which charges are extracted from an active layer, the elements should be such that the current 

response is maximized for any given voltage. Therefore, elements that are not the 

recombination resistance, i.e. transport resistances, should be small such that current can flow 

easily out of the absorber to be extracted. In contrast, the recombination resistance itself 

should be high such that the generated current does not remain in the active layer and simply 

recombine. When measuring at voltages higher than the voltage of maximum power (𝑉𝑀𝑃𝑃), 

though, the recombination resistances may decrease as more charges are extracted. Thus, 

depending on 𝑉̅𝑎𝑝𝑝, the fill factor, and 𝑉𝑀𝑃𝑃, it may even be desirable to have a lower 

recombination resistance, since a high fill factor will lead to a high current-voltage slope for 

𝑉̅𝑎𝑝𝑝 > 𝑉𝑀𝑃𝑃. 

IMVS, on the other hand, is a useful tool to investigate the processes of only the 

perturbed layer. Since no current is extracted, all the current generated by the photoconversion 

must recombine within the device itself, unless there is a shunt resistance coupling the 

perturbed layer with another layer (see Appendix B). Therefore, only elements linked to 𝑍𝑟𝑒𝑐 

that are not a part of 𝑍𝑠 will provide a response during IMVS. 

Therefore, the combination of these light-modulation techniques provides powerful 

insights that surpass those provided by impedance spectroscopy or light-flooding alone. By 

illuminating the subcells equally while modulating only one light, we can observe the optical 

and impedance properties, the individual subcell processes through IMVS, and the interaction 

between an individual subcell and the rest of the TSC. 

3   Preliminary Studies on Small-Perturbation Techniques 

To gain a first intuition for small-perturbation techniques, we perform measurements on single-

junction solar cells. By recreating the study by Alvarez et al. [29] on a silicon photodiode, we 

can see how impedance, IMPS, and IMVS impact each other using simulations via ECs. The 

knowledge gained from how the placement of photogeneration in an EC impacts spectra 

derived from IMPS and IMVS is then used to identify processes in a perovskite solar cell that 

are not apparent from only looking at the impedance spectrum. 

3.1   Results 

3.1.1   Silicon Photodiode 

The interaction of the impedance, IMPS, and IMVS transfer functions (in silicon photodiodes) 

has already been extensively studied by Alvarez et al. [29]. As this interplay has a key role in 

our proposed method for understanding subcell processes in TSCs, we begin by recreating a 

well-understood system. In contrast to Alvarez et al., though, we focus here less on identifying 

which processes in the photodiode are due to recombination and charge transport but rather 

on how different interpretations of a given impedance spectrum will impact predicted results 

for 𝑄 and 𝑊. 

Measuring the impedance spectrum for our photodiode reveals similar features as 

Alvarez et al. [29] (see Figure 4a): We observe a smaller feature at high frequencies and a 

larger one for somewhat lower frequencies. Although the high-frequency feature has been 

identified as a diffusion-related process, it is common to model it as an 𝑅-𝐶 pair [29]. We 

observe that although several interpretations are valid (see ECs in Figure 4b), all lead to the 
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same impedance spectrum. Thus, it is unclear whether a given impedance arc is caused by 

recombination or transport resistance. 

 

      
 

Figure 4. (a) Impedance spectrum of a silicon photodiode at open-circuit voltage compared to the quotient of the 
measured IMVS and IMPS data, and curve fits for the three possible equivalent circuit types. The black dots represent 
the measured data for 𝑍, whereas the gray dots are the impedance recreated from the IMPS and IMVS measurements; 
The colors dark red, green, and light blue represent, respectively (b) the equivalent circuits used for fitting the data; the 
numbers refer to the three possible circuits, each having multiple photogeneration options – which are neglected in the 
curve fits due to their lack of impact on the impedance – with the variants differentiated by the letters above the columns. 
The abbreviations HF and LF refer to the resistance-capacitance pairs being attributed to the high-frequency and low-
frequency features, respectively. (c) Intensity-modulated photocurrent spectrum and (d) intensity-modulated 
photovoltage spectrum at open-circuit voltage compared to simulations based on the data from the impedance spectrum. 
The dashed, solid, and dot-dashed line types correspond to the a, b, and c variants of the equivalent circuits, 
respectively. The device was measured over a frequency range of 1 MHz - 10 Hz at open-circuit voltage while 
illuminated at an equivalent of 0.02 suns.  
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Therefore, to determine the origin of the impedance features, the various EC options 

are used to simulate results for 𝑄 and 𝑊 and compared to the measured IMPS and IMVS data 

(see Figures 4c and d). It is clear that only the interpretations that identify both impedance 

elements as recombination processes lead to a coherent picture (parameter values for EC 2a 

are found in Appendix C), as these ECs are the only ones leading to two arcs in both 𝑄 and 𝑊 

as well. We can also note that the arcs approximately share characteristic frequencies between 

the three data sets. Furthermore, we observe that only EC 2b leads to data points in the second 

quadrant. As the second 𝑅-𝐶 pair in EC 2b is in series and parallel to the recombination 

process, IMPS and IMVS data that take this shape can be interpreted as a photoconversion 

process whose extraction faces internal resistance due to transport by this enveloping 𝑅-𝐶. 

3.1.2   Perovskite Solar Cell 

Using the knowledge gained from section 3.1.1, we investigate the impedance data of a 

perovskite solar cell. In all three spectra, we note two positive arcs (see Figure 5); From the 

impedance spectrum, we infer that we have two dominant 𝑅-𝐶 processes, whereas from IMPS 

and IMVS, we conclude that both of these processes are recombination, as the data 

corresponds to graphs for the a-type ECs (see Figure 4). Based on past studies, we can thus 

conclude that the high-frequency arc is caused by electronic recombination, whereas the low-

frequency arc is caused by ions [42]. Thus, we model our system as seen in Figure 5, with the 

parallel resistance and capacitance elements describing the high-frequency arc, and the low-

frequency arc described by the 𝑅-𝐶 pair lined up in series. Simulations of the IMPS and IMVS 

data for all possible ECs with 2 𝑅-𝐶 pairs using the impedance spectrum can be found in 

Appendix D. 

     

      
Figure 5. (a) Initial and (b) improved equivalent circuit to model (c) impedance, (d) IMPS, and (e) IMVS data of a 
perovskite solar cell at open-circuit voltage. The lines correspond to the fits in the colors of the equivalent circuits, 
whereas the measured data and reconstructed data using the other two techniques are displayed as black and gray 
dots, respectively. The device was measured over a frequency range of 1 MHz - 316 mHz at open-circuit voltage while 
illuminated at an equivalent of 0.1 suns. 

However, when using only two 𝑅-𝐶 pairs to model our data, we notice that our system 

is only moderately well-described: The features in the second quadrant of 𝑄 and 𝑊 are not 

captured in the model. Seeing how this feature arises when simulating 𝑄 and 𝑊 for EC 2b (see 

Figures 4c and d), we can deduce that a transport 𝑅-𝐶 pair around the recombination elements 

is needed in the model to more accurately describe our system (see Figure 5). This feature 

would not be identifiable using the impedance spectrum alone and allows for a clear distinction 

between the contributions of recombination and transport to the overall impedance of the 

device (see Table 1). It also leads to a more accurate determination of 𝑅𝑠, as the addition of 
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the transport 𝑅-𝐶 pair allows for a more accurate, frequency-resolved impedance at high 

frequencies, as also evident by 𝜏𝑡𝑟𝑎. 

Additionally, the low-frequency arc ends sooner in the model predictions than in the 

measurements. Therefore, in the improved model, we also add a constant phase element 

(CPE) parallel to the ionic capacitance to capture the effect of ionic diffusion implied by the 

widening of the arc [20,41] (see Figure 5). This added element also leads to a more accurate 

determination of 𝑅𝑟𝑒𝑐,𝑖𝑜𝑛 (see Table 1), as the value decreases due to the widening of its arc. 

Furthermore, including CPE in the EC also has an important role in evaluating the optical 

characteristics of our device by describing 𝜂𝑒𝑥𝑡 more accurately (see Table 1). Thus, instead 

of underestimating 𝐸𝑄𝐸𝑑𝑖𝑓𝑓 as 72%, we find a more accurate value of 76%, a relative increase 

of over 5.5%. 

Table 1. Extracted parameter values based on the initial model (left) and the improved model (right). The characteristic 
times 𝜏 are found following Bisquert and Balaguera [45]. The subscript “𝑠” denotes series. The subscript “𝑟𝑒𝑐” denotes 
recombination, with the following abbreviations “𝑒𝑙𝑒” and “𝑖𝑜𝑛” describing the nature of the recombination to be electronic 
and ionic, respectively. The subscript “𝑡𝑟𝑎” denotes transport. The errors are the standard deviations from the curve fits 
after being rounded up, with those for 𝜏, 𝐸𝑄𝐸𝑑𝑖𝑓𝑓, and 𝜂𝑒𝑥𝑡 found via error propagation, using 𝐸𝑞. 3 for the former, and 

the equation for 𝑄 (𝐸𝑞. 7) with DC values for the latter two. The values for the absorption efficiency are based on 
reflection measurements by the University of Potsdam [46] and the LED emission spectrum (see Appendix E). To find 
corrected values for 𝐸𝑄𝐸𝑑𝑖𝑓𝑓 and 𝜂𝑒𝑥𝑡 without the influence of the measurement equipment, the system is simulated 

without the instrument’s internal resistance (see Appendix F). 

Parameter (units) Initial Model Improved Model 
𝑅𝑠 (Ω) 123 ± 3 99 ± 3 
𝑅𝑠, corrected (Ω) 51 ± 3 26 ± 3 
𝑅𝑟𝑒𝑐,𝑒𝑙𝑒 (Ω) 432 ± 4 435 ± 6 

𝐶𝑟𝑒𝑐,𝑒𝑙𝑒 (𝑛𝐹) 8.9 ± 0.3 4.5 ± 0.8 

𝜏𝑟𝑒𝑐,𝑒𝑙𝑒 (𝜇𝑠) 3.8 ± 0.2 2.0 ± 0.4 

𝑅𝑟𝑒𝑐,𝑖𝑜𝑛 (𝑘Ω) 1.06 ± 0.02 0.68 ± 0.02 

𝐶𝑟𝑒𝑐,𝑖𝑜𝑛 (𝜇𝐹) 53 ± 3 36 ± 3 

𝐶𝑃𝐸𝑃𝑣𝑘  (𝜇𝐹 ∗ 𝑠−0.5) N/A 24 ± 2 
𝜏𝑟𝑒𝑐,𝑖𝑜𝑛 (m𝑠) 56 ± 4 25 ± 3 

𝑅𝑡𝑟𝑎  (Ω) N/A 62 ± 4 
𝐶𝑡𝑟𝑎 (𝑛𝐹) N/A 4.9 ± 0.7 
𝜏𝑡𝑟𝑎  (𝜇𝑠) N/A 0.30 ± 0.05 
𝐸𝑄𝐸𝑑𝑖𝑓𝑓 (%) 63 ± 2 67 ± 2 

𝐸𝑄𝐸𝑑𝑖𝑓𝑓, corrected (%) 72 ± 2 76 ± 2 

𝜂𝑎𝑏𝑠 (%) 95.7 95.7 
𝜂𝑠𝑒𝑝 (%) 84.4 ± 0.7 95.0 ± 1.0 

𝜂𝑒𝑥𝑡  (%) 78 ± 2 73 ± 2 
𝜂𝑒𝑥𝑡 , corrected (%) 90 ± 2 83 ± 2 

 

3.2   Intermediate Conclusions 

In this section, we have used two devices, each using one of the active materials in the 

perovskite/silicon TSC used in section 5. From the silicon photodiode, we observed how 

various combinations of resistive elements lead to different IMPS and IMVS data shapes 

despite sharing an impedance spectrum. This revealed specifically that recombination 

elements lead to positive arcs in 𝑍, 𝑄, and 𝑊, whereas transport 𝑅-𝐶 pairs lead to a negative 

feature in 𝑄’ and 𝑊’. 

From the perovskite solar cell, we observed that important parameters that may be 

hidden in the impedance spectrum can become apparent in data collected from IMPS and 

IMVS. Thus, a more detailed analysis can be performed, revealing how recombination and 

transport interact, and how ionic diffusion impacts charge extraction. 
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4   Small-Perturbation Measurements on a III-V Tandem Solar Cell 

To investigate the advantage of using IMPS and IMVS for measuring TSCs, we make use of 

the optical properties of the two subcells. As perovskite is an unstable material due to 

mechanisms such as ion migration [35], we first show the strength of these methods on a 

stable system. Thus, we compare results from light-flooding vs. equal illumination on a III-V 

TSC, where the top subcell is made of indium gallium phosphide (InGaP) and the bottom 

subcell is made of gallium arsenide (GaAs). The parameter values resulting from the curve 

fitting of the TSC’s small-perturbation data can be found in Appendix G. 

