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Perovskite silicon tandem solar cells (PSTSCs) are a promising photovoltaic technology, as they can
efficiently absorb light of multiple wavelength ranges, enabling efficiencies higher than perovskite and
silicon solar cells alone. However, their long-term stability and operation in outdoor conditions remains
a critical challenge. Current mismatch between the sub-cells, caused by spectral variations of incident
light, can induce reverse-bias behaviour, and therefore degrade performance or even lead to cell
breakdown. In this thesis, the stability of PSTSCs and the impact of spectral variations are considered
through literature reviews of experimental aging and spectral studies, with the aim of understanding the
gaps in current knowledge and guiding future research.

To evaluate the current matching conditions of PSTSCs, these conditions are modelled through spectral
data under Finnish outdoor conditions. Absolute current mismatch increased with higher irradiance and
was found to be generally higher on clear days than on cloudy days, while the relative current match
was more stable around midday and showed higher variability during mornings and evenings. Seasonal
differences were observed, with winter days showing the lowest mismatch and other seasons showing
greater overall variability. These findings highlight the notable effects of environmental conditions on
current matching and outline possible ways to minimize current mismatch in future tandem designs.
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Perovskiitti-pii  tandemaurinkokennoja pidetddn lupaavana aurinkosidhkoteknologiana, silld niiden
avulla voidaan absorboida tehokkaasti useiden eri aallonpituusalueiden valoa, mikd mahdollistaa
paremman hyotysuhteen kuin perovskiitti- tai piiaurinkokennot saavuttaisivat yksindén. Niiden
pitkdaikainen kestdvyys ja kéyttoiké erityisesti ulko-olosuhteissa ovat kuitenkin edelleen merkittava
haaste. Spektrin vaihteluista johtuva virran yhteensovituksen epdsuhtaisuus voi aiheuttaa virran
kulkemista estosuuntaan, mikd heikentdd kennojen suorituskykyd ja voi johtaa jopa niiden
rikkoutumiseen. Téssa tutkielmassa tarkastellaan perovskiitti-pii tandemaurinkokennojen pitkaaikaista
kestdvyyttd sekd spektrin vaihteluiden vaikutusta kokeellisten ikdéntymistutkimusten ja
spektritutkimusten kirjallisuuskatsausten avulla. Tavoitteena on ymmairtdd nykyisen tutkimuksen
kehityskohtia sekd tunnistaa perovskiitti-pii tandemaurinkokennoille tarvittavaa tutkimusta
tulevaisuudessa.

Perovskiitti-pii tandemaurinkokennojen virran yhteensovitusolosuhteiden arvioimiseksi tutkielmassa
mallinnetaan erilaisia olosuhteita, kuten eri vuorokaudenaikoja ja vuodenaikoja, mitatulla spektridatalla
suomalaisissa olosuhteissa. Virran yhteensovituksen epasuhtaisuus kasvoi auringonséteilyn kasvaessa
ja oli yleensd suurempi kirkkaina pdivind kuin pilvisind pdivind. Suhteellisen virransovituksen
epésuhtaisuus taas pysyi usein vakaana keskipdivilld, mutta vaihteli enemmén aamuisin ja iltaisin. My0s
vuodenaika vaikutti merkittdvisti tuloksiin. Talvipdivind virran epdsuhtaisuus oli pienin muihin
vuodenaikoihin verrattuna. Nama havainnot korostavat ymparistdolosuhteiden merkittdvaa vaikutusta
virran sovittamiseen ja havainnollistavat mahdollisia tapoja pienentdd virran epésuhtaisuutta
tulevaisuuden tandemaurinkokennoissa.

Avainsanat: perovskiitti-pii tandemaurinkokenno, stabiilisuus, virran yhteensovitus, auringon spektri
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1 Introduction

Due to the growing demand for electricity and the unsustainable use of fossil fuels, alternative
energy sources are needed. Solar energy is considered one of the main renewable energy
technologies to reduce dependence on fossil fuels and to meet the increasing energy demand
[1],[2]. To date, solar energy accounts for only ~3% of global energy generation but is growing
fast world-wide and is expected to meet ~20-30 % of global energy needs by 2050 [2].
Nowadays, silicon solar cells (Si-SCs) dominate the photovoltaic (PV) market due to their long-
term reliability and high efficiencies [2]. However, their efficiency is approaching the
theoretical Shockley-Queisser efficiency limit of 29.4% [3], making further improvements

challenging. To overcome this limitation, new approaches are being researched.

In recent years, tandem solar cells (TSCs) have emerged as a promising technology. They
consist of multiple single-junction sub-cells to form a high-efficiency tandem device. A tandem
device can absorb different wavelength ranges of the solar spectrum, by combining solar cells
with different band gaps [4], enabling efficiencies higher than single-junction cells. TSCs are
being studied to overcome the efficiency limitations of single-junction Si-SCs, and perovskite
solar cells (PSCs) have become a promising option for the top sub-cell due to their favourable
properties. These properties include high efficiency, affordability, tunability and ease of
fabrication [1],[5]. PSCs have been researched together with multiple solar cell technologies to
form a TSC, such as organic solar cells, copper indium gallium selenide (CIGS) and silicon
solar cells [1]. Perovskite-silicon tandem solar cells (PSTSCs) are considered to be the most
promising, as the band gap of perovskite can be easily tuned to complement Si-SCs [1]. This
enables more efficient conversion of sunlight, as the combination of high- and low-bandgap
materials in TSCs allows absorption of a wider portion of the solar spectrum, from short to long

wavelengths [6], therefore improving overall power conversion efficiency (PCE).

Despite the promising efficiency of PSTSCs, several areas still require further development to
enable large scale commercialization and market adoption [7]. These challenges include, most
importantly, the poor stability of perovskite sub-cells. Improving the stability, and therefore the
lifetime of PSCs, would significantly advance the development of perovskite-silicon tandem
cells. This thesis addresses the stability challenges from the perspective of the individual
perovskite and silicon sub-cells, as well as within the tandem device. Accordingly, this thesis

includes a literature review of aging experiments performed on PSTSCs. Based on the findings



of the literature review, the thesis aims to answer the first of its research questions: what type

of experimental studies are still required for PSTSCs to bring them closer to commercialization?

In addition to stability concerns, the impact of spectral variations on perovskite-silicon tandem
solar cells (PSTSCs) is another important but less studied research area. Since the sunlight
reaching the Earth’s surface varies with weather and time of the day, the shape of the incident
light spectrum is not always the same [8]. These variations can significantly impact the power
generation of PSTSCs, as the sub-cells absorb different wavelength ranges determined by their
band gaps [9]. One of the most notable effects of spectrum variations is current mismatch.
Current match refers to the condition in which the sub-cells in a tandem device operate at the
same current [10]. Since the sub-cells are connected in series, the total current is limited by the
sub-cell generating the lowest current. This can lead to reverse-bias (RB) conditions, where a
sub-cell producing less current is forced into reverse voltage by the series connected tandem
device [11]. RB can induce hot spots, resulting in power losses and potentially causing
permanent degradation of the sub-cells [11]. Well current matched sub-cells reduce the

possibility of RB conditions, thereby improving the overall stability of the tandem device.

Therefore, this thesis focuses on identifying when current mismatch occurs in PSTSCs using
current-matching calculations based on Finnish spectral conditions. The spectral data were
measured in Kupittaa, Turku, Finland, during 2025. Thus, the second research question
addressed in this thesis is: How is current matching affected by changes in the solar spectrum?
First, a literature review is presented to summarize previous spectral studies of PSTSCs,
focusing especially on current matching, followed by the modelling approach used in the

calculations.

Artificial intelligence (AI) was used to assist with grammar and phrasing, as well as to help in
creating the code for the modelling part of this thesis. It was not used to write or generate the

text, conclusions, or analyses of the thesis.



2 Overview of Perovskite-Silicon Tandem Solar Cells

2.1 Perovskite Solar Cells, Silicon Solar Cells, and Perovskite-Silicon Tandem

Solar Cells: Properties and Key Challenges

With about 95% market share in 2020, silicon solar cells are by far the most widely used
photovoltaic (PV) technology [12]. Silicon solar cells (Si-SCs) have excellent optical properties
[13], enabling them to achieve high power conversion efficiency (PCE). They also exhibit long
operational lifetime, with typical modules retaining at least 80% of their stability for up to 25
years field operation [10]. The most common silicon solar cell architectures include aluminum
back surface field (Al-BSF), passivated emitter and rear cell (PERC), tunnel oxide passivated
contact (TOP-Con) and silicon heterojunction (SHJ) solar cells [1],[12]. Si-SC fabrication has
progressed from basic p-n junctions to more complex and efficient crystalline silicon
technologies [14]. Surface texturing and passivation layers have significantly increased the
efficiency of Si-cells by enhancing light trapping and reducing recombination losses [15].
However, one of the main disadvantages of Si-SC production is the energy-intensive and
polluting processes involved in purification and crystallization of silicon [15],[16]. More
recently developed cell architectures such as silicon heterojunction (SHJ), often used in
perovskite-silicon tandem solar cells, are fabricated at temperatures below 250°C, in contrast
to technologies like PERC or Al-BSF Si-SCs, which involve higher temperatures [15]. While
advanced architectures such as SHJ enable low-temperature processing, Si-SCs are still
approaching their theoretical limits of power conversion efficiency, meaning alternative

solutions are being studied to overcome this issue [10].

Perovskite solar cells have gained significant attention in recent years, due to their low-cost
processing, high efficiencies and adjustable band gap among other advantages [4],[13],[17].
However, their large-scale commercialization is still hindered by their poor long-term stability.
Perovskite solar cells are typically composed of a top and back electrode, an electron transport
layer (ETL), hole transport layer (HTL) and an active perovskite layer [18]. The active layer
consists of a perovskite material with the general crystal structure of ABX3 [17]. In the formula,
A and B stand for cations, and X stands for anion [17]. The most common perovskites used in
PSCs are methyl-ammonium-lead-iodide (MAPbI3) and formamidinium-lead-iodide (FAPbI;3)
[17]. The most common fabrication techniques of perovskite solar cells (PSCs) include spin-
coating processes, which can be difficult to implement on a large scale [13]. However,

techniques such as slot-die coating, spray coating, and blade coating have been developed to
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enable scalability [13]. Yet they present their own challenges, especially in tandem structures.
This is due to the textured surface often used in silicon solar cells (Si-SCs), which hinders the
deposition of the perovskite layer [10]. While a polished surface benefits perovskite deposition,

it reduces the effectiveness of light-trapping strategies in Si-SCs [10].

Despite the favourable properties of PSCs, their large-scale commercialization is still hindered
by their instability and toxicity of certain materials, such as lead [10]. Current research focuses
on developing safer and more stable perovskites through alternative compositions and
encapsulation. Furthermore, in response to the power conversion efficiency (PCE) limits of Si-
SCs, perovskite-silicon tandem solar cells (PSTSCs) present a promising approach, though

several aspects still require further research before these devices can be commercially available.

Blue light Perovskite

Red light

Figure 1. Light absorption in perovskite-silicon tandem solar cells (PSTSCs) with yellow arrow
indicating the sun light, blue arrow the blue part of the incoming sun light and red arrow the red part of
the incoming sun light. Figure inspiration from [19],[20].

The tandem structure of perovskite-silicon tandem solar cells (PSTSCs) enables more efficient
light conversion compared to single-junction solar cells by utilizing the solar spectrum more
efficiently, also allowing fewer thermal losses caused by excess photon energy wasted as heat
[4],[13]. In this architecture, the perovskite top cell absorbs light primarily in the visible region,

while the silicon bottom cell focuses on capturing the near-infrared light passing through the
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perovskite layer (Figure 1) [9]. This allows a larger portion of the solar spectrum to be converted

into electricity compared to single-junction cells [21].

Since the active layers absorb light at different wavelengths of the solar spectrum, an optimal
combination of 1.12 eV band gap for the crystalline silicon bottom cell and 1.65-1.70 eV band
gap for the perovskite top cell can theoretically achieve efficiencies of up to 46% [22]. To date,
perovskite-silicon tandem solar cells (PSTSCs) have achieved efficiencies as high as 34.9 %,
which is significantly higher than the efficiencies of these sub-cells: about 27.0 % for
perovskite, and 27.6 % for crystalline silicon single-junction solar cells in 2025 [23]. To further
increase the efficiency, it is important to consider various performance losses, while also
optimizing the band gap so that the solar spectrum can be utilized as efficiently as possible [22].
PSCs combine a tunable band gap with a variety, generally low-temperature fabrication
techniques, which makes their manufacturing relatively simple and flexible [4],[24]. The
composition of perovskites can be modified for different architectures, making perovskites
ideal light-absorbing materials for TSCs, allowing their light absorbing properties to be tailored
to specific applications [4]. Table 1 provides an overview of silicon, perovskite, and perovskite-

silicon tandem solar cells and their key properties.
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Table 1. Key properties of silicon, perovskite, and perovskite-silicon tandem solar cells. Cell
architecture figure inspiration from [25] for silicon heterojunction (SHJ) solar cell, from [26] for
perovskite solar cell (n-i-p), and from [1],[27] for perovskite-silicon tandem solar cell. SHJ architecture
was chosen to present the silicon solar cell here because it is considered the most suitable for
PSTSCs.

Category Silicon solar cells Perovskite solar cells Perovskite-silicon

(Si-SCs) (PSCs) tandem solar cells
(PSTSCs)

Lab-scale PCE | 27.6 [23] 27.0 [23] 34.9 [23]

(%)

Lifetime Can retain over 80% of | ~ 1 year [28] Limited by PSC, ~ 1 year
their efficiency for 25 [28]
years [10]

Light Near theoretical Tunable band gap [17] Utilizes solar spectrum

absorption maximum [10], lower more efficiently compared
absorption of low to single-junction cells [4]

energy photons [9]

Optical losses | Reflection and Reflection and parasitic | Reflection and parasitic

parasitic absorption [4] | absorption [29] absorption [4],[1]
Electrical Negligible, but exists High series resistance, Current-matching, FF, and
losses (interconnection layer | recombination losses Voc losses [1]

and mismatch losses) | [31]

(30]
Environmental | Recyclability [32] Lead toxicity [10] and Lead toxicity [10] and
concerns recyclability [33] recyclability [32],[33]
Scalability Scalable Under research Under research

Architecture

Ag AuorAg
g TCO
Silicon: SHJ TCO
. . Auor Ag T
Perovskite: n-i-p a-Si:H (p / n) Perovekit
rovskite
HTL HTL
TCO
Kite a-Si:H (n+)

ETL

TCO

As can be seen in Table 1, optical losses are present in all three of the solar cell technologies,
but the stacked architecture of tandem devices introduce additional optical losses due to
increased number of layers in these cells. The optical losses present in these technologies are

usually categorized in two: reflection and parasitic absorption losses [1],[4]. Parasitic
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absorption losses are caused when light is absorbed outside the active layer, resulting in fewer
photons available for current generation and PCE [1],[4]. In monolithic devices, such as two
terminal (2T) tandem structures, this occurs mainly in the hole transport layer (HTL) of PSCs,
and the interconnecting layer (ICL) between the sub-cells [1]. Reflection losses, on the other
hand, happen when light is reflected away from the surface or internal interfaces of the devices

cell due to different refractive indexes, leading to reduced PCE [1].

