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Abstract. At standard test conditions (STC), the performance of photovoltaic modules is compared using
efficiency. As irradiance and module temperature fluctuate over the year and STC efficiency does not assess the
performance of the module accurately in real world conditions, the annual energy yield is used instead as
performance metric. Perovskite /silicon tandem solar cells are being massively researched and sought after in PV
industry for their efficiency well above 34% with further growth perspective. In this work, to evaluate and
compare performance of different perovskite/silicon tandem photovoltaic (PV) modules based on different
bottom cell technologies, we use a hybrid modelling approach. Such approach, combining experimentally
obtained and simulated current-voltage curves, flexibly predicts the annual energy yield of novel tandem PV
modules via our PVMD toolbox and enables their optimization in any location. In particular, considering
(i) mono- and bi-facial architectures, (ii) 2-terminal and 4-terminal module configurations, and (iii) silicon
heterojunction or novel poly-SiO, passivated c-Si solar bottom cells, we compare the annual energy yield of
different perovskite/silicon tandem modules and we optimize their performance in different locations with

respect to different perovskite thickness and bandgaps.

Keywords: Energy yield / perovskite/c-Si tandem / poly-SiO, / 2T / 4T

1 Introduction

Crystalline silicon solar cells (¢-Si) dominate the photovol-
taic (PV) market. As single junction crystalline silicon
(c-Si) solar cells are approaching their theoretical efficiency
limit [1-3] with record conversion efficiency above 27% [4],
perovskite/c-Si tandem solar cells are gaining attention
[5-35]. Perovskite solar cells are being extensively studied
in various domains, including simulation and optimization
[36-43], fabrication [44-52], and energy yield analysis
[53-65]. Perovskite/c—Si tandem solar cells have shown
efficiencies of 34.6% [66] and have the potential to go
beyond that. 2-terminal (2T) and 4-terminal (4T) config-
urations are typically considered for tandem solar cells and
modules. In 2T configuration, the top and bottom cells
are monolithically integrated and the current matching
between them is crucial to obtain a high efficiency. In 4T
configuration, the top and bottom cells are fabricated
separately, and no current matching is required; but optical
losses increase. This is due to additional charge transport

* e-mail: msinghl@tudelft.nl

layers required for top and bottom cells as well as the
optical matching layer in between the component cells.
More information about the 2T and 4T tandem config-
urations can be found in [6,67-69].

A performance metric more relevant than the efficiency,
which is measured at standard test conditions (STC) [70],
is the annual energy yield. This performance metric
accounts for time-dependent and location-dependent
variations in spectral irradiance and cell temperature, to
which solar cells, and especially tandem devices, are
sensitive. Dedicated software can be used to simulate from
certain input data the irradiance-dependent and tempera-
ture-dependent current density-voltage (JV) curves and
from those predict the energy yield of novel tandem device
designs for various climate conditions [71,72], study their
performance losses [73] or evaluate their degradation [74].
In this work, we introduce a hybrid experimental-
modelling approach for predicting the energy yield of
prospective tandem modules. We use measured IV curves
of lab-scale c¢-Si solar cells based on carrier-selective
passivating contacts (CSPCs), taken at different irradiance
and temperature levels, and combine those with simulated
IV curves of perovskite top cell endowed with different

This is an Open Access article distributed under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0),
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Fig. 1. Measured JV curves (denoted by Meas) and reconstructed JV curves by Calibrated Lumped Element Model (CLEM) of front
side textured c-Si solar cell endowed with poly-SiO, CSPCs (solar cell structure shown in Fig. 3b) for varying (a) irradiance for a fixed
temperature of 25°C and (b) temperature for a fixed irradiance of 1000 W /m?,

absorber thickness and bandgap. Then, we combine such
information in our PVMD toolbox [71] to predict the
annual energy yield of perovskite/c-Si tandem modules
with different bottom cell technologies and in different
climatic conditions.

CSPCs passivate the silicon surface along with
providing carrier selectivity. One way CSPCs are incorpo-
rated in c-Si solar cells is by depositing intrinsic and doped
amorphous silicon layer on c-Si wafers as in silicon
heterojunction (SHJ) solar cells [75-77]. Another way is
by depositing thin tunnelling silicon di-oxide (SiOs) on ¢-Si
wafers followed by a doped polysilicon (poly-Si) layer as in
Tunnel Oxide Passivated Contact (TOPCon) solar cells
technology [78]. TOPCon technology has replaced the
Passivated Emitter Rear Cell (PERC) and Al-based Back
Surface Field (Al-BSF) technologies and is now actually
dominating the PV market [79]. The world market share of
TOPCon solar cells is anticipated to reach 60% in 2033 [79].
Poly-Si solar cells based on TOPCon technology have
shown high efficiency [80-88], but poly-Si layers exhibit
parasitic absorption losses [89]. To reduce the parasitic
absorption in these layers, poly-SiO, [90-96] and poly-SiC,
[97,98] are also being explored as CSPCs. Researchers have
conducted studies on energy yield of perovskite/c-Si
tandem solar cells with SHJ bottom solar cell. However
not much attention has been devoted to the modelling of
energy yield of perovskite/c-Si tandem solar cells with high
temperature CSPCs bottom solar cells. In our previous
work, we have shown the optical optimization and
fabrication of perovskite/c-Si tandem solar cells where
the bottom cell is endowed with novel poly-SiO, based
CSPCs [94-96]. In this work, we extend that study to
predict the annual energy yield of prospective perovskite/
¢-Si tandem modules with bottom poly-SiO, CSPCs cells.
To this end, (i) we use our physics-based comprehensive
modelling framework in real world conditions; (ii)
we optimize both the bandgap and thickness of the
perovskite top absorber; and (iii) we evaluate, in reference
to SHJ, the performance of poly-SiO,, bottom cell in 2T and
4T configurations for both mono- and bi-facial cell
architectures.

