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ABSTRACT

Perovskite/silicon (PS) technology includes three main configurations: two-terminal (2T), three-terminal (3T), and four-terminal

(47). Previous studies have made various comparisons between these configurations, significantly advancing our understanding

of these devices. While these studies mostly focus on simulations on cell level, we perform bandgap energy (E,) optimization at

the module level for different configurations under outdoor conditions. Using opto-electrical simulations, we predict the energy

yield of each module at four geographical locations, with varying values of E,. The optimal E, for the 2T, 3T, and 4T modules
are 1.62, 1.80, and 1.82 eV, respectively. We also perform a loss analysis to explore the differences in power losses among the
configurations. These loss differences can be attributed to the configurations having different optimal E, values (affecting the

thermalization losses) or different module designs (affecting the interconnection losses). Among all losses, mismatch losses play

the most critical role in optimizing the bandgap. Overall, all optimized configurations have similar energy yields (all differences

within 1.5%) across all locations. Finally, we compare the robustness of the different configurations against different scenarios

of perovskite degradation. Our results show that the 4T module is the least sensitive to degradation in the perovskite subcell.

1 | Introduction

Conventional crystalline silicon (c-Si) cells currently dominate
the photovoltaic (PV) market, holding a 97% market share [1]
and achieving a power conversion efficiency (PCE) of up to
27.3% [2], approaching their theoretical limit of 29.5% [3, 4]. To
surpass this limit, perovskite/silicon (PS) tandem cells offer a
promising alternative, with practical (considering reduced ion
density, ideal series resistance, ideal transport layers, ideal bulk
lifetime and improved optical performance [5]) and theoretical
efficiency limits of 39.5% [5] and 42% [6, 7], respectively, and a
demonstrated record efficiency of 35.0% [8].

This PS technology can come in three main configurations: two-
terminal (2T), three-terminal (3T), and four-terminal (4T) con-
figurations [9-12], as illustrated in Figure 1a.

In the 2T design, the perovskite top cell is monolithically stacked
atop the silicon bottom cell, forming a wafer-based module (as
shown in Figure 1b). The top and bottom cells are connected
in series with a tunnel junction or recombination layer [9, 14],
requiring current matching between top and bottom cell [12].
While this design constraint limits flexibility, the intercon-
nection of the cells within the module remains relatively sim-
ple, as the tandem cell has the same number of terminals as a
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FIGURE1 | (a)Anoverview of the 2T, 3T, and 4T configurations at module level and a comparison of different aspects, such as current matching,

module interconnection, optical response, and robustness against degradation. (b) The difference between a wafer-based and a thin-film module.

The schematics are taken from [13].

single-junction c-Si cell. Additionally, the top cell is conformal
and follows the texturing of the bottom cell, enhancing the opti-
cal performance [15].

The 3T configuration introduces an additional contact, allow-
ing independent current flow in each subcell and removing the
need for current matching [16]. This additional contact can be
placed between the subcells or at the rear of the bottom cell, as
demonstrated by Warren et al. [17] or a heterojunction bipolar
transistor (HBT) architecture can be considered [18]. This study
only analyzes the option with an additional contact at the rear
side. However, the 3T configuration requires more complex
module interconnections, typically forming a parallel/series
connection [19], and experiences end-losses [9]. The cause for
the end-losses are discussed in Section 2.3. As the 3T module
is a wafer-based, similar to the 2T configuration, it also has low
optical losses.

In the 4T configuration, the top and bottom subcells are elec-
trically separated, enabling each to operate at its own current.
Unlike the other configurations, the perovskite layer is de-
posited on the glass instead of directly on the silicon cell [20],
with an encapsulant layer separating the top and bottom cells.
Consequently, the 4T device consists of a wafer-based submodule
for the silicon cells and a thin-film submodule for the perovskite
cells, as shown in Figure 1b. This electrical separation simplifies
module interconnections compared to 3T, forming two distinct
series-connected strings [9]. However, the 4T design can have
more optical losses due to an additional layers [12], and the fact
that top cell does not follow the same texturing as the bottom
cell, as they are not stacked monolithically. Furthermore, 4T
modules require an optical coupling layer to advance the optical
absorption [21]. Additionally, it should be realized that if both
submodules are not voltage matched, both strings need their
own maximum power point tracking [9].

Each configuration also differs in robustness against degrada-
tion. A study by Qian et al. [22] showed that 4T modules are
more resilient against perovskite degradation than 2T modules.
Specifically, Qian's findings indicate that for every 1% increase
in degradation rate in the perovskite layer, the efficiency must

rise by 2% in 2T devices but only 1% in 4T devices to maintain
performance. However, 3T modules were not considered in this
comparison.

