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1. Optical Simulation

We use the transfer matrix method (TMM) to perform optical simulations of the tandem device
stack. TMM assumes that light propagates along the Z-axis and that the layers in the stack are continuous
and uniform in the XY-plane. Unlike silicon cells, which have a textured structure, the nanoscale
roughness of the surfaces of CIGS and perovskite in this work is neglected, assuming they are flat and
smooth. To reduce computational complexity, all materials used in this work are treated as
homogeneous. For TMM, abstracting solar cell structure into a stack of uniform one-dimensional
materials seems to have a negligible effect!-3. Additionally, we must assume that the optical parameters
of the materials do not change with variations in factors such as light exposure and temperature. This
assumption holds when calculating the power generation potential in real-world conditions. The optical
simulation is conducted by the open-source modeling platform EYcalc?. This software is composed of 4
sub-modules: a) Irradiance module, b) Optical module, c) Electric module and d) Energy Yield module.
The basic methodology is depicted in Figure S1. We call the AM 1.5G spectrum from the irradiance
module and the optical stack modeling is established based on the configuration of the state-of-art
PVSK/CIGS monofacial tandem solar cell> ®. The optical parameters of the materials, refractive index (n)
and extinction coefficient (k), used in this work are summarized in Figure S1 and S2. The comparison of
the simulated reflectance and EQE with the experimental results for the monofacial perovskite
(PVSK)/Cu(In,Ga)Se (CIGS) tandem solar cell is shown in Figure S3. An optimized configuration is present
to boost the optical absorptance of the two sub-cells as shown in Figure S4. The detailed optical stack is
illustrated in Figure S5. As for bifacial PVSK/CIGS tandem solar cells, ITO? is used to replace the

molybdenum as the rear side electrode.



Once the device stack and spectrum are specified, we can obtain the absorption of each layer as a
function of wavelengths, and thereby calculate the photogenerated current density following the

equation beneath:
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Where 4 is the electronic charge, h is the Plank constant, € is the light speed in vacuum, Ais the
wavelength and AEQ is the maximum wavelength that can be absorbed by active layers. The EQE() is
considered as the Absorption(4) X CE (the collecting efficiency, represent the ratio that carriers can
be collected after photoexcitation). The average CE s set to be 95% for perovskite and 97% for CIGS,
respectively. q)Spectrum represents the spectral irradiance as a function of wavelength. The AM 1.5G
spectrum is applied as the standard test condition.

The introduction of rear side illumination will increase the J,. of CIGS bottom cell, the absorptance
spectra and parasitic losses for bifacial PVSK/CIGS cell with front side illumination (Figure S6) and rear
side illumination (Figure S7) are depicted. As the bandgap of CIGS is narrower than perovskite, the rear
side irradiation cannot be absorbed by the perovskite top cell.

In general, the J,. of bottom sub-cell under 4T configuration is lower than that of 2T counterpart due
to the interfacial reflection on the air gap between the top and bottom sub-cells according to the Fresnel
Equations. However, we believe the interfacial reflection can be eliminated by replacing the anti-
reflection coatings (ARC) and air gap with an encapsulant that possesses a highly matched refractive
index to the adjacent TCO layers. The detailed J;. distribution for filtered CIGS sub-cell in 2T and 4T

configurations can be seen in Figure S8, where the J.. in individual sub-cells for the two configurations
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are of high consistency.

2. Electrical parameters and device performance

Electrically, we use the Shockley single-diode equation to abstract the entire photovoltaic device as
a single diode. The Shockley equation considers a steady state condition and doesn't account for the
diode's transient response, which includes the influence of its internal junction, diffusion capacitance
and reverse recovery time. In terms of electrical parameters, we assume that the carrier mobility is

sufficiently high. The mathematical expression for Shockley diode equation is as follows:

V4R,
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where /0 is the dark saturation current density, M is the ideality factor, kp is the Boltzmann constant, T

R R

is the device temperature, R is the series resistance and Rep is the shunt resistance. The “'s and “'sh in

this work is obtained via inverse parameter tuning from fitting the simulated J-V curves with the
experimental results in literature. It should be noted that this equation works for 2T tandem devices

and individual sub-cells in 4T devices.

When the J comes to 0, Voc can be obtained via the variant equation:

nkgT (Jgc
q Jo

As Jsc is acquired via the optical simulation, this value of Voc is mainly determined by Jo, The

minimum value of the diode saturation current (]0) is given by the following equation3:
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where 0 represents the Stefan-Boltzmann constant, Y equals . This allows us to define the 70 of

perovskite or CIGS active layers with various bandgaps, which establish the functional relationship

between the bandgaps and the Voc of cells as well. It should be noted that the Voc for CIGS bottom cells
should be amended within the following equation?:

]saCS
Vocer=Voces = nkpTin

]saCT

where CT represents the CIGS bottom sub-cell in a tandem cell, CS represents the CIGS single junction
cell. The latter part of this equation represents the Voc discrepancy caused by the perovskite top sub-
cell filtering and extra gain from albedo irradiation.