2 Experimental

In this study, we use front/back contacted (FBC) poly-
SiO,, based c¢-Si solar cell [96] to study the effect of high
temperature CSPCs in tandem applications. JV measure-
ments have been performed for different irradiance and
temperature on FBC poly-SiO, based c-Si solar cell using a
AAA-class solar simulator which shines artificial light
using xenon and halogen lamps with a spectrum close to
standard air mass 1.5. The JV measurements at different
temperatures are performed by cooling/heating the stage
on which measurement sample is kept. Also, the JV
measurements at different irradiance levels are performed
by using polka dot beam splitters that scale down the
intensity of the incident light without affecting the shape of
the spectrum. JV curves at different irradiance and
temperature of the FBC poly-SiO, based c-Si solar cell
are shown in Figures la and 1b, respectively. The
irradiance ranges between 200 W/m? to 1000 W/m? and
the temperature ranges from 15°C to 55°C. As expected,
the J,. increases with increasing illumination intensity and
the V,. decreases with increasing temperature. The
fabrication details of FBC poly-SiO,, based c¢-Si solar cell
are given elsewhere [96] and its schematic diagram is shown
in Figure 3b.

3 Simulation approach

The PVMD toolbox has been used to calculate the energy
yield of perovskite/c-Si tandem modules with different
bottom cell technologies [71]. The PVMD toolbox consists
of cell, module, weather, thermal and electrical models
which together enable to simulate the energy yield of a solar
cell or a PV module [71]. GenPro4 software is used to
calculate the optical properties of the solar module [99]. We
define the layer stack and give optical constants (refractive
index and absorption coefficient) as well as the thickness of
each layer as input in GenPro4. GenPro4 calculates the
angle- and wavelength-resolved reflectance and absorp-
tance of each layer in the module. The absorption
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Fig. 2. Flowchart showing hybrid approach used to calculate the (annual) energy yield of tandem modules with poly-SiO, bottom cell.

calculated in GenPro4 is also depth resolved. For the
bi-facial tandem modules, such calculation is performed for
both front and rear irradiance. The absorption in each layer
is given as an input to the module part, which uses a ray
tracing model [100] to calculate the absorption of the cells
in the module. Note that the module comprises 60 series-
connected and encapsulated cells. The angle- and wave-
length-dependent absorption is given as an input to the
weather model to calculate the photocurrent generated by
each cell in the module. We use the Perez model to
reconstruct the sky map from Diffused Horizontal
Irradiance (DHI) and Direct Normal Irradiance (DNI).
This sky map indicates the brightness of each part of the
sky. The tilt and other mounting conditions are given as
input in module part which calculates the sensitivity map.
This sensitivity map is multiplied by the sky map to obtain
the global tilted irradiance [101]. The sky map and
therefore also the tilted irradiance are spectrally resolved.
The spectral distribution is calculated by the SBDART
model [102]. The thermal module then calculates the
temperature of the cell, and the electrical part uses a
calibrated lumped element model (CLEM) to compute the
module JV curves and DC energy yield for every hour of the
year. The implied photocurrent density (output of the
weather module) and the other electrical parameters
(extracted from simulated/measured JV) are given as
input in the CLEM model to generate tandem JV curves.
Note that this CLEM is based on a five-parameter single
diode model in which each of the parameters are
temperature and irradiance (corresponding photocurrent
density) dependent. In our hybrid approach, the JV curves
can either be obtained from measurements, or from
semiconductor device simulations such as those carried
out with ASA software [71,103,104]. For the perovskite/c-
Si tandem device endowed with the reference SHJ bottom

cell, the JV curves of both the top and the bottom cell are
obtained from simulations. The schematic process flow of
this simulation framework used to compute the energy
yield of perovskite/c-Si tandem solar cells is shown in
Figure 2. Our hybrid approach is an extension of the
existing simulation framework [71] whereas the input JV
parameters of the top perovskite solar cell have been
simulated and the bottom poly-SiO, c-Si solar cell has been
experimentally measured.

4 Validation

The in-house developed and manufactured FBC poly-SiO,
solar cell [96], with a certified efficiency of 20.47%, has been
used for validating the proposed modelling framework. The
FBC poly-SiO,solar cell has a front side texture and rear side
flat interface. The refractive index (n), extinction coefficient
(k) and thickness of n-type and p-type doped poly-SiO,
CSPCs have been taken from our earlier work [94]. Figure 3a
shows the simulated absorptance and measured EQE of the
FBC poly-SiO,, cell. The simulated values have an average
deviation of 1.6% from the measured values, which shows
that the simulated values are a good match with the
measured values. The schematic of the simulated structure is
shown in Figure 3b. Validation of EQE and JV of the
reference 2T perovskite/c-Si tandem with SHJ bottom cell is
shown in Figures 3¢ and 3d respectively.

Measured JV curves at varying irradiance and
temperature of the FBC poly-SiO, solar cell are given as
dots in Figures 1a and 1b, respectively. This shows that, as
expected, increasing irradiance increases the current and
increasing temperature reduces voltage in these solar cells.
These JV curves are used for parameter extraction which
are given as an input to the electrical part of the PVMD
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Fig. 3. (a) Comparison of simulated absorptance (black line) with EQE (black squares) for front back contacted (FBC) single side
textured (SST) poly-SiO, passivated c-Si solar cell (b) solar cell structure used for simulation and measurement of EQE. Comparison of
(c) simulated absorptance with EQE (given in [105]) and (d) simulated JV with measured JV (given in [105]) for the reference 2T

perovskite/c-Si tandem with SHJ bottom cell.

toolbox. As explained in Section 3, the measured curves are
fit using the five-parameter model, and the irradiance and
temperature dependence of each of these five parameters is
again parameterized. The average deviation between
measured JV curves (details in Sect. 2) and reconstructed
JV curves (from CLEM parameters) is less than 5%,
showing that the fit is a good match. The JV curves of the
top perovskite solar cell and the reference SHJ bottom cell
[71,105] have been obtained by ASA simulations and their
validation is shown in Figure 4. The main effect of
increasing temperature is a decrease in the V., which is
clearly observed in both the JV-curves from measurement
(of the poly-SiO, cell), and those from ASA simulation (of
the perovskite and SHJ cells), and is included in our energy
yield model. A secondary effect of increasing temperature,
is a slight increase in J,. due to bandgap variations. This is
naturally included in the JV-curves obtained from
measurement. However, this effect is not included in the
JV-curves obtained from ASA simulations. This might lead
to an underestimation of energy yield by a few percentage.