Before investigating the processes of the subcells, we note a large negative feature at 

very high frequencies in the impedance spectrum that does not appear in the IMVS data of 

either subcell (see Figures 6b, d, and f). Since the device displays a high shunt resistance, as 

evidenced by the shallow slope at 𝐽𝑆𝐶 in the JV curve (see Appendix H), only the perturbed 

layer can contribute to the IMVS response since the photogenerated current can only remain 

within the perturbed subcell. As the feature persists under all three illumination conditions but 

in neither IMVS graph, it is likely that this feature is simply caused by the contacts. 

Next, we analyze the top subcell. Based on the graph shapes in all three spectra, in 

which we observe a positive arc, this layer is governed by a recombination 𝑅-𝐶 pair. In the 

impedance spectrum, we observe the arc shrinking somewhat when light-flooding the GaAs 

subcell, implying that the arc is partially caused by the bottom subcell but also by the top one. 

When measuring IMPS and IMVS when perturbing the top subcell at the different illumination 

conditions, little change is observed due to the increased illumination of the bottom subcell. 

Especially from the IMVS, it becomes clear that the top GaInP itself is not affected by the 

increased far-red photon flux. Thus, both light-flooding and equal illumination are shown to be 

valid for measuring impedance and optical data in this subcell. 

The same statement, however, does not apply to the bottom subcell; The IMVS 

response of this subcell is greatly affected by the increased blue-light intensity. Since the 

applied perturbation itself is unchanged, this means that the change in the top subcell’s 

illumination is affecting the offset conditions at which the bottom subcell is measured. This 

observation can also be made from the impedance spectra resulting from the different 

illumination conditions, as the decrease in the impedance arc when light-flooding the top 

subcell is far larger than the resistance previously ascribed to the InGaP layer. This fact is 

further supported by the JV curves of the three illumination conditions, revealing a larger 𝐽𝑆𝐶 

and, thus, 𝑉𝑂𝐶 as a result of flooding the top subcell (see Appendix H). Consequently, we can 

deduce that the operating point of the measurements has changed due to the increased 

illumination of the top cell.  

A likely explanation for this phenomenon is luminescent coupling (depicted in Figure 

7). As the top subcell has a very large photoluminescence quantum yield [14], it is likely that 

non-extracted electrons recombine radiatively. Since the bandgap of the InGaP subcell is 1.89 

eV [47], these reemitted photons can be absorbed by the GaAs, leading to an artificially 

stronger excitation of the bottom subcell. This phenomenon has been recorded in JV 

measurements as well, where corrections are needed to account for this luminescent coupling 

[40]. 
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Figure 6. (a) The model used to fit (b) the impedance of the III-V tandem solar cell, (c) the top subcell’s IMPS and (d) 
IMVS data, and (e) the bottom subcell’s IMPS and (f) IMVS data at open-circuit voltage. Continuous graphs are 
generated using a curve fit of the measured data, which is displayed as individual data points. When flooding a subcell, 
the equivalent of 1 sun is used for illumination, whereas not flooding a subcell means it converts the equivalent of 0.1 
suns of photons into free charge carriers. The frequency range is 1 MHz – 10 Hz, and the device was measured at the 
open-circuit voltage generated by the illumination conditions. The comparison between measured data and responses 
reconstructed by the combination of the other two techniques can be found in Appendix I. 
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Figure 7. Schematic of luminescent coupling. Photons emitted by recombination in the top subcell may be reabsorbed by 
the bottom subcell but the photons emitted by the bottom subcell pass through the top subcell. This may lead to the 
bottom subcell generating more photocurrent when illuminating the top subcell with wavelengths outside the absorption 
range of the bottom subcell. 

In this section, by using a III-V tandem solar cell as a blueprint, we consequently show 

the validity of using IMPS and IMVS to investigate subcell processes. As seen from the 

measurements performed on the top subcell, the impacts of the subcells on the impedance 

overall can be distinguished in a similar manner to light-flooding. Furthermore, the negative 

effects of a change in operating point are avoided using the small-perturbation techniques. 

This finding is especially crucial when considering more complicated systems, such as 

perovskite, where a change in operating conditions may impact the operating point, for 

example, due to ion migration [48]. Lastly, from the shape of the IMPS graphs, we can confirm 

that the impedance is (mostly) caused by recombination. A more detailed analysis, including 

the contributions of recombination and transport in the III-V TSCs can be found in Appendix J. 

5   Small-Perturbation Measurements on a Perovskite/Silicon Tandem Solar Cell 

As seen in section 4, IMPS and IMVS offer many advantages for characterizing subcells 

compared to light-flooding and impedance spectroscopy. Thus, we use this new method to 

characterize a perovskite/silicon TSC, which has more complex dynamics due to the properties 

of the perovskite [7,8,27,42,48]. 

5.1   Comparing Selective Subcell Light-Flooding for Characterizing Individual Processes  

In the impedance response of the perovskite/silicon TSC, we observe three processes (see 

Figure 8). As seen in section 4, luminescent coupling may play an adverse role in accurately 

characterizing the bottom subcell when flooding the top subcell. Thus, we first increase the 

illumination of the perovskite to investigate if the perovskite’s emissivity or other processes 

might impact the operating point (see Figure 8).  
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Figure 8. Comparison of data of (a) the impedance spectrum of the perovskite/silicon tandem solar cell and its (b) IMPS 
and (c) IMVS responses when light-perturbing the silicon subcell. Under equal illumination, both subcells generate the 
same amount of photocurrent as under 0.1 sun illumination. In contrast, when flooded, the top subcell generates the 
same amount of photocurrent as under 1 sun. The frequency range is 1 MHz – 1 Hz, and the device was measured at 
the open-circuit voltage generated by the illumination conditions. Comparisons of measured data and the data 
reconstructed from the other two perturbation measurements can be found in Appendix K. 

The high- and low-frequency arcs decrease when light-flooding the perovskite, 

suggesting that these two processes correspond to the perovskite subcell. In contrast, the 

middle medium-frequency arc remains constant (see parameter values in Appendix L), 

suggesting that it corresponds either to contacts or the bottom subcell. From the IMVS 

response, though, it can easily be concluded that the latter is the case, as it reveals a 

recombination process with the same characteristic frequency as the middle impedance arc. 

This observation also supports the finding that the first and third impedance arcs are not silicon-

related as they do not appear in the IMVS data. Furthermore, the IMVS data reveals that the 

bottom subcell is not affected by the increased illumination of the top subcell as 𝑊 is unaffected 

by the change in blue-light intensity. Thus, we can assume that the perovskite is less emissive 

than the InGaP subcell of the III-V TSC. 

From the IMPS response, though, we see another adverse effect of measuring a 

subcell by flooding the other: If the inactive subcell has significant impedance under regular 

operating conditions, it will hinder the charge extraction of the measured subcell. However, by 

flooding the inactive subcell, this resistivity is greatly underestimated, as the abundance of free 

charge carriers greatly reduces the resistance of the inactive subcell [21]. This effect is 

reflected in the IMPS data, which shows that the perovskite subcell under equal illumination 

prevents half of the photogenerated charge carriers from being extracted from the silicon 

compared to when the perovskite is illuminated with 10 times the number of photons as the 

bottom subcell. This large difference can be ascribed to the fact that the perovskite’s 

impedance is far larger than that of the silicon, as seen when comparing the perovskite arcs 

to the silicon arc in the impedance spectrum (see Figure 8). Therefore, under regular operating 

conditions, the perovskite will impede the extraction of the photogenerated charges in the 

silicon to a far greater degree than if its impedance is decreased by light-flooding.  

A similar effect, though to a lesser degree, can be observed when investigating the 

perovskite subcell under equal illumination and light-flooding of the silicon subcell (see 

Appendix M). Despite the decreased effect of light-flooding the silicon subcell on the 

perovskite’s performance, the individual contributions of the subcells become even more clear: 

Since the silicon subcell has a lower characteristic frequency, its dampening effect on the 
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perovskite only appears for the frequencies equal to and lower than those at which the silicon 

arc appears. Thus, the perovskite arcs remain relatively unchanged when light-flooding the 

silicon, but the negative response corresponding to the silicon’s behavior decreases, leading 

to an overall increased current response in the perovskite subcell. 

From investigating the perovskite subcell under equal illumination by perturbing the 

blue LED, we observe a similar phenomenon in the second quadrant of the IMPS and IMVS 

responses as with the single-junction perovskite solar cell in section 3.1.2 (see Figure 5 and 

Figures 9a and b). In contrast to the bottom subcell, the top subcell’s impedance is not only 

given by recombination but also by transport. Thus, we use three 𝑅-𝐶 pairs, to describe the 

perovskite subcell to incorporate the electronic and ionic recombination, as well as the 

transport resistance (see Figure 9c). We also add a PCE to capture the broadness of the low-

frequency arc, further allowing us to quantify the ionic diffusion. 

       

 
Figure 9. (a) IMPS and (b) IMVS responses of the perovskite subcell of the perovskite/silicon tandem solar cell, leading 
to (c) the equivalent circuit describing the full device. The device was measured over a frequency range of 1 MHz - 1 Hz 
at open-circuit voltage while illuminated at an equivalent to 0.1 suns. Comparisons of measured data and the data 
reconstructed from the other two perturbation measurements can be found in Appendix K. 

5.2   Measuring and Quantifying Degradation 

From the constructed model for perovskite/silicon TSCs, we can quantify the resistances and 

capacitances of the various processes. Thus, by comparing measurements of samples with 

different properties, this method lends itself to utilization as a diagnostic tool for improving solar 

cells by pinpointing how different behaviors may change due to internal or external factors. As 

a proof of concept, we compare the data of the perovskite/silicon TSC from section 5.1 (see 

Figures 8 and 9) to measurements performed on the same device 18 days prior (see Figure 

10, Appendix N, and Table 2). Between the two sets of measurements, the device was stored 

in the dark in a nitrogen-atmosphere glovebox. 

By comparing the subcell responses to the perturbations at 𝑉𝑂𝐶, we see that aging 

leads to an increase in all resistances. However, we observe that the perovskite subcell 

resistances roughly triple, whereas the silicon recombination resistance increases by less than 

half. This development supports the notion that perovskite is far more unstable than silicon 

[49], as it clearly is more affected by the passage of time. It also leads to a clear decrease in 
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the full TSC’s voltage (see Appendix O). As we can assume that this effect is (mostly) caused 

by the change in the perovskite’s voltage, it may offer an explanation as to why not only the 

ionic and transport resistance – the main drivers of perovskite degradation [27,48] – but also 

electronic resistance (albeit to a lesser extent) has increased (see Table 2). 

Although one might expect the silicon subcell not to change at all, as it can remain 

stable for decades [50], one could expect that the changes in internal voltage of the perovskite 

may affect the voltage of the silicon. Thus, despite the material being unchanged, the 

measurement might be at a different voltage, leading to an altered subcell response at 𝑉𝑂𝐶 

(see also section 4), which may explain the increase in resistance and decrease in 𝐸𝑄𝐸𝑑𝑖𝑓𝑓 

and 𝜂𝑒𝑥𝑡 (see Table 2). 

  

      

      
Figure 10. (a) Impedance of the perovskite/silicon tandem solar cell, its (b) IMPS and (c) IMVS responses when light-
perturbing the perovskite subcell, and its (d) IMPS and (e) IMVS responses when light-perturbing the silicon subcell. The 
more degraded data is the same as the equal-illumination data displayed in Figures 8 and 9, whereas the less degraded 
data was taken from the same sample 18 days prior. In both data sets, the device was measured over a frequency range 
of 1 MHz - 1 Hz at open-circuit voltage while illuminated at an equivalent of 0.1 suns.   

less degraded 

more degraded 

less degraded 

more degraded 

more degraded 

more degraded 

more degraded 

less degraded 

less degraded 

less degraded 

(a) 

(b) 

(c) 

(d) (e) 



22 

Table 2. Parameter values of the perovskite/silicon tandem solar cell (left) before and (right) after storage in a glovebox 
for 18 days. The characteristic times 𝜏 are found following [45]. The subscript “𝑠” denotes series.The subscripts “𝑃𝑣𝑘” 
and “𝑆𝑖” refer to the perovskite and silicon subcells, respectively. The subscript “𝑟𝑒𝑐” stands for recombination, with the 
following abbreviations “𝑒𝑙𝑒” and “𝑖𝑜𝑛” describing the nature of the recombination as electronic and ionic, respectively. 
The subscript “𝑡𝑟𝑎” means transport. The errors are the standard deviations from the curve fits after being rounded up, 
with those for 𝜏, 𝐸𝑄𝐸𝑑𝑖𝑓𝑓, and 𝜂𝑒𝑥𝑡 found via error propagation, using 𝐸𝑞. 3 for the former, and the equation for 𝑄 (𝐸𝑞. 7) 

with DC values for the latter two. The values for the absorption efficiency are based on reflection measurements at the 
University of Potsdam [46]. The illumination of both subcells is equivalent to 0.1 suns, and the frequency range is 1 MHz 
- 1 Hz. The corrected parameters are found using simulations of the system without the series resistance added by the 
measurement instrument (see Appendix N).  