Assigning a universally superior configuration is challenging,
as each offers unique advantages. Several studies have used
optoelectrical simulations to quantify performance differences
among these configurations. Futscher et al. [23] calculated ef-
ficiency limits for 2T, 3T, and 4T devices under standard test
conditions (STC), finding maximum efficiencies of 45.1%, 45.3%,
and 45.3%, respectively. These maximum efficiencies are lower
in virtually all realistic outdoor conditions [7]. Their study also
examined how the optimal bandgap energy (E,) varies across
configurations, identifying ideal values of 1.73 eV for the 2T and
1.81 eV for both the 3T and 4T configurations.

Additional studies provide insights into energy yield (EY) at the
cell and module levels. Gota et al. [24] found that the 3T con-
figuration has higher EY across various locations and demon-
strated greater resilience to variations in perovskite thickness
and E, than the 2T design. McMahon et al. [25] showed that the
3T configuration could outperform 2T in energy production at
the module level, provided that a sufficient number of cells are
included, such that the end-losses are small. In an optical study,
Singh et al. [26] compared the average photo-generated current
for 2T, 3T, and 4T modules in operating conditions, showing how
the absorbed light is affected by changes in perovskite thickness
and bandgap energy. Lastly, Kikelj et al. [27] concluded that 3T
devices can surpass 2T devices in performance with optimized
module design.

While these studies have advanced the understanding of each
configuration, certain aspects remain underexplored. Key con-
siderations like cell-to-module losses and the optimization of E,
at the module level, accounting for realistic optical and electrical
properties, have not been thoroughly addressed. These cell-to-
module losses include optical losses due to glass and encapsu-
lant, non-active area losses, and ohmic interconnection losses.
Additionally, to the best of the authors' knowledge, the robust-
ness against perovskite degradation for 3T modules has not been
studied.
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This study evaluates the potential of 2T, 3T, and 4T devices
at the module level. Using a PS cell from the literature as a
benchmark, we simulate the EY while accounting for var-
ious cell-to-module losses. The optimal E, is determined for
each configuration, and all losses are quantified to facilitate
a comprehensive comparison. Finally, we simulate differ-
ent degradation scenarios to assess the robustness of each
configuration.

It is important to note that this study focuses solely on monofa-
cial modules. Given that bifacial technology is expected to dom-
inate in the future [1], including in IBC module architectures,
further studies on 2T, 3T, and 4T bifacial modules can be consid-
ered in future work.

2 | Methodology

All simulations are conducted using the PVMD Toolbox
[13, 28, 29], a modeling framework for calculating the energy
yield of PV modules. As described in detail by Vogt et al. [28],
the PVMD Toolbox consists of sequential simulation steps, each
modeling a different aspect of the PV module. First, the spec-
tral response of the encapsulated solar cell is simulated. This
spectral response is then used to calculate the absorbed irradi-
ance, also accounting for shading by other modules in the field.
To calculate the absorbed irradiance, the module orientation
and the geographical location should be specified. Then, the
cell temperatures are calculated by considering different heat
flows. Lastly, the annual energy yield is obtained by calculat-
ing the electricity production for each hour in the year based on
hourly weather data and integrating over time. It is important
to realize that all simulation steps are based on first-principle
physics, meaning empirical fitting is only used for the model-
ing of meta-stability, as explained later in this section. Here, we
summarize the components relevant to this study and discuss

the inputs used. The design of the cells within the PV modules
are based on the 32.5% efficient 2T PS cell by Mariotti et al. [30]
with a perovskite bandgap energy of 1.68 eV, which has been
integrated in the Toolbox in earlier work [13, 29]. This bandgap
energy, however, is also an input parameter that can be varied,
as also demonstrated in the earlier work.

In previous work, the PVMD Toolbox was validated for STC per-
formance in PS tandem cells (error lower than 2% [13]) and for
outdoor performance in c-Si modules (root mean square error of
4.5% [28]) At the end of this section, we will extend the valida-
tion to PS tandem cells under outdoor operation.

2.1 | Optical Modeling

Optical simulations were performed with GenPro [31],
which applies the net radiation method [32]. Required in-
puts include the thickness (d) and complex refractive index
(N(4) = n(A) +j - k(1)) of each layer, enabling calculation of the
implied photo-current density. More details on this calculation
is provided in the Supporting Information.

Figure 2 illustrates the optical structures of each configuration.
The structures and reported thicknesses are based on the PS cell
by Mariotti et al. [30] with some thicknesses slightly adjusted
to have a good match between simulation and measurement.
The bottom cell has texturing on both sides with pyramids of
5 pm. In the 3T configuration, which features both positive
and negative contacts on the rear, a gapless Interdigitated Back
Contact (IBC) architecture is considered. GenPro performs one-
dimensional absorption simulations, so only one rear-side layer
can be included. The Supporting Information shows that using
either the positive or negative layer yields similar absorption
profiles. For this study, we used the a-Si(p) layer in the optical
simulations.