While the poly-SiO,, solar cell is fabricated in-house and
holds potential for improvement in both passivation
quality and optical performance, the SHJ solar cell
considered represents an optimized, high-efficiency device
as described in reference [105]. In terms of parameters

relevant to the energy yield model, transitioning from the
SHJ to the poly-SiO,-based solar cell results in a reduction
in V.. This decline is primarily attributed to the poly-SiO,,
cell’s lower passivation quality, which requires further
optimization. Consequently this leads to an increase in
recombination current density (J,). Additionally, the SHJ
solar cell demonstrates better carrier collection, as evident
by a lower series resistance compared to the poly-SiO,-
based solar cell. Furthermore, differences in the optical
constants of the carrier-selective passivation contacts
(CSPCs) between the two ¢-Si technologies contribute to
performance variations. The thicker poly-SiO, layer
introduces higher parasitic absorption losses, slightly
diminishing the optical performance of the poly-SiO, based
solar cell compared to the SHJ solar cell.

5 Input parameters and structures

The FBC poly-SiO,, ¢-Si solar cell, the 2T tandem based
on mono-facial poly-SiO, cell, the 2T tandem based on
bi-facial poly-SiO, cell, and the 4T tandem based on mono-
facial poly-SiO,, cell are shown in Figures 5a—5d, respec-
tively. We have considered a front and rear side texturing
in the bottom c-Si solar cell to achieve maximum
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Fig. 4. Simulated JV curves in ASA and GenPro4 (denoted by SIM) and reconstructed JV curves by Calibrated Lumped Element
Model (CLEM) of perovskite solar cell for varying (a) irradiance for a fixed temperature of 25°C and (b) temperature for a fixed
irradiance of 1000 W /m? and SHJ solar cell for (c) varying irradiance for a fixed temperature of 25 °C and (d) temperature for a fixed

irradiance of 1000 W /m?.
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Fig. 5. Simulated solar modules archetypes: (a) single junction mono-facial encapsulated FBC poly-SiOj, solar cell, (b) 2T mono-facial
encapsulated perovskite/c-Si tandem with poly-SiO, bottom cell, (c) 2T bi-facial encapsulated perovskite/c-Si tandem with poly-SiO,,
bottom cell, and (d) 4T mono-facial encapsulated perovskite/c-Si tandem with poly-SiO, bottom cell. Flat /flat top cell is considered for
4T. In such configuration an ITO layer is added at rear of the top cell for hole collection. Glass (ARC) is used as an anti-reflection
coating to reduce reflection losses whereas Glass (Fe) is the soda lime glass typically used as an encapsulant in PV modules [71].

absorption. Perovskite solar cell deposited on top of c-Si
solar cell follows the same texturing in 2T. For the 4T
tandem, a flat perovskite top cell is considered as the
perovskite solar cell in this case is deposited on flat glass.
The thickness of the various layers used in simulation is
given in Table 1. Thickness of ¢-Si is chosen to be 160 pm to
match with industrial standards.

Table 2 shows the various module parameters used in
simulations. For bi-facial tandems (as shown in Fig. 5¢), no
rear metal is considered. Since, the rear TCO will increase
the series resistance in bi-facial tandem, we consider twice
the value of interconnection losses (ITO and metal
resistance) in the bi-facial case. Cell to module losses such
as the resistance losses due to additional top and bottom
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Table 1. Input layer thickness of simulated solar cell structures.

2T and 4T tandem

Perovskite top cell

c-Si bottom cell

Layer Thickness Layer Thickness

TOP ITO / 1ZO [2T,4T] 40nm, 175nm Top ITO 75nm

SnO, 5 nm poly-SiO, (n type) 20 nm

Cso 7 nm SiO4 1.5 nm

Perovskite [2T,4T)| variable ¢-Si bulk 160 pm

PTAA 23 nm poly-SiO,, (p type) 30 nm

Bottom ITO [4T only]| 175 nm Bottom ITO 150 nm
Ag 300 nm

Encapsulation materials

AF2400 93 nm Glass-FelOppmM1 3000 pm

Glass ARC 53 nm Polyolefin-UVT 450 pm

Table 2. Module and electrical parameters used in energy yield simulation.

Number of cell rows 10 Bvpass diodes 3

Number of cell columns 6 Module thickness 0.5 cm

Cell length 15.675 cm Module row spacing 800 cm

Cell width 15.675 cm Module area 1.5749 m?

Total number of cells 60 Edge spacing 1 cm

Cell spacing 0.3 cm Module side spacing 2 cm

Metal and ITO resistance 0.0039 Q [106] Module azimuth South-facing 0°, North-facing 180°

Metal coverage 2% [107,108] Mounting height 50 cm

Table 3. Global Horizontal Irradiance (GHI), optimum tilt, latitude and longitude, average air mass (AM,,,) and
average ambient temperature (T,,,) of different locations used in simulation. AM,,,, and T, are averaged over the entire

year.