Parameter (units) Less Degraded More Degraded 
𝑅𝑠 (Ω) 73.2 ± 0.2 73.7 ± 0.4 
𝑅𝑠, corrected (Ω) 1.1 ± 0.2 1.6 ± 0.4 
𝑅𝑃𝑣𝑘,𝑟𝑒𝑐,𝑒𝑙𝑒 (Ω) 36.5 ± 0.4 102 ± 2 

𝐶𝑃𝑣𝑘,𝑟𝑒𝑐,𝑒𝑙𝑒 (𝑛𝐹) 119 ± 5 49 ± 5 

𝜏𝑃𝑣𝑘,𝑟𝑒𝑐,𝑒𝑙𝑒 (𝜇𝑠) 4.3 ± 0.2 5.0 ± 0.6 

𝑅𝑃𝑣𝑘,𝑟𝑒𝑐,𝑖𝑜𝑛 (Ω) 94.2 ± 2 300 ± 7 

𝐶𝑃𝑣𝑘,𝑟𝑒𝑐,𝑖𝑜𝑛 (𝜇𝐹) 9 ± 5 31 ± 2 

𝐶𝑃𝐸𝑃𝑣𝑘  (𝑚𝐹 ∗ 𝑠−0.5) 1.97 ± 0.09 0.21 ± 0.02 
𝜏𝑃𝑣𝑘,𝑟𝑒𝑐,𝑖𝑜𝑛 (𝑚𝑠) 35 ± 3 13.3 ± 0.8 

𝑅𝑃𝑣𝑘,𝑡𝑟𝑎 (Ω) 6.30 ± 0.3 16.1 ± 0.9 

𝐶𝑃𝑣𝑘,𝑡𝑟𝑎  (𝑛𝐹) 133 ± 5 81 ± 5 

𝜏𝑃𝑣𝑘,𝑡𝑟𝑎 (𝜇𝑠) 0.84 ± 0.05 1.3 ± 0.2 

𝑅𝑆𝑖,𝑟𝑒𝑐,𝑒𝑙𝑒 (Ω) 16.6 ± 0.2 23.8 ± 0.3 

𝐶𝑆𝑖,𝑟𝑒𝑐,𝑒𝑙𝑒 (𝜇𝐹) 52.1 ± 0.3 25.5 ± 0.3 

𝜏𝑆𝑖,𝑟𝑒𝑐,𝑒𝑙𝑒 (𝜇𝑠) 0.865 ± 0.008 0.61 ± 0.02 

𝐸𝑄𝐸𝑃𝑣𝑘,𝑑𝑖𝑓𝑓 (%) 18.7 ± 0.3 30.7 ± 0.9 

𝐸𝑄𝐸𝑃𝑣𝑘,𝑑𝑖𝑓𝑓, corrected (%) 41.0 ± 0.8 46 ± 2 

𝜂𝑃𝑣𝑘,𝑎𝑏𝑠 (%) 88.6 88.6 

𝜂𝑃𝑣𝑘,𝑠𝑒𝑝 (%) 76.6 ± 0.7 73.5 ± 0.9 

𝜂𝑃𝑣𝑘,𝑒𝑥𝑡 (%) 27.5 ± 0.4 47 ± 2 

𝜂𝑃𝑣𝑘,𝑒𝑥𝑡, corrected (%) 60.4 ± 0.9 71 ± 2 

𝐸𝑄𝐸𝑆𝑖,𝑑𝑖𝑓𝑓 (%) 10.8 ± 0.2 8.80 ± 0.2 

𝐸𝑄𝐸𝑆𝑖,𝑑𝑖𝑓𝑓, corrected (%) 23.8 ± 0.5 13.2 ± 0.3 

𝜂𝑆𝑖,𝑎𝑏𝑠 (%) 95.1 95.1 

𝜂𝑆𝑖,𝑠𝑒𝑝 (%) 91.1 ± 0.5 83.8 ± 0.2 

𝜂𝑆𝑖,𝑒𝑥𝑡 (%) 12.50 ± 0.2 11.0 ± 0.2 

𝜂𝑆𝑖,𝑒𝑥𝑡, corrected (%) 27.4 ± 0.4 16.6 ± 0.4 

Contrary to expectation, 𝜂𝑒𝑥𝑡 has also increased significantly for the perovskite subcell. 

This does not, however, imply an increase in performance in this subcell. Instead, it is a result 

of the increased ratio of the perovskite’s impedance versus the impedance of the full device: 

As the charge carriers are relatively more inhibited from recombining in the perovskite after 

degradation, it becomes easier to extract the free electrons generated in the top subcell. The 

decrease in performance also becomes especially apparent when comparing the JV curves 

taken at the two points in time, where the current of the degraded device is lower at any given 

voltage (see Appendix O). 

From this section, it was observed how IMPS and IMVS can be used to quantify various 

electronic and optical parameters even in perovskite/silicon TSCs. Similar to single-junction 

devices, these techniques reveal how different transport and recombination processes, which 

can be hidden in impedance spectra, work in concert to contribute to the total performance and 

impedance of a device. From these quantifications, we can also pinpoint the extent to which a 

device’s impedance is desirable or undesirable. Furthermore, by comparing parameter values 
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of different samples under different conditions, such as aging or changes in recipe, one can 

quantify the impact of the change in conditions on the various processes. 

6   Investigating Process Behavior as a Function of Illumination and Open-Circuit 

Voltage 

To investigate how the processes of a device may change at different voltages, the small-

perturbation techniques are performed on the TSCs (see responses for the silicon photodiode 

and the perovskite solar cell in Appendices P and Q, respectively) with varying offset sun-

equivalent illuminations to generate various 𝑉𝑂𝐶s. From the dependence of the various 

resistances on the applied voltage, ideality factors for the subcells can be found [21], leading 

to the reconstruction of the subcells’ dark currents. By additionally finding the photogenerated 

current using 𝐸𝑄𝐸𝑑𝑖𝑓𝑓 at the different voltages, the full JV response of the subcells when 

operating in the TSC can be found. 

6.1   Results 

6.1.1   III-V Tandem Solar Cell 

By changing the offset intensity of the LEDs illuminating the measured device, many device 

parameters may change (see Appendix R and [21]). However, one may expect that values 

such as series resistance and 𝜂𝑎𝑠 should not change with voltage. Thus, one can investigate 

the rigidity of the obtained parameter fits by observing to which degree the values of these 

parameters remain constant, as they may change to compensate for processes not captured 

in one’s model. Thus, we use a recombination and a transport 𝑅-𝐶 pair each to describe the 

individual subcells (see Appendix J) as this will lead to a more constant values for 𝑅𝑠 and 𝜂𝑎𝑠. 

However, we also keep 𝜂𝑎𝑠 constant to the values found in Appendix J to ensure that the values 

for 𝜂𝑒𝑥𝑡 are not affected by errors in determining 𝜂𝑎𝑠. 

In this section, we focus on two main parameter types: resistances and extraction 

efficiencies (see Figure 11), as they may be used to model subcell JV responses. In a single-

junction solar cell, we can expect 𝑅 to follow the diode equation, as the voltage will only depend 

on the active layer. For a TSC, one can expect the results to differ somewhat; As the full TSC’s 

voltage 𝑉̅𝑎𝑝𝑝 is given by  

𝑉̅𝑎𝑝𝑝 = 𝑉̅𝑡𝑜𝑝 𝑠𝑢𝑏𝑐𝑒𝑙𝑙 + 𝑉̅𝑏𝑜𝑡𝑡𝑜𝑚 𝑠𝑢𝑏𝑐𝑒𝑙𝑙,     (𝐸𝑞. 9) 

any trend in a subcell’s parameter will occur over a larger voltage range in the full TSC than in 

a single-junction device. Thus, when calculating the ideality factor 𝑛 of a subcell using  

𝑅𝑠𝑢𝑏𝑐𝑒𝑙𝑙(𝑉̅𝑎𝑝𝑝) = 𝑅𝑠𝑢𝑏𝑐𝑒𝑙𝑙(𝑉̅𝑠𝑢𝑏𝑐𝑒𝑙𝑙 = 0) ∗ 𝑒
−

𝑞
𝑛𝑠𝑢𝑏𝑐𝑒𝑙𝑙∗𝑘𝐵𝑇

∗𝑉̅𝑠𝑢𝑏𝑐𝑒𝑙𝑙 ,     (𝐸𝑞. 10) 

we must therefore convert 𝑉̅𝑎𝑝𝑝 into 𝑉̅𝑠𝑢𝑏𝑐𝑒𝑙𝑙 via 

𝑉̅𝑠𝑢𝑏𝑐𝑒𝑙𝑙 = 𝑐𝑠𝑢𝑏𝑐𝑒𝑙𝑙 ∗ 𝑉̅𝑎𝑝𝑝,     (𝐸𝑞. 11) 

where 𝑐𝑠𝑢𝑏𝑐𝑒𝑙𝑙 is the contribution of the subcell to the full TSC’s voltage. 
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Figure 11. Developments in parameters due to using different offset light intensities of (a) resistances in the III-V tandem 
solar cell and (b) extraction efficiencies. The full-device extraction efficiency is assumed to be the average of the two 
subcells’ efficiencies, with the assumption that these efficiencies are 50% at 0 V [47]. In rising order of voltage, the offset 
light intensities are equivalent to 0.002, 0.01, 0.02, and 0.1 suns. 

Thus, we can find the ideality factors of the subcells by rewriting 𝐸𝑞. 10, such that 

𝑅𝑠𝑢𝑏𝑐𝑒𝑙𝑙(𝑉̅𝑎𝑝𝑝) = 𝑅(𝑉̅𝑎𝑝𝑝 = 0) ∗ 𝑒
−

𝑞
𝑛𝑠𝑢𝑏𝑐𝑒𝑙𝑙∗𝑘𝐵𝑇

∗𝑉̅𝑎𝑝𝑝∗𝑐𝑠𝑢𝑏𝑐𝑒𝑙𝑙 ,     (𝐸𝑞. 12) 

𝑛𝑠𝑢𝑏𝑐𝑒𝑙𝑙 = −
𝑞

𝑏 ∗ 𝑘𝐵𝑇
∗ 𝑐𝑠𝑢𝑏𝑐𝑒𝑙𝑙,     (𝐸𝑞. 13) 

where 𝑏 is the exponent of 𝑅𝑠𝑢𝑏𝑐𝑒𝑙𝑙(𝑉̅𝑎𝑝𝑝), which can be found through curve fitting. The 

subcells’ contributions are assumed to be proportional to one another (i.e., constant) over all 

voltages, with the ratio of their voltages equal to the ratio of their ideal 1-sun detailed-balance 

𝑉𝑂𝐶s. This assumption can be justified by the similarity in 𝜂𝑒𝑥𝑡, implying the two subcells to be 

similar in their JV behavior in the tandem device. Using the values reported by Chen et al. [14] 

for the tandem devices, we thus take 

𝑐𝐼𝑛𝐺𝑎𝑃 =
𝑉𝑂𝐶,𝑖𝑑𝑒𝑎𝑙,𝐼𝑛𝐺𝑎𝑃

𝑉𝑂𝐶,𝑖𝑑𝑒𝑎𝑙,𝐼𝑛𝐺𝑎𝑃 + 𝑉𝑂𝐶,𝑖𝑑𝑒𝑎𝑙,𝐺𝑎𝐴𝑠
=

1.36 𝑉

2.37 𝑉
= 0.574,     (𝐸𝑞. 14) 

𝑐𝐺𝑎𝐴𝑠 =
1.01 𝑉

2.37 𝑉
= 0.426.     (𝐸𝑞. 15) 

Following our curve fits, we can thus find the ideality factors of the subcells to be  

𝑛𝐼𝑛𝐺𝑎𝑃 = −
𝑞

𝑏𝐼𝑛𝐺𝑎𝑃 ∗ 𝑘𝐵𝑇
∗ 𝑐𝐼𝑛𝐺𝑎𝑃 = −

𝑞

−14.2 ∗ 𝑘𝐵𝑇
∗ 0.574 = 1.57,     (𝐸𝑞. 16) 

𝑛𝐺𝑎𝐴𝑠 = −
𝑞

−13.1 ∗ 𝑘𝐵𝑇
∗ 0.426 = 1.26,     (𝐸𝑞. 17) 

which provide insight into the (dominant) types of recombination [51] and provide insight into 

the shape of the (dark) JV curves of the subcells [52].  

This procedure can also be repeated using only 𝑅𝑟𝑒𝑐,𝑠𝑢𝑏𝑐𝑒𝑙𝑙 to investigate how the 

ideality factors might change when assuming ideal transport (i.e. 𝑅𝑡𝑟𝑎,𝑠𝑢𝑏𝑐𝑒𝑙𝑙 = 0 Ω): 

𝑛𝐼𝑛𝐺𝑎𝑃,𝑟𝑒𝑐 = −
𝑞

−13.1 ∗ 𝑘𝐵𝑇
∗ 0.574 = 1.69,     (𝐸𝑞. 18) 

𝑛𝐺𝑎𝐴𝑠,𝑟𝑒𝑐 = −
𝑞

−14.2 ∗ 𝑘𝐵𝑇
∗ 0.426 = 1.16.     (𝐸𝑞. 19)  

We note that the ideality factor of the GaAs subcell would decrease as a result of 

lowered transport resistance, implying relatively more radiative recombination [51]. Issues with 

transport may arise due to (too) low carrier lifetimes and trapping defects, limiting extraction. 