Various studies have been conducted to minimize the optical losses in perovskite-silicon
tandem solar cells (PSTSCs). Solutions to mitigate the reflection losses include an
interconnecting layer with refractive index between that of perovskite and silicon sub-cells (2.4,
and 3.7, respectively) [ 1]. For example, Mazzarella et al. deposited nanocrystalline silicon oxide
(nc-SiOy: H) as the interconnection layer to improve light capture in the bottom sub-cell [34].
The refractive index (~2.6 at 800 nm) was found to reduce the reflection losses in the near-
infrared region [34]. Other possible solutions include modifying the refractive index of the
transparent conductive oxide (TCO), applying an antireflective coating, and using textured
surface for the silicon sub-cell [1]. Approaches that reduce reflection losses are often closely
linked to the reduction of parasitic absorption losses. For instance, transparent conductive
oxides (TCOs) such as indium tin oxide (ITO) can absorb light and therefore limit photon
transmission to silicon bottom cell [11]. Replacing ITO with materials such as zinc tin oxide
(ZTO), which has a better matching refractive index to the perovskite and silicon layers, can
help mitigate optical losses [4],[1]. Furthermore, the use of antireflective coatings and surface
texturing of the silicon bottom-cell can help minimize these losses, since flat surfaced silicon
cells are known to have the most optical losses [4],[1]. This, however, is not without challenges,

as surface texturing can create difficulties in the fabrication process of PSTSCs [1].

Beyond instability and optical losses, the commercialization of PSTSCs is limited due to
electrical losses. In this work, current matching is the most relevant electrical loss mechanism,
which refers to the requirement for the upper and lower sub-cells to generate the same current,
and will be discussed in more detail in the following sections. Other electrical loss mechanisms
include losses in fill factor (FF) and open-circuit voltage (Vo) [1]. Like current matching, fill
factor losses are mainly influenced by electrical contact quality, as poor contacts lead to higher
resistive losses [1]. However, other factors also play a significant role, including the
optimization of layer thicknesses and the enhancement of charge transport rate in the ETL and
HTL through doping [1]. This is because these factors determine the contact quality between

the sub-cells and the series resistance and thus affect the fill factor [1]. Moreover, V¢ losses



14

are mainly related to perovskite sub-cell instability, which arises from factors such as phase
transformations and defects [1]. Besides improving perovskite stability, better energy level
alignment between the perovskite layer and charge transport layers (ETL and HTL) is needed

to reduce Vjc losses, as misaligned energy levels can cause inefficient charge transformation

[1].

In summary, the performance and commercial viability of PSTSCs is still limited due to various
factors, such as instability, optical and electrical losses. While improvements in device
architecture and layer optimization may significantly improve device efficiency, major
improvements need to be made regarding perovskite’s stability. Moreover, material choices,
such as replacing lead-based perovskites, are crucial for developing more sustainable and

environmentally friendly solar cell technologies.

2.2 Structure and Performance of Perovskite-Silicon Tandem Solar Cells

2T - device 4T - device
— Perovskite subecell —+ + — Perovskite subeell -
L Silicon subcell - e — Silicon subcell I

Figure 2. On the left side, two-terminal (2T) tandem device structure and on the right side a four-
terminal (4T) device structure.

Perovskite-silicon tandem solar cells (PSTSCs) consist of two sub cells, that are the perovskite
top cell and silicon bottom cell [6]. The most common tandem cells are monolithic two-terminal
(2T) tandems (Figure 2), in which the sub cells are stacked on top of each other and connected
in series internally [10],[35]. In the case of perovskite-silicon tandems, the perovskite sub cell
is on top and silicon sub cell is underneath, allowing the different wavelength of sunlight to be
utilized as efficiently as possible [10]. The solar spectrum effects will be discussed in more
detail in Section 3.2. There are two main 2T-configurations: n-i-p and p-i-n. The naming
depends on which transport layer is deposited first: in n-i-p structures, the hole transport layer

is deposited first, while in p-i-n structures, the electron transport layer is deposited first [36].
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Two-terminal configurations are usually fabricated by placing the perovskite layer directly on
top of the silicon layer [36]. One of the key components of 2T devices is their interconnection
layer, which connects the perovskite and silicone layers electrically to each other [35]. The
interconnection layer is often either a conductive layer, such as zinc-doped tin oxide (ZTO) or
aluminum-doped zinc oxide (AZO), or doped tunnel junction layer, typically a highly doped
n**Si/p** Si junction [35].

For current generation, the energy of the incident photons must be higher than that of the band
gap energy of the absorber layers [37],[38]. When photons with proper energy are absorbed, it
causes the valence electrons to excite to the conduction band, creating electron-hole pairs [37].
The generated carriers are then separated by the internal potential within the solar cell [38].
Electrons are transported towards the electron transport layer (ETL) and holes to the hole
transport layer (HTL) [38]. The carriers are then collected at the electrodes, producing current

in the external circuit [37],[38].

In two-terminal PSTSCs, the perovskite top cell and silicon bottom cell generate charge carriers
independently. The sub-cells are electrically connected through an interconnecting
recombination layer (ICL), which connects the sub-cells in series (Figure 3). The function of
the ICL is to enable charge recombination at the interface between the silicon and perovskite
sub-cells. In the ICL, the charge carriers from the perovskite sub-cell recombine with the charge
carriers from the silicon sub-cell, allowing current to flow through the device. As the
architecture in 2T PSTSCs forms a series connection through the ICL, the current of the tandem
device is limited by the sub-cell generating the lower current, while the total voltage is the sum

of the voltages of the two sub-cells. [39]
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Figure 3. Comparison of four terminal (4T) and two terminal (2T) perovskite-silicon tandem solar cells
(PSTSCs), with yellow arrows indicating incoming sunlight. The 4T architecture allows the sub-cells to
operate electrically independently, while in the 2T configuration the interconnection layer (ICL)
connects the sub-cells in series, requiring current matching in the device.

Another common option is four-terminal (4T) tandem cells, in which the top and bottom cells
operate independently, each with its own electrical contacts [1],[35] (Figure 2). Therefore, the
fabrication is usually carried out by separately preparing the perovskite and silicon sub cells
and only connecting them optically [35]. The sub cells are then mechanically stacked on top of
each other, meaning that the structure does not require current or voltage matching as in 2T

cells [10],[21].

Both configurations (2T and 4T) have their own advantages and disadvantages when applied to
perovskite-silicon tandem solar cells (PSTSCs). Two terminal devices require fewer fabrication
steps [35] and use less material compared to four terminal devices. However, in 2T
configurations, the overall device lifetime 1s limited by the less stable perovskite sub cell, since
the cells are electrically connected [35]. This means that when the perovskite sub-cell degrades,
it reduces the current through the whole tandem device [35]. Due to the series connection
between the sub-cells, the 2T configuration requires current matching, unlike the 4T
configuration [36]. Four terminal PSTSCs, due to their electrically independent nature, are
considered more stable than 2T cells under conditions such as solar spectrum variations [10].
They can utilize a wider range of the solar spectrum without current matching limitations, which
may lead to higher overall power generation compared to 2T-devices [35]. Additionally, the
structure enables easier maintenance of these devices, since the broken sub cell can easily be

replaced [35]. However, the optical losses caused, for instance by absorption in the transparent
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conductive oxide (TCO), are smaller in 2T-devices, as there are fewer optical layers compared

to the optically stacked 4T devices [35].

As mentioned, a perovskite-silicon tandem solar cell (PSTSC) consists of a wider band gap
perovskite top cell stacked on a lower band gap silicon bottom cell [9]. This configuration
enables more photons to be absorbed, as high energy photons are absorbed by perovskite sub-
cell and lower energy photons by the silicon sub-cell [9],[38]. As current matching is required
only in two-terminal (2T) tandem devices, where the sub-cells are connected in series [36], the

following sections primarily focus on this configuration.
2.3 Stability Challenges of Perovskite and Silicon Solar Cells
2.3.1 Perovskite solar cell degradation

Perovskite solar cell instability remains one of the main factors preventing the large-scale
commercialization of perovskite-silicon tandem solar cells. The stability issues often arise from
the degradation of the perovskite layer [40], which is usually accelerated by external factors,
such as high temperatures, oxygen and moisture [41]. The stability issues can be divided into
internal and external factors [41]. Internal instability is caused by the intrinsic instability of the

perovskite material itself, while external instability by environmental factors [41].

The intrinsic instability is closely linked to perovskite’s crystal structure [40]. The cell is
particularly vulnerable to structural changes in the perovskite layer, as these can significantly
affect its optoelectronic properties and consequently, the cell performance [42]. To improve the
internal stability, the structure of perovskite can be altered by substituting organic cations such
as methylammonium (MA) with alternatives like formamidinium (FA), or by adding inorganic
cations to the perovskite structure [40]. Alternative ions to eliminate MA has been shown to
improve the resistance to oxygen and therefore enhance the overall stability of the perovskite
solar cells [40]. Another common internal factor causing instability is ion migration in the
crystal structure of perovskite. Under electric field or light exposure, iodide ion vacancies in
the perovskite layer can migrate through the perovskite crystal towards interfaces, causing
effects such as hysteresis in the cells. Hysteresis refers to the phenomenon in which the
measured current-voltage curves depend on the scan rate and direction, resulting in differences
between forward and reverse scans. However, the exact effects of ion migration on device

performance are still under research. [43]
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Environmental stressors, including humidity, illumination and oxygen, can induce significant
degradation phenomena in perovskite solar cells [41]. In the presence of oxygen, the organic
components of the perovskite layer can be oxidized [42]. In the dark, however, little to no
degradation occurs [42]. When both oxygen and light are present in the perovskite layer,
significant degradation can take place, as light promotes photo-oxidation, leading to the
formation of superoxide and accelerating the degradation process [41]. Beyond photo-
oxidation, exposure to light can induce halide segregation and compositional changes in the
cells [41],[44]. Some of these changes are permanent, reducing cell efficiency, or reversible, as
in the Hoke effect, where halide ions segregate under illumination but revert once the light is
removed [44]. Another external factor causing stability issues in PSCs is moisture [41].
Moisture can easily diffuse into the perovskite layer, leading to the formation of hydrogen
bonds [41]. These chemical reactions between water and perovskite can accelerate degradation
by modifying its crystal structure and reducing its light absorbing properties, thereby decreasing

the performance of the cells [41].

To mitigate the stability issues, extensive research has been conducted on perovskite solar cell
encapsulation [42],[45]. For effective encapsulation, the encapsulant must prevent the ingress
of moisture and oxygen, while being chemically compatible and non-reactive with other parts
of the cell [5]. The most widely used encapsulants for PSCs include materials such as
thermoplastic polyolefins (TPOs) [45], polyolefin elastomers (POE) [46], thermoplastic
polyurethanes (TPUs) [47] and polyisobutylene (PIB) [45]. To enable the commercialization of
PSCs while maintaining low-cost production and simple fabrication, the encapsulants should
be affordable, easy to apply and capable of providing effective device protection for improved

lifetime of the cells.
2.3.2 Silicon solar cell degradation

Silicon solar cells already have comparatively good stability, as they can maintain up to 80%
of their original efficiency for up to 25 years [4]. However, several factors can affect their
degradation including delamination, colour changes, corrosion and environmentally induced
degradation, with corrosion and discoloration considered the most common [48]. Corrosion in
silicon solar cells can occur when moisture enters the device, either through the edges of the
module or through cracks formed during transportation, handling or installation [48],[49]. This
can cause degradation of the metal contacts, which in turn can promote increased leakage

current of the device [48]. It can also lead to diffusion of aluminum (Al) and sodium (Na) ions
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from the module’s aluminum frame and glass, which can promote potential induced degradation
(PID) [49]. The main cause of PID is often associated with the migration of sodium ions from
the soda-lime glass [50]. Under high system voltage, these ions drift through the encapsulation
layer to the silicon surface, where they interact with defects, leading to increased leakage
current and power losses [50]. Moisture induced degradation (MID) in the silver grid or
encapsulation layer can lead to various effects in the cells, such as altered optical properties,
reduced charge generation or increased series resistance [49]. Additionally, corrosion in Si-
modules can cause degraded adhesion of the components, also known as delamination.
Delamination often occurs either between the encapsulant and the cells or the encapsulant and
the front glass [48]. It can lead to increased light reflectance, higher water ingress and, if it

happens near the edges, increase the probability of electrical risks [48].

In addition to moisture induced degradation, other environmental factors, such as high
temperatures, UV and visible light, can affect the degradation of silicon solar cells on long-
term. Light and elevated temperature induced degradation (LeTID) can cause performance
losses of up to 16% in multicrystalline silicon solar cells [51]. Although the reasons for LeTID
are not fully understood, studies suggest that it might be due to metal impurities or hydrogen
within the cells, which can cause bulk and surface defects in the cells when exposed to elevated
temperatures and light [51]. Choosing appropriate materials and controlling material thickness
can help to mitigate LeTID [51]. UV-induced degradation (UVID), on the other hand, is
primarily related to color changes in the module, which are often linked to changes in the
encapsulant material’s transmittance [52],[53]. This discoloration due to moisture permeation
or UV exposure may affect the photovoltaic properties of the module, leading to decreased
power output, as less light transmits into the cell [52]. In addition, bubbles can be formed as a
result of chemical reactions within the cells, which can cause scattering of the incoming light
and therefore negatively affect the power generation of the cells [8]. Light induced effects can
be controlled by using suitable materials in the module, for instance with encapsulants that have

altered UV-properties or special glass covers, such as cerium contained glass [53].
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2.3.3 Degradation mechanisms for perovskite-silicon tandem solar cells
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Figure 4. Perovskite-silicon tandem solar cells (PSTSCs) and their degradation mechanisms, on cell
level (perovskite (PSCs) and silicon (Si-SCs)), and as a tandem cell.