Location Annual global Optimum Latitude and Average Average
horizontal tilt (°) [109]  longitude air mass  ambient
irradiance (AM,,;)  temperature
(GHI) (kWh/m?) Tave (°C)

Reykjavik (Iceland) 752 43 64.1470 °N 21.9408 °E 2.61 5.46

Rome (Italy) 1403 27 41.9028 °N 12.4964 °E 2.17 15.80

Alice Springs (Australia) 2203 —27 23.6980 °S 133.8807 °E  1.87 21.63

ITO, parasitic absorption losses due to encapsulation,
spacing losses to account for the spacing between the cells
and metal contact shading have been included. The
location specific input parameters used in simulation, such
as Global Horizontal Irradiance (GHI), optimum tilt,
latitude and longitude, average Air Mass (AM) and
average Ambient Temperature (7,,) for each location
are also included in Table 3. The architecture and input
parameters of the double side textured reference SHJ
tandem has been taken from [17,71,105].

6 Results and discussion
6.1 Energy yield at standard test conditions (STC)

Table 4 gives the parameters of SHJ and poly-SiO,, based
¢-Si solar cells and modules at STC. The 2T tandems have
been current-matched for a perovskite bandgap of 1.68¢eV.
The matched photocurrent density of the 2T mono-facial
tandem based on poly-SiO, bottom cell is 19.5 mA /cm? for
a b5b0-nm thick perovskite absorber. Using the hybrid
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Table 4. Cell and module parameters for c-Si solar cell modules based on silicon heterojunction (SHJ) (reference) and
poly-SiO, technologies. Parameters for both single junction (SJ) and tandem structures are given below. Thickness of ¢-Si
is fixed to 160 pm, while the perovskite thickness has been adjusted to obtain photocurrent density (J,,) matching at STC.
For 2T, Jun top = Jph,bottom, While the bandgap of perovskite is 1.68 eV.

Cell type Perovskite  Silicon Photo-current Rear side STC STC module
thickness thickness  density Jpn top. photo-current power efficiency [%]
[nm)] [m] Jphbottom (MA/cm?)  density (mA/cm?®)  [W,]

SHJ SJ n.a. 160 37.8 - 323 20.5

Poly-SiO, SJ n.a. 160 37.4 - 260 16.5

2T SHJ Tandem 700 160 19.9 35.7 455 28.9

2T Poly-SiO, Tandem 550 160 19.5 34.8 421 26.7

4T SHJ Tandem 700 160 18.4, 17.7 - 416 26.4

4T Poly-SiO, Tandem 700 160 18.4, 174 - 382 24.3

Table 5. Temperature coefficients (TCs) of SHJ and poly-SiO, based c-Si modules as well as perovskite based modules.
These temperature coefficients have been calculated from simulated and measured JV curves of ¢-Si solar cells based on
SHJ and poly-SiO, technology as well as perovskite solar cells respectively.

Ceu type TC Voc (%/K) TCJSC (%/K) TCPmpp (%/K)
SHJ SJ —0.264 —-0.001 -0.322
Poly-SiO, SJ -0.233 0.039 -0.25
Perovskite SJ -0.143 0.0009 -0.174

modelling approach, we can predict various parameters of
the module comprising 2T mono-facial tandem devices
based on poly-SiO, bottom cells, such as the power
(421W,) and the module efficiency (26.7%) at STC
conditions. In the case of 4T mono-facial configuration, a
thicker perovskite of 700 nm is used for simulations as there
are no current matching restrictions and a thicker
perovskite is expected to give better performance. The
module comprising 4T mono-facial tandem devices based
on poly-SiO, bottom cell delivers STC power output of
382 W and a module efficiency of 24.3%. We note the STC
power output of the 2T tandem is 10.3% higher than that of
the 4T tandem. The 4T tandem output is lower due to
additional optical losses caused by the intermediate optical
matching layers [110] and electrical losses due to the
additional ITO layer at the rear of the perovskite top cell.
SHJ tandem solar cells present higher output power to
poly-SiO, tandem solar cells. This is due to the lower
passivation quality and larger parasitic absorption losses of
doped poly-SiO, CSPCs and ITO in the tandem based on
poly-SiO,, bottom cell. Unlike the SHJ tandem, wherein the
tunnel recombination junction (TRJ) is optimized for
highest performance [17,71,105], the ITO layer considered
in the poly-SiO, tandem has been taken from the fabricated
poly-SiO,, based single junction (SJ) solar cell [96] and has
not been optimized for the tandem case. The TRJ of the
tandem device based on poly-SiO, bottom cell could be
further optimized to increase the annual energy yield, but it
is not the focus of this work. Table 5 shows the calculated
voltage, current and power temperature coefficients (TCs)
for SHJ and poly-SiO, single junction (SJ) solar modules as

well as perovskite SJ solar modules. For poly-SiO,, c-Si solar
cell, the TC are calculated from measured JV curves as
given in Figures 1la and 1b. For SHJ and perovskite solar
cell, the TCs are calculated from simulated JV curves
obtained from ASA [71,105] as shown in Figure 4. We find
the TCs of the SHJ cell are more negative as compared to
poly-SiO, solar cell. The more negative temperature
coefficients observed in SHJ cells could be due to a higher
sensitivity of V. to temperature in SHJ solar cells as their
passivation layers are deposited at lower temperatures. In
contrast, poly-SiO,-based cells, where passivation layers
are deposited at higher temperature, have better thermal
stability and experience less temperature-dependent
reduction in V.. This indicates that the poly-SiO, based
solar cells might be more temperature stable as compared
to SHJ solar cells. In this work we use the TCs of bottom
cell of tandem to explain the differences in the performance
of tandem as the top perovskite solar cell is similar in both
cases.