As the resulting recombinations occur non-radiatively [53], a lowering of 𝑛 in response to 

decreased 𝑅𝑡𝑟𝑎 aligns with expectations. 

In contrast, the InGaP subcell’s ideality factor is implied to increase as a result of less 

transport. This result makes little sense due to the reasoning explained above. However, one 

can assume that this may be caused by the curve fit, as the low-voltage point seems to be 
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greatly skewing the curve fit for 𝑅𝐺𝑎𝐴𝑠,𝑡𝑟𝑎(𝑉̅𝑎𝑝𝑝). Assuming that the slope of 𝑅𝐺𝑎𝐴𝑠,𝑡𝑟𝑎(𝑉̅𝑎𝑝𝑝) is 

closer to that of the higher-voltage data points, the value for 𝑏𝐺𝑎𝐴𝑠,𝑡𝑟𝑎 would be much lower, 

implying that the GaAs subcell’s transport resistance negatively impacts photoluminescence 

quantum yield, and thus increases the subcell’s overall ideality factor. 

Aside from indicating the recombination mechanisms in a solar cell, ideality factors are 

also useful to determine the reverse-bias saturation current  

𝐽0 =
𝑘𝐵𝑇

𝑞 ∗ 𝑅(𝑉̅ = 0)
∗ 𝑛     (𝐸𝑞. 20) 

of the diode equation without illumination 

𝐽𝑑𝑎𝑟𝑘 = 𝐽0 (𝑒
𝑞

𝑛∗𝑘𝐵𝑇
∗𝑉̅

− 1).     (𝐸𝑞. 21) 

Thus, we can calculate not only 𝐽0 for the individual subcells – with and without transport 

resistance – but also simulate 𝐽𝑑𝑎𝑟𝑘. 

To complete a subcell JV analysis, the remaining variable to be found is the 

photogenerated current 𝐽𝑙𝑖𝑔ℎ𝑡 which depends on the EQE and the incident photon current as 

given by 

𝐽𝑙𝑖𝑔ℎ𝑡 = 𝐸𝑄𝐸 ∗ 𝑞𝜙.     (𝐸𝑞. 22) 

From our measurements, we know that 𝜂𝑒𝑥𝑡 and, thus, 𝐸𝑄𝐸𝑑𝑖𝑓𝑓 have a voltage dependence 

(see Figure 11). Assuming that 𝐸𝑄𝐸𝑑𝑖𝑓𝑓(𝑉̅𝑎𝑝𝑝) is constant with respect to the incident light, we 

thus can simply substitute EQE in 𝐸𝑞. 22  with 𝐸𝑄𝐸𝑑𝑖𝑓𝑓(𝑉̅𝑎𝑝𝑝). To extrapolate 𝐸𝑄𝐸𝑑𝑖𝑓𝑓(𝑉̅𝑎𝑝𝑝) to 

other voltages, we fit the measured data to a second diode equation, with 𝐸𝑄𝐸𝑑𝑖𝑓𝑓(𝑉̅𝑎𝑝𝑝 = 0 𝑉) 

equal to the subcell EQEs measured by Fraunhofer ISE [54] divided by two. This halving is 

done to compensate for the effect of recombination in the recombination layer, since each 

subcell can at most contribute half a charge carrier in an operating 2J TSC. To simulate 

𝐸𝑄𝐸𝑑𝑖𝑓𝑓(𝑉̅𝑎𝑝𝑝) for the full device, the average of the two subcells’ EQEs is thus taken. 

From these additional curve fits, we can find the total extracted current 𝐽 as the sum of 

the dark and light currents (see Figure 12): 

𝐽 = 𝐽𝑑𝑎𝑟𝑘 + 𝐽𝑙𝑖𝑔ℎ𝑡.     (𝐸𝑞. 23) 

To simulate the individual subcell JVs as separate devices, 𝐸𝑄𝐸𝑑𝑖𝑓𝑓(𝑉̅𝑎𝑝𝑝) is converted to 

𝐸𝑄𝐸𝑑𝑖𝑓𝑓(𝑉̅𝑠𝑢𝑏𝑐𝑒𝑙𝑙) using 𝐸𝑞. 11, with  

𝐸𝑄𝐸𝑑𝑖𝑓𝑓(𝑉̅𝑠𝑢𝑏𝑐𝑒𝑙𝑙 = 0 𝑉) = 2 ∗ 𝐸𝑄𝐸𝑑𝑖𝑓𝑓(𝑉̅𝑎𝑝𝑝 = 0 𝑉)     (𝐸𝑞. 24) 

to compensate for the recombination layer. 

 
Figure 12. Simulations of subcell and full-device JV curves in dark and in 1-sun conditions (pale, thin lines) compared to 
a measurement of the tandem solar cell under 1-sun illumination (dark, thick line). 

We observe a strong match between the measured and simulated 1-sun JV curves for 

the full device. Only as the voltage of maximum power (𝑉𝑀𝑃𝑃) is approached does our 

simulation predict lower currents than what is measured. This effect seems mainly to be 
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caused by 𝐽𝑙𝑖𝑔ℎ𝑡, which leads to a strongly decreasing photogenerated current in the GaAs 

subcell, affecting the device’s overall performance. Curiously, this effect seems to be 

somewhat offset by the InGaP subcell, which sees an increase in photogenerated current until 

𝑉𝑀𝑃𝑃 when operating in the TSC.  

The reason behind this diverging behavior is unknown, though an explanation could be 

a faulty simulation of the dark currents. Such an inaccurate extrapolation of 𝐽𝑑𝑎𝑟𝑘 might be 

caused by the limited range of voltage measured. From our curve fits, it is implied that the 

resistances at 𝐽𝑆𝐶 are in the order of magnitude of 1015 Ω, which is not physically feasible. 

Based on the 𝜂𝑒𝑥𝑡 results (see Figure 11), one might infer that the dark current for the InGaP 

subcell should increase more quickly with subcell voltage than simulated, with the opposite for 

the GaAs subcell. This would explain the increase in 𝜂𝑒𝑥𝑡 observed in the top subcell: 𝐽𝑙𝑖𝑔ℎ𝑡 

would thus increase as compensation of the dark current, allowing current matching of the total 

subcell currents in the full tandem device.  

6.1.2   Perovskite/Silicon Tandem Solar Cell 

When trying to analyze the perovskite/silicon TSC in the same manner as the III-V TSC, 

we encounter significant difficulties: The resistances do not follow a clear trend across the full 

TSC’s voltage (see Figure 13). As we expect the trend for 𝑅𝑠𝑢𝑏𝑐𝑒𝑙𝑙(𝑉̅𝑠𝑢𝑏𝑐𝑒𝑙𝑙) to be uniform, this 

implies that the subcell voltage contributions are not constant in this case. Based on the 

changes in relative resistance trends, where the perovskite subcell has a relatively smaller 

slope than the silicon subcell at lower voltages, but a larger one at higher voltages, we can 

infer that the contribution of the perovskite subcell’s voltage change decreases at lower TSC 

voltages. If the relative subcell voltage increase truly is smaller at lower voltages, this would 

mean that the low-voltage resistance values would be spaced more closely to one another in 

𝑉̅𝑠𝑢𝑏𝑐𝑒𝑙𝑙 than in 𝑉̅𝑎𝑝𝑝, leading to a more uniform trend for 𝑅𝑠𝑢𝑏𝑐𝑒𝑙𝑙(𝑉̅𝑠𝑢𝑏𝑐𝑒𝑙𝑙). 

      
Figure 13. Developments in parameters of (a) charge extraction efficiency and (b) resistances of the perovskite layer in 
the perovskite/silicon tandem solar cell due to using different offset light intensities equivalent to 0.002 – 0.2 suns.  

A similar dynamic is also reflected in the extraction efficiencies. Although the full-device 

extraction efficiency behaves as expected from a solar cell, the subcell efficiencies behave in 

a more peculiar manner (see Figure 13). For 𝑉̅𝑎𝑝𝑝 < 1.54 𝑉, we observe that additional 

photogenerated current is mostly extracted out of the perovskite subcell, whereas we find 

(approximate) current matching in 𝜂𝑒𝑥𝑡 for 𝑉̅𝑎𝑝𝑝 > 1.70 𝑉. This behavior likely is linked to the 

trends in 𝑅𝑠𝑢𝑏𝑐𝑒𝑙𝑙(𝑉̅𝑎𝑝𝑝), as the voltage ranges with differing behaviors match. The voltage-

dependent extraction efficiencies thus may offer an explanation for the trends observed for the 

resistances, as they reveal that the perovskite is greatly limiting the charge extraction at lower 

voltages, with the effect lessening around 1.6 V. This phenomenon suggests that the 

perovskite subcell is performing worse than the silicon subcell for this voltage range. As the 

device’s fabrication had occurred several months prior, the perovskite may have already 

degraded somewhat, despite measuring before the degradation observed in section 5.2. 
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Based on the lowest measured voltages, though, it seems that the dynamics between 

the subcells for voltages lower than those measured may be similar to the high voltages, as 

𝜂𝑃𝑣𝑘,𝑒𝑥𝑡 is decreasing for lower voltages but 𝜂𝑆𝑖,𝑒𝑥𝑡 is increasing. This behavior is also inferred 

in the device’s JV response, where a noticeable kink around 𝐽𝑆𝐶 (see Appendix O) may imply 

a switch in which subcell is limiting the extraction of current. Since the decrease in currents 

after degradation for voltages above zero is caused by changes in the perovskite processes, 

we can thus deduce that the silicon subcell is limiting for negative voltages, whereas the 

perovskite subcell is limiting for higher voltages.  

Therefore, it is evident that the dynamics between the perovskite and silicon subcells 

caused by applied voltage and illumination are complex. One could divide the responses into 

different regimes where one assumes a constant voltage contribution as a first-order 

approximation in those voltage intervals, though the real subcell behaviors may strongly differ 

from those reconstructions. Instead, vastly increasing the number of measured points and 

calculating the subcell voltages by numerical integration of 𝑊 (see Appendices P and Q) may 

be more fruitful. 

6.2   Intermediate Conclusions 

In this section, we observed how IMPS and IMVS at different sun-equivalent offset light 

intensities can be used to evaluate the performance not only of the subcells but also of each 

of their processes. This can, for example, include mapping JV curves for the individual 

subcells. Additionally, one may observe how the subcell voltage contributions may differ at 

different TSC voltages. Thus, the application of light-modulated techniques may provide an 

insightful new avenue to explore subcell dynamics as a function of applied voltage. 

7   Overall Conclusions 

In this thesis, IMPS and IMVS were explored as a new method for characterizing TSC subcell 

processes. This was achieved by first recreating the method on single-junction devices based 

on known procedures and exploring the interactions between impedance spectroscopy and 

the light-modulated techniques. Next, a III-V TSC was used to validate the application of the 

techniques for subcell characterization, as this device class provides a stable and simple 

blueprint that is easy to analyze. As perovskite-based devices are more complicated due to 

the presence of ions, a perovskite/silicon TSC was then measured, quantifying the effect of 

various processes and the changes in their behavior after degradation. Lastly, the devices 

were measured at different sun-equivalent illuminations to observe the voltage-dependency of 

the different processes, culminating in the ability to reconstruct JV curves based on measured 

or theoretical parameter values. 

Over the span of the different sections in this thesis, we were thus able to show that 

IMPS and IMVS have a clear advantage over light-flooding and impedance spectroscopy for 

characterizing TSCs. Not only do they fulfill the goals for which the status quo methods have 

been developed, but they also paint a more accurate picture of the impact of transport and 

recombination on TSCs’ performance. Additionally, these light-based techniques provide 

insights into some optical characteristics, such as the differential EQEs and extraction 

efficiencies of the subcells. Furthermore, the interactions between the two subcells under 

different relative illumination conditions, such as their impacts on each other’s extraction 

efficiencies and JV characteristics of each subcell in the TSC, were explored in depth. These 

tests especially highlighted the drawbacks that luminescent coupling or changing 

photoresistivity may have on accurately determining the behavior of a subcell. 
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8   Discussion and Recommendations for Future Experiments  

Despite some of the clear conclusions drawn in this thesis, some measurement conditions 

could be improved to enhance the quality of the data and its analysis. Firstly, the internal 

resistor of the measurement instrument affects our IMPS results. Although these could be 

compensated by simulating 𝑄 without this internal resistance, a more accurate picture would 

be obtained if the measurements are not affected by the instrument. 