2 Terminal 3 Terminal 4 Terminal
AF2400 (93 nm) AF2400 (93 nm) -AF2400 (93 nm)
Glass ARC (53 nm) Glass ARC (53 nm) Glass ARC (53 nm)
Glass (3200 um) Glass (3200 um) Glass (3200 um)
1ZO (175 nm)
SnO5 (5 nm)
Polyolefin (450 um) Polyolefin (450 um)
PTAA (23 nm
1ZO (175 nm)
1ZO (85 nm) 120 (85 nm)
SnO; (5 nm) SnO; (5 nm)
Polyolefin (450 um)
PTAA (23 nm) PTAA (23 nm
ITO (63
m e (63 nm) m ne. 63 nm nes (Slonrpn)) (111 nm)
nc-SiOy (n) (111 nm) nc- SIO)< (n) (111 nm) a-Si:H (i) (9 nm)
a-Si:H (i) (9 nm) a-Si:H (i) (9 nm)
aS|H(|) (6 nm) a-Si:H (i) (6 nm) a-Si:H (i) (6 nm) a-Si:H (i) (6 nm)
a-Si(p) (12 nm) nc-SiOy (n) (12 nm) a-Si(p) (12 nm) a-Si(p) (12 nm)
AZO (55 nm) AZO (55 nm) AZO (55 nm) AZO (55 nm)
Ag (300 nm) Ag ( 300 nm) Ag (300 nm) Ag (300 nm)

The structures that are used as input for the optical simulations. For the 3T case, we simply consider a gapless IBC architecture.
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The 2T and 3T modules uses indium zinc oxide (IZO) as trans-
parent conductive oxide (TCO), being similar to the state-of-
the-art reference solar cell by Mariotti et al. [30] The thin-film
submodule in the 4T configuration, however, must provide
sufficient lateral conductivity where cells are interconnected
through a series of laser scribes. The monolithic patterning fol-
lows the usual P1-P2-P3 sequence: P1 opens the front electrode,
P3 separates the back electrode, and P2 bridges the back elec-
trode of one cell to the front electrode of the next through the
TCO layer. Together, these scribes define the individual cells
and establish the series connection within the module [33].
When connected, the current needs to be collected over the en-
tire length of the cell, instead of only to the nearest metal fin-
ger, requiring a low resistivity for the TCO layer. Therefore, the
4T modules uses fluorine-doped tin oxide (FTO) as TCO, as it
has a lower resistivity (1.0 - 10~* Q cm-2 [34]) compared to IZO
(4.5-10~* Q cm-2 [35]), is therefore better suited for thin-film
modules. Additionally, the TCO thickness is larger for the 4T
modules, as it was found in previous work that this is beneficial
for thin-film modules [13]. Furthermore, the perovskite subcell
in the 4T modules is deposited on glass that has been prepro-
cessed with Asahi U-type texturing [36].

When cells are integrated into a module, some active area is
lost due to metallization (for wafer-based modules) or laser
scribing (for thin-film modules). We account for this by de-
fining a shaded-area factor (kg,,4.4) that excludes shaded areas
from current generation. The output current (I,,,) is then cal-
culated as

Iout = (1 - kshadcd) : Acell : ‘Iact’ (1)

where A, is the cell area, and J,, is the current density of the
cell's active area.

The value of k4,4 depends on the origin of the active area
losses, and is therefore different for wafer-based and thin-film
modules. For wafer-based modules, these losses come from
metal fingers needed for the current collection. We assumed a
metal coverage of 5%, based on the work of Rehman et al. [37].
However, the effective area that is lost can be 60% lower due to
internal reflections [38], leading to a value of 2% for kg, 4.4 in
wafer-based modules. In thin-film modules, the laser scribing
that connects the cells requires an area that cannot be used for
current collection. In previous work [13], we calculated kg, 4.4 to
be 8%, which depends on the widths of P1, P2 and P3. Besides
these non-active area losses due to metalization, there are also

2 Terminal

@ et Rcon,met

3 Terminal

non-active area losses due to cell spacing. This is further dis-
cussed in Section 2.3.

2.2 | Electrical Modelling

As the details for the electrical framework have been fully ex-
plained in previous work [13, 28, 29], we only highlight the elec-
trical structures used for the simulations. Figure 3 shows the
circuit representation of each configuration. Each subcell is rep-
resented with a calibrated one-diode equivalent circuit model
(including own series and parallel resistors), and resistances are
added to represent the current collection losses. The explanation
of how the calibrated one-diode equivalent circuit models are
created and used is provided in the Supporting Information. An
important assumption is that the same electrical performance
of the perovskite and silicon subcells is used for all configura-
tions. This also means that same electrical performance is con-
sidered for the 3T configuration, that employs an IBC silicon
bottom cell. The reason for this assumption is that the advanced
semiconductor analysis (ASA) [39], the software utilized for the
semiconductor simulations, only considers one-dimension.