6.2 Energy yield in outdoor conditions

In this section, the energy yield of novel 2T and 4T mono-
facial tandem modules based on poly-SiO, bottom cell is
optimized with respect to different perovskite thicknesses
and bandgaps. The bi-facial case is also considered for the
2T tandem module. Location chosen for this part of the
study is Rome (see Tab. 3). The input parameters and
structure of the tandem devices are given in Section 5. On
the other hand, tandem devices based on SHJ bottom cell
have already been optimized in earlier studies [71,111-114].
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6.2.1 2T mono-facial tandem module based on poly-SiO,
bottom cell

As we see from Table 4, a 550-nm thick perovskite absorber
is required to reach photocurrent density matching in 2T
tandem device with poly-SiO, bottom cell. In outdoor
conditions, one has to evaluate the opto-electric perfor-
mance of the tandem as function of perovskite bandgap and
thickness, which affect both V.. and J,.. Hence, we have
optimized the bandgap and thickness of the perovskite
absorber layer to maximize the annual energy yield of the
2T tandem device in Rome at an optimum tilt of 27°.
Figure 6 shows such optimization wherein annual energy
yield of the 2T perovskite/poly-SiO, tandem module is
simulated for a range of perovskite bandgaps (from 1.56 eV
to 1.80eV) and for different perovskite absorber thick-
nesses (from 300 to 600 nm). From Figure 6, we find the
optimum perovskite bandgap for 300-nm thick perovskite
absorber is 1.64 eV, which gives 602 kWh/y in terms of
annual energy yield. This optimum value increases to
1.68 eV for a 600-nm thick perovskite absorber thickness,
which gives 623 kWh/y. Since the optimum energy yield is
obtained around photocurrent density matched condition,
we find that by increasing the perovskite bandgap in 2T
perovskite/c-Si tandem cell, the optimum energy yield is
obtained for a thicker perovskite absorber.

6.2.2 2T vs 4T mono-facial tandem module based on
poly-SiO, bottom cell

In this section, the simulation results related to 2T and 4T
tandem devices both based on poly-SiO, solar cell are
compared, again as function of perovskite absorber
thickness and bandgap. The input structure and param-
eters for the 4T tandem module have been also given in
Section 5. Figure 7a shows annual energy yield for varying
perovskite absorber thickness (from 300 to 900 nm) of both
2T and 4T tandem modules based on poly-SiO, bottom
cell. Note that the perovskite bandgap has been fixed to

1.68 eV for these simulations. We observe an increase in the
annual energy yield of the 2T tandem module (592 kWh/y
to 624 kWh/y) as the perovskite thickness increases from
300nm to 550 nm. As the perovskite thickness is further
increased beyond 550nm, the annual energy yield
gradually decreases. The annual energy yield for 900-nm
thick perovskite thickness is 615 kWh. This shows that at
550 nm, top and bottom sub-cells are current matched and,
o, the highest annual energy yield is obtained. In general,
we observe the perovskite absorber is limiting the tandem’s
total current for thinner perovskite absorbers whereas the
¢-Si bulk is limiting the current for thicker perovskite
absorbers. From our previous work, we have seen similar
trends for total photocurrent of 2T tandem device [95]. On
the other hand, for the 4T tandem module based on poly-
SiO, bottom cell, the current matching is not required. The
annual energy yield for 4T tandem increases for increasing
perovskite thickness (545 kWh at 300 nm to 569 kWh at
700nm). On increasing the perovskite thickness after
700 nm, a slight decrease in energy yield is seen (567 kWh at
900 nm). Hence, 700 nm is the optimal perovskite thickness
for 4T tandem configuration. The annual energy yield of
the optimized 2T and 4T tandems modules are 624 kWh/y
and 569 kWh/y, respectively. The annual energy yield of
the 2T tandem module is higher than the annual energy
yield of the 4T tandem module by an average 8.5%. This
value is reduced from the 10.3% mark at STC (see Tab. 4)
dueto varying real world spectral conditions. A lower annual
energy yield in 4T tandem module can be attributed to the
additional optical and electrical losses in the 4T configura-
tion as compared to the 2T one due to additional charge
transport layers in top and bottom cells of 4T tandem.

Figure 7b shows again the annual energy yield of 2T and
4T tandem modules based on poly-SiO, bottom cell but for
varying perovskite bandgaps (from 1.60 to 1.90eV) and
fixed thickness of the perovskite absorber (550nm and
700 nm for 2T and 4T configurations, respectively). These
values are chosen since they realize the highest annual
energy yield (see Fig. 7a). In Figure 7b we observe that the
2T tandem module based on poly-SiO, bottom cell is more
sensitive than the 4T counterpart to the perovskite
absorber bandgap. This is due to the current mismatch
conditions that affect the 2T tandem configuration. For the
perovskite absorber exhibiting bandgaps lower than
1.68 eV, the ¢-Si bottom cell is limiting and for perovskite
bandgaps above 1.68 eV, the top perovskite cell is limiting.
So, in the 2T configuration, the optimum bandgap for
550-nm thick perovskite is 1.68eV. By increasing the
perovskite bandgap from 1.60eV to 1.68eV, the annual
energy yield increases from 567 kWh/y to 624 kWh/y.
Above the 1.68 eV bandgap value, the annual energy yield
decreases. However, for the 4T configuration, varying the
perovskite bandgap from 1.60eV to 1.68eV, the annual
energy yield increases from 562 kWh/y to only 569 kWh/y.
Optimal perovskite bandgap in this case is achieved at
1.81eV at which the yield is 572 kWh/y. On further
increasing the perovskite bandgap, the energy yield
decreases to 560 kWh/y at perovskite bandgap of 1.9eV.
On varying the perovskite bandgap, the energy yield of 4T
tandem varies by only 1.78% unlike the 2T case where the
energy yield varies by around 10%.
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6.2.3 2T mono-facial vs bi-facial tandem module based on
poly-SiO, bottom cell