Due to instrument limitations, it was also not possible to measure IMVS at any voltage 

other than 𝑉𝑂𝐶. Thus, the operating point was dependent on the 𝑉𝑂𝐶 generated by the 

illumination. Ideally, different voltages would be measured at 1-sun illumination to generate 

data even closer to standard operating conditions. One could still achieve this by only 

measuring impedance and IMPS, though this would mean not being able to check for the 

coherence between measurements by using the inherent mathematical relation between the 

three transfer functions (see 𝐸𝑞. 6). Since this check is crucial for having reliable data [29], we 

decided to forfeit the ability to measure at voltages other than 𝑉𝑂𝐶, as varying illumination to 

change the operating voltage should not greatly change the device’s behavior. Ideally, though, 

this tradeoff would not have to be made. With access to instrumentation that allows 

measurements at operating points other than 𝑉𝑂𝐶, it would be useful to measure the TSCs also 

at 𝐽𝑆𝐶 or the voltage of maximum power. Thus, one could compare the effects of light-flooding 

to equal-illumination measurements to, for example, EQE or photoluminescence 

measurements also carried out at 𝐽𝑆𝐶 to draw an even stronger comparison to the status quo 

methods. 

Additionally, it was not possible to perturb multiple LEDs with matching photon currents 

due to the instrument’s limitations, which might have added useful reference data to which the 

subcell data could be compared. Although these measurements would likely not provide many 

new insights, it could be interesting to see if the full TSC would provide a different response 

than if the subcells were simply added together. 

To further increase the understanding of the effect the subcells have on each other’s 

charge extraction, one could repeat the measurements on the TSCs with a large perturbation. 

Analyzing the relationship between the illumination and extracted current that leads to one 

data point in 𝑄, one can better understand how current extraction is affected for various 

degrees of illumination mismatching. As our measurements suggest that a current mismatch 

does not imply a full blocking of excess photogenerated charges, it would be useful to 

investigate the rigidity of extraction blocking in more detail. This research could also be carried 

out by only slightly changing the offset illumination of one subcell, which would also produce 

impedance data and circumvent the issue of non-linearity stemming from large perturbations. 

Furthermore, it may be beneficial to obtain cleaner data on the III-V TSC due to their 

imperfect measurements, as seen in the mismatch of 𝑍 and 𝑊/𝑄 (see Appendix I). Assuming 

that the IMPS data is not fully accurate, we would expect a smaller response in 𝑄 for the top 

subcell under equal illumination compared to light-flooding, as the increased resistance from 

the bottom subcell would block some charge extraction, as seen in the perovskite/silicon TSC 

(see Figure 9). Similarly, the data under light-flooding is not fully reliable, as a change in the 

offset current was observable, despite the offset voltage remaining constant (see Appendix T). 

Although these drawbacks affect the data evaluation somewhat, the overall insights of the 

comparison between equal illumination and light-flooding in section 4 remain valid. 

Nevertheless, the conclusions would bear more weight with more accurate data. 

When remeasuring the TSCs, one might also consider extending the range of sun-

equivalent illuminations to measure a larger span of voltages. From these measurements, 

more accurate trends, especially for the perovskite/silicon TSC, might be observed, providing 
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clearer insights into the subcell dynamics. Similarly, one could investigate the obtained IMVS 

data further by converting 𝑊 into a 𝑉𝑂𝐶 for each subcell by integrating 𝑊 by the input 

photocurrent perturbation (see results for the silicon photodiode and perovskite solar cell in 

Appendices P and Q, respectively). Ideally, this would be done numerically from a larger 

number of data points, as creating a physically accurate curve fit for the extraction efficiencies 

can prove to be very challenging. This approach may also provide clearer insights into the 

voltage-dependence of the voltage contributions of the subcells. To check for the validity of the 

findings, one could then compare the results with electroluminescence measurements, which 

can also reveal the subcells’ 𝑉𝑂𝐶s [14,15]. From this analysis, one could get stronger insights 

into how the subcells contribute to the overall device. Thus, this analysis would add to the 

benefits of small-perturbation techniques. 

Finally, further behaviors can be studied by expanding the applied methods or 

measuring a triple-junction TSC. For example, intensity-modulated photoluminescence 

spectroscopy [61] may offer insightful new data. This technique could especially be useful 

when applied to TSCs, as it may quantify the strength of the luminescent coupling between the 

devices subcells. Similarly, the understanding of TSCs could be expanded by measuring triple-

junction devices, which may display even more complex interactions between their three active 

layers, such as coupling resistances  (see Appendix B) specific to two adjacent subcells. The 

connection between coupling resistances and the recombination layer may also be further 

explored by characterizing TSCs fabricated purposefully with good-performing and poor 

recombination layers. 

9   Methods 

9.1   Materials and Equipment Used 

All small-perturbation measurements were performed using Fluxim’s Paios. The silicon 

photodiode used was the one integrated in Fluxim’s test print circuit board. The perovskite 

solar cell was fabricated at the University of Potsdam, whereas the TSCs were fabricated at 

the Fraunhofer Institute for Solar Energy Systems (ISE). To adapt the measurement setup to 

the different samples, we designed 3D parts with Onshape to be printed out with PLA using 

the Creality K1C 3D printer.  

The LEDs used during the small-perturbation measurements were the blue and far-red 

XP-E2 LEDs by CREE LED, as well as the infrared OCI-490-20 ID980 LED by EPIGAP OSA. 

For IMPS and IMVS, the light-intensity modulation was carried out using the Paios. For the 

experiments requiring two LEDs, the unperturbed LED was powered using a Keithley 2401 

source-measuring unit. To ensure homogeneity of the illumination, a UVFS ground glass 

diffuser (220 grit) by ThorLabs was used. To make the infrared and far-red LEDs have similar 

brightness at equal input currents as the blue LED, they were each covered with a few layers 

of tissue paper, which further added to the homogeneity of their light emission. 

To measure the JV curves, the G2V Pico and the Keithley were used. To ensure that 

the Pico’s output was consistent with expectations, its power output was confirmed both with 

a calibrated test photodiode and with a PM100D power meter by ThorLabs for individual LEDs. 

Aside from the reflection measurement performed with the UV/Vis by Perkin Elmer, all 

measurements were performed inside a nitrogen-atmosphere glovebox. The water and oxygen 

values were usually around 0.1 ppm. 

9.2   Small-Perturbation Techniques 

All measurements were performed at 𝑉𝑂𝐶. The maximum frequency was 1 MHz, whereas the 

lowest frequency was 10 Hz, 1 Hz, and 316 mHz, for the silicon photodiode and the III-V TSCs, 
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the perovskite/silicon TSCs, and the perovskite single-junction solar cell, respectively. The 

perturbations were small enough to elicit a linear response, as was checked by analyzing the 

raw data of the applied and measured perturbations (examples see Appendix T). To ensure 

that the measurements had constant 𝑉̅𝑎𝑝𝑝 and 𝐽𝑎̅𝑝𝑝, the raw data for the two values was 

checked (examples see Appendix T). To ensure the system was stable, each set of 

measurements was repeated until no changes between the results were observable. For the 

light-flooding experiments, the light-flooded subcell was illuminated with the equivalent of 1 

sun, whereas the other subcell had an offset illumination equal to 0.1 sun. When varying in 

illumination of the TSCs, both LEDs’ brightnesses were changed such that both subcells were 

always illuminated equally. 

9.3   Calibrations 

The Paios can calibrate impedance caused by cables and internal resistors automatically using 

the photodiode testprint supplied with the instrument. This correction is applied to the 

impedance spectroscopy measurements, but it does not transfer to IMPS. Thus, to create 

coherence between the two measurements, the resistance of 72.1 Ω due to the cables and the 

Paios is added to the impedance data for the data evaluation in this thesis. 

The LEDs can also be calibrated somewhat automatically by the Paios using the LED 

Calibration function in the Paios Hardware Manager tab: The instrument can adjust its internal 

parameter for LED output intensity, which is used for light-dependent measurements. By 

measuring the current produced in the testprint photodiode from different LED currents, the 

instrument can match its LED intensity values to scale linearly with LED photoemission. Thus, 

halving the Paios’s LED intensity parameter will lead to a current input to the LED such that 

the resulting photoemission is halved as well. 

The actual photoemission for a given output intensity, however, is not known. Thus, the 

instrument’s intensity parameter, which is also used by the Paios software to normalize the 

current and voltage output from IMPS and IMVS as given by 𝐸𝑞. 21 and 22, needs to be 

converted to the LEDs’ photocurrent densities when reaching the measured sample. 

Furthermore, the LED emissions need to be related to the solar spectrum to ensure that our 

measurements can simulate solar operating conditions by creating the same ratio of free 

charges between TSC subcells as they would when illuminated by the sun. 

𝑄𝑃𝑎𝑖𝑜𝑠 =
𝐽𝑒𝑥𝑡 ∗ 𝐴𝑑𝑒𝑣𝑖𝑐𝑒

𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦̃ 𝐿𝐸𝐷,𝑃𝑎𝑖𝑜𝑠
,     (𝐸𝑞. 21) 

𝑊𝑃𝑎𝑖𝑜𝑠 =
𝑉̃𝑎𝑝𝑝 ∗ 𝐴𝑑𝑒𝑣𝑖𝑐𝑒

𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦̃ 𝐿𝐸𝐷,𝑃𝑎𝑖𝑜𝑠
.     (𝐸𝑞. 22) 

To determine the emitted photon current of the LEDs used for the intensity-modulated 

techniques and relate it to solar radiation, several data sets needed to be taken into 

consideration. Firstly, a photodiode needed to be calibrated to determine its EQE for the given 

LED spectra. As the EQE is given by 

𝐸𝑄𝐸 =
𝐽𝑃𝐷

𝐽𝜙,𝐿𝐸𝐷
,     (𝐸𝑞. 23) 

where 𝐽𝑃𝐷 is the extracted current density from the photodiode and 𝐽𝜙,𝐿𝐸𝐷 is the photocurrent 

density emitted by the LED, defined as 

𝐽𝜙,𝐿𝐸𝐷 = #𝑝ℎ ∗ 𝑞 ∗ 𝐴𝑃𝐷
−1 ∗ 𝑠−1,     (𝐸𝑞. 24) 

with #𝑝ℎ being the number of photons reaching the photodiode, 𝑞 the elementary charge, 𝐴𝑃𝐷 

the area of the photodiode, and 𝑠 the unit seconds. 
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Thus, the next step entailed finding the number of photons, which is given by the ratio 

of the energy of the LED’s photoemission hitting the photodiode in the span of a second and 

the energy of a single photon: 

#𝑝ℎ =
𝐸𝜙,𝐿𝐸𝐷

𝐸𝑝ℎ
.     (𝐸𝑞. 25) 

The photoemission’s energy can be found using its known intensity 𝐼𝜙,𝐿𝐸𝐷 by 

considering that energy is power 𝑃𝜙,𝐿𝐸𝐷 multiplied by time, which in turn is equal to intensity 

multiplied by the area of the photodiode and time. Meanwhile, the energy of a photon can be 

rewritten into the known average wavelength 𝜆𝑝ℎ as the Planck constant ℎ multiplied by the 

speed of light 𝑐, divided by wavelength. Thus, we arrive at  

#𝑝ℎ =
𝑃𝜙,𝐿𝐸𝐷 ∗ 𝑠

ℎ ∗ 𝑐/𝜆𝑝ℎ  
,     (𝐸𝑞. 26) 

=  
𝐼𝜙,𝐿𝐸𝐷 ∗ 𝑠 ∗ 𝐴𝑃𝐷

ℎ ∗ 𝑐/𝜆𝑝ℎ 
.      (𝐸𝑞. 27) 

Plugging this into our expression for 𝐽𝜙,𝐿𝐸𝐷 in 𝐸𝑞. 24 yields 

𝐽𝜙,𝐿𝐸𝐷 =
𝐼𝜙,𝐿𝐸𝐷 ∗ 𝑠 ∗ 𝐴𝑃𝐷

ℎ ∗ 𝑐/𝜆𝑝ℎ  
∗ 𝑞 ∗ 𝐴𝑃𝐷

−1 ∗ 𝑠−1,     (𝐸𝑞. 28) 

=  
𝐼𝜙,𝐿𝐸𝐷

ℎ ∗ 𝑐/𝜆𝑝ℎ  
∗ 𝑞,     (𝐸𝑞. 29) 

such that the EQE of the photodiode can be found. The EQE values at -5 V were found to be 

around 29%, 95%, and 100% for the blue, far red, and infrared LEDs, respectively. 

To find the photoemission of the different LEDs at a given intensity, the current output 

of the photodiode at -5 V was recorded for the various LEDs. To account for the inhomogeneity 

of the photoemission, the current was recorded for various locations on the Paios, such that 

the same areas as the different samples used for the measurements were mapped out. For 

the larger samples, to find the overall photoemission, the average of the recorded photodiode’s 

current at the different locations was thus used. As these measurements directly relate 

photoemission to the Paios’s output intensity parameter, this allows for the conversion of 𝑄𝑃𝑎𝑖𝑜𝑠 

and 𝑊𝑃𝑎𝑖𝑜𝑠 into 𝑄 and 𝑊 by multiplying them by 

𝑄

𝑄𝑃𝑎𝑖𝑜𝑠
=

𝐽𝑒𝑥𝑡/𝐽𝜙,𝐿𝐸𝐷

𝐽𝑒𝑥𝑡 ∗ 𝐴𝑑𝑒𝑣𝑖𝑐𝑒/𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦̃ 𝐿𝐸𝐷,𝑃𝑎𝑖𝑜𝑠

,     (𝐸𝑞. 30) 

=
𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦̃ 𝐿𝐸𝐷,𝑃𝑎𝑖𝑜𝑠

𝐽𝜙,𝐿𝐸𝐷 ∗ 𝐴𝑑𝑒𝑣𝑖𝑐𝑒

,     (𝐸𝑞. 31) 

where the ratio between the Paios intensity parameter and the LED’s emitted photocurrent is 

linear and determined. 