Since the process of current collection differs for wafer-based
modules and thin-film modules, different values of resistances
are used. Wafer-based modules experience ohmic losses as the
current needs to be collected by metal fingers on top of the cell.
This metallization is represented by a resistance (R, me) Of
3.9 mQ, as calculated by Jung et al. [40]. In thin-film modules,
cells are connected through laser scribing, with ohmic losses
occurring through the TCO layer that connect the cells. Based
on the method in earlier work [13], we have calculated that
these ohmic losses can be represented by a resistance (R, )
of 9.7 mQ.

2.3 | Module Interconnection

As mentioned before, the various configurations have different
module interconnections. Figure 4 shows the interconnection
scheme of the different configurations. The 2T and 4T follow
a relative simple interconnection with, respectively, one and
two series-connected strings of subcells. For the 3T module,
we use the interconnection proposed by McMahon et al. [41],
where m bottom cells connect in parallel with n top cells, re-
quiring voltage matching. It can be seen that, due to this con-
nection, m bottom cells and n top cells cannot contribute to the

4 Terminal

R
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FIGURE3 | The circuit representation of the electrical simulations.
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power generation, representing the end losses. In our work,
we assume m =2 and n =1, as shown in Figure 4, minimiz-
ing the end losses. To justify this assumption, the Supporting
Information contains a bandgap optimization at STC for differ-
ent values of m and n, showing that the chosen combination has
the highest potential. Additionally, the Supporting Information
provides full implementation details and validation with a cir-
cuit simulator.

Table 1 summarizes the module sizing for both wafer-based
and thin-film modules. For wafer-based modules, we used G12
wafers with half-cut cells, anticipated to be a dominant format
in the coming decade [1]. The width of thin-film cells is set at
7.5 mm, based on Castriotta et al. [33], adjusted slightly to en-
sure equal submodule areas. It should be realized that for both
submodules A,,,; does not equal A, - N, as some area is lost
due to cell spacing and edge spacing. The cell spacing for wafer-
based and thin-film based modules are assumed to be 0.8 and

0.0 mm. The value for thin-film modules is taken to be 0, as all
non-active area due to laser-scribing is included in kg, g.4-

An important characteristic that will be used in Section 4 are the
so-called mismatch losses, which represent the losses when in-
dividual subcells cannot operate on their individual maximum
power point. The mismatch losses are calculated according to
our definition from earlier work [7] and are written as

Neeiis

Pmism = (Pmpp,top—i + Pmpp,but—i) - Imod . (Vmod + Imod . Rcon . Nsells)’
i=1

@

where P, ., and P, 1, are maximum power point of the in-

dividual top and bottom subcell, respectively, I,,,and V,, ; is the
module output current and voltage, respectively. By using this
approach, the mismatch losses include deviations in the max-

imum power point voltage (Vmpp) and maximum power point
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FIGURE 4 | The module interconnection of the different configurations. The blue and red diodes represent the perovskite and silicon subcells,
respectively. For the 3T configuration, two bottom cells and one top cell are not connected, representing the end-losses as they cannot contribute to
the power generation.

TABLE1 | The geometry of the wafer-based and thin-film-based module.

A (I xb) N_us A1 X Db) cell spacing edge spacing
Model type [ mmz2] [-1 [ m2] [ mm)] [ mm]
Wafer-based 210 X 105 144 3.285 0.8 10
Thin-film 2540%x 7.5 168 3.275 0.0 10
Note: The cell spacing of the thin-film modules is 0, as the dead area due to laser scribing is fully considered by kg ge-
Progress in Photovoltaics: Research and Applications, 2026 5
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current density (J,,,,), but also account for the end-losses in 3T

] pp
devices.

2.4 | The Modeling of Meta-Stability

Perovskite cells experience a reversible efficiency change
during light and dark cycles [42, 43], known as the so called
meta-stability effect. This phenomenon, where efficiency ini-
tially starts lower but improves with light exposure [44], has
been incorporated into the PVMD Toolbox using the meth-
odology from Remec et al. [43], which models an initial volt-
age loss that recovers under illumination. It should be noted
that this effect is distinct from degradation, which has an
irreversible effect on the efficiency. The impact of including
the Light Soaking (LS) effect is discussed in the Supporting
Information.

2.5 | The Simulation of Different Degradation
Scenarios of Perovskite Subcells

Perovskite degradation behavior remains only partially under-
stood, and there is insufficient long-term performance data for
PS devices at the module level. Therefore, we use a similar ap-
proach as Orooji and Paetzold [45], simulating different degra-
dation scenarios in the perovskite cell. This way the focus is not
on physical processes and specific degradation mechanisms that
are occurring, but rather the impact of cell level degradation on
the module performance. The simulated degradation is applied
to the electrical simulation of the perovskite cell, leaving the op-
tical and electrical performance of the silicon cell unchanged.