Since silicon solar cells are significantly more stable, most of the stability challenges in
perovskite-silicon tandem solar cells arise from perovskite sub-cell instability. At cell level,
factors like electrode design, current and thermal coefficient mismatching can negatively
impact stability [7]. The electrode design can significantly affect the lifetime of tandem devices,
especially the perovskite sub-cell. Electrodes made of silver (Ag) or gold (Au) tend to diffuse
into the perovskite layer, leading to degradation of the cells [7]. Ag or Au electrodes can be
replaced, for instance, with carbon-based alternatives, which can not only mitigate degradation
but also reduce hot spot formation in the cells [7]. Apart from material choices, it is important
that the electrodes are both conductive and transparent, depending on the device design [7]. For
four-terminal (4T) tandems, three transparent electrodes are needed (Figure 5), which increases
fabrication costs [54]. The transparency and conductivity of the top cell electrodes are crucial,
since the near-infrared photons need to reach the bottom sub-cell through the upper cell [54].
The conductivity of the electrodes is important, as it makes the charge collection easier on the
upper perovskite sub-cell. One solution for improved electrode design, especially in 4T devices,

could be a thin metal electrode made of gold (Au) and chromium (Cr) [54].
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Tl —— Transparent electrode
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T2 —— Transparent electrode

T3 —— Transparent electrode
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T2 — Back reflector

T4 —— Back reflector

Figure 5. Four-terminal (4T) and two-terminal (2T) perovskite-silicon tandem solar cell electrode
design. Figure inspiration from [55].

Due to the brittleness of perovskite, it is highly sensitive to mechanical stress [7]. A mismatch
in thermal expansion coefficients between the perovskite and silicon layers can further increase
this stress, negatively affecting the stability of the tandem cells [7]. The range of different
thermal expansion coefficients can cause delamination in the cells, which is one of the key
factors contributing to module failure [7],[56]. Delamination can occur in different layers of the
cell, such as encapsulant, back sheet or glass [56]. It is particularly significant during thermal
cycling, for instance when day to night temperature variation is notable. In addition to
delamination induced degradation in cells, the textured surface of the silicon bottom cell
imposes additional challenges. The textured surface is included in the cell structure to enhance
light capturing in the silicon sub-cell. While this improves optical absorption, it also increases
mechanical stress due to stress concentrations at the textured surface and makes the fabrication
of TSCs more challenging. In particular, the deposition of the perovskite layer becomes more
difficult, as achieving full surface coverage on the textured surface is harder. To mitigate the
mechanical stress caused by the different thermal expansion coefficients, one potential solution
is to lower the crystallization temperature during annealing, a heat treatment used to form the
perovskite crystal structure, which can help reduce the thermal strain between the layers.
Additionally, optimizing the thermal expansion coefficients and choosing a suitable
encapsulant with a low elastic modulus could be an option in preventing delamination in the

modules. [7]
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In two-terminal (2T) tandem devices, current matching refers to the generation of equal current
in both sub-cells, achieved through a balanced distribution of light absorption between the sub-
cells [10]. If the sub-cells absorb light in a way that leads to unequal photocurrent generation,
current mismatch occurs [10]. It can cause up to 10% efficiency losses when the devices are
operating at real world conditions [10]. For instance, if the upper perovskite sub-cell absorbs
more light, less light reaches the silicon bottom cell. Due to series connection, the total current
of the device is then limited by the lower current of the silicon sub-cell [1],[10], meaning that
any excess current generated by the other sub-cell cannot be utilized. Current matching is
strongly affected by changes in the solar spectrum, as the sub-cells absorb different wavelength
ranges [10]. As a result, variations in the spectrum can lead to current mismatch in perovskite-

silicon tandem solar cells (PSTSCs), as can be seen in Figure 6.
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Figure 6. Current mismatch in two-terminal perovskite-silicon tandem solar cells. On the left side, the
plot shows a mismatched case, where the perovskite sub-cell produces higher photocurrent,
particularly around midday, leading to current mismatch.

Ideally, the ratio of the photocurrent densities should be close to one, so that the photocurrent
generated in the sub-cells is well matched. Figure 6 shows an unideal case, where the perovskite
sub-cell produces higher photocurrent around midday, leading to increased mismatch values.
To achieve better current matching, the band gap combination in perovskite-silicon tandem
solar cell can be optimized by tuning the properties of the perovskite absorber [21],[57]. As the
current matching is so closely linked to solar spectrum variations, it will be discussed in more

detail in Section 3.2.
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Although current mismatch itself does not directly cause degradation, it can result in reverse-
bias (RB) and hot-spot formation, which can accelerate device degradation [10]. RB can occur
in series connected cells when one of the cells restricts the current flow through the string
[11],[58]. This can happen, for instance, due to partial shading from nearby objects such as trees
[2]. Shading of one or more cells prevents them from generating the same current as the
unshaded cells [2]. As a result, the shaded cell limits the current of the entire series-connected
string and may be forced into reverse-bias operation, meaning that the voltage across the cell
reverses [2]. RB can induce irreversible changes in the cells and create uneven heat distribution,
leading to the formation of hot spots in the cells and possible power losses [11],[58]. Solutions
for mitigating reverse bias include bypass diodes [11],[58],[2], modifying the band gap of
perovskite sub-cell and reducing the number of cells in a string [ 11]. However, these approaches
also present challenges. Due to the low breakdown voltage of PSCs, the amount of bypass
diodes needed would increase the overall module cost significantly [11]. Therefore, the most
important way to mitigate RB behaviour, would be to current match the tandem device well.
This could be done by modifying the light absorbing layers [59], adjusting the band gap [7], or
modifying the overall tandem cell configuration [10],[60]. Reverse bias behaviour and band

gap tuning of PSTSCs is discussed in more detail in Section 3.2.

At module level, factors contributing to degradation are reflection losses, potential induced
degradation (PID), and delamination [7]. As mentioned in silicon solar cell degradation
mechanisms, PID refers to a process in which ions, such as sodium, migrates into the light
absorbing layers, leading to cell degradation [7]. Although PID occurs in both silicon and
perovskite solar cells, the mechanisms differ significantly. In PSCs PID is mainly related to ion
migration in the perovskite layer [61]. This ion movement can induce defects such as vacancies
and accelerate phase segregation and decomposition, leading to decreased device performance
[61]. Since tandem modules can experience potential differences ranging from -500 V to +500
V, these voltage differences can induce ion migration from materials such as antireflective
coatings, encapsulants, and active layers, leading to power losses in the devices [7],[62]. In a
study conducted by Xu et al., potential induced degradation was observed to affect only the
perovskite sub-cell [62]. Therefore, introducing materials that block ion migration into or out
of the perovskite layer could help mitigating the potential induced degradation [62]. These
materials could either be used an encapsulant to block the ion migration, or it could involve

modifying the perovskite structure to suppress ion movement within the layer [7].
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2.3.4 Other performance losses

Apart from long-term degradation mechanisms, other factors can affect the performance of
solar cells more rapidly, whereas degradation processes typically develop gradually over time
[63]. These factors refer to processes such as soiling, hot spot formation, junction box failures
or lightning strikes [63], and often take place suddenly and can cause an immediate decline in
performance of the modules. Soiling, usually caused by dirt, snow or leaves blocking the
sunlight, can cause significant changes in photovoltaic properties of PV modules by shading
the cells [64]. If the cells are only partially shaded, the affected areas can heat up, promoting
hot spot formation [64]. This can cause permanent damage to the cells if bypass diodes are not
used [64]. In addition, hot spots form as a result of short-circuited cells or cracks in the cells
[63]. Another potential cause of sudden degradation in solar cells are lightning strikes, which
can cause changes in the electrical properties of the modules, such as efficiency losses or

reduced power output due to high voltages passing through the PV system [63].
2.4 Literature Review of Aging Experiments

To date, aging studies have primarily focused on single-junction perovskite solar cells (PSCs),
with only a limited number of studies targeting perovskite-silicon tandem solar cells (PSTSCs).
The focus has been on improving PSC stability, which is also a key factor for tandem solar
cells’ long-term reliability. Generally, aging tests are performed to study the long-term
behaviour of solar cells under controlled conditions. Some commonly used accelerated aging
tests for PSCs include damp heat test and light soaking, which usually last for 1000 hours [17].
In some light soaking tests, here referring to tests that examine the durability of cells under UV
and visible light, the duration was limited to around 300 hours [7], which is too short to reliably
assess long-term operation under real-world conditions since these devices are designed to
operate for multiple years. Light soaking is usually combined with maximum power point
tracking (MPPT), where the cells operate at their maximum power point [65]. This provides
insight of the real-world working conditions, where the cells need to operate at their maximum
power point. Since perovskite solar cells are sensitive to moisture and high temperatures [40],
another aging study that is often conducted is a damp heat test. Damp heat test is usually
conducted by subjecting the cells in 85% relative humidity (RH) and 85°C for 1000 hours
[66],[67] to evaluate how the cells withstand high temperatures and humidity [68].
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Another way to study the thermal properties of the cells is through a thermal cycling test, where
the cells are subjected to repeated temperature variations between -40°C and 85°C [68].
Thermal cycling is used to determine whether temperature variations cause delamination or
other failures in the cells [68]. In addition, outdoor aging tests are performed to see how cells
perform under real outdoor conditions, such as varying spectra, temperature and humidity [69].
Table 2 shows various aging studies, their conditions and their effects on the initial performance

of perovskite-silicon tandem solar cells.



Table 2. Literature review of aging experiments performed on perovskite-silicon tandem solar cells,
with cell type, aging test conditions and effect on cell performance.
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Cell type Test type | Test conditions | Effect on initial Other Ref.
efficiency

Monolithic 2T Damp heat | 1000h at 85% 10% degradation in | No encapsulant, [66]
perovskite/SHJ- | test RH and 85°C performance ALD deposited tin
Si tandem oxide buffer layer
Monolithic 2T Damp heat | 1000h, 85°C Minimal TPU and TPO [67]
perovskite/SHJ- and 85% RH performance loss encapsulated
Si tandem
Monolithic 2T Damp heat | 1000h, 85°C Retained 95% of its | Butyl rubber as an | [70]
perovskite/SHJ- and 85% RH initial performance | edge sealant
Si tandem
Monolithic 2T Thermal 50 thermal Minimal TPU and TPO [67]
perovskite/SHJ- | cycling cycles (-40°C to | performance loss encapsulated
Si tandem 85°C)
Monolithic 2T Thermal 400h, 85°C, 40- | Retained their initial | Butyl rubber as an | [71]
perovskite/SHJ- | stability 50% RH in dark | performance encapsulant
Si tandem
Monolithic 2T MPPT 400h, 40°C, 40- | Retained their initial | Polyolefin (POE) [71]
perovskite/SHJ- 50% RH under performance as an encapsulant
Si tandem 1-sun
Monolithic 2T Thermal From 25°C to Retained their initial | Without [72]
perovskite/SHJ- | stability 85°C and cooled | performance encapsulant
Sitandem back to 25°C,

200 min
Monolithic 2T MPPT Under AM1.5, Retained 95% of Without [72]
perovskite/SHJ- 25°C, 30-40% the initial encapsulant
Si tandem RH for 300h performance
Monolithic 2T Outdoor Outdoor Voc and Jg retained | Butyl rubber as [69]
perovskite/SHJ- | aging conditions their initial values, edge sealant
Si bifacial (Saudi-Arabia), FF decreased from
tandem six months 80% to 50%
Monolithic 2T Outdoor Hot and humid Retained over 90% | Butyl rubber as an | [73]
perovskite/SHJ- | aging environment, of the initial edge sealant
Si tandem ~100% RH for performance

43 days
Monolithic 2T Damp heat | 85% RH and Retained 87% of Butyl rubber as an | [73]
perovskite/SHJ- 85°C for 500h initial performance edge sealant
Sitandem
Monolithic 2T MPPT 250h under 1- Maintained the Butyl rubber as an | [73]
perovskite/SHJ- Sun illumination | original edge sealant
Si tandem performance
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Most of the aging studies done for perovskite-silicon tandem cells have been conducted using
monolithic two terminal (2T) silicon heterojunction (SHJ) tandems (Table 2). In a study
conducted by Bush et al. a damp heat test (1000 h, 85°C and 86% RH) was done to enable more
efficient and stable tandem devices [66]. The tandem devices were unencapsulated, but a tin
oxide buffer layer was deposited using atomic layer deposition (ALD) to protect the perovskite
layer and minimize optical losses [66]. There was a 10 % decrease in the performance of the
tandem devices during the testing [66]. However, the devices reached efficiencies of 23.6%,
which is more than the sub-cells could achieve alone [66]. In addition, measuring the efficiency
of the perovskite sub-cell alone after testing could help determine how much of the total
degradation is caused by the perovskite cell itself but it is often inaccessible in this way [72] as
the sub-cells are monolithically connected and cannot be measured separately after fabrication.
An interesting aspect would be to study how the devices would perform under the same

conditions if an encapsulant, such as EVA or POE, was used.

In another study Toniolo et al. did a similar damp heat test (85°C and 85% RH) for 1000 hours
where the cells were encapsulated using thermoplastic polyurethane (TPU) and thermoplastic
polyolefin (TPO) [67]. Additionally, the cells were subjected to thermal cycling, where 50
thermal cycles from -40°C to 85°C was performed [67]. Two different tests were performed as
the damp heat test assessed moisture-induced degradation and thermal cycling the stability
under fluctuating temperatures. The cells showed minimal performance loss in both tests,
indicating good stability under high humidity and temperatures [67]. Similarly, in other studies
the damp heat performance of perovskite-silicon tandem solar cells was studied by subjecting
the cells to similar conditions, 85°C and 85% RH, for 1000 [70] and 700 hours [74]. In these
studies, the cells retained 95% [70] and 80% [74] of their initial efficiencies, respectively. In
the first case, the cell was encapsulated in a sandwich architecture, with a cover glass on top
and butyl rubber as an edge sealant [70]. In the second damp heat study, the cells were
encapsulated using butyl rubber as an edge sealant and polyolefin elastomer (POE) as an
encapsulant [74]. Herein, in addition to the damp heat test, the cell performance was measured
using MPPT, under AM1.5G for 1800 hours, where the cells retained 84% of their initial
efficiency [74].