The optical simulation we obtained mainly focuses on calculating the J;. of the sub-cells. However,
Vo and FF are also necessary in order to calculate the potential PGD. The state of art perovskite/CIGS
tandem solar cells are highly similar in the device configuration. In that case, we can estimate the
potential electrical parameters from the state-of-art record within the published studies. In the past few
years, ones have summarized the simplified numerical relationship between bandgap and open-circuit
voltage reported in the literature, which is used to predict the open-circuit voltage values for different
bandgaps> 1°. However, we found that while such a simplified proportional relationship seems
reasonable within a certain bandgap range (1.5-1.7 eV), perovskites with bandgaps greater than 1.7 eV
will undergo irreversible phase separation under illumination. The barrier increases with the expansion
of energy level mismatch caused by phase separation, leading to increased open-circuit voltage losses?!?.

As a result, the open-circuit voltage of wide-bandgap perovskite solar cells under actual working
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conditions is much lower than the value predicted by the simplified proportional relationship.

Due to the open-circuit voltage losses caused by non-radiative recombination and phase separation,
which are significant for current perovskite solar cells, it is essential to reflect these in the calculations
of optoelectronic performance in this work. We found that The Perovskite Database project led by
Jacobsson et al. provides valuable data resources for high-throughput analysis'? 13, Therefore, after
consulting the statistical results of open-circuit voltage losses in The Perovskite Database (last updated
at the end of 2023), the author has made the following corrections for the Voc losses caused by non-
radiative recombination as illustrated in Figure S9. Similarly, Figure S10 depicts the relationship between
the open-circuit voltage and bandgap for CIGS cells provided by the latest statistical results*. The
relationship between the set Voc and bandgap derived from The perovskite database is shown in Table
S2.

After the relationship between Voc and the bandgaps is given, we can apply the following implicit

equations to identify the MPP (maximum power point).
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Where Vmpp is voltage at MPP, and ]mPP is the current density at MPP. After the MPP is confirmed, we

can calculate the fill factor (FF) with:

Vmpp x] mpp

Voc ><]SC

FF =

By combining with the electrical stimulation of the experimental 2T-Monofacial J-V curve (Figure S11
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& 512) and the optimized result, we can identify the R, and "'sh for the perovskite/CIGS tandem solar

cells, and the resulting FF distribution for 2T configuration (Figure. S13) and for sub-cells in 4T

configuration (Figure. S14) is acquired.

3. Energy Yield modelling
Without considering the efficiency degradation of photovoltaic devices within a year, the prediction
of annual energy yield (EY) of photovoltaic devices takes into account the deployment location's latitude,
longitude and weather conditions. The calculation of irradiance relies on typical meteorological year
(TMY3) data with hourly resolved spectrally information. A simple model, utilizing the simple model of
the atmospheric radiative transfer of sunshine (SMARTS), is employed to determine clear-sky irradiance,
considering both specular reflection and diffuse fraction, which enables the establishment of a local solar
irradiance model based on the solar zenith and azimuth angles throughout each hour, as well as the local
meteorological conditions. The TMY3 dataset is accessible at the SRRL SSIMG Web site!®. In this study,
we use TMY3 data in the Miami area as an example, showcasing the spectral variations throughout a
day, as illustrated in Figure S24 and Figure S25. Once we obtain the spectral irradiance data for all 8760
hours in a year, we can simulate the J-V curves to calculate the maximum power point of the device for
each hour. By summing the power output from each hour, we can determine the EY by the photovoltaic
device over the course of a year.
To provide an intuitive showcase of the EY potential worldwide, we partitioned the world into
6.48x102 blocks using the Solargis algorithm (4320015000 grids at 1 km intervals). These grids were

then correlated with the output power derived from high-throughput calculations, aligning with both
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solar irradiance conditions (as shown in Figure S29) across various global regions and the temperature
distribution (depicted in Figure S30). The temperature coefficient for PVSK and CIGS sub-cells are set to
be -0.22% K and -0.38% K respectively, according to Jost et al?. The GIS data originate from Global

Solar Atlas'® © 2020 The World Bank, Source: Global Solar Atlas 2.0, Solar resource data: Solargis.