Bi-facial modules can benefit from the additional irradia-
tion on the rear side of the module. However, in the 2T
configuration, this also poses an additional challenge while
pursuing the current matching condition as the rear-side
irradiance is fully absorbed by the bottom cell. In this
section, annual energy yield of 2T bi-facial perovskite/c-Si
tandem modules are simulated with respect to the spectral
albedo of several materials, such as dry grass, green grass,
white paint and snow. Note an in-house developed ray-
tracing model [100,101,115] is used to calculate both front
and rear side spectrally resolved irradiance for every hour
of the year. The wavelength dependent reflectance or
spectral albedo of dry grass, green grass, white paint and
snow are shown in Figure 8a. The average reflectance over
the wavelength range from 300 nm to 1200 nm is highest for
snow (94.3%) followed by white paint (65.1%), green grass
(36.5%) and dry grass (25.3%). Snow is close to an ideal
reflector and is also considered in this study. Here, we have
considered our standard current-matched case of 2T
tandem module based on poly-SiO, bottom cell with
550-nm thick perovskite absorber with 1.68 eV bandgap.
Again, the modelling location is Rome for a tilt of 27°. In
order for the results to be comparable, for a mono-facial
tandem module the ground reflected irradiance has also
been taken into account. Spectral albedo of dry grass has
been chosen for these simulations.

First, for surfaces with different spectral albedo, the
thickness of the perovskite absorber is varied while keeping
fixed the bandgap to 1.68¢eV. These results are shown in
Figure 8b. As expected, the annual energy yield of the 2T
bi-facial tandem module increases on surfaces with higher
spectral albedo as the sunlight reflected from the ground is
absorbed in c-Si absorber and adds to its current. As
expected, the highest annual energy yield is seen for the 2T
bi-facial tandem module on snow. For perovskite thick-
nesses greater than 550 nm, the increased current density
from the bottom cell starts limiting the performance. So the

annual energy yield can be increased for thicker perovskite
absorber. With respect to the 2T mono-facial configura-
tion, the 2T bi-facial configuration on snow shows an
increase in annual energy yield of 2.5% (4.5% and 5.3%) for
300-nm (600-nm and 900-nm) thick perovskite absorber. It
is evident that a thicker perovskite is needed to current
match the extra current generated due to rear absorption in
bi-facial case. We observe in Figure 8b, in case of snow, that
the optimum perovskite thickness increases from 550 nm of
the mono-facial configuration to 700nm of the bi-facial
configuration. In the former case, the maximum annual
energy yield is 624 kWh/y while in the latter the annual
energy yield is 652 kWh/y.

In Figure 8c, the perovskite bandgap is varied between
1.56 eV and 1.80 eV while the thickness is set to 550 nm. For
perovskite bandgaps below 1.68eV, the c-Si current is
limiting and the additional light absorption from the rear
side of the tandem module increases the module’s current
and, consequently, its annual energy yield as compared to
the 2T mono-facial configuration. Hence, the increase in
annual energy yield for 2T bi-facial tandem modules with
respect to 2T mono-facial tandem modules is higher for
perovskite bandgaps lower than 1.68eV. With respect to
the 2T mono-facial tandem module poly-SiO, tandem and
in case of snow, the 2T bi-facial tandem module shows an
increase of 7.5% (4% and 1.9%) for 1.56eV (1.68eV and
1.80eV) perovskite bandgap. We remind the optimum
perovskite bandgap and thickness for the 2T mono-facial
tandem module being 1.68 eV and 550 nm, respectively. As
the spectral albedo increases, we see a slight shift towards
lower perovskite bandgaps. To conclude, the optimum
perovskite bandgap on snow is 1.67 eV and, for perovskite
thickness of 550 nm, the resulting maximum annual energy
yield is 650 kWh/y.

Notably, the bi-facial configuration demonstrates
flexibility in design, with a broader range of perovskite
bandgaps (1.65-1.68eV) and thicknesses (500-800nm)
resulting in energy yield variations of less than 1%. This
indicates the robustness of the bi-facial design to parameter
variations. In general, for all surfaces, a perovskite bandgap
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of 1.68eV and a thickness of 700nm yield the best
performance for a 2T bi-facial perovskite/c-Si tandem
module with a poly-SiO, bottom cell. In comparison, for
the 2T mono-facial configuration, the optimal perovskite
bandgap and thickness are 1.68 eV and 550 nm, respectively.
When fabricating mono-facial and bi-facial modules
together, it is feasible to use a common perovskite bandgap
of 1.68eV and a thickness of 550 nm, ensuring efficient
performance across both configurations. This approach
highlights the potential for standardizing key parameters,
simplifying the fabrication process, and maintaining high
performance under diverse outdoor conditions.

6.3 Comparison of SJ and tandem modules based on
poly-SiO, and SHJ bottom cells

In this section, the annual energy yield of tandem modules
with different bottom cell technologies, namely SHJ and
poly-SiO, CSPCs, has been simulated for different
locations using the PVMD toolbox. Tilting the photovol-
taic module at optimum angle increases the incident
irradiance on the plane of the array. The optimum tilt for
testing cities, Reykjavik (Iceland), Rome (Italy) and Alice
Springs (Australia), are given in Table 3. The motivation
for choosing these cities is that they cover a wide range of
latitudes and an increasing annual global horizontal

irradiance (GHI), as shown in Table 3. The single junction
and tandem module archetypes have been shown in the
Figure 5, while detailed input parameters are given in
Section 5.

6.3.1 SJ and 2T tandem modules

Figures 9a, 9b and 9c show the modelled annual energy
yield and specific energy yield of SJ and 2T tandem
modules based on SHJ (reference) or poly-SiO, technolo-
gies in Reykjavik, Rome and Alice Springs, respectively.
Optimized perovskite thickness of 700 nm and 550 nm are
used for simulating 2T tandem modules based on SHJ or
poly-SiO,, bottom cells, respectively (see Figs. 7a, 7b and
Tab. 4). Results of SJ SHJ and poly-SiO, modules are also
analysed.