Another study for PSTSCs was conducted by Hou et al., where they performed two different
tests on the devices, a thermal stability test and a MPPT test [71]. To test the thermal stability,
they subjected the cells under dark conditions in 85°C and 40-50% RH for 400 hours using
butyl rubber as an edge sealant [71]. On MPP tracking, the TSCs were encapsulated with
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polyolefin and kept under 1-Sun illumination, 40°C and 40-50% RH for 400 hours [71]. The
devices had minimal losses after 400 hours in both tests [71]. A similar set of tests was
performed by Al-Ashouri et al., where they studied both thermal durability and maximum
power point performance [72]. Thermal durability was tested by increasing the temperature
from 25°C to 85°C and then back to 25°C (200 min), which showed no loss in power conversion
efficiency [72]. In MPPT, the TSCs were subjected to AM1.5G-illumination for 300 hours in
30-40% RH and the cells retained 95% of their initial power conversion efficiency [72]. In this
study they used absolute photoluminescence (PL) measurements, which allowed access to both

sub cells independently [72].

Outdoor aging has been performed in a few studies, one conducted by Bastiani et al. [69], and
one conducted by Liu et al. [73]. In the first study, they used bifacial perovskite-silicon tandem
solar cells to test the long-term performance of the devices [69]. The cells were subjected to
outdoor conditions in warm and sunny conditions for a six-month period [69]. The open-circuit
voltage Vy and short-circuit current density /s retained their original values, while the fill
factor (FF) decreased from 80% to 50% due to degradation of the perovskite layer and electrode
reactions [69]. In the other outdoor condition study, the tandem cells were placed outside in
warm and humid conditions (~100% RH) for 43 days, where they retained over 90% of their
initial value [73]. Additionally, they performed a continuous illumination study under
laboratory conditions, by MPPT the devices for over 250h under 1-Sun illumination and the
devices retained their original performance [73]. In this set of studies, in addition to the
continuous illumination and outdoor aging, a damp heat test was done (85% RH and 85°C) for

500 hours, where the devices maintained 87% of their efficiency [73].

Based on the literature review, long-term light soaking and maximum power point tracking
(MPPT) tests are needed for perovskite-silicon tandem solar cells, as many reported studies
have been conducted for durations of less than 400 hours [71], [72], [73]. Therefore, the effects
of illumination on these devices still need to be studied, as tests conducted over short durations
cannot reliably predict cell performance over many years of real-world conditions. Some tests
still have unencapsulated devices [72], although it is an essential part to improve PSCs’
stability. Thus, future studies could include light-soaking tests with a promising encapsulant in
PSTSCs. Another aspect requiring further research is the effect of solar irradiation and the
associated current mismatch in two-terminal (2T) tandem devices. This is more difficult to
study under laboratory conditions, as solar simulators are generally limited to a fixed reference

spectrum, such as air mass 1.5 global (AM1.5G). Realistically, the light absorbed by solar cells
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varies depending on the location and time of the day, meaning that current matching becomes
more difficult under a varying spectrum. Overall, it would be interesting to study how much of
the performance loss is caused by the perovskite sub-cell alone. However, because the
perovskite sub-cell is typically deposited directly on top of the silicon sub-cell, it is difficult or
even impossible to measure the sub-cells separately after device fabrication, especially in 2T-
cells. And, as can be seen in Table 2, no specific protocol for testing perovskite-silicon tandem
cells currently exists, which complicates comparison between studies. The limited number of
long-term stability studies further highlights the need for more research. Standardized protocols
for testing the cells are needed, as the lack of such standards makes it difficult to compare results

across different studies.
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3 The Impact of Solar Spectrum Variations on Perovskite-Silicon

Tandem Solar Cells

3.1 Solar Spectrum

Solar spectrum refers to the distribution of electromagnetic radiation emitted by the Sun and
received at the Earth’s surface, ranging from wavelengths of 300 nm to 2500 nm [75]. The
spectrum includes visible, UV and infrared light [75], and it varies depending on the location
and the time of the day [8]. Since photovoltaic devices are typically characterized under
laboratory conditions, variations in the solar spectrum are rarely considered in studies of
perovskite-silicon tandem solar cells, highlighting the need for further research in this area [76].
To allow comparison between studies, the standard reference spectra are used to ensure
consistent testing for photovoltaic characterization [8]. The standard reference spectra include
three different spectra: AMO, AM1.5D and AM1.5G [76]. Here, AM stands for air mass, which
refers to the path length of sunlight through the atmosphere between the Sun and the receiving
surface [76]. Air mass zero (AMO) refers to the solar spectrum before entering the Earth’s
surface, thus it is often used for space applications [76]. Air mass 1.5 directed (AM1.5D), on
the other hand, means the direct sunlight coming from the Sun, often used in applications for
enhancing solar cell efficiency, such as trackers or mirrors [76]. For terrestrial applications, air
mass 1.5 global (AM1.5G) spectrum is the most commonly used standard [76]. It consists of
both direct sunlight and light that has been scattered in the atmosphere [76]. The AM1.5G
reference spectrum represents a fixed standard condition, whereas the actual solar spectrum

under field conditions varies with location, weather and time [11] (Figure 7).
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Figure 7. Solar irradiance spectrum measured at different times of day on June 1st, 2014. Data from
NREL, in Golden, Colorado [77].

The AM1.5G reference spectrum used for solar cell characterization can be different from the
solar spectrum, due to significant variations in light intensity and spectral distribution [11].
Several different factors can affect the solar radiation reaching the Earth’s surface. When the
weather is clear and the Sun is right above the surface of the Earth, around 70% of the solar
radiation makes it to the Earth’s surface [78]. Approximately 7% of the radiation reaching
Earth’s surface is diffuse light, scattered by particles in the atmosphere [78],[79]. The amount
of scattered light can vary depending on weather conditions, such as air pollution or cloud

coverage [78],[79]. Rest of the solar radiation is reflected or scattered back to space [78].

Therefore, sunlight reaching the Earth’s surface is not constant, as it depends on fractions that
are reflected, absorbed and scattered in the atmosphere. In addition to the atmospheric effects,
the position of the Sun plays a crucial role in determining how much solar radiation is captured
by the solar cell or panel surface [80]. Besides optimizing the tilt angle of the actual solar cell
or panel, two other angles are important, which are solar zenith and azimuth angles [80]. The
azimuth angle indicates the position of the Sun in the north-south direction, meaning that if the
Sun is at north, the azimuth angle is zero [81]. The solar zenith angle (SZA), on the other hand,
refers to the angle between the normal of the ground and the Sun [81]. Thus, if the Sun is
directly overhead, SZA 1is 0°, and on the horizon, it is 90° [81]. Terrestrial solar irradiance is
significantly affected by the solar zenith angle (SZA) [82], as it determines the amount of
sunlight reaching a surface. Under clear sky and low SZA, sunlight travels through a shorter

path in the atmosphere, resulting in less scattering and higher direct irradiance [83].
3.2 Effects of Solar Spectrum on Perovskite-Silicon Tandem Solar Cells

The solar spectrum variations significantly affect perovskite-silicon tandem solar cells, as the
sub-cells absorb different wavelengths of the sunlight, depending on their band gap [4]. The
perovskite sub-cell primarily converts light in the visible range, while the silicon sub-cell
absorbs the near-infrared light that passes through the top perovskite cell [9]. Usually, the top
cell has a wider band gap, and therefore it absorbs high energy photons, whereas the bottom

cell has a narrower band gap and captures the low energy photons [4].

In general, the light absorbing layer should have an appropriate band gap to ensure efficient
photon absorption and enable the cell to convert light into photocurrent efficiently [84]. To

optimize the top cell, its band gap is tuned through compositional engineering [85], often by
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modifying the composition of perovskite, for instance by substituting or mixing different
cations or anions [6]. It is particularly important in two-terminal (2T) devices, which require
current matching, unlike four-terminal (4T) tandems [6]. In addition to compositional
engineering, temperature also affects the band gaps of the sub-cells. With increasing
temperature, the band gap energy of the silicon sub-cell decreases, whereas the band gap of the
perovskite sub-cell increases [86]. This is due to different lattice behaviour of silicon and
perovskite materials [87]. These changes can affect the photocurrent generated by each sub-cell
and therefore lead to current mismatch in the tandem device, reducing the overall performance

[86].

It has been suggested that the band gap of the perovskite sub-cell could be modified according
to the conditions it is operated in [6],[85]. For instance, the thickness of the light absorption
layer and band gap combinations can be optimized to maximize the efficiency of perovskite-
silicon tandem solar cell in different locations and temperature variations [6]. Typically, in
PSTSCs the perovskite sub-cell has a band gap of 1.68 eV, which allows it to absorb light
efficiently [54]. However, in outdoor conditions with varying spectra and temperature, this band
gap can induce imbalances in current match and therefore cause effects such as reverse bias

(RB) [54].

Current mismatch is defined as the difference between the photocurrent densities of the sub-

cells:
CM = Jpnpsc — Jonsi» (1)

where CM is current mismatch, J,p psc the photocurrent density of the perovskite sub-cell, and
Jpn,si the photocurrent density of the silicon sub-cell [11]. The cells are current matched well,
when the difference between the photocurrent densities is small, ideally close to zero. Current
mismatch can lead to effects such as unused photocurrent, reduced efficiency, and reverse bias,

potentially leading to hot spots and accelerated degradation [11].

Reverse bias (RB) is closely linked to current matching. RB, as explained earlier, occurs in 2T
tandem cells when one of the sub-cells produces less current than the other, causing the voltage
across the weaker sub-cell to reverse polarity [11],[58] (Figure 8). Since the sub-cells are series
connected, RB affects the performance of the entire 2T tandem device [2], and must therefore
be taken into account. The sunlight reaching the cell surface can vary in outdoor conditions, as

factors such as dark clouds, nearby trees or other external factors can cause partial shading of
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the cells [88]. When one of the cells in a string becomes shaded, while the others remain in full
sunlight, the shaded cell becomes reverse biased, which can lead to irreversible degradation and

reduced current flow [11], as explained in the 2.3.3. section of this thesis.
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Figure 8. Comparison of normal operation of perovskite-silicon tandem solar cell (PSTSC) with
reverse-bias (RB) conditions. Under RB, current mismatch forces the lower-current sub-cell into
reverse-bias, resulting in high electric fields that can cause hot spots and degradation. Figure
inspiration from [89].

As reverse bias occurs when the currents of the sub-cells are not matched, good current
matching is one of the key factors mitigating RB effects. When both sub-cells operate at the
same current, that is, they are current matched, the tandem cell becomes more resilient to RB.
However, the challenge is that the sub-cells are current matched under laboratory conditions,
usually under the AM1.5G spectrum, therefore they often become current mismatched under

real operating conditions due to spectral variations. [11]

Previous studies, as stated in [11], have shown that cell breakdown becomes more likely under
varying spectra and temperatures. Under changing illumination, the photocurrent densities vary
significantly, for instance in bluer wavelength range of light the difference J,npsc — Jpnsi
becomes positive, and under redder wavelength range it turns negative. When the spectrum
shifts from blue to red, the perovskite sub-cell can limit the current of the tandem device and
may be forced into RB, potentially leading to breakdown of the perovskite sub-cell and
therefore causing possible damage to the silicon sub-cell as well. Such spectral changes often
occur during sunny afternoons in various locations and seasons. [11] Therefore, ensuring good

current match is particularly important, as these conditions are common in real outdoor
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environments. Additionally, solutions such as including more bypass diodes, reducing the
number of cells in a string, or modifying the band gap of perovskite have been considered
[11],[58],[88]. However, further research is needed to understand how current matching affects

reverse bias breakdown in PSCs and consequently, the performance of PSTSCs.
3.3 External Quantum Efficiency

Quantum efficiency defines the ratio of collected charge carriers to incident photons and is
commonly divided into internal and external quantum efficiency [90]. External quantum
efficiency (EQE) includes optical losses in the device, such as reflection and transmission,
whereas internal quantum efficiency (IQE) considers only photons absorbed in the active
material [90],[91]. Therefore, to account the optical losses, EQE is used throughout this work to

provide more accurate current generation of the tandem device.

External quantum efficiency (EQE), also known as the incident-photon-to-current conversion
efficiency (IPCE), describes the wavelength dependent ratio of collected charge carriers at the
electrodes, divided by the incident photons reaching the cell’s surface [92],[93]. EQE is
measured to study the solar cells’ behaviour in a certain wavelength range [94]. It is closely
related to spectral responsivity (SR), which is an important metric used to define a device’s
EQE [94],[95]. The spectral responsivity measurements used for determining EQE are usually
conducted based on IEC 60904-8 standard [96]. Based on the standard, the measurements are
conducted by illuminating the photovoltaic device and its active areas with monochromatic
light, usually generated by monochromator [94]. For spectral responsivity, the short-circuit
current density of the device is measured and used to calculate the spectral responsivity SR(A)

according to the following equation:

Isc(1)  Isc(A) (2)
E)/A P’

SR(A) =

where I (A) is the short-circuit current density at a specific wavelength A, E()) is the irradiance
of the light source at a specific wavelength A, A is the area of the device, and P()A) the radiant

power incident on the device at a specific wavelength A [96].

From spectral responsivity, EQE can be calculated using the following equation:

EQE (1) = SR(A)E, )
qi
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where SR(}) is the spectral responsivity, h Planck’s constant, ¢ the speed of light, q the
elementary charge, and A the wavelength of the incident photons [95]. An example of external
quantum efficiency of both silicon and perovskite solar cells can be found in Figure 9 for a

tandem solar cell.
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Figure 9. External quantum efficiencies for perovskite top cell (perovskite layer consisting of
Rbg os(FApgsMAg17)0.9sPb(Iyg3B70.17)3) and silicon bottom cell (SHJ). Data retrieved from [97].
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3.4 Spectral Effects and Current Matching for Perovskite-Silicon Tandems

Table 3. Overview of spectrum studies for tandem devices. The first column shows the tandem type,
and the second column indicates what kind of data the studies used, followed by the methods, key
findings, and other observations of the studies.