Figure 5 illustrates the degradation scenarios considered in this
work. Performance losses are modeled as reductions in short-
circuit current (I,,), open-circuit voltage (V,,), or fill factor (FF),
with degradation level (ky,) representing losses specific to the
perovskite top cell. I, degradation is simulated by reducing the
current source, while V. degradation is achieved by increas-
ing the diode's saturation current (I,) in the equivalent circuit

Degradation |
sSC

Degradation V
oc

(Figure 3). FF degradation is modeled by increasing the diode's
ideality factor, with I, adjusted to maintain consistent V..

Figure 5 also shows the change in J,,,, and V., (indicated with
crosses). Whereas degradation in I, and V,, only affects J,,,,
and V., respectively, while keeping the other quantity con-
stant, the degradation in FF equally affects the J,,,, and V,,, . It
should be realized that degradation in FF can also be achieved
by adjusting the resistances of the equivalent circuit, potentially
changing the trajectory of the MPP, and therefore, the results. In
this work, we did not employ the latter approach to solely focus
on the degradation of the perovskite subcells, rather than on the

eventual degradation of the perovskite interconnections.

2.6 | Validation for Outdoor PS Devices

As mentioned earlier, we extend previous validations to PS
tandem cells under outdoor conditions. Remec et al. at the
Helmholtz-Zentrum Berlin (HZB) [43] reported data for a
24.2%-efficiency tandem PS cell operating in Berlin over 330
days. We used the PVMD Toolbox to simulate this device's
performance.

It is important to note that the cell used for validation has a
lower quality (24.2% STC efficiency) compared to the reference
cell (32.5% STC efficiency) used in simulations. For the valida-
tion cell, an additional parallel diode was included in the elec-
trical characterization to simulate extra losses at the interfaces,
as explained in our previous work [13]. However, for the simu-
lations, we used the higher-quality cell without the additional
diode to more accurately represent the full potential of 2T, 3T,
and 4T modules manufactured with state-of-the-art techniques.
Additionally it should be noted that the reference cell has an
area of 1 cmz, which is significantly smaller than the modules
in the simulations.

Figure 6a, b, and ¢ compare simulated and measured Py, Jypp
andV,,,., respectively, for 10 selected days in the first five months
of 2022. These days have been selected such that they represent

Degradation FF

250 250 250
& & I
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0 0 0

0 0.5 1 1.5 0 0.5 1 1.5 0 0.5 1 1.5
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respectively, for 10 selected days in the first five months of the year. The RMSE between the measured and simulated output

power in the first 137 days is 1.98 mW cmz2, and the weighted relative error is 12.2%.

different months, have a significant amount of irradiance, and
the output power have been measured correctly. While P,
and J,,, align closely, there are slight discrepancies in V.,
likely due to temperature dependency differences between mea-
surement and simulation (discussed further in the Supporting

Information).

Overall, the root mean square error (RMSE) between the sim-
ulated and the measured output power of the first 137 days of
the experiment is 1.98 mW cmz, and the power-weighted relative
error is 12.2%. This period was selected to avoid degradation be-
havior observed in the tandem cells later, as it could influence
the outcome of the scenario based degradation modelling of this
paper by including an underlying specific degradation mode.
This shows that the PVMD Toolbox can be used to accurately
simulate the performance of perovskite silicon devices under
outdoor conditions.

It should be realized that the validation is only performed for 2T
devices. This is because, to the best of the authors knowledge,
no publicly available data can be found that reports the outdoor
performance of 3T and 4T devices. In future work, the validation
of the PVMD Toolbox can be extended to other configurations
as well.

3 | Input for Case Studies

The methodology described in the previous section is applied
to determine the optimal E, for different operating conditions.

Specifically, we simulate the module performance of 2T, 3T,
and 4T devices across a range of bandgap energies and geo-
graphic locations. This section explains how the bandgap vari-
ations are modeled and describes the characteristics of each
location.

Another parameter that could be varied for optimization is the
thickness of the perovskite layer, as it affects the current absorp-
tion in both cells. However, in previous work [13, 29] we found
that the bandgap energy has a stronger impact on the energy
yield than its thickness. The Supporting Information shows the
energy yield of different configurations at different thicknesses,
showing that the bandgap energy has a much bigger impact
than the thickness. As another varying parameter would expo-
nentially increase the number of simulations, the thickness of
perovskite has been kept fixed at 550 nm, being similar to the
reference cell of Mariotti et al. [30].