At STC, we observe the output power of 2T tandem
modules based on SHJ (poly-SiO,) bottom cells is higher
than the SJ SHJ (poly-SiO,) module by ~41% (~62%) (see
Tab. 4). Also in outdoor conditions, the 2T modules
outperform SJ modules and, with increasing irradiance at
different testing cities, the annual energy yield of the
various module technologies increases. The annual energy
yield of 2T tandem modules based on poly-SiO, bottom
cells is 377 kWh/y, 624 kWh/y and 931 kWh/y in
Reykjavik, Rome and Alice Springs, respectively.
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In contrast, SJ modules based on poly-SiO,, cells realize
an annual energy yield of 242 kWh/y, 385 kWh/y and
575 kWh/y in Reykjavik, Rome and Alice Springs,
respectively. Therefore, from SJ to 2T tandem modules
based on poly-SiO,, a gain in annual energy yield of 56%,
62% and 62% can be expected in Reykjavik, Rome and
Alice Springs respectively. The slightly lower tandem gain
for Reykjavik can be attributed to the incident spectrum in
Reykjavik being farthest from the STC spectrum (AM1.5)
as compared to Rome and Alice Springs for which the
tandem was current matched (See AM,,, in Tab. 3).
Figures 9a, 9b and 9c show that the annual energy yield
of 2T tandem modules based on SHJ bottom cells is higher
than that of the 2T tandem module based on poly-SiO,
bottom cells. The specific energy yield, defined as the
annual energy yield over the STC power and simply
indicated with kWh/kW, is an important parameter to
compare the performance of different cell technologies
relative to their STC performance. The specific energy
yield of the 2T tandem module based on poly-SiO, bottom
cellsis only ~1.5% (~1.2%) lower than that of the reference
2T tandem module based on SHJ bottom cells tandem in
Rome (Alice Springs). Conversely, for locations with lower

irradiance such as Reykjavik, the specific energy yield of
the 2T tandem module based on poly-SiO, bottom cells is
0.7% higher than that of the 2T tandem module based on
SHJ bottom cells. We explain this results as follows. At
lower irradiance, the voltage and the power output are
more sensitive to temperature change [116]. Hence, the 2T
tandem module based on SHJ bottom cells suffers from
higher power loses in case of temperature changes as
compared to the poly-SiO,-based counterpart due to the
more negative temperature coefficient of SHJ bottom cells
(see Tab. 5).

6.3.2 4T tandems modules

The series connection of 4T tandem is simulated by
simulating the top and bottom cell JV curves separately for
every hour of the year. The resistance values of the ITO
layers for both top and bottom cell curves are included.
Finally, the top and bottom cell’s power is added to obtain
the total DC power (energy yield) of the 4T tandem. Here
we assume to top cells are not connected to the bottom
cells, so top and bottom operate independently (each have
their on MPPT). Figures 10a, 10b and 10c show the annual
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perovskite is absorber is 700-nm thick and its bandgap is 1.68 eV.

energy yield and the specific energy yield of 4T tandem
modules based on SHJ or poly-SiO, bottom cells in
Reykjavik, Rome and Alice Springs, respectively. In these
simulations, the perovskite absorber is 700-nm thick and its
bandgap is fixed at 1.68eV (see Fig. 7a as well as Tab. 4).
Although the optimal perovskite bandgap for the 4T
configuration is 1.81 eV, we chose a 1.68 eV bandgap for 4T
tandem simulations as it closely aligns with the optimal of
2T configuration. Additionally, the differences in energy
yield between the two bandgaps are minimal in 4T case (see
Fig. 7b). The annual energy yield of the 4T tandem based
on poly-SiO, bottom cells is 348 kWh/y, 570 kWh/y and
849 kWh/y in Reykjavik, Rome and Alice Springs,
respectively. In contrast, the annual energy yield of the
4T tandem module based on SHJ bottom cells is higher that
of the 4T module based on poly-SiO,, bottom cells by 8.7%,
10.8% and 10.4% in Reykyavik, Rome and Alice Springs,
respectively. This is due to the additional opto-electrical
losses experienced by the 4T tandem module based on poly-
SiO,, bottom cells compared to its SHJ-based counterpart,
similarly to the loss in performance at STC (See Tab. 4).
The specific energy yield of 4T tandem modules based on
poly-SiO, bottom cells decreases with respect to that of the
SHJ-based counterpart by 1.7% (1.3%) in Rome (Alice

Springs). However, similarly to the 2T tandem modules’
results, the specific energy yield of the 4T tandem module
based on poly-SiO, bottom cells is 0.2% higher than that of
the SHJ-based counterpart in Reykjavik.

6.3.3 2T bi-facial and mono-facial tandem modules

Figures 11a, 11b and 11c¢ show the comparison between 2T
bi-facial tandem modules based on SHJ or poly-SiO,
bottom cells for different spectral albedos in Reykjavik,
Rome and Alice Springs, respectively. For these bi-facial
simulations, we have used the perovskite thickness that
gives the current matched condition in 2T mono-facial
case, i.e. 700 nm for SHJ-based tandem module and 550 nm
for poly-SiO,-based tandem (see Tab. 4). Also, the
optimized perovskite bandgap of 1.68eV is used in this
simulation. The highest annual energy yield values are
obtained on snow, which has the largest average spectral
albedo of 94.3% (see Fig. 8a). The annual energy yield of 2T
bi-facial tandem modules based on SHJ (poly-SiO,) bottom
cells is 420 kWh/y (397 kWh/y) in Reykjavik, 699 kWh /y
(650 kWh/y) in Rome and 1033 kWh/y (964 kWh/y) in
Alice Springs. As in the mono-facial configuration case, the
difference in annual energy yield between SHJ-based and
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poly-SiO,-based tandem modules is higher in places like
Rome (+7.5%) and Alice Springs (+7%) and lower in
Reykjavik (+5.7%) due to the voltage of the SHJ-based
tandem module being more sensitive to change in
temperature in places with lower irradiance like Reykjavik.