4. High throughput calculation method

During the global optimization process, many functional layers in the cell stack do not require high-
throughput optoelectronic simulation to determine their optimal thickness. For example, in the
perovskite sub-cell, the thicknesses of the carrier transport layer materials such as NiOx and C60, the
buffer layer Sn02, and the transparent conductive electrode 1Z0O, only contribute to increased parasitic
optical absorption, leading to photocurrent loss. Therefore, for these functional layers, their material
types and thicknesses can be fixed at the minimum thickness reported in the literature that meets their
functional requirements, without further iteration.

In terms of the boundary conditions, the bandgap for perovskite is determined to range from 1.20
eV to 2.01 eV while the bandgap for CIGS ranges from1.01 eV to 1.20 eV. Although the band gap of CIGS
can be tuned from 1.01-1.67 eV'’, the best band gap for bottom sub-cell in a bifacial system should be
around 1.12 eV according to De Wolf et al*8.

With the assistance of a supercomputing platform, we systematically explored all combinations of
perovskite and CIGS sub-cell bandgaps within the specified range, using a step size of 0.03 eV and 0.01
eV, respectively. The thickness of the perovskite layer was varied in 10 nm increments. We successfully
ported the EY calc software to the Linux system and developed scripts specifically designed to initiate
high-throughput calculations. Leveraging the computational power of the supercomputing center's
servers, we concurrently utilizing 10 nodes with a total of 640 cores (AMD EPYC 7452) for parallel
computing, enabled us to complete calculations for several hundred thousand combinations within 1 to

2 hours.
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Figure S2. The complex refractive indices of all materials used in this study. The data sources can be

found in Table S1.
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Figure S17. The distribution of Jsc as a function of bandgap and thickness under the conditions
corresponding to Figure 2 in the main text.
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Figure S$18. The distribution of V¢ as a function of bandgap and thickness under the conditions
corresponding to Figure 2 in the main text.
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Figure $19. The distribution of FF as a function of bandgap and thickness under the conditions
corresponding to Figure 2 in the main text.
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Figure $20. The potential PGD for various device configurations under different albedo illumination.
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Figure S21. The relationship between current matching and PGD for perovskite materials with
bandgaps of 1.44 eV and 1.50 eV when varying the thickness on different bandgaps CIGS substrates.
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(b)

Figure $23. Diagram depicting the relationship between the orientation of the light source and the

incident angle, where HZ, BA, 01, Or represent the zenith angle, azimuth angle, incident angle and tilt

04 determines the exact directions of the sun and vary with location and time.

angle respectively. HZ,
Or represent the angle between horizontal plane and the surface of solar cell panel. The light incident

angle 0, is actually calculated by the three angles mentioned above.
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Figure S24. The short-circuit current density mismatching index as a function of incident angle. The
albedo light intensity is set to be 30%, the CIGS bottom sub-cell is fixed at 1.01 eV with (a) the
thickness of perovskite fixed at 600 nm and (b) the bandgap of perovskite held constant at 1.41 eV.
The green shaded areas represent the difference in current density between the two sub-cells are less
than 10 A/mZ2.
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Figure $25. The comparison of direct irradiance spectra between AM1.5G and a day in June in the
Miami area.
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Figure $26. The comparison between AM1.5G and diffusion irradiance spectra in a day of June in the
Miami area.
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Figure $27. The short-circuit current density as a function of tilt angle.

The configuration for active layer is set to be 1.59 eV, 600 nm for perovskite top sub-cell and 1.01
eV, 2500 nm for CIGS bottom sub-cell (Monofacial), 1.41 eV, 600 nm for perovskite top sub-cell and 1.01
eV, 2500 nm for CIGS bottom sub-cell (Bifacial, 30% albedo). The panel is set to follow the azimuth of
the sun (single-axis tracking) with a fixed tilt angle.

The shaded areas in the graph represent the angles at which the lower values of the current density
for both sub-cells reach their maximum, indicating the optimal performance range for solar panel
inclination at these angles.

The respective positions of the solar zenith angles at that time are indicated by lines of
corresponding colors and the real-world irradiance data of that day are summarized in Table S5.
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across four cities at different latitudes using the TMY3 dataset.

Clearly, solar panels could output the maximum power generation when positioned at an angle close

to the local latitude.
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Figure $29. Optimum tilt angle for solar panels across the world.
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Figure S30. Long-term average of daily totals of global irradiation at an optimum tilt (GTI) in kWh/m?
covering the period from 1994 to 2022. Positive values in longitude indicate the eastern hemisphere,
while positive axis values in latitude signify the northern hemisphere and vice versa.
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Figure S31. The global distribution of long-term yearly average air temperatures at 2 m above ground
level (spanning from 1994 to 2022). Positive values in longitude indicate the eastern hemisphere, while
positive axis values in latitude signify the northern hemisphere and vice versa.
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Figure $S32. The worldwide EY potential for 2T configuration PVSK/CIGS tandem cell.