Tandem type | Spectrum Method Spectral Key findings Other information Ref.
data type variation
considered
2T PSTSC Outdoor Theoretical | Annual RB breakdown is | Suggested solutions [11]
modules measured + modelling | variation and | more likely under | to minimize RB:
spectral shading outdoor band gap tuning,
data scenarios conditions, due to | reduced string length
current mismatch | and MPPT
PSTSCs (2T) | AM1.5G Simulation Calculated Achieved tandems | Real world conditions | [57]
and 20 using a with 33% PCE are not considered.
different filtered due to current Ideal band gap for
filtered spectrum matching and perovskite 1.68 eV
spectra thickness
optimization
PSTSCs (2T) | AM1.5G- Experimental | Controlled Experimental PSC is the limiting [98]
and 20 spectral determination of | sub-cell under red-
different variation the current-match | rich spectra, Si-SC
varied under point and its under blue-shifted
spectra laboratory impact on device
conditions performance
PSTSCs Spectrum Detailed- Annual The most affected | Suggested solution: [21]
(2T and 4T) data from balance variation tandem location-based
Netherlands | calculations configuration is optimization of
and US, and current matched PSTSCs
AM1.5G 2T-device with a
non-ideal bandgap
PSTSCs Outdoor Simulation Annual Spectral deviation | Efficiency decreases [99]
(2T and 4T) measured variation reduces EHE by 5%;e; With just 0.1
spectral 2%ye1 eV perovskite band
data gap change
PSTSCs (2T) | Solar Experimental | Controlled Current match FF compensates for [10
simulator + simulation | spectral significantly current mismatch 0]
(AML1.5G) variation affects device
with varied under performance,
blue content laboratory particularly FF
conditions
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Not many studies for spectrum variation effects on perovskite-silicon tandem solar cells
(PSTSCs) have yet been conducted. In a theoretical study by Li et al., they studied how spectral
variations can affect the challenges occurring when the cells become reverse-biased [11]. To
study this, they investigated how current mismatch affects the sub-cells under different
spectrum and temperatures. This was done by using simulated spectral irradiance data,
calculating the photon flux out of this, where the photocurrent densities (Jpp) could be
calculated for each sub-cell. The study focused on the reverse-bias behaviour of the cells, the
conditions under which these occur, and potential solutions to mitigate them. They found that
PSTSCs are more susceptible to reverse-bias (RB) stress under red-rich spectra and varying
temperatures. This provides a new perspective, as these conditions are not fully studied under
laboratory illumination, where current matching can be achieved more easily due to optimized
conditions. By considering realistic outdoor conditions with varying spectra, the study showed
that achieving RB resilience in the field is significantly more challenging. Their possible
solutions for this issue were a power point tracker that lets the cells operate at higher voltages,
reducing cells in string, modifying perovskite sub-cells band gap and improving the RB voltage

of perovskite solar cells. [11]

In this thesis, the approach used to study the current-matching behaviour of PSTSCs is fairly
similar to that used by Li et al. [11], however, the focus of these two studies differs. Li et al.
primarily studied the reverse-bias behaviour of PSTSCs and how environmental conditions
such as temperature, albedo, and spectral variations affect the cells [11]. In contrast, this thesis
focuses on determining the conditions where current mismatch occurs, identifying the limiting
sub-cell, and studying how weather conditions, such as cloudiness affects the sub-cell current

generation using measured spectral data under Finnish climate conditions.

In another study, Shrivastav et al. performed a simulation, where they considered the
thicknesses of the light absorbing layers and the effect it has on the photon harvesting properties
of the cells. In this simulation, the authors addressed current matching optically by using 20
different filtered spectra and adjusting layer thicknesses. Here, the filtered spectrum refers to
the photons that pass through the perovskite top-cell after absorption, which varies with the
thickness of the perovskite layer. The calculations were done by calculating the passing
AM1.5G through the upper, perovskite sub-cell, and then using the transmitted photons for the
bottom silicon sub-cell. This allowed a comparison of the sub-cell’s photocurrents with
different thickness combinations, identifying the ones that produced matched currents for the

tandem device. Using this method, the authors achieved a simulated efficiency of 33% with a
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tandem composed of a perovskite sub-cell (1.68 eV band gap) and a silicon sub-cell (band gap
of 1.12 eV). The main limitation of this study is that it does not consider real-world conditions,
such as spectral and temperature variations, which can significantly affect the results.
Additionally, the study is purely simulation based and assumes ideal tunnel recombination
junction (TRJ), which is the layer connecting the top and bottom sub-cells, which in practice

often introduces resistive losses and therefore affect the device efficiency. [57]

Bett et al. studied spectral effects on PSTSCS, with a particular focus on current matching,
using a different approach: spectrometric characterization. Instead of relying on external
quantum efficiency (EQE) of both sub-cells, this method determines the short-circuit current
by measuring I-V characteristics under systematically varied irradiance, ranging from blue to
red-shifted spectra. This allows to determine the current match point and additionally, provide
information on both sub-cells alone. According to the study, spectrometric characterization
provides more reliable current matching results than EQE based approach, as it avoids
measurement inaccuracies involved with sub-cell measurements in monolithic devices. In
addition to providing an alternative approach for assessing current matching, the key findings
of the study were that the perovskite top cell became current-limiting under red-rich spectra,
while the silicon bottom cell became current-limiting under blue-shifted spectra, reflecting the

spectral response of each sub-cell. [98]

Futscher et al. [21] studied the theoretical efficiency limits of perovskite-silicon TSCs, by
comparing two-terminal (2T), four-terminal (4T), and module architectures and their
efficiencies under two different locations: Utrecht, Netherlands, and Denver, Colorado, US.
The calculations were done using detailed-balance calculations, in which the total current of
each sub-cell is calculated using Shockley and Queisser [101] equations by modifying these to
tandem configurations. Photocurrent of each sub-cell were calculated from the photon flux of
both the standard AM1.5G spectrum and real measured solar spectra. Among the studied
configurations, the current mismatch issue is most critical for two-terminal tandems, as these
were found to be the most affected under varying spectra, resulting in significant power losses.
In this study, Futcher et al. addresses this by modelling the effect of spectral changes on current
matching in 2T-tandems, clearly stating that even if current matching is optimized under
AM1.5G, real-world operation leads to significant mismatch losses. Additionally, they
demonstrate that an optically thick absorber with a non-ideal band gap, such as perovskite,

limits current matching by reducing the available photocurrent to the silicon bottom cell. [21]
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In another study, Witteck et al. [99] studied the effects of spectral variations and band gap
tuning of PSTSCs. The study was conducted by applying measured irradiance data from
Golden, Colorado (US), and experimentally obtained cell parameters to model energy
harvesting efficiency (EHE) of both two-terminal (2T) and four-terminal (4T) tandem devices.
Energy harvesting efficiency (EHE) refers to the ratio at which a solar cell converts incident
sunlight into electrical power [102]. Their main findings were that if a device is well current
matched under reference spectrum (AM1.5G), in outdoor conditions and varying spectra, the
EHE is only affected by 2%...¢. Considering variations in the perovskite sub-cell band gap, the
findings indicate that a 2T PSTSC can lose over 5% relative efficiency if the top-cell band gap
deviates by 0.1 eV from the optimal value. Furthermore, they modelled with a non-optimal
band gap for perovskite, which was 1.58 eV, which resulted in 17%y.f lower EHE compared to
4T device due to high current mismatch. However, while 4T devices function without current
matching, in practise these devices have similar, or lower efficiencies once realistic losses, such

as optical losses, are included. [99]

Kohnen et al. studied effects of spectral variation on PSTSCs and current mismatch by
combining J-V measurements with short-circuit current (Jg-) calculations using external
quantum efficiencies (EQEs) of the sub-cells. The measurements were done by using a solar
simulator and varying the light composition by tuning the amount of blue light. The results
showed that current mismatch does not determine the amount of power output of the cells alone,
as a lower Js. can be partially compensated by an increased fill factor (FF). However, FF was
significantly affected by the amount of blue light in the illumination. The study also noted that
varying rates of degradation can lead to increased current mismatch over time, which

emphasizes the importance of improving stability, especially with PSCs. [100]

Overall, it seems that there is still a lack of studies considering spectral variability in PSTSCs,
especially under real outdoor conditions. Many of the existing studies have been conducted
under laboratory conditions, often using varied spectra with different wavelength compositions.
However, tandem cells that are current matched under laboratory conditions may not behave
similarly outdoors, as spectral and temperature variations can induce current mismatch,
highlighting the importance of considering real-world conditions in future studies.
Additionally, several studies only rely on simulated irradiance data and do not consider for real-
world variations in spectral conditions and temperatures [11],[57]. Therefore, this thesis
addresses this limitation by using real measured irradiance data that takes into account seasonal

and environmental variability, including changes in cloudiness.
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This thesis also addresses Finnish climate conditions, which are rarely considered in the
literature. Many studies mainly focus on hot and humid environments and do not consider
conditions such as cold winter days with significant cloud cover and lower illumination.
Additionally, modelling studies of PSTSCs often assume an ideal recombination junction,
which may lead to overestimated current generation [57]. Furthermore, many studies focus on
theoretical efficiency limits [21] and therefore do not consider for degradation effects, even
though degradation can significantly affect tandem device performance and current matching
conditions [100]. At the time of this study, no research has yet stated how current mismatch
accelerates degradation or how degradation effects current mismatch, although it has been
reported that degradation can increase current mismatch [100]. However, the relationship
between these effects has not been studied yet, highlighting the need for further research in this

arca.

A common aspect in the studies of the literature review is that the band gap of perovskite is
often tuned to improve current matching conditions [21],[57], [99] and to enhance the resilience
against reverse-bias conditions [11]. Additionally, it has been reported that the perovskite sub-
cell often becomes the current limiting sub-cell under red spectra [11],[98]. Overall, studying
the real-world operation of PSTSCs remains challenging and requires further research, as
devices are still often current matched under laboratory conditions [21]. Therefore, this thesis
focuses on studying the current matching conditions under real outdoor environment rather than

a laboratory environment.

Based on the literature review, the most common method to assess current matching in
perovskite-silicon tandem solar cells (PSTSCs) is through measuring EQE data for both sub-
cells, which can then be used to determine the current mismatch. Therefore, this method was
also used for the calculations in this study. While this method is commonly used for analysing
PSTSCs, it has some limitations that may reduce its accuracy. This includes not taking
degradation effects into account [103] and the use of EQE measurements that are typically
measured under laboratory conditions at 1-Sun illumination, which introduces some uncertainty
to the results [104]. Additionally, as mentioned in Section 2.3.1, ion migration can lead to
changes in the perovskite layer with time, which are not fully accounted using the EQE method

[104].
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4 Methods

This section describes the methods behind the photocurrent density and current mismatch
calculations for a perovskite-silicon tandem solar cell (PSTSC). The calculations were done in
the following way: first, the irradiance measured with a spectroradiometer (MS-711) was used
to determine photon flux, after which the wavelength dependent photocurrent density (/)
could be calculated for each sub-cell and the tandem cell. After this, the absolute current
mismatch and relative current match could be determined and compared across different

s€asons.

The irradiance data, from New Energy Research Center (TUAS), were measured in Turku,
Finland, using an MS-711 spectroradiometer, which recorded spectral irradiance with the
wavelength range relevant for solar cells, that is from 300 nm to 1100 nm. The irradiance was
measured in S-minute intervals during 2025, from January 1% to September 12, between 4:00
to 22:00 each day. Using a python code (Appendix 1), the irradiance was computed into photon

flux, using the following equation:

1) * 4)
hc '’

o) =

where @ is the photon flux density, I (A) is the spectral irradiation, A is the wavelength, h is

Plank’s constant and c is the speed of light [21].

After calculating the photon flux, the photocurrent densities of the sub-cells could be

determined. To calculate the photocurrent density (J,,) of the perovskite sub-cell, it was
assumed that all photons absorbed in the perovskite layer contributes to photocurrent
generation, using measured absorptance (A(A)). Therefore, the external quantum efficiency of
the perovskite sub-cell was assumed to be EQEperopskite = 1, and the [, was calculated using

the following equation:
5
Jonpsc =4 [ @) x4 a2 ©)

where q is the elementary charge, ®@ the spectral photon flux at wavelength A, and A the
absorptance of the perovskite layer at wavelength A. For the silicon sub-cell J,,j, the following

equation was used:
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Jonsi = q f @A) *T(A) x EQE5;(A)dA, (6)

where q is the elementary charge, ® the spectral photon flux at wavelength A, T the transmitted
light through the perovskite sub-cell at wavelength A, and EQEg; the external quantum
efficiency of the silicon sub-cell (SHJ). The EQE of both sub-cells is shown in Figure 10. The
figure also includes the EQE of perovskite solar cell, although the EQE for perovskite was
assumed to be 1 in these calculations. The absorptance and transmittance of the tandem cell
were from Héagglund et al. [105], and are plotted in Figure 11. These properties correspond to
a tandem cell consisting of a perovskite absorber with composition (FACs)Pb(Brl); and a
PERC silicon sub-cell [105]. Optical losses in the modelled PSTSC were simplified, as the aim

of this study was to analyse current mismatch conditions, rather than absolute /,, values.
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Figure 10. External quantum efficiency (EQE) of perovskite and silicon solar cells measured
independently. Perovskite cell data from [106], and silicon cell data from [107]. The EQE of perovskite
used here is formamidinium lead iodide (FAPbI;), and the EQE of silicon heterojunction (SHJ) cell
(rear-side polished). The EQE of perovskite is included in the graph for reference.
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Figure 11. Modelled spectral transmittance and absorptance of the perovskite sub-cell. Perovskite
structure here: (FACs)Pb(Brl);. Data from [105].

The photocurrent density of the perovskite-silicon tandem solar cell was determined as the

smaller of the two integrated sub-cell photocurrent densities [, psc and Jpp s

The absolute current mismatch, defined as the difference between the photocurrent densities of

the sub-cells, was calculated using the following equation:
CM = Jpnpsc — Jonsio (7

where Jpp psc and Jpps; are the integrated photocurrent densities of the sub-cells. The relative
current match, which describes the balance between the sub-cell photocurrent densities, was

calculated using the following equation:

Jon,psc 8
CM,e = P ( )

)
Jon,si

where CM, is the relative current match and Jpp psc and  Jpp s; the integrated photocurrent
densities of the sub-cells. Seasonal weather data were obtained from the Finnish Meteorological
Institute’s open database [108] for Turku, Artukainen, which was the closest location with
available measurements. The weather data included the cloud cover and mean temperature (°C)

of each day.
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5 Results and Discussion

In this chapter, the results on the current mismatch behaviour of perovskite-silicon tandem solar
cells (PSTSCs) are studied under different seasons and times of the day. First, the temporal
behaviour of the sub-cells and the tandem are discussed, with the focus on individual days and
the effect of irradiance on photocurrent densities of the cells. This section is followed by the
analysis of the effects of cloudiness and seasonal variations on current matching. Finally, the
trends across all seasons are studied to identify the key patterns in PSTSC performance under

varying environmental conditions.