3.1 | Varying the Bandgap Energy

The bandgap energy significantly influences both the optical and
electrical performance of a device. In the optical simulations,
N(4) of the perovskite layer changes as a function of E,. We use
the approach from our previous work [46, 47] to predict N(4)
for all desired bandgap energies, based on measured data from
Manzoor et al. [48]. Since complete N(4) data for the full E, range
is unavailable, we extrapolate from Manzoor's measurements to
cover our target bandgap range. This predicted N(4)is then used
in GenPro to simulate absorption profiles for each E, value.
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In the electrical modeling, E, serves as a direct input to generate
the IV curve of the perovskite cell. Our earlier studies [13, 29|
demonstrated how changes in bandgap energy affect both the
optical and electrical performance of a 2T PS cell. The effect of
E, on the cell JV curve and its circuit parameters can be found
in the Supporting Information.

To illustrate the effect of E, variation on the 2T, 3T, and 4T mod-
ules, Figure 7 shows the power output at STC for each config-
uration across different perovskite bandgap energies. Among
the three, the 2T module exhibits the highest power at STC, fol-
lowed by the 3T and then the 4T configurations. The optimal
E, is lower for the 2T configuration due to its current-matching
requirements, while the 3T and 4T configurations have a similar
optimal E,. A more detailed analysis of these differences is pre-
sented in the next section.

3.2 | Different Locations

To explore how optimal bandgap energy may vary across
climates, we perform the bandgap optimization for several
geographic locations. We selected four distinct locations,
each representing a different climate type according to the

320
— 2T —3T —A4T
Al
£ 300
=
o0 280
'_
Q_(D
260
2 oT 3T 4T
é 240 | Egopt €] 162 1.78 1.82 ]
2
Porc [W/m? 303 299 294
220
1.5 1.6 1.7 1.8 1.9 2
E [eV
g[ ]

FIGURE 7 | The perovskite bandgap optimization of the different
modules under STC.

Koppen-Geiger-Photovoltaics (KGPV) classification [49, 50]
and a machine learning based PV climate classification (ML-
PV) [51]. Table 2 provides key characteristics of these locations.
For each location, we consider a fixed tilt PV system with the
module tilt specified in Table 2 with an inter-row spacing of 8
meters. Additionally, we obtain the hourly data of a typical mete-
orological year (TMY) from Meteonorm [52].

Another characteristic of each location is the spectral irradia-
tion and the average photon energy (APE). Figure 8 shows the
annual spectral irradiance as received by the module in each
location. The APE for each location is calculated by dividing
the total irradiance over the total number of photons. Lagos and
Shanghai have a higher APE than the other locations, implying
a slight blue-shift for these locations.

4 | Results

The outlined methodology is applied to simulate the energy
yield (EY) of the 2T, 3T, and 4T modules under the described
operating conditions. For each location, we evaluate the module
performance across various perovskite bandgap energies from
1.50 to 2.00 eV, in increments of 0.02 eV. First, we identify the
optimal E, for each condition. Then, we compare configurations
in detail by quantifying the different types of losses in the PV
module. Finally, we assess robustness under different degrada-
tion scenarios.
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FIGURE 8 | The spectral irradiation received at each location and

the corresponding APE. It can be seen that both Lagos and Shanghai
have a slight blue shift compared to the other locations.

TABLE 2 | The main TMY characteristics of the selected locations.
Weighted
Annual global horizontal average ambient Optimal
Location irradiation [KW h m2] temperature [°C] KPGV ML-PV module tilt [°]
Delft 1018 16.2 DL Teml 31
Lagos 1642 29.4 AH Tro2 5
Lisbon 1758 20.6 DH Tem5 28
Shanghai 1271 21.7 DM Trol 17

Note: The ambient temperature is weighted with the global horizontal irradiance. This metric is chosen as, in our opinion, it better represents the operating conditions
of the PV modules than the simple time average of the ambient temperature. The selected module tilts are chosen such that they maximize the annual front-side

irradiation for each location in a free-horizon scenario.
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4.1 | Optimal Bandgap Energy

Figure 9 presents the annual EY across different locations for
each simulated bandgap energy, with dashed lines indicating
the optimal E, at STC. The 2T configuration shows the high-
est sensitivity to deviations from its optimal E, because current
matchingis required between the top and bottom cells. In the 3T
configuration, voltage matching is necessary, but this matching

1800

1600

EY [KWh]

1400

is less sensitive to bandgap variations, resulting in a flatter EY
curve. This is shown in the Supporting Information, where the
JV curve of the perovskite subcell is shown for different band-
gap energies. It can be seen that the J, changes more than the
V. explaining why the 3T configuration is less sensitive to
bandgap changes than the 2T configuration. Since 4T modules
do not require matching between subcells, their EY curve is the

flattest, showing the least sensitivity to bandgap deviations.
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FIGURE 9 | The bandgap optimization under outdoor operating conditions for the various configurations. The dashed lines indicate the opti-

mums at STC.