From Figures 11a, 11b and 1lc, we observe that the
relative annual energy yield difference between the 2T
tandem modules based on SHJ bottom cells with respect to
the poly-SiO,-based counterpart decreases with increasing
spectral albedo in all testing cities. For example, in Rome,
the annual energy yield of the 2T mono-facial tandem
based on SHJ bottom cells is higher than that of the poly-
SiO,based counterpart by 9.8% but decreases to 7.5% in
bi-facial configuration for the case of snow. Since the photo-
current density generated from the rear-side irradiance of
the SHJ solar cell is higher than that of the poly-SiO -based
c-Si solar cell in the 2T configuration (see Tab. 4), the
reduced difference in energy yield between the SHJ and
poly-SiO,-based cells in the bi-facial case (compared to the
mono-facial case) cannot be attributed to optical factors.
To explain this, the average operating temperature ( Tyyg),
open circuit voltage (Vocavg), and short circuit current
(Isc-avg) of the 2T tandem modules based on SHJ or

poly-SiO,, bottom cells in Rome are given in Table 6. The
increased irradiance in bi-facial tandem modules increases
both the photogenerated current and the voltage. However,
the latter increase is curbed by the increase in operating cell
temperature due to the increase in absorbed irradiance in
the bi-facial tandem modules (see Tab. 6) [117]. Due to the
more negative temperature coefficient of the SJ SHJ
module (see Tab. 5), the Vi ay is slightly lower in the 2T
tandem modules based on SHJ bottom cells than in the
poly-SiO -based counterparts. Hence, the voltage gain
from mono-facial to bi-facial configuration is smaller in 2T
tandem modules based on SHJ bottom cells than in the
poly-SiO -based counterparts (see Tab. 6). Similarly, the
increase in operating temperature due to the additional
photogenerated current in bi-facial configuration increases
the current more in the 2T tandem module based on poly-
SiO, bottom cells than in the SHJ-based counterpart due to
the more positive current temperature coefficient of the SJ
poly-SiO, module (see Tab. 5). Hence, the difference
between the 2T bi-facial tandem module based on SHJ
bottom cells and the 2T bi-facial tandem module based on
poly-SiO,, bottom cells decreases with increasing spectral
albedo.
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Table 6. Average output parameters of 2T tandem modules based on SHJ or poly-SiO, bottom cells in Rome.

SHJ technology

Poly-SiO,, technology

Modules output parameters 2T mono- 2T bi-facial Absolute 2T mono-facial 2T bi-facial Absolute
facial tandem on increase tandem tandem on increase
tandem SNOW SNOW

Average operating temperature T, (°C) 18.35 18.53 0.18 18.51 18.73 0.22

Average output voltage Ve avg (V) 55.19 55.54 0.35 53.43 53.93 0.5

Average output current Isc uve (A) 1.66 1.7 0.04 1.62 1.67 0.05

7 Conclusions

In this work, we have used a hybrid approach
(combination of simulation and experimental data) in
an advanced simulation framework to calculate the
annual energy yield and the specific energy yield of novel
2T and 4T tandem modules based on poly-SiO, bottom
cells. This approach makes our device simulations
flexible and is especially useful for predicting annual
energy yield of tandem modules with novel materials or
architectures.

Our results reveal several critical insights into the
performance of poly-SiO,-based tandem modules. Under
standard test conditions (STC), we calculated power outputs
of 421 Wp and 382 Wp for 2T mono-facial and 4T tandem
modules, respectively, based on poly-SiO, bottom cells. In
outdoor realistic conditions, the optimized annual energy
yield of a 2T mono-facial and 4T tandem modules based on
poly-SiO, bottom cells is 624 kWh/y and 572 kWh/y,
respectively, in the testing city of Rome. By leveraging
bifacial configurations, we further enhanced the annual
energy yield of 2T tandem modules to 652 kWh/y on
reflective surfaces such as snow, showcasing the potential of
poly-SiO,-based tandems in high-albedo environments.

Using our simulation framework, we have determined
the optimum perovskite thickness and bandgap for various
tandem configurations. For the mono-facial 2T tandem,
the optimal parameters are a bandgap of 1.68eV and a
thickness of 550 nm, while for the 4T perovskite/c-Si
tandem, they are 1.81 eV and 700 nm. However, a common
perovskite bandgap of 1.68 eV can be effectively utilized for
both 2T and 4T configurations, as the 4T tandem
demonstrates less than 2% variation in energy yield within
the 1.68-1.81eV bandgap range. In the 2T bi-facial
configuration, a bandgap of 1.68eV and a thickness of
700nm generally perform best across all surface types.
However, we observe that a broader range of perovskite
bandgaps (1.65-1.68eV) and thicknesses (500-800nm)
results in energy yield variations of less than 1% in the
bi-facial case. This highlights the flexibility of our modeling
framework, which allows for the optimization of a common
set of parameters across different conditions.

In this study, we have experimentally shown that the
poly-SiO,, passivated c-Si solar cell can be more thermally
stable as compared to the modelled SHJ solar cell presented

in our previous study [71]. For locations with lower
irradiance such as Reykjavik, the specific energy yield of 2T
(4T) tandem module based on poly-SiO, bottom cells is
0.7% (0.2%) higher than that of SHJ-based counterpart
due to the effects of poly-SiO, solar cells’ temperature
coefficient on tandem being more significant at lower
irradiance. Using bi-facial tandem modules on snow, the
annual energy yield difference between 2T tandem modules
based on SHJ and poly-SiO,, bottom cells can be reduced.
The increased rear irradiance in bi-facial configuration
increases its operating temperature leading to lesser gain in
performance of 2T bi-facial tandem based on SHJ bottom
cells as compared to the poly-SiO,-based counterpart due
to the difference in their temperature coefficients.
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