To convert the LED spectra into sun-equivalents, the relative intensity spectra of the 

LEDs from the respective data sheets needed to be converted into photon current emission 

per wavelength. This was done by converting the relative intensity (see Figure 14a) to 

photocurrent density and normalizing the values  (see Figure 14b) such that the integral of the 

spectra matched the values determined from the measurements using the photodiode. Next, 

the photon currents per wavelength of the LEDs were each multiplied by the EQE of the 

(sub)cell  (see Figure 14c) and integrated to find the extracted photogenerated current caused 

by the blue LED (see Figure 14d). This step was then repeated with the solar spectrum (see 

Figures 14e and f). Knowing that the LEDs’ photocurrents scale linearly with the Paios’s output 

intensity, we could then convert the LED spectra to sun equivalents by dividing the extracted 

photogenerated current from the LED by the one extracted from the solar spectrum. Thus, the 
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LEDs could be tuned such that the TSC subcells should have the same ratio of extractable 

photogenerated charges as if they were operating under a solar spectrum.  

       

     

      
Figure 14. Steps of a subcell-specific LED calibration, as shown with the calibration of the blue LED for the InGaP 
subcell of the III-V tandem solar cell. (a) The relative intensity of the blue LED spectrum, obtained from the LED’s data 
sheet [56], is converted into (b) its photon current at 100% Paios output intensity, with the total current density as the 
value of the integral of the spectrum written underneath the curve. This spectrum is multiplied by (c) the InGaP subcell’s 
EQE to form (d) the extracted current per wavelength generated by the blue LED, with the total current density as the 
value of the integral of the spectrum written underneath the curve. (e) The solar AM1.5 spectrum [57] is also multiplied 
by the subcell’s EQE [54] to obtain (f) the current density per wavelength generated by the sun extracted from the 
subcell, with the total current density as the integral of the spectrum written underneath the curve. The extracted 
photocurrents for all tandem subcells from the LEDs and the solar AM1.5 spectrum are found in Appendix A. 

9.4   Data Evaluation 

To evaluate the data gathered, Python scripts in Jupyter Notebook were used. To evaluate the 

impedance spectra without IMPS and IMVS for the silicon photodiode and the perovskite solar 

cell, the impedance.py package was used. In all other cases, a script was written that could fit 

𝑍, 𝑄, and 𝑊 simultaneously to all the desired parameters using the scipy.optimize.curve_fit 

package. To ensure that all data sets were weighted equally, they were normalized such that, 

during fitting, all values in the first quadrant of each graph were in the ranges x=[0,1] and 

y=[0,1]. Similarly, the other data sets were also evaluated using Python scripts and the 

scipy.optimize.curve_fit package when needed. 
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Appendix A   Extracted Current Densities per Wavelength for the Different Tandem 

Subcells from Illumination by LEDs and the Solar 1.5AM Spectrum 

     

     

     

      
Figure 15. Extracted photogenetrated current densities per wavelength for the different tandem solar cell subcells from 
(left) the LEDs at specific Paios LED output intensities and (right) the solar spectrum. The calculations follow section 9.3. 
The top two rows correspond to the perovskite/silicon tandem solar cell’s (first row) perovskite and (second row) silicon 
subcells. The EQEs used are from Fraunhofer ISE’s measurements [58]. The bottom two rows correspond to the indium 
gallium phosphide/gallium arsenide tandem solar cell’s (third row) indium gallium phosphide and (fourth row) gallium 
arsenide subcells. The EQEs used are from Fraunhofer ISE’s measurements [54]. The LED spectra are derived from the 
data sheet for the blue and far-red LED [56] and the data sheet for the infrared LED [59]. The solar 1.5AM spectrum is 
taken from the NREL [57]. 
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Appendix B   Coupling Resistances to Model Inter-Subcell Recombination 

    

     

      
Figure 16. Comparison between a simplified equivalent circuit for a perovskite/silicon tandem solar cell (a) without and 
(b) with a coupling resistance used to simulate (c) the impedance spectrum, (d) the IMPS and (e) the IMVS response of 
the top subcell, as well as (f) the IMPS and (g) the IMVS response of the bottom subcell. The perovskite subcell was 
illuminated with the equivalent of 0.25 suns, whereas the silicon subcell was illuminated with the equivalent of 0.14 suns. 
The measured frequency range is 1 MHz – 1 Hz, and the fit curves have frequencies from 1 GHz to 1 mHz.   

In the figure above, we observe a phenomenon where the IMVS graphs not only display the 

perturbed subcells but also negative features with the same characteristic frequencies as the 

non-perturbed subcells. This suggests that in these cases, there is some current also flowing 

through the non-perturbed subcells, allowing them to cause a response even when no current 

is extracted. One could assume that both subcells, therefore, are perturbed by the light 

modulation, though this would result in a positive response for both subcells in each IMVS 

spectrum. Thus, to model a negative response, a coupling resistance running parallel to the 

two subcells must be used.  

As this element allows charges to recombine between the subcells without being 

extracted, a likely physical interpretation is that this coupling resistance models the 

recombination layer. A low resistance would imply that the electrons of the top subcell and the 

holes of the bottom subcell also recombine. A high coupling resistance, meanwhile, would 

suggest that only the top subcell’s holes recombine with the bottom subcell’s electrons, 

allowing the remaining (desired) charge carriers to be extracted. 
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Appendix C   Equivalent-Circuit Parameter Values for the Silicon Photodiode 

 

      
Figure 17. Results of fitting equivalent circuit 2a (see Figure 4) to the photodiode data from (a) impedance spectroscopy, 

(b) IMPS, and (c) IMVS. The measured frequency range is 1 MHz – 10 Hz, while the fit’s upper limit is 1 GHz. The 

illumination is equivalent to 0.02 suns. 

Table 3. Parameter results for the curve fits for the photodiode data in Figure 17. The characteristic times 𝜏 are found 
following [45]. The subscript “𝑠” denotes series.The subscripts “1” and “2” refer to the low-frequency and high-frequency 
arcs, respectively. The subscripts “𝑎𝑠” and “𝑒𝑥𝑡” relate to absorption-separation and extraction of charges, respectively. 
The errors are the standard deviations from the curve fits after being rounded up, with those for 𝜏, 𝐸𝑄𝐸𝑑𝑖𝑓𝑓, and 𝜂𝑒𝑥𝑡 

found via error propagation, using 𝐸𝑞. 3 for the former, and the equation for 𝑄 (𝐸𝑞. 7) with DC values for the latter two. 

Parameter (units) Value 
𝑅𝑠 (Ω) 250 ± 4 
𝑅𝑠, 𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 (Ω) 178 ± 4 
𝑅1 (Ω) 215 ± 4 
𝐶1 (𝑛𝐹) 7.1 ± 0.4 
𝜏1 (𝜇𝑠) 1.53 ± 0.10 
𝑅2 (Ω) 763 ± 6 
𝐶2 (𝑛𝐹) 32.8 ± 0.7 
𝜏2 (𝜇𝑠) 25.0 ± 0.6 
𝐸𝑄𝐸𝑑𝑖𝑓𝑓 (%) 21.0 ± 0.3 

𝐸𝑄𝐸𝑑𝑖𝑓𝑓, 𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 (%) 22.3 ± 0.3 

𝜂𝑎𝑠 (%) 26.4 ± 0.2 
𝜂𝑒𝑥𝑡  (%) 79.6 ± 0.8 
𝜂𝑒𝑥𝑡 , 𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 (%) 84.6 ± 0.9 

(a) 

(b) 
(c) 
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Appendix D   Perovskite Solar Cell Simulations for IMPS and IMVS 

 

      
Figure 18. Simulations for all equivalent circuits in Figure 4 for the perovskite data from section 3.1.2. 

Appendix E   Example of Determining a Device’s Absorption Efficiency 

     

 
Figure 19. (a) The wavelength-resolved data for the perovskite sample in section 3.1.2 obtained by subtracting the 
reflectance data measured by our collaborators from Potsdam University [46] from 1. (b) The photon emission spectrum 
per wavelength of the LED is multiplied with the absorptance spectrum to find (c) the absorbed number of photons per 
wavelength. The ratio of the integrals (each integral value indicated under the respective graph) of the two latter spectra 
yields the absorption efficiency of the sample for the given light modulation. 
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Appendix F   Simulations of Small-Perturbation Responses of the Perovskite Solar 

Cell Excluding Equipment Resistance 

 

       
Figure 20. Simulated (a) impedance, (b) IMPS, and (c) IMVS responses for the perovskite data in Figure 4 when 
excluding the 72.1 Ω contribution to the series resistance caused by the measurement equipment. 
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Appendix G   Curve-Fit Results from Measuring the III-V Tandem Solar Cell under 

0.1 Sun-Equivalent Illumination and Partial Subcell Light-Flooding 

 

     

      
Figure 21. Simulations for (a) the impedance of the full III-V tandem solar cell, (b) the IMPS and (c) IMVS of the top 
subcell, as well as (d) the IMPS and (e) IMVS responses of the bottom subcell for different illumination conditions when 
excluding the internal resistance of 72.1 Ω of the measurement equipment from the series resistance. The measured 
data is the same as in Figure 6. 
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Table 4. Parameter fit values for the III-V tandem solar cell under different illumination conditions from Figures 6 and 21. 
The characteristic times 𝜏 are found following [45]. The subscript “𝑠” denotes series.The subscripts “𝐼𝑛𝐺𝑎𝑃” and “𝐺𝑎𝐴𝑠” 
refer to the ingallium phosphide and gallium arsenide subcells, respectively. The subscript “𝑟𝑒𝑐” stands for 
recombination. The errors are the standard deviations from the curve fits after being rounded up, with those for 𝜏, 
𝐸𝑄𝐸𝑑𝑖𝑓𝑓, and 𝜂𝑒𝑥𝑡 found via error propagation, using 𝐸𝑞. 3 for the former, and the equation for 𝑄 (𝐸𝑞. 7) with DC values 

for the latter two. The absorption efficiencies are obtained using the EQE spectra of the subcells measured by 
Fraunhofer ISE [54], which can be approximated to be equal to the absorptance [47], as well as the LED emission 
spectra, as shown in Appendix E. The corrected parameters are found using simulations of the system without the series 
resistance added by the measurement instrument. 

Parameter (units) Equal Illumination GaAs Light‐Flooded InGaP Light‐Flooded 
𝑅𝑠 (Ω) 72.49 ± 0.05 72.7 ± 0.2 73.13 ± 0.06 
𝑅𝑠, corrected (Ω) 0.39 ± 0.05 0.6 ± 0.2 1.03 ± 0.06 
𝑅𝐶𝑜𝑛 (𝑘Ω) 0.68 ± 0.10 0.8 ± 0.2 3 ± 4 
𝐿𝐶𝑜𝑛 (𝜇𝐻) 4.364 ± 0.008 4.40 ± 0.03 4.404 ± 0.003 
𝜏𝐶𝑜𝑛 (𝑛𝑠) 6.42 ± 0.02 5.50 ± 0.04 1.468 ± 0.002 
𝑅𝐼𝑛𝐺𝑎𝑃 (Ω) 8.0 ± 0.2 8.81 ± 0.06 0.350 ± 0.009 
𝐶𝐼𝑛𝐺𝑎𝑃 (𝜇𝐹) 0.67 ± 0.02 0.595 ± 0.006 53 ± 3 
𝜏𝐼𝑛𝐺𝑎𝑃 (𝜇𝑠) 5.4 ± 0.3 5.24 ± 0.07 19 ± 2 
𝑅𝐺𝑎𝐴𝑠 (Ω) 6.0 ± 0.2 0.8 ± 0.2 3.29 ± 0.02 
𝐶𝐺𝑎𝐴𝑠 (𝜇𝐹) 0.408 ± 0.009 0.5 ± 0.2 0.297 ± 0.003 
𝜏𝐺𝑎𝐴𝑠 (𝜇𝑠) 2.45 ± 0.10 0.4 ± 0.2 0.98 ± 0.02 
𝐸𝑄𝐸𝐼𝑛𝐺𝑎𝑃,𝑑𝑖𝑓𝑓 (%) 8.3 ± 0.3 8.06 ± 0.09 N/A 