TABLE 3 | The optimal E, and corresponding annual EY for all operating conditions, expressed in [ eV].

2T 3T 4T

E, EY E, EY E, EY
Operating conditions [ eV] [KWh] [ eV] [KWh] [ eV] [KWh]
STC 1.62 — 1.78 — 1.82 —
Delft 1.62 1081 1.80 1088 1.82 1076
Lagos 1.62 1507 1.80 1509 1.88 1499
Lisbon 1.62 1862 1.80 1864 1.82 1844
Shanghai 1.62 1227 1.80 1233 1.88 1225

Note: For 2T devices, the optimal bandgap is the same for all conditions, whereas the 3T configuration has a slightly lower E, for STC. In 4T devices, the optimal

bandgap fluctuates the most.
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Table 3 shows the optimal E, and corresponding EY for each sce-
nario. The optimal bandgap at STC (as dashed lines in Figure 9)
is also a good predictor for optimal E, under outdoor conditions.
For both the 2T and 3T configurations, the optimal E, is 1.62 eV
and 1.80 eV, respectively, and is consistent across locations,
though the 3T device has a slightly lower optimal bandgap at
STC. Only the 4T configuration shows notable variations, with
an optimal E, of 1.82 eV in STC, Delft, and Lisbon, but 1.88 eV in
Lagos and Shanghai. This difference arises due to a more blue-
rich irradiance spectrum in Lagos and Shanghai (as indicated
in Figure 8), where a higher bandgap reduces thermalization
losses. It should be realized that this apparent significant shift
is mostly due to the relative flat shape of the 4T performance,
meaning that there is little difference in EY between the differ-
ent bandgap energies.

As shown in Figure 9 and Table 3, energy yields at the opti-
mal E, are similar across configurations, with all differences
within 1.5%. Nonetheless, the 3T module, despite its end-losses,
achieves the highest EY across all locations.

4.2 | Comparison in Losses

To better understand the difference in performance for the dif-
ferent configurations, we analyze the various losses that are
present. Using the approach described in earlier work [7], all
losses in the PV module are quantified. In this approach, 16 loss
components are defined and grouped into four categories (fun-
damental, optical, electrical, and system losses), such that the
sum of all losses and the efficiency equals 100%. Figure 10 shows
the losses of the optimized PV modules in Delft. Since the losses
comparison among the configurations are found to be similar
for all locations, only the results of Delft are presented in the
main text. The results for the other locations are reported in the
Supporting Information.

It should be realized that the differences in loss distributions
are caused by the configurations having different optimal band-
gap energies or the configurations deploying a different module

design. Figure 11 illustrates how some highlighted losses change
with E, for each configuration. The trend for all losses is pro-
vided in the Supporting Information. In some plots, not all lines
are visible as their values are very similar across configurations.
In case only two lines overlap, additional legends are placed
to indicate which lines correspond to which configuration.
This figure can be used to explain the differences observed in
Figure 10. We discuss the four categories separately and explain
what causes the differences among the configurations.

4.2.1 | Differences in Fundamental Losses

The fundamental losses only depend on the fundamental prop-
erties of the device, such as E,. Therefore, these losses (as shown
in Figure 11) only depend on the bandgap energy, but are similar
among the configurations. The differences, visible in Figure 10,
for this category are solely caused by the configurations having
different bandgap energies. For example, the higher thermaliza-
tion losses (19.7%) in the 2T configuration, compared to the 3T
and 4T configurations (18.6%), are caused by its lower bandgap
energy.

4.2.2 | Differences in Optical Losses

In contrast to the fundamental losses, differences in optical
losses are mostly caused by differences in module design. As the
2T and 3T have a similar module design, these configurations
have similar optical losses, while the 4T module shows higher
optical losses. The higher losses for the 4T module can be at-
tributed to greater contact shading losses (due to a larger ky,, 404
in thin-film modules), and more reflection losses, due to its less
effective texture morphology and non-optimal optical coupling
layer between the top and bottom subcells.

On the contrary, however, the 4T module has lower cell-spacing
losses, due to the lower cell spacing in thin-film modules, and
lower parasitic absorption losses. The lower parasitic absorption
in 4T modules can mainly attributed to the higher reflection
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Below bandgap 17.7% 17.7%
Emission losses
Carnot losses Fundamental Fundamental Fundamental
Angle mismatch ¢ 13.7% 55.8% 55.0% 13.7% 55.1%
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Recombination V | 7.2% 6.6%
Recombination | -1% O1 .010%
St resietance System System 17 System
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FIGURE 10 | The loss analysis for the 2T, 3T, and 4T modules operating in Delft. 16 loss components are grouped into four categories such that

the sum of all losses and the efficiency equals 100%, which is equal to the in-plane irradiation on the module area.
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values, as shown by the absorption profiles which can be found
in the Supporting Information.