5.1 Daily Variation of Current Match
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Figure 12. Figures from a cloudy winter day. A) Photocurrent density (/,,) of both sub-cells (perovskite
in orange and silicon in blue), and as a tandem device. B) Irradiance as a function of time. C) Absolute
current mismatch of the perovskite-silicon tandem solar cell (PSTSC). D) Relative current match of the
PSTSC.

On a cloudy winter day, when the temperature is around -5°C, the irradiance remains relatively
low throughout the day (Figure 12B), resulting in low photocurrent densities (J,p,) in both sub-
cells (Figure 12A). Because the cells are series connected, the sub-cell generating the lower
current limits the total tandem current. In this case, the silicon sub-cell produces the lower

current, and therefore determines the overall device current (Figure 12A). The J,; curve of
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perovskite closely follows the structure of the irradiance curve, reflecting its strong absorption

in the visible light region of the solar spectrum (Figure 12A).

As the current stays low, (below 1.5 mA/cm?), the current mismatch stays below 0.8 mA/cm?
(Figure 12C). The J,p, reaches its maximum around midday, as might be expected due to the
peak in the irradiance. However, when looking at the relative current mismatch of the
perovskite-silicon tandem cell, it seems that the ratio between Jpn(pscy/Jpn(siy reaches its peak
in the morning and in the afternoon (Figure 12D). At these times, the solar spectrum is more
red shifted, meaning that the perovskite sub-cell is more affected due to its higher band gap,
since fewer photons have sufficient energy to be absorbed by the perovskite sub-cell. In
contrast, the silicon sub-cell benefits from the increased proportion of red-shifted light. Overall,
the peaks in the J,, ratio may be partly due to low photocurrents values, where small

fluctuations can lead to large variations in the ratio.
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Figure 13. Graphs from a clear winter day. A) Photocurrent density (/,;) of both sub-cells and as a

tandem device. B) Irradiance on a clear winter day. C) Current mismatch of the perovskite-silicon
tandem. D) Relative current match of the device.

On a clear winter day in January, when the temperature is around -7°C, the photocurrent

density J,p, does not exceed 4 mA/cm? (Figure 13A), which is consistent with the low

irradiance below 120 W/m? (Figure 13B) throughout the day. Again, the ], of perovskite
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sub-cell follows the structure of the irradiance curve, as it is assumed to be strongly absorbing
in the visible light range. The irradiance on a clear winter day reaches its maximum around
noon (Figure 13B) and does not show significant variation throughout the day. A similar trend
can be observed for the absolute current mismatch, which peaks around the same time as the
irradiance and photocurrent densities, showing little to no variation outside its maximum
(Figure 13C). In contrast, the relative current matching ratio varies more during the morning
and late afternoon, showing noticeable variations in these periods (Figure 13D). The variation
in relative current matching reflects the effect of spectral changes during a winter day with a
clear sky but can also be due to the low photocurrents during winter days, as mentioned in the

case of the cloudy winter day.
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Figure 14. Graphs from a cloudy spring day. A) Photocurrent density (/,,,) of the sub-cells and as a

tandem. B) Irradiance of a cloudy spring day as a function of time. C) Current mismatch of the tandem
device. D) Relative current mismatch of the PSTSC.

During a cloudy spring day in April, when the temperature is around 13°C, the irradiance shows
strong variability with multiple peaks and dips (Figure 14B). A similar behaviour is seen for
the photocurrent densities of the sub-cells (Figure 14A). The silicon sub-cell remains as the
limiting sub-cell, meaning the series connected tandem’s ], stays at the level of the silicon

cell.



47

When comparing the current mismatch of this cloudy spring day to the cloudy winter day, the
Jpn of the cells is higher, with the current mismatch following this trend (Figure 12C and Figure
14C). As expected, the absolute current mismatch increases when the sub-cells, and therefore
the tandem cell, produce higher photocurrent densities. With the varying irradiance (Figure
14B), the current mismatch of the tandem cell varies more than with a clear curve (Figure 12C).
Additionally, the ratio of the J,, of the perovskite and silicon sub-cells (Figure 14D) does not
show peaks in the morning and late afternoon, as with those observed during the winter days.
This might also be due to higher absolute photocurrent densities, for which the ], ratio
becomes less sensitive to fluctuations. Overall, during cloudy spring conditions, the perovskite

sub-cell remains as the dominant sub-cell, likely due to enhanced diffuse light caused by clouds

or the amount of blue-rich sunlight.
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Figure 15. Graphs from a clear spring day. A) Photocurrent density (/,,,) of the tandem device and the

sub-cells (in orange PSC, in blue Si-SC). B) Irradiance on a clear spring day. C) Current mismatch of
the tandem cell. D) Relative current mismatch of the tandem.

A clear spring day shows a higher irradiance (Figure 15B) and therefore higher photocurrent
densities (Jpp) (Figure 15A) compared to a cloudier day (Figure 14B). Again, the silicon cell
remains as the limiting sub-cell, limiting the J,, of the whole tandem cell (Figure 15A). Here,
both the irradiance and photocurrent densities reach their maximum around noon, with

relatively small variations throughout the day, except some fluctuation in the late afternoon.
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The current mismatch follows the same trend as with J,,;, and irradiance, showing its peak value
around 10 mA/cm? in noon (Figure 15C). Regarding the relative current mismatch, the ], ratio
remains relatively stable throughout most of the day, with two peaks observed in the early
morning and late evening. The cloudy spring day (Figures 14A-D), show more fluctuations in
irradiance, photocurrent densities and current mismatch compared to this clear spring day,

which may be because of the cloudy conditions and therefore more diffused sunlight.
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Figure 16. Graphs from a cloudy summer day. A) Photocurrent density (/) of the sub-cells and

PSTSC. B) Irradiance on a cloudy summer day. C) Current mismatch of the PSTSC. D) Relative
current mismatch of the PSTSC.

On a cloudy summer day, with a temperature of around 14°C, the irradiance shows strong
variability (Figure 16B), even though the Sun stays above the horizon for most of the time
during this time due to Finland’s high latitude. Most likely strong cloud cover causes the
fluctuation, limiting the irradiance and therefore causing high variability in the photocurrent
densities (J,p,) of the cells as well (Figure 16A). Again, the ], of the tandem cell is limited by

the lower current producing silicon sub-cell (Figure 16A).

The absolute current match also shows high variations, with its peak reaching around 6 mA/cm?
around midday (Figure 16C). The ratio of Jpn(psc)/Jpn(si) Stays relatively stable and reaching

its maximum value during the afternoon (around 18:30), indicating a temporary increase in
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current mismatch between the sub-cells (Figure 16D). The peak could be due to changes in
spectral conditions, such as the cloudiness, causing a temporary increase in the J,, of the
perovskite sub-cell. Overall, the perovskite sub-cell is dominant throughout the day, however,
at certain times (such as around 6:00 in the morning) the ratio approaches 1, indicating nearly

equal photocurrent generation in both sub-cells.
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Figure 17. Graphs on a clear summer day. A) Photocurrent density (/,,) of the sub-cells and the
tandem as a function of time. B) Irradiance on a clear summer day. C) Current mismatch of the
perovskite-silicon tandem. D) Relative current mismatch of the tandem.

On a clear summer day during the Finnish mid-summer (~20°C), the irradiance is fairly high
(Figure 17B), meaning that the photocurrent densities also reach higher values (Figure 17B).
There is less variation in the morning in all three graphs (J,,;, (Figure 17A), irradiance (Figure
17B), and current mismatch (Figure 17C)), with the variability increasing after midday. This

can be due to changing weather conditions such as clouds passing by the measurement location.

Overall, during this day, the current mismatch is the largest out of the seasons discussed so far,
reaching more than 12 mA/cm? (Figure 17C), likely due to increased irradiance. However, the
relative current mismatch (Figure 17D) is comparable to that observed on the cloudy summer
day (Figure 16D). The ratio remains stable, with values around 1.75, but shows peaks in the

early morning and late evening, following a similar trend observed during the cloudy day.
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Figure 18. Graphs from a cloudy autumn day. A) Photocurrent density (/) of the tandem and the sub-
cells (perovskite and silicon). B) Irradiance on a cloudy autumn day. C) Current mismatch of the
tandem cell. D) Relative mismatch as a function of time.

Even under cloudy conditions, the autumn day shows comparatively high irradiance (Figure
18B), resulting in higher photocurrent densities (/) for both sub-cells (Figure 18A). The J,p
of the tandem remains limited by the silicon sub-cell (Figure 18 A). The cloudy conditions result
in high fluctuating J,,, in both sub-cells, which can be seen in the absolute current mismatch as
well (Figure 18C). Current mismatch reaches up to 9 mA/cm?, especially in the afternoon,
indicating a significant imbalance between the photocurrents of the two sub-cells. The same
phenomenon can be observed for the relative current mismatch (Figure 18D), which reaches
maximum values in the early morning and afternoon, indicating that the perovskite sub-cell
dominates the photocurrent generation during these times. This may be due to the cloudy

conditions, which can scatter the light and enhance its proportion of blue-rich light.
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Figure 19. Graphs from a clear autumn day. A) Photocurrent density (/,,) of the sub-cells and the
tandem cell. B) Irradiance on a clear autumn day. C) Current mismatch of the tandem cell. D) Relative
current mismatch on a clear autumn day.

Both the irradiance (Figure 19B) and the photocurrent densities (Figure 19A) exhibit increased
variability during the afternoon on a clear autumn day. As this day is in early autumn in
September, comparatively high irradiance levels are still observed (Figure 19B). The current
mismatch between the two sub-cells remains high (Figure 19C), with larger values than those
observed on the cloudier day (Figure 18C). Again, a similar trend in the absolute current match

values can be seen in Figure 19D, where the ratio of J,;, reaches its maximum values around

the early morning and evening.
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5.2 Effect of Cloudiness on Current Mismatch
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Figure 20. A) Absolute current mismatch comparison of a cloudy and a clear winter day. B) Relative
current match on a cloudy and a clear winter day.

The absolute current mismatch between the perovskite and silicon sub-cells on a clear and a
cloudy winter day shows a clear difference between the days (Figure 20A). On a clear day, the
current mismatch reaches higher values, most likely because the photocurrent density is also
higher at that time. However, on both days the mismatch does not reach high values, staying
below 1.4 mA/cm? (Figure 20A). Ideally, the current mismatch would be close to zero. In this
case, these kinds of conditions can be observed during the mornings and evenings on both
cloudy and clear days but may also be due to the lack of sunlight in Finland on such winter

days.

The ideal relative current mismatch ratio is near one, as then the sub-cells produce nearly the
same amount of J,,, meaning the current mismatch is close to zero, which is ideal for tandem
operation. In Figure 20B during the early morning and late evening, the J,;, ratio is even under
one, which would indicate that the silicon sub-cell is producing more J,;, during those times.
This is because the spectrum is red-shifted in the morning and late evening, which benefits the
silicon sub-cell, as they are able to absorb lower-energy photons more effectively. Apart from
the mornings and evenings, the ratio of the photocurrent densities peaks up to 4, meaning that
the perovskite sub-cell produces significantly more current on those times, at least on the
cloudier day (Figure 20B). Overall, during winter in Finland, low irradiance leads to low
absolute J,, values, making the relative current mismatch more sensitive to small variations.

As a result, peaks in the ], ratio more noticeable, even though the absolute photocurrents

remain low.
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Figure 21. A) Absolute current mismatch of a PSTSC on a clear and cloudy spring day. B) The relative
current mismatch of the PSTSC on both clear and cloudy day in spring.

On both spring days, i.e., cloudy and clear, the current mismatch is noticeable, as can be seen
in Figure 21A. The cloudy day shows more variation in the mismatch during the day, while the
clear day shows high values of around 9 mA/cm? during the day but less variability in the values
(Figure 21A). The increased variation under cloudy conditions may be due to fluctuations in
irradiance caused by clouds, which causes the sub-cells to respond differently because of their
different band gaps, showing more fluctuation both in the actual J,,;, values and J,;, ratios. The
mismatch is already significantly higher than with the winter days (Figure 20 A) during both
spring days. The relative current mismatch, that is the ratio of the J,, of the sub-cells shows
clear peaks in the early morning and late evenings on both days (Figure 21B). Surprisingly, the
Jpn ratio remains lower on the clearer day as with in the cloudier day, indicating that the ],
production of the cells is more in balance during the day when the weather is clearer. However,
on both days, the perovskite sub-cell seems to produce significantly more photocurrent, which
may also be partly due to the simplified optical losses in these calculations being lower than in

reality, overestimating the J,j, of the perovskite sub-cell.
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Figure 22. A) Current mismatch comparison of a clear and cloudy summer day in June. B) The relative
current mismatch on the same days.

In Finland, midsummer is the time when there is the most daylight, which is also reflected in
the tandem J,,, output and increased current mismatch (Figure 22A). The difference between a
cloudy June day and a clearer, sunnier day is significant. During the clear summer day, the
current mismatch reaches values up to 12 mA/cm?, while on the cloudier day the values remain
below 6 mA/cm? (Figure 22A). However, when comparing the ratio between the photocurrent
densities of the sub-cells, it seems that those differences are not that noticeable between the two
days (Figure 22B). Both ratios of /s, remain quite stable around 2, meaning that the perovskite

sub-cell produces a lot more current when comparing it to the limiting silicon sub-cell.

a)
10 b
Clear 4.0 )
8 Cloudy 354
i w
L ° £ 251
< - -
E 4_ “-.U 2.0
pa— w
£ ":-_ 1.5 1
- 24 _Jn. 104
0—| 05-
—_
04 06 08 10 12 14 16 18 20 22 04 06 08 10 12 14 16 18 20 22
Time Time

Figure 23.A) Current mismatch of the tandem cell on a clear and sunny day in autumn. B) Relative
current mismatch on a clear and sunny day.