𝐸𝑄𝐸𝐼𝑛𝐺𝑎𝑃,𝑑𝑖𝑓𝑓, corrected (%) 50 ± 2 65 ± 2 N/A 

𝜂𝐼𝑛𝐺𝑎𝑃,𝑎𝑏𝑠 (%) 95.0 95.0 95.0 

𝜂𝐼𝑛𝐺𝑎𝑃,𝑠𝑒𝑝 (%) 95 ± 2 79.3 ± 0.6 N/A 

𝜂𝐼𝑛𝐺𝑎𝑃,𝑒𝑥𝑡 (%) 9.2 ± 0.3 10.70 ± 0.09 N/A 

𝜂𝐼𝑛𝐺𝑎𝑃,𝑒𝑥𝑡, corrected (%) 56 ± 2 86 ± 3 N/A 

𝐸𝑄𝐸𝐺𝑎𝐴𝑠,𝑑𝑖𝑓𝑓 (%) 4.3 ± 0.3 N/A 2.11 ± 0.02 

𝐸𝑄𝐸𝐺𝑎𝐴𝑠,𝑑𝑖𝑓𝑓, corrected (%) 26 ± 2 N/A 34.5 ± 0.6 

𝜂𝐺𝑎𝐴𝑠,𝑎𝑏𝑠 (%) 84.0 84.0 84.0 

𝜂𝐺𝑎𝐴𝑠,𝑠𝑒𝑝 (%) 75 ± 2 N/A 58.4 ± 0.06 

𝜂𝐺𝑎𝐴𝑠,𝑒𝑥𝑡 (%) 6.9 ± 0.3 N/A 4.31 ± 0.03 

𝜂𝐺𝑎𝐴𝑠,𝑒𝑥𝑡, corrected (%) 42 ± 2 N/A 71 ± 2 

Appendix H   Current-Voltage Curves of the III-V Tandem Solar Cell under 0.1 Sun-

Equivalent Illumination and Partial Subcell Light-Flooding 

 
Figure 22. Current-voltage measurements of the InGaP/GaAs tandem solar cell under different equivalent-illumination 
conditions. 

top: 1 sun, bottom: 0.1 suns 

top: 0.1 suns, bottom: 1 sun 

top: 0.1 suns, bottom: 0.1 suns 
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Appendix I   Measured and Reconstructed Small-Perturbation Responses of the III-V 

Tandem Solar Cell 

 

      

      
Figure 23. Data for (a) the impedance of the full III-V tandem solar cell, (b) the IMPS and (c) IMVS of the top subcell, as 
well as (d) the IMPS and (e) IMVS responses of the bottom subcell for different illumination conditions when excluding 
the internal resistance of 72.1 Ω of the measurement equipment from the series resistance. The saturated points 
correspond to the measured data in Figure 6, whereas the paler points correspond to the data reconstructed by 
calculating the response based on the other two measurements. 

 

(a) 

(b) (c) 

(d) (e) 
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Appendix J   Modeling the III-V Tandem Solar Cells with Added Transport 

Resistance-Capacitance Pairs 

      

      

       
Figure 24. (a) The equivalent circuit, including recombination and transport resistance-capacitance pairs for both 
subcells used to fit (b) the impedance of the III-V tandem solar cell, (c) the top subcell’s IMPS and (d) IMVS data, and (e) 
the bottom subcell’s IMPS and (f) IMVS data at open-circuit voltage. The measured data corresponds to the equal-
illumination data in Figure 6. 

  

𝑞𝜙𝑏𝑙𝑢𝑒 𝑞𝜙𝑓𝑎𝑟 𝑟𝑒𝑑 (a) 

(b) 

(c) (d) 

(e) 
(f) 
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Table 5. Parameter values for the curve fits of the III-V tandem solar cell in Figure 24, considering recombination and 
transport processes for each subcell. The characteristic times 𝜏 are found following [45]. The subscript “𝑠” denotes 
series. The subscripts “𝐼𝑛𝐺𝑎𝑃” and “𝐺𝑎𝐴𝑠” refer to the indium gallium phosphide and gallium arsenide subcells, 
respectively. The subscript “𝑟𝑒𝑐” stands for recombination, while “𝑡𝑟𝑎” means transport. The errors are the standard 
deviations from the curve fits after being rounded up, with those for 𝜏, 𝐸𝑄𝐸𝑑𝑖𝑓𝑓, and 𝜂𝑒𝑥𝑡 found via error propagation, 

using 𝐸𝑞. 3 for the former, and the equation for 𝑄 (𝐸𝑞. 7) with DC values for the latter two. The absorption efficiencies are 
obtained using the EQE spectra of the subcells measured by Fraunhofer ISE [54], which can be approximated to be 
equal to the absorptance [47], as well as the LED emission spectra, as shown in Appendix E. The corrected parameters 
are found using simulations of the system without the series resistance added by the measurement instrument. 

Parameter (units) Value 
𝑅𝑠 (Ω) 72.10 ± 0.09 
𝑅𝑠, corrected (Ω) 0.00 ± 0.09 
𝑅𝐶𝑜𝑛 (𝑘Ω) 0.63 ± 0.07 
𝐿𝐶𝑜𝑛 (𝜇𝐻) 4.40 ± 0.01 
𝜏𝐶𝑜𝑛 (𝑛𝑠) 6.98 ± 0.02 
𝑅𝐼𝑛𝐺𝑎𝑃,𝑟𝑒𝑐  (Ω) 7.91 ± 0.02 

𝐶𝐼𝑛𝐺𝑎𝑃,𝑟𝑒𝑐  (𝜇𝐹) 0.37 ± 0.03 

𝜏𝐼𝑛𝐺𝑎𝑃,𝑟𝑒𝑐  (𝑚𝑠) 2.9 ± 0.3 

𝑅𝐼𝑛𝐺𝑎𝑃,𝑡𝑟𝑎 (Ω) 1.12 ± 0.10 

𝐶𝐼𝑛𝐺𝑎𝑃,𝑡𝑟𝑎 (𝜇𝐹) 0.27 ± 0.02 

𝜏𝐼𝑛𝐺𝑎𝑃,𝑡𝑟𝑎  (𝜇𝑠) 0.30 ± 0.04 

𝑅𝐺𝑎𝐴𝑠,𝑟𝑒𝑐  (Ω) 4.69 ± 0.02 

𝐶𝐺𝑎𝐴𝑠,𝑟𝑒𝑐  (𝜇𝐹) 0.22 ± 0.03 

𝜏𝐺𝑎𝐴𝑠,𝑟𝑒𝑐  (𝜇𝑠) 1.0 ± 0.2 

𝑅𝐺𝑎𝐴𝑠,𝑡𝑟𝑎 (Ω) 0.66 ± 0.05 

𝐶𝐺𝑎𝐴𝑠,𝑡𝑟𝑎  (𝜇𝐹) 0.27 ± 0.03 

𝜏𝐺𝑎𝐴𝑠,𝑡𝑟𝑎 (𝜇𝑠) 0.18 ± 0.03 

𝐸𝑄𝐸𝐼𝑛𝐺𝑎𝑃,𝑑𝑖𝑓𝑓 (%) 8 ± 3 

𝐸𝑄𝐸𝐼𝑛𝐺𝑎𝑃,𝑑𝑖𝑓𝑓, corrected (%) 50 ± 20 

𝜂𝐼𝑛𝐺𝑎𝑃,𝑎𝑏𝑠 (%) 95.0 

𝜂𝐼𝑛𝐺𝑎𝑃,𝑠𝑒𝑝 (%) 100 ± 30 

𝜂𝐼𝑛𝐺𝑎𝑃,𝑒𝑥𝑡 (%) 9.14 ± 0.03 

𝜂𝐼𝑛𝐺𝑎𝑃,𝑒𝑥𝑡, corrected (%) 55.0 ± 0.6 

𝐸𝑄𝐸𝐺𝑎𝐴𝑠,𝑑𝑖𝑓𝑓 (%) 4 ± 4 

𝐸𝑄𝐸𝐺𝑎𝐴𝑠,𝑑𝑖𝑓𝑓, corrected (%) 30 ± 30 

𝜂𝐺𝑎𝐴𝑠,𝑎𝑏𝑠 (%) 84.0 

𝜂𝐺𝑎𝐴𝑠,𝑠𝑒𝑝 (%) 100 ± 70 

𝜂𝐺𝑎𝐴𝑠,𝑒𝑥𝑡 (%) 5.42 ± 0.03 

𝜂𝐺𝑎𝐴𝑠,𝑒𝑥𝑡, corrected (%) 32.6 ± 0.4 
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Appendix K   Measured and Reconstructed Small-Perturbation Responses of the 

Degraded Perovskite/Silicon Tandem Solar Cell 

 

      

      
Figure 25. Data for (a) the impedance of the full, degraded perovskite/silicon tandem solar cell, (b) the IMPS and (c) 
IMVS of the top subcell, as well as (d) the IMPS and (e) IMVS responses of the bottom subcell for different illumination 
conditions. The saturated points correspond to the measured data in Figures 8 and 9, whereas the paler points 
correspond to the data reconstructed by calculating the response based on the other two measurements.  

(a) 

(b) 

(c) 

(d) (e) 
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Appendix L   Parameter Values of the Degraded Perovskite/Silicon Tandem Solar 

Cell under Equal Illumination and under Light-Flooding of the Perovskite 

Table 6. Parameter values for curve fits of the perovskite/silicon tandem solar cell under different illumination conditions 
in Figures 8 and 9. The characteristic times 𝜏 are found following [45]. The subscript “𝑠” denotes series.The subscripts 
“𝑃𝑣𝑘” and “𝑆𝑖” refer to the perovskite and silicon subcells, respectively. The subscript “𝑟𝑒𝑐” stands for recombination, 
with the following abbreviations “𝑒𝑙𝑒” and “𝑖𝑜𝑛” describing the nature of the recombination as electronic and ionic, 
respectively. The subscript “𝑡𝑟𝑎” means transport. The errors are the standard deviations from the curve fits after being 
rounded up, with those for 𝜏, 𝐸𝑄𝐸𝑑𝑖𝑓𝑓, and 𝜂𝑒𝑥𝑡 found via error propagation, using 𝐸𝑞. 3 for the former, and the equation 

for 𝑄 (𝐸𝑞. 7) with DC values for the latter two. The values for the absorption efficiency are based on the absorption 
spectra of the subcells as calculated by Fraunhofer ISE [60] and the LED spectra, following the method in Appendix E. 
The corrected parameters are found using simulations of the system without the series resistance added by the 
measurement instrument. 

Parameter (units) Equal Illumination Perovskite Light‐Flooded 
𝑅𝑠 (Ω) 73.7 ± 0.4 73.6 ± 0.2 
𝑅𝑠, corrected (Ω) 1.6 ± 0.4 1.5 ± 0.2 
𝑅𝑃𝑣𝑘,𝑟𝑒𝑐,𝑒𝑙𝑒 (Ω) 102 ± 1 6 ± 3 

𝐶𝑃𝑣𝑘,𝑟𝑒𝑐,𝑒𝑙𝑒 (𝜇𝐹) 0.049 ± 0.005 0.4 ± 0.7 

𝜏𝑃𝑣𝑘,𝑟𝑒𝑐,𝑒𝑙𝑒 (𝜇𝑠) 5.0 ± 0.6 2 ± 5 

𝑅𝑃𝑣𝑘,𝑟𝑒𝑐,𝑖𝑜𝑛 (Ω) 300 ± 7 3 ± 4 

𝐶𝑃𝑣𝑘,𝑟𝑒𝑐,𝑖𝑜𝑛 (𝜇𝐹) 31 ± 2 20 ± 20 

𝐶𝑃𝐸𝑃𝑣𝑘  (𝑚𝐹 ∗ 𝑠−0.5) 0.21 ± 0.02 2 ± 2 

𝜏𝑃𝑣𝑘,𝑟𝑒𝑐,𝑖𝑜𝑛 (𝑚𝑠) 13.3 ± 0.9 0.1 ± 0.2 

𝑅𝑃𝑣𝑘,𝑡𝑟𝑎 (Ω) 16.1 ± 0.9 6 ± 2 

𝐶𝑃𝑣𝑘,𝑡𝑟𝑎  (𝜇𝐹) 0.081 ± 0.005 0.16 ± 0.03 

𝜏𝑃𝑣𝑘,𝑡𝑟𝑎 (𝜇𝑠) 1.3 ± 0.2 1.0 ± 0.4 

𝑅𝑆𝑖,𝑟𝑒𝑐,𝑒𝑙𝑒 (Ω) 23.8 ± 0.3 21.9 ± 1.0 

𝐶𝑆𝑖,𝑟𝑒𝑐,𝑒𝑙𝑒 (𝜇𝐹) 25.5 ± 0.3 26 ± 2 

𝜏𝑆𝑖,𝑟𝑒𝑐,𝑒𝑙𝑒 (𝑚𝑠) 0.61 ± 0.02 0.57 ± 0.06 

𝐸𝑄𝐸𝑃𝑣𝑘,𝑑𝑖𝑓𝑓 (%) 30.7 ± 0.6 N/A 

𝐸𝑄𝐸𝑃𝑣𝑘,𝑑𝑖𝑓𝑓, corrected (%) 46.2 ± 1.0 N/A 

𝜂𝑃𝑣𝑘,𝑎𝑏𝑠 (%) 88.6 N/A 

𝜂𝑃𝑣𝑘,𝑠𝑒𝑝 (%) 73.5 ± 0.9 N/A 

𝜂𝑃𝑣𝑘,𝑒𝑥𝑡 (%) 47.2 ± 0.6 N/A 

𝜂𝑃𝑣𝑘,𝑒𝑥𝑡, corrected (%) 71.0 ± 1.0 N/A 

𝐸𝑄𝐸𝑆𝑖,𝑑𝑖𝑓𝑓 (%) 8.8 ± 0.2 17 ± 2 

𝐸𝑄𝐸𝑆𝑖,𝑑𝑖𝑓𝑓, corrected (%) 13.2 ± 0.3 51 ± 7 

𝜂𝑆𝑖,𝑎𝑏𝑠 (%) 95.1 85.1 

𝜂𝑆𝑖,𝑠𝑒𝑝 (%) 83.8 ± 0.1 87 ± 4 

𝜂𝑆𝑖,𝑒𝑥𝑡 (%) 11.0 ± 0.2 20 ± 2 

𝜂𝑆𝑖,𝑒𝑥𝑡, corrected (%) 16.6 ± 0.3 62 ± 8 
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Appendix M   Small-Perturbation Data and Parameter Values of the Less-Degraded 

Perovskite/Silicon Tandem Solar Cell under Light-Flooding of the Silicon and under 

Equal Illumination 

  

      

       
Figure 26. Comparison of data of (a) the impedance spectrum of the less-degraded perovskite/silicon tandem solar cell, 
(b) its IMPS and (c) IMVS responses when light-perturbing the perovskite subcell, and (d) its IMPS and (e) IMVS 
responses when light-perturbing the silicon subcell. Under equal illumination, both subcells generate the same amount of 
photocurrent as under 0.1 sun illumination. In contrast, when flooded, the top subcell generates the same amount of 
photocurrent as under 1 sun. The frequency range is 1 MHz – 1 Hz. 