4.2.3 | Differences in Electrical Losses

As shown in Figure 10 and Figure 11, the electrical losses are
very similar for the different configurations. This is because the
electrical losses account for all losses introduced by the compo-
nents of the equivalent circuit, combining both recombination
and resistive losses within the cell. Losses caused by differences
in layer stacks and cell interconnections are instead captured by
the optical and system losses, respectively. The electrical parame-
ters are derived from the same equivalent circuit model, meaning
that design variations among configurations have little impact on
electrical losses. The only minor differences observed are primar-
ily due to the modules operating at different bandgap energies.

4.2.4 | Differences in System Losses

Lastly, there are variations in the cell interconnection and mis-
match losses. Interconnection losses are the highest in 4T due to
Reon s being larger than R, .- The 3T device experiences more
interconnection losses than the 2T configuration due to added
rear-side contact resistance.

Mismatch losses in the 2T and 3T modules significantly depend
on E, (Figure 11, bottom right), as it affects current and voltage
matching, respectively, explaining why the optimal E, closely
aligns with the values that minimize mismatch losses. The 4T
device, requiring no current or voltage matching, has the lowest
mismatch losses. The small, but non-zero, mismatch losses are
caused by the fact that the contact resistance slightly influences
the operating point of the cells.

4.3 | Robustness Against Degradation

Lastly, we examine the robustness of each configuration against
each degradation scenario. As mentioned before, this compar-
ison has already been made for 2T and 4T devices in litera-
ture [22], but to the best of the authors’ knowledge not for 3T
devices.

For all scenario's described in Section 2.5, we rerun annual EY
simulations on the optimized modules at different k,, values.

Figure 12 shows the degradation impact on annual EY for the
PV modules in Delft, with results for other locations available in
the Supporting Information. For comparison, the energy yield of
a single-junction module (Module STC efficiency of 20.4%) com-
posed solely of silicon heterojunction (SHJ) cells is represented
by a dashed line. These SHJ cells are based on the bottom cell of
the considered PS tandem cell and it is assumed that they have
no degradation.

In all scenarios, the energy yield of the undegraded tandem
modules are approximately similar (see kg, = 0), as the config-
urations have similar efficiencies in Figure 10. This similarity
will remain for values of k4., up to around 10%. However, these
energy yields will differ for larger values of k4., depending on
the type of degradation. When degradation affects I, the 2T
configuration shows the largest EY drop due to its current-
matching requirement. For V. degradation, the 3T configura-
tion is most affected, due to its voltage-matching requirement.
Under FF degradation, the 2T and 3T configurations are sim-
ilarly affected, as losses in FF cause both losses in J,,,, and
Vpp: Overall, the 4T configuration proves least vulnerable
to perovskite cell degradation in all scenarios, as its top and
bottom subcells operate independently. This independence
makes the 4T module the most robust against degradation.
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junction c-Si module.

For all scenarios, the tandem modules outperform the SHJ for
values of kg, up to 30%.

It should be realized, however, that the actual degradation
rate of perovskite can be different for different bandgap ener-
gies. As higher bandgap perovskites tend to be less stable [53],
it is possible that 3T or 4T modules reach faster high values
of kg, than 2T modules. This aspect should be kept in mind
when comparing the degradation robustness of the different
configurations.

5 | Conclusion

The perovskite/silicon technology is a promising candidate to
further improve the efficiency of PV modules, that can come in
different configurations. This study compares the outdoor per-
formance of 2T, 3T, and 4T devices at the module level, consid-
ering cell-to-module losses that have not been addressed before.
Using the PVMD Toolbox, the performance of a 2T PS device
under outdoor conditions is validated. Then, we simulate the
energy yield of each configuration across various geographical
locations, identifying the optimal bandgap energies for 2T, 3T,
and 4T modules of 1.62, 1.80, and 1.82 eV, respectively. Only for
the 4T module there are small variations in optimal E, across
locations.

To understand the difference among the configurations, we
quantify the various energy losses of all optimized modules.
Additionally, the trends for all losses with respect to E, are
calculated. This shows that the differences in losses can be
caused by different configuration designs (interconnection
losses) or different optimal E, (thermalization losses). The
mismatch losses are the most sensitive to changes in bandgap
energy, meaning they play an important role for determining
the optimal E,. Overall, all optimized configurations have
similar energy yields (all differences within 1.5%) across all
locations.

Finally, we quantify the degradation resilience of each config-
uration by simulating various degradation scenarios, being a
relevant aspect to consider when comparing the configurations.
Results show that 2T and 3T modules are most sensitive to cur-
rent and voltage losses, respectively. Across all scenarios, the
4T configuration proves instead to be the most robust against
degradation. Overall, the tandems outperform single junction
modules for values of ky,, up to 30%.
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