During the autumn days, the current mismatch is high, as it reaches values of up to 10 mA/cm?
on both days (Figure 23A). On the clear day, the curve is relatively smooth, whereas on the

cloudy day it shows lower values in the morning and a lot of variation in the afternoon, as can
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be seen in Figure 23A. The ratio of the photocurrent densities /,,, (Figure 23B), exhibits smaller
deviations than the absolute photocurrent densities. Higher [, ratios are observed during the
early morning on the cloudy day, indicating increased current imbalance, while during the
afternoon both days show increased variability in the ratio (Figure 23B). Overall, the J,j, ratio

does not remain close to the ideal matching condition close to one, suggesting that optimal

current matching is rarely achieved.

In summary, the perovskite sub-cell generally dominates the photocurrent generation in the
tandem device during the compared times. The silicon sub-cell shows peaks in photocurrent
generation during early mornings and late evenings, especially under low irradiance conditions.
This is likely due to the red-shifted spectrum at these times, which is more favourable for the
silicon sub-cell. Peaks in the J,p, ratio are typically more significant on cloudy days, which can
be due to fluctuations in the irradiance and incoming sunlight, which affects the cells
differently. In addition, in these calculations, the model assumes simplified optical losses for
the perovskite sub-cell, which leads to an overestimation of its photocurrent generation
compared to the silicon sub-cell. The mismatch is high under most conditions, which can be
partly due to the assumption that the perovskite sub-cell absorbs all photons. Including more

realistic optical losses would likely reduce the mismatch and provide more accurate results.

5.3 Seasonal Variation in Current Mismatch
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Figure 24. A) Comparison of absolute current mismatch values on cloudy days during the winter,
spring, summer, and autumn for a perovskite-silicon tandem solar cell. B) Relative current mismatch
during cloudy days in different seasons.

Figure 24 A presents the absolute current mismatch on cloudy days across all four seasons for a
perovskite-silicon tandem solar cell. The mismatch reaches its highest values during the autumn

afternoon, indicating high imbalance between the sub-cell photocurrent generation. The cloudy
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days in spring and summer show comparable mismatch values, whereas the winter day shows
significantly lower values throughout the day (Figure 24A), which can be connected to the
generally low irradiance levels during winter in Finland. However, if irradiance alone was the
dominant factor, the summer day would be expected to show the highest J,,,, and corresponding
mismatch values, given the higher solar irradiance typical of Finnish summers. This is not
observed for the cloudy summer day, indicating that additional factors, such as cloudiness and
variability play a significant role. Overall, the current mismatch varies a lot across all seasons,

with the winter day showing less variation compared to the other seasons (Figure 24A).

The relative current match for the cloudy days can be seen in Figure 24B. The ratio of the
photocurrent densities exhibits significant variability across all seasons under cloudy
conditions, which may be due to clouds scattering the incoming light. During the cloudy winter
day, the J,, ratio approaches value close to one in the morning and late evening, fluctuating
around this value and indicating that the sub-cell current are most closely matched during these
times (Figure 24B). The J,;, ratio shows some peaks during the late morning and early evening
hours. The cloudy winter day shows the most distinct curve compared to the other seasons,
which may be due to low absolute /,, values. As a result, fluctuations appear more high, even
though the overall photocurrents remain low. In contrast, other seasons, e.g. spring, summer,
and autumn, have more similar photocurrent density ratios, with higher values in the morning
and evening and a relatively stable ratio around midday (Figure 24B). These peaks indicate that
the perovskite sub-cell is the more dominant sub-cell compared to the silicon sub-cell during
these periods. Overall, the high amount variability in both absolute and relative current
mismatch can be due to cloudy conditions, which leads to scattered incoming light. In addition,
the simplified optical losses overestimate perovskite sub-cell photocurrent generation and likely

underestimate silicon sub-cell photocurrent generation.
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Figure 25. A) Comparison of current mismatch values on clear days across all seasons for perovskite-
silicon tandem solar cell (PSTSC). B) Relative current mismatch during clear days in different
seasons.

Figure 25A shows the absolute current mismatch on clear days across all seasons for a PSTSC.
The mismatch values vary considerably between the seasons. The winter day exhibits the lowest
mismatch throughout the day, likely due to the generally low irradiance in Finland during
winter, even under clear conditions. On the clear autumn day, the mismatch increases after
midday, showing a lot of variation in the absolute values (Figure 25A). This may be due to the
oversimplified optical losses, underestimating silicon sub-cell photocurrent generation.
Additionally, decreasing irradiance during autumn afternoon may enhance the sensitivity of the
photocurrent values, leading to fluctuations in the absolute values. The spring day reaches
values of around 9 mA/cm?, following the daylight pattern, with a peak around noon, which
may be due to increased irradiance during that time. The summer day reaches the highest
mismatch of all seasons and shows significant variation throughout most of the day, except
during the early morning. The mismatch does not reach zero at any time during daylight hours,

reflecting the high irradiance typical of Finnish summers, particularly in June.

Figure 25B presents the relative current matching of the PSTSC. The photocurrent density ratio
is similar for the spring, summer and autumn days, between approximately 10:00 and 16:00.
Outside this time window, greater variations can be seen, with the autumn day showing the
largest variation during the late afternoon (after 16:00). Overall, the ratio Jpnpsc)/Jpn(si)
remains below 2 during these periods, which indicates that the operation of the tandem cell is
mainly limited by silicon sub-cell. These results are likely to differ if optical losses were
considered more accurately, since the J,j, of the silicon sub-cell is likely lower than in reality.
The clear winter day differs the most from the other seasons, showing constantly lower J,,, ratio

values, and only a few peaks in the morning and afternoon, occurring at similar times as
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observed for the cloudy winter day (Figure 24B). However, there are some fluctuations on the
winter day a swell, which is likely due to the small irradiation and therefore also low absolute

Jpn values and high fluctuations of relative current mismatch values.

To summarize the results, it was observed that increasing irradiance on a daily timescale led to
higher absolute current mismatch. The perovskite sub-cell closely follows the temporal
structure of the irradiance, which reflects its strong response to the visible part of the solar
spectrum and its contribution to photocurrent generation in that spectral range. Cloudy days
exhibited more variability in current matching across all four seasons, whereas clear days
showed smoother curves and more structured daily trends. Some variation was observed on
clear days as well, especially during the afternoon. In summary, cloudy conditions led to higher
variability in the absolute current mismatch, which may be due to clouds scattering the

incoming sunlight.

For the relative current match, which indicates how well the sub-cells in the tandem cell are
balanced, the ratio of the photocurrent densities led to higher values around midday, likely due
to increased irradiance. Higher variability in the J,p, ratio of the sub-cells was observed during
the mornings and evening hours, which can be due to spectral changes, such as red- or blue-
shifted spectra. It was observed that, for instance on a cloudy summer day, the season alone did
not determine high current mismatch, as relatively low mismatch values were obtained that day.
This indicates the weather conditions have a strong impact on current mismatch.

Table 4. Comparison of absolute current mismatch values during the measurement period (January-
September).

Season Average current mismatch Overall average current

(mA/cm?) mismatch

(mA/cm?)
Winter 0.36
Spring 2.89

2.81

Summer 4.62
Autumn 2.76
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When comparing the absolute current mismatch values across seasons (Table 4), it can be
seen that lower irradiance leads to lower average mismatch values. For instance, during the
winter months of the measurement period (January-February), when irradiance is low, the
average values of current mismatch are also low, with an average value of 0.36 mA/cm?
(Table 4). During spring (March-May) and autumn (from mid-August to mid-September),
when the irradiance is lower than during summer, the average values of current mismatch
reach similar values of around 2.76 to 2.89 mA/cm?. During the summer months (June to mid-
August), the mismatch reaches its highest average values, likely due to higher irradiance in
Finland during this period. For the whole measurement period (January to mid-September)
the current mismatch is on average around 2.81 mA/cm? (Table 4), which means that on
average, the perovskite sub-cell is producing more current when comparing it to the silicon
sub-cell under these conditions. This may be explained by the simplified optical losses of the

perovskite sub-cell, assuming that all absorbed photons are used in photocurrent generation.
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Figure 26. Hourly comparison of perovskite and silicon sub-cells producing higher photocurrent
densities (J,,) during the measurement period (January-September).

To further analyse which sub-cell produced higher photocurrent density during the
measurement period, Figure 26 shows the hourly comparison between the perovskite and
silicon sub-cells from January to September. The perovskite sub-cell is mostly producing
more J,, compared to the silicon sub-cell, particularly during the midday, when the irradiance
is highest and the spectrum is blue shifted (Figure 26). This is likely due to the higher band
gap of perovskite, which enables more efficient absorption of high energy photons in blue-

rich spectra. In contrast, the silicon sub-cell produces more J,,, during early morning and late
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evening (Figure 26) due to its lower band gap, which allows it to absorb a larger fraction of
the red-rich spectrum compared to the perovskite sub-cell. However, as mentioned previously,
the photocurrent density of perovskite sub-cell is most likely overestimated, as the optical
losses in this model assume that all absorbed photons in the perovskite sub-cell are producing
Jpn- Under more realistic conditions, the silicon sub-cell could produce more J,5,, especially in
the mornings and evenings, when the spectrum is red shifted. Here, the silicon sub-cell
produces slightly higher J,,;, on average during early morning and late evening, but only for a

limited time. This is expected based on the spectral response of the sub-cells and their band

gaps.

Overall, the silicon sub-cell was the limiting sub-cell under most conditions, which may partly
be due to simplified assumptions used in these calculations. It was also observed that on average
the perovskite sub-cell contributed more strongly to current production during the evening and
morning hours, which can be due to spectral changes occurring at low solar elevations. It
seemed that ideal current match is rarely achieved, and only observed under low irradiance
conditions, such as during a cloudy winter day, indicating that more research and detailed
modelling are needed to fully understand the factors affecting the current mismatch.
Additionally, these findings highlight that current matching in PSTSCs is strongly affected by
spectral and atmospheric conditions and is important to consider when designing these types of
cells. In this study, due to the lack of available data, the band gaps and other properties of the
perovskite-silicon tandem solar cells were not adapted to the specific location, although such

optimization could improve their suitability for Finnish climate conditions.
5.4 Accuracy of Results

The accuracy of the results presented in this thesis are discussed by evaluating the main
modelling assumptions and simplifications that may affect the calculated photocurrent densities
and current mismatch. In the current match calculations, it was assumed that the perovskite sub-
cell absorbs all incident photons transmitted to it, with no losses other than the modelled front-
side absorption. Therefore, the external quantum efficiency (EQE) of the perovskite sub-cell
was assumed to be 1. This simplified approach was used as there were no available EQE data
and optical properties for the same perovskite structure in the literature at the time of the study.
Ideally, these properties should be for an identical structure to ensure consistency. The
simplified setup most likely overestimates perovskite photocurrent density production, as there

are no losses included for perovskite sub-cell. Additionally, the transmitted fraction of light,
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representing the photons passing through the perovskite sub-cell, was assumed to be the only
optical loss between the sub-cells. In reality, additional losses such as reflection, scattering, and

parasitic absorption are present when the cell operates under real-world conditions.

To ensure consistency, the EQE and optical data should ideally be for the same device, as EQE
is device specific rather than material specific. In this study, such matching data were not
available. As a result, the optical properties of a less commonly used perovskite (FACs)PbBr3-
perovskite together with a PERC silicon sub-cell were used, which was the best available
approximation for the tandem structure. The optical properties of the silicon sub-cell were based
on the EQE of a silicon heterojunction (SHJ) cell. This simplification is not expected to
significantly affect the results, as the transmitted photons were assumed to depend only on the
perovskite sub-cell. Thus, the silicon sub-cell represents a generic bottom cell rather than a

specific cell architecture.

In this study, optical losses were simplified, as the main focus was on the behaviour of the sub-
cells under different weather conditions and seasons, specifically in terms of current matching
rather than on absolute photocurrent values. For future work, the optical modelling could be
made in more detail, by including full cell structures and considering the additional optical
losses mentioned above, which would improve the accuracy of these absolute current match

calculations.

No electrical losses were included in the current matching calculations either, as the focus of
this study was on the spectral behaviour of the sub-cells. In real-world operation, electrical
losses such as losses in open-circuit voltage V. or fill factor losses, and recombination can
reduce the tandem photocurrent. Additionally, outside conditions or degradation of the sub-
cells were not included in this model. Degradation is likely to occur at least in the perovskite-
sub cell due to its shorter lifetime and instability, which can affect the overall efficiency of the
tandem device. Outside conditions, such as temperature, can affect the current matching
conditions. In addition to degradation and outside conditions, layer thicknesses of the sub-cells

were not considered, which can affect the sub-cell’s photocurrents significantly.

To improve the accuracy of future calculations, measured EQE data for both sub-cells under
the same conditions could be used instead of simplified assumptions, and electrical losses could
be included into the model. Additionally, in future work the layer thicknesses, especially tuning
the perovskite layer, could be modelled or experimentally measured to see how it affects the

current match. This would allow to determine the ideal band gap combinations in a specific
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location, for instance in Finland. Another important aspect to consider is the use of more
realistic device configurations. In this work, the optical properties and EQE data were from
different silicon cell architectures (PERC and SHIJ), which introduces unreliability. Future
studies could address this by using matched data for a specific device structure, such as an SHJ

silicon sub-cell combined with more commonly used perovskite absorber.
5.5 Outlook of Perovskite-Silicon Tandem Solar Cells

Besides optimizing the tandem modelling using more accurate EQE data and more detailed
modelling approaches discussed in the previous section, further research is needed to fully
understand the factors influencing current matching and to optimize the matching conditions in
perovskite-silicon tandem solar cells (PSTSCs). As mentioned earlier, researchers have
suggested optimizing the layer thicknesses [21],[57],[99], especially in the perovskite layer, to
enhance the operation of PSTSCs under different conditions. This could be done by tuning the

perovskite layer to optimize the light absorption for a specific geographical location.

Additionally, luminescent coupling has been researched to mitigate the current mismatch
phenomenon of PSTSCs [109],[110]. Recent studies have shown that luminescent coupling
(LC) can increase the possible band gap options and layer thicknesses, as well as mitigate the
effects of spectral variations [110]. LC is particularly useful when the higher band gap
perovskite-cell produces more current than the lower silicon sub-cell [109], as was the case in
this thesis. With luminescent coupling, excess current of the perovskite sub-cell does not get
lost, but can be partially re-emitted as photons absorbed by the silicon sub-cell [110], thereby
providing an alternative way to reduce the current matching requirement of PSTSCs. Future
work could therefore focus on ways to enhance luminescent coupling, for instance by tuning
perovskite’s properties to be more luminescent or by enhancing the optical transparency

between the sub-cells.