  

0.187 0.204 0.000 0.079 

(a) 

(b) 

(c) 

(d) (e) 
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Table 7. Parameter values for the curve fits of the perovskite/silicon tandem solar cell under different illumination 
conditions shown in Figure 26. The characteristic times 𝜏 are found following [45]. The subscript “𝑠” denotes series.The 
subscripts “𝑃𝑣𝑘” and “𝑆𝑖” refer to the perovskite and silicon subcells, respectively. The subscript “𝑟𝑒𝑐” stands for 
recombination, with the following abbreviations “𝑒𝑙𝑒” and “𝑖𝑜𝑛” describing the nature of the recombination as electronic 
and ionic, respectively. The subscript “𝑡𝑟𝑎” means transport. The errors are the standard deviations from the curve fits 
after being rounded up, with those for 𝜏, 𝐸𝑄𝐸𝑑𝑖𝑓𝑓, and 𝜂𝑒𝑥𝑡 found via error propagation, using 𝐸𝑞. 3 for the former, and 

the equation for 𝑄 (𝐸𝑞. 7) with DC values for the latter two. The values for the absorption efficiency are based on the 
absorption spectra of the subcells as calculated by Fraunhofer ISE [60] and the LED spectra, following the method in 
Appendix E. The corrected parameters are found using simulations of the system without the series resistance added by 
the measurement instrument. 

Parameter (units) Equal Illumination Silicon Light‐Flooded 
𝑅𝑠 (Ω) 73.2 ± 0.2 74.6 ± 0.2 
𝑅𝑠, corrected (Ω) 1.1 ± 0.2 2.5 ± 0.2 
𝑅𝑃𝑣𝑘,𝑟𝑒𝑐,𝑒𝑙𝑒 (Ω) 36.5 ± 0.4 36.1 ± 0.7 

𝐶𝑃𝑣𝑘,𝑟𝑒𝑐,𝑒𝑙𝑒 (𝜇𝐹) 0.119 ± 0.006 0.102 ± 0.010 

𝜏𝑃𝑣𝑘,𝑟𝑒𝑐,𝑒𝑙𝑒 (𝜇𝑠) 4.3 ± 0.3 3.7 ± 0.4 

𝑅𝑃𝑣𝑘,𝑟𝑒𝑐,𝑖𝑜𝑛 (Ω) 94 ± 2 92 ± 3 

𝐶𝑃𝑣𝑘,𝑟𝑒𝑐,𝑖𝑜𝑛 (𝜇𝐹) 9 ± 6 101 ± 7 

𝐶𝑃𝐸𝑃𝑣𝑘  (𝑚𝐹 ∗ 𝑠−0.5) 1.97 ± 0.09 1.11 ± 0.08 

𝜏𝑃𝑣𝑘,𝑟𝑒𝑐,𝑖𝑜𝑛 (𝑚𝑠) 35 ± 3 20 ± 2 

𝑅𝑃𝑣𝑘,𝑡𝑟𝑎 (Ω) 6.3 ± 3 6.6 ± 0.5 

𝐶𝑃𝑣𝑘,𝑡𝑟𝑎  (𝜇𝐹) 0.133 ± 0.006 0.154 ± 0.009 

𝜏𝑃𝑣𝑘,𝑡𝑟𝑎 (𝜇𝑠) 0.8 ± 0.5 1.02 ± 0.10 

𝑅𝑆𝑖,𝑟𝑒𝑐,𝑒𝑙𝑒 (Ω) 16.6 ± 0.2 2.0 ± 0.2 

𝐶𝑆𝑖,𝑟𝑒𝑐,𝑒𝑙𝑒 (𝜇𝐹) 52.1 ± 0.4 480 ± 70 

𝜏𝑆𝑖,𝑟𝑒𝑐,𝑒𝑙𝑒 (𝑚𝑠) 0.86 ± 0.02 1.0 ± 0.2 

𝐸𝑄𝐸𝑃𝑣𝑘,𝑑𝑖𝑓𝑓 (%) 18.7 ± 0.6 20.4 ± 0.8 

𝐸𝑄𝐸𝑃𝑣𝑘,𝑑𝑖𝑓𝑓, corrected (%) 41 ± 3 52 ± 3 

𝜂𝑃𝑣𝑘,𝑎𝑏𝑠 (%) 88.6 88.6 

𝜂𝑃𝑣𝑘,𝑠𝑒𝑝 (%) 76.6 ± 0.8 76 ± 2 

𝜂𝑃𝑣𝑘,𝑒𝑥𝑡 (%) 27.5 ± 2 30.2 ± 0.7 

𝜂𝑃𝑣𝑘,𝑒𝑥𝑡, corrected (%) 60 ± 4 77 ± 3 

𝐸𝑄𝐸𝑆𝑖,𝑑𝑖𝑓𝑓 (%) 10.9 ± 0.3 N/A 

𝐸𝑄𝐸𝑆𝑖,𝑑𝑖𝑓𝑓, corrected (%) 24 ± 2 N/A 

𝜂𝑆𝑖,𝑎𝑏𝑠 (%) 95.1 N/A 

𝜂𝑆𝑖,𝑠𝑒𝑝 (%) 91.1 ± 0.6 N/A 

𝜂𝑆𝑖,𝑒𝑥𝑡 (%) 12.5 ± 0.4 N/A 

𝜂𝑆𝑖,𝑒𝑥𝑡, corrected (%) 27 ± 2 N/A 
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Appendix N   Simulations of Small-Perturbation Responses of the Perovskite/Silicon 

Tandem Solar Cell Before and After Degradation Excluding Equipment Resistance 

 

     

      
Figure 27. Simulations for (a) the impedance of the (more and less degraded) perovskite/silicon tandem solar cell, (b) 
the IMPS and (c) IMVS of the top subcell, as well as (d) the IMPS and (e) IMVS responses of the bottom subcell when 
excluding the internal resistance of 72.1 Ω of the measurement equipment from the series resistance. The measured 
data is the same as in Figure 10. 

Appendix O   Current-Voltage Responses of the Perovskite/Silicon Tandem Solar 

Cell under 0.1 Suns Before and After Degradation 

  
Figure 28. Current-voltage response of the perovskite/silicon solar cell before and after storage in a dark, nitrogen-filled 
glovebox for 18 days. 

second measurement after 

resting in a glovebox for 18 days 

first measurement 

1.624   1.763 

(a) 

(b) 

(c) 

(d) 
(e) 
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Appendix P   Parameter Results of the Intensity-Modulated Measurements on the 

Silicon Photodiode at Various Offset Light Intensities 

     

     

      
Figure 29. Results from measuring the small-perturbation techniques on the silicon photodiode at different offset 
illuminations. Subfigures (a-d) display the parameter fits for the resistances, capacitances, characteristic times, and 
optical efficiencies for the LED used, respectively. Subfigure (e) compares a measured current-voltage response with a 

reconstruction following the steps in section 6.1.1 using the ideality factor and 𝑅(𝑉̅𝑎𝑝𝑝 = 0 𝑉) from the resistance trends 

for the dark current and the incoming photon current multiplied by −𝐸𝑄𝐸𝑑𝑖𝑓𝑓 for the photogenerated current. Subfigure (f) 

maps the dependence of 𝑊(𝑓 → 0 𝐻𝑧) on the incoming photocurrent to find the added photovoltage from changing 
illumination by taking the integral between the two values of 𝑊(𝑞𝜙, 𝑓 → 0 𝐻𝑧). 

𝑡𝑜𝑡𝑎𝑙 

𝑅1 
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𝑅𝑠 
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𝐸𝑄𝐸𝑑𝑖𝑓𝑓 

𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 

−𝐸𝑄𝐸𝑑𝑖𝑓𝑓 ∗ 𝑞𝜙 + 𝐽𝑑𝑎𝑟𝑘 
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Appendix Q   Parameter Results of the Intensity-Modulated Measurements on the 

Perovskite Solar Cell at Various Offset Light Intensities 

     

     

      
Figure 30. Results from measuring the small-perturbation techniques on the perovskite solar cell at different offset 
illuminations. Subfigures (a-d) display the parameter fits for the resistances, capacitances, characteristic times, and 
optical efficiencies for the LED used, respectively. Subfigure (e) compares a measured current-voltage response with a 

reconstruction following the steps in section 6.1.1 using the ideality factor and 𝑅(𝑉̅𝑎𝑝𝑝 = 0 𝑉) from the resistance trends 

for the dark current and the incoming photon current multiplied by −𝐸𝑄𝐸𝑑𝑖𝑓𝑓 for the photogenerated current. Subfigure (f) 

maps the dependence of 𝑊(𝑓 → 0 𝐻𝑧) on the incoming photocurrent to find the added photovoltage from changing 
illumination by taking the integral between the two values of 𝑊(𝑞𝜙, 𝑓 → 0 𝐻𝑧). 

𝑅𝑖𝑜𝑛 

𝑅𝑒𝑙𝑒 

𝑅𝑠 

𝑅𝑡𝑟𝑎 

𝐶𝑃𝐸2 ∗ 𝑅𝑖𝑜𝑛 

𝐶𝑡𝑟𝑎 

𝐶𝑒𝑙𝑒 

𝐶𝑖𝑜𝑛 

𝜏𝑖𝑜𝑛 

𝜏𝑒𝑙𝑒 

𝜏𝑡𝑟𝑎 

𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 

−𝐸𝑄𝐸𝑑𝑖𝑓𝑓 ∗ 𝑞𝜙 + 𝐽𝑑𝑎𝑟𝑘 

(a) (b) 

(c) (d) 

(e) (f) 

1.07 V 

𝑊(𝑓 → 0 𝐻𝑧) 



55 

Appendix R   Additional Parameter Results of the Intensity-Modulated Measurements 

on the InGaP/GaAs Tandem Solar Cell at Various Offset Light Intensities 

     

 
Figure 31. Illumination-dependent parameter trends for (a) the capacitances, (b) characteristic times, and (c) external 
quantum efficiencies of the III-V tandem solar cells for the LEDs used. The extraction efficiencies at 0 V are assumed to 
be 50%, with the full-device extraction and external quantum efficiencies assumed to be the average of the subcell 
extraction and external quantum efficiencies. 

Appendix S   Additional Parameter Results of the Intensity-Modulated Measurements 

on the Perovskite/Silicon Tandem Solar Cell at Various Offset Light Intensities 

      

 
Figure 32. Illumination-dependent parameter trends for (a) the capacitances, (b) characteristic times, and (c) external 
quantum efficiencies of the perovskite/silicon tandem solar cells for the LEDs used. 
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Appendix T   Examples of Raw Data Constituting the Small-Perturbation Spectra 

 

     

      
Figure 33. Raw data of (a) the current-voltage response, (b) current-light response, and (c) voltage-light response at 10 
Hz under 0.1 suns-equivalent illumination, as well as (d) the offset voltage and (e) offset current over the full frequency 
range for different illumination conditions of the III-V tandem solar cell with light-modulations perturbing the bottom 
subcell. Under equal illumination, both subcells are illuminated with 0.1 suns with a modulation in the far-red LED, 
whereas under light-flooding, a subcell has the same amount of extracted photogenerated charge carriers as under 1 
sun illumination. For subfigures (d) and (e), the full, dotted, and dashed lines correspond to the data from the 
impedance, intensity-modulated photocurrent, and intensity-modulated photovoltage spectroscopy measurements, 
respectively. 
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