Besides performance optimization, the commercialization of PSTSCs is still hindered by the
limited long-term stability of perovskite solar cells. Degradation induced by environmental
factors such as moisture and oxygen continue to be a major challenge. Promising strategies to
address this issue include compositional engineering of perovskite toward intrinsically more
stable structures, as well as encapsulation approaches to prevent the ingress of external factors,
such as moisture and oxygen, for entering the device. At the time of this study, no literature
was found that evaluates how degradation affects current matching or how current mismatch

accelerates degradation in PSTSCs. Some studies suggest that current mismatch may enhance
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degradation [60], but no specific rates were found, indicating a clear gap in the current literature.
Progress in these areas will be an essential step towards the commercial availability of

perovskite solar cells, and therefore tandem structures like PSTSCs.
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6 Conclusions

Tandem solar cells have attracted considerable interest in recent years, as conventional silicon
solar cells are approaching their theoretical maximum efficiencies. Tandem solar cells utilize
multiple single-junction solar cells to form a highly efficient solar cell. Perovskite-silicon
tandem solar cells (PSTSCs) combine both perovskite cells, with a high band gap, and silicon
cells, with a lower band gap, which enables the tandem cells to absorb different wavelength
ranges. Despite the promising efficiency of PSTSCs, many aspects still need to be developed

before these cells can be used commercially.

One of the most important contributing factors is the instability of perovskite. This causes the
perovskite sub-cell to have a limited operating life, and consequently the overall lifetime of the
tandem cell. In this thesis, the stability challenges are addressed through a literature review,
examining reported studies of the aging of PSTSCs. The literature review indicates that further
research is needed for PSTSCs, particularly in terms of the effects of light and UV-light
exposure. Many existing studies are limited to short-term testing, which cannot reliably predict
real-life operation. Additionally, some studies used unencapsulated tandem cells, even though
encapsulation is essential for improving device lifetime and the stability of perovskite sub-cells.
Overall, the reviewed aging studies indicated that more long-term testing is needed, particularly
to study the effects of UV and visible light. To ensure that laboratory results are comparable to
outdoor operation, testing durations of at least 1000 hours are required. This highlights the need

for standardized testing protocols for PSTSCs.

Besides stability concerns, spectral variations represent a significant research area needing
further attention for PSTSCs. In this context, one of the key consequences of spectral variation
1s current mismatch, which strongly affects the operation of tandem cells. It refers to a situation
in which the sub-cells do not produce the same current at the same time. The current-matching
phenomenon has received relatively limited attention, and existing studies are often conducted
under laboratory conditions. However, such conditions do not accurately represent real-life
operation, as outdoor illumination varies with time of the day and season. Therefore, in this
thesis the current match conditions in PSTSCs were analysed based on a review from existing

spectral studies and a modelling approach applied to outdoor irradiance data.

The results highlighted that the absolute current mismatch increased with irradiance throughout

the different days compared across all seasons, as higher irradiance led to higher photocurrent
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densities in the sub-cells. The average current mismatch value during the measurement period
was found to be around 2.8 mA/cm?, indicating that the perovskite sub-cell produced more
photocurrent overall. This can partly be explained by the simplified assumptions regarding the
optical losses of the modelled tandem device, likely overestimating photocurrent production of
the perovskite sub-cell. Additionally, current matching showed greater variability on cloudy
days, whereas clear days produced smoother curves and more regular daily trends, which may
be due to higher variability of the incoming sunlight during the cloudy days. The ratio of sub-
cell photocurrent densities, which indicates relative current match, increased near midday,
while higher variability was often observed in the mornings and evenings, indicating
differences in the sub-cell photocurrent generation during these times. Throughout the
measurement period, the perovskite sub-cell was generally the sub-cell producing more
photocurrent, with only a few periods (early mornings and late evenings) where the silicon sub-

cell produced slightly more.

Due to the lack of available material for detailed current match calculations, these calculations
were performed using a simplified and straightforward method. Future studies could improve
the accuracy of the calculations by including more detailed sub-cell properties as well as optical
and electrical losses. Additionally, in future studies, the tandem cell could consist of an SHJ
silicon sub-cell combined with an optimally band gapped perovskite sub-cell. Improved current
matching could be achieved by tuning the perovskite absorber layer, for example by tuning its
band gap or thickness, to allow more photons to reach the silicon sub-cell. Furthermore,
approaches including luminescent coupling and tuning the perovskite sub-cell for different
geographical locations could provide effective ways to reduce current mismatch in perovskite-

silicon tandem solar cells.
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Appendix 1. Code for Current Match Calculation

import glob

import os

import pandas as pd
import numpy as np

Q QO

def

def

layout:

Physical constants

6.62607015e-34
2.99792458e8
1.602176634e-19

read ms711 file(path):
df raw = pd.read csv(path, sep='\t', header=None)

# Extract date and time rows
date row = df raw.iloc[0, 1:] # skip first column
time row = df raw.iloc[l, 1:]

def clean date(d):
# Remove suffix like ".1", ".2", etc.
return str(d) .split('."') [0].strip()

full times = [
f"{clean date(date)} {str(time).strip()}"
for date, time in zip(date row, time row)
if pd.notna(date) and pd.notna (time)

]

# Read irradiance data
df data = pd.read csv(path, sep='\t', skiprows=16)
df data = df data.dropna(axis=1, how='all') # drop empty columns

wl = df data.iloc[:, O].to_ numpy ()
irr data = df data.iloc[:, 1:].to numpy ()

# Convert W/m2/um — W/m2/nm
irr data = irr data / 1000.0

return wl, full times, irr data
read ege dual (path, sheet=0):
df = pd.read excel (path, sheet name=sheet)

df.columns = df.columns.str.strip/()

# Ensure there are at least 4 columns
if df.shape[l] < 4:
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raise ValueError (f"EQE sheet has {df.shape[l]} columns, expected >= 4 with

"'wavelength pero, EQE pero, wavelength si, EQE si'")

# Extract the two pairs of columns and coerce to numeric

df pero = df.iloc[:, [0, 1]].copy()

df pero.columns = ['wavelength nm', 'EQE pero']

df pero['wavelength nm'] = pd.to numeric(df pero['wavelength nm'],
errors='coerce')

df pero['EQE pero'] = pd.to numeric(df pero['EQE pero'], errors='coerce')

df si = df.iloc[:, [2, 3]].copy()

df si.columns = ['wavelength nm', 'EQE si']

df si['wavelength nm'] = pd.to numeric(df si['wavelength nm'], errors='coerce')

df si['EQE si'] = pd.to numeric(df si['EQE si'], errors='coerce')



def

# Drop rows where wavelength is NaN or EQE is NaN for that pair

df pero = df pero.dropna(subset=['wavelength nm']) .reset index (drop=True)
df pero = df_pero.dropna(subset:['EQE_pero'J).reset_index(drop:True)

df si = df si.dropna(subset=['wavelength nm']) .reset index(drop=True)

df si = df si.dropna(subset=['EQE si']).reset index (drop=True)

# Clip to physical bounds [0,1]

df pero['EQE pero'] = df pero['EQE pero'].clip(0.0, 1.

df si['EQE si'] = df si['EQE si'].clip(0.0, 1.0)

df pero = (df pero

0)

.groupby ('wavelength nm', as index=False) ['EQE pero']

.mean ()
.sort values ('wavelength nm')
.reset index (drop=True))

df si = (df si

.groupby ('wavelength nm', as index=False) ['EQE si']

.mean ()

.sort values ('wavelength nm')

.reset index (drop=True) )
return df pero, df si

read_absorption(path, round wl=False):

non

Read absorption/transmission/reflectance data and return clean,

suitable for np.interp.

- Clips values to [0,1].

- Checks A+T+R sum and prints diagnostics.
df = pd.read excel (path)

# normalize column names

df.columns = df.columns.str.strip/()

# Accept several possible column names by lowering and matching

colmap = {c.lower(): c for ¢ in df.columns}
# required keys (case-insensitive)

required = ['wavelength', 'absorbed', 'transmittance',

for rk in required:
if rk not in colmap:

'reflectance']

raise KeyError (f"read absorption: expected column like '{rk}'
{path}, found: {df.columns.tolist()}")

wl col = colmap['wavelength']

A col = colmap['absorbed']

T col = colmap['transmittance']
R col = colmap|['reflectance']

# Coerce to numeric and drop completely NaN rows
df = df[[wl col, A col, T col, R col]].copy()

)

df [wl _col] = pd.to numeric(df[wl col], errors='coerce')
df [A col] = pd.to numeric(df[A col], errors='coerce'
df [T col] = pd.to numeric(df[T col], errors='coerce'
df [R_col] = pd.to numeric (df[R col], errors='coerce'

df = df.dropna(subset=[wl col]) .reset index(drop=True

# Optionally round wavelength
if round wl:
df [wl col] = df[wl col].round() .astype(int)

# Group duplicate wavelengths by averaging A, T, R
grouped = (df
.groupby (wl col, as index=False)
.agg ({A col: 'mean', T col: 'mean', R col:

# Sort by wavelength ascending

)
)
)

'mean'}))

sorted, data

in
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grouped = grouped.sort values(wl col).reset index(drop=True)

# Clip to [0,1]

grouped[A col] grouped[A col].clip (0.0, 1.0)
grouped [T col] grouped[T col].clip (0.0, 1.0)
grouped[R col] = grouped[R col].clip(0.0, 1.0)

lam nm = grouped[wl col].to numpy ()
A raw = grouped[A col].to numpy ()
T raw = grouped[T col].to numpy ()
R raw = grouped[R col].to numpy ()

# Diagnostics: check energy conservation and wavelength coverage
sum atr = A raw + T raw + R raw
bad idx = np.where(np.abs(sum atr - 1.0) > 0.02) [0] # tolerance 0.02
if bad idx.size > 0O:
print (f"Warning: {bad idx.size} wavelength points deviate A+T+R from 1 by
>0.02 (first index example: {bad idx[0]}).")
# print a couple examples
for ii in bad idx[:5]:
print (f" wl={lam nm[ii]} nm: A={A raw[ii]:.4f}, T={T raw([ii]:.4f},
R={R raw[ii]:.4f}, sum={sum atr[ii]:.4f}")

# Print summary
def mean in range(arr, wl, lo, hi):
m = np.nan

mask = (wl >= 1lo) & (wl <= hi)
if mask.any():
m = float (np.nanmean (arr[mask]))

return m

print (f"Absorption file: wavelengths {lam nm.min()} - {lam nm.max ()} nm,
{lam nm.size} unique points")

print (f"Mean T (400-800 nm): {mean in range(T raw, lam nm, 400, 800):.4f}")
print (f"Mean T (800-1100 nm): {mean in range(T raw, lam nm, 800, 1100):.4f}")
print (f"Min/Max T overall: {T raw.min():.4g} / {T_raw.max():.4g}")

return lam_nm, A raw, T raw, R raw

def compute photon flux(irr W m2 nm, wavelength nm):
lam m = wavelength nm * le-9
E photon = (h * ¢c) / lam m
return irr W m2 nm / E photon # photons / (s -'m? -nm)

def trapezoid(y, x):
return np.sum((y[1:] + y[:=-1]) * (x[1:] - x[:-1]) / 2.0)

def integrate Jsc(ege, phi, wl nm, optical factor=1.0):
# Ensure increasing wavelength order

idx = np.argsort(wl nm)
wl = wl nm[idx]
ege = eqge[idx]

phi = phi[idx]

integrand = g * ege * phi * optical factor # C / (s 'm?-nm)
Jsc_A mZ2 = np.trapezoid(integrand, wl) # integrate over nm

return Jsc A m2 * 0.1 # A/m? - mA/cm?

def main() :
folder = r"filepath name here"

# Find all .txt files in the folder
files = glob.glob(os.path.join(folder, "*.txt"))

# Load EQE and optical data once
df pero, df si = read_eqe_dual("data/EQE.xlsx")
lam A nm, A raw, T raw, R raw = read absorption("data/transmittance.xlsx")
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all results = []

# Loop through every file
for filepath in files:
wl use, time labels, irr matrix = read ms711 file(filepath)

filename = os.path.basename (filepath)

for i, time label in enumerate (time labels):
# 1. Clip irradiance (remove negative noise)
irr total = np.clip(irr matrix[:, i], 0.0, None)

# 2. Restrict wavelengths to 2 300 nm
mask = wl use >= 300

wl filt = wl use[mask]

irr filt = irr total[mask]

# 3. Compute photon flux using filtered data
phi = compute photon flux(irr filt, wl filt)

# 4. PEROVSKITE: EQE = 1, optical factor = absorbance
EQE pero = np.ones like(wl filt)
A front = np.interp(wl filt, lam A nm, A raw, left=0, right=0)
Jsc_pero = integrate Jsc(EQE pero, phi, wl filt,
optical factor=A front)

# 5. SILICON: normal EQE and transmittance

EQE si = np.interp(wl filt, df si["wavelength nm"], df si["EQE si"],
left=0, right=0)

T rear = np.interp(wl filt, lam A nm, T raw, left=0, right=0)

Jsc_si = integrate Jsc(EQE si, phi, wl filt, optical factor=T rear)

# 6. Tandem = limiting subcell
Jsc_tandem = min (Jsc_pero, Jsc_si)

# 7. Store results
all results.append ([
filename,
time label,
Jsc_pero,
Jsc_si,
Jsc_tandem

1)

# Save everything into Excel file
df out = pd.DataFrame (
all results,
columns=["File", "Time", "Perovskite Jsc", "Silicon Jsc", "Tandem Jsc"]

)

# Convert Time to datetime
dt = pd.to_datetime(df out["Time"], format="%Y/%m/%d %H:%M:%S",
errors="coerce")

# Create separate Date and Time columns
df out["Date"] = dt.dt.strftime ("3Y-%m-%d")
df out["Clock"] = dt.dt.strftime ("%H:3%M")

# Numeric hours for plotting (04.00, 04.08, 04.17...)
df out["Hour"] = dt.dt.hour + dt.dt.minute / 60

# Reorder columns for clarity
df out = df out[[
"File", "Date", "Clock", "Hour",
"Perovskite Jsc", "Silicon Jsc", "Tandem Jsc"

1]



# Sort chronologically
df out = df out.sort values(["Date", "Clock"])

df out.to excel("all ms711 results.xlsx", index=False)

output path = os.path.abspath("all ms711 results.xlsx")
print ("Saved results to:", output path)

if name == " main ":

main ()
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