41

800

700

600

500

kWh/m?

400

Annual Energy Yield

300

200

800

700

600

500

KWh/m?

400

Annual Energy Yield

300

200



900

— 800 ] [ 2T Mono
& i [_14T Mono

= 700 Il 27 Bifi (albedo 30%)
= 1 [ 4T Bifi (albedo 30%)
= 600

B 500

2 .

> 400 -

> 4

g 300

c

il

MESEE "EETE BT BTN CEETE BN I BT RS ISR

Beijing Rome Osaka  Chengdu London CopenhagenDunhuang Dubai LasVegas Harbin  Stockholm Vancouver

Figure S33. Annual energy yield prediction of perovskite/CIGS tandem solar cells with various climates.
For each location, the bandgap combination and thickness of perovskite top sub-cells are optimized to
achieve the best performance.
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Table S1. Optical parameters sources.

Materials Literature n k
Air NA 1.000 0.000
Glass NA 1.500 0.000
POE 19 1.515-1.646 0.000
MgF, 20 1.372-1.393 0.000
ITO 2 1.472-2.349 0.000-0.305
1ZO 2 1.604-2.415 0.000-0.845
AZO 23 1.500-2.281 0.000-0.380
Cso 2 1.398-2.470 0.000-0.870
SnO, 22 1.853-2.119 0.000-0.176
NiOy > 2.118-2.639 0.000-0.851
CsPbl; 24 1.858-2.186 0.000-1.101
FAPDI; 25 1.047-2.792 0.000-1.281
FAPbgsSNng sl3 26 1.743-2.591 0.000-1.267
CdS 2 2.300-2.705 0.000-0.679
Zn0O 27 1.911-2.435 0.000-0.493
CI(G)S 28 2.769-3.169 0.000-1.403
MoSe, 29 1.692-3.750 0.000-2.106
Mo 30 1.599-2.894 2.330-4.829

Note: The database in this work only includes the data in the wavelength range from 300-1300 nm.
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Table S2. open-circuit voltage losses for perovskite with various bandgaps

Bandgap (eV) Vo, SQ limit (V) Vo potential in this work (V)
1.20 0.951 0.836
1.23 0.979 0.907
1.26 1.006 0.946
1.29 1.034 0.974
1.32 1.063 1.003
1.35 1.091 1.031
1.38 1.119 1.059
1.41 1.147 1.087
1.44 1.175 1.115
1.47 1.203 1.143
1.50 1.231 1.171
1.53 1.259 1.199
1.56 1.287 1.227
1.59 1.315 1.255
1.62 1.343 1.283
1.65 1.371 1.311
1.68 1.399 1.325
1.71 1.428 1.322
1.74 1.456 1.319
1.77 1.484 1.315
1.80 1.512 1.314
1.83 1.540 1.315
1.86 1.568 1.317
1.89 1.596 1.319
1.92 1.624 1.320
1.95 1.652 1.318
1.98 1.680 1.312
2.01 1.708 1.304
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Table S3. The optimal active layer parameters for 2T configurations.

Constrained Global Optimized

B L T O B P
W/m? nm eV eV W/m? nm eV eV

0 300.89 600 1.65 1.10 311.02 1180 1.74 1.16
10 316.95 600 1.56 1.10 325.50 1200 1.65 1.16
20 327.83 600 1.50 1.10 338.53 1120 1.56 1.15
30 345.21 600 1.41 1.10 352.83 720 1.44 1.13
40 353.44 600 1.35 1.10 368.63 1040 1.44 1.16
50 357.88 600 1.32 1.10 379.31 900 1.38 1.17
60 357.90 600 1.32 1.10 388.20 1140 1.35 1.18
70 357.92 600 1.32 1.10 392.28 1140 1.32 1.20
80 357.94 600 1.32 1.10 392.33 1140 1.32 1.20
90 357.96 600 1.32 1.10 392.38 1140 1.32 1.20
100 357.98 600 1.26 1.10 392.43 1140 1.32 1.20
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Table S4. The optimal active layer parameters for 4T configurations

Constrained Global Optimized
B L T O B P
W/cm? nm eV eV W/cm? nm eV eV

0 308.20 600 1.65 1.10 326.90 1200 1.64 1.14
10 328.34 600 1.65 1.10 348.54 1200 1.64 1.14
20 348.41 600 1.65 1.10 370.08 1200 1.69 1.14
30 368.36 600 1.65 1.10 391.50 1200 1.69 1.14
40 388.18 600 1.65 1.10 412.94 1200 1.74 1.15
50 407.84 600 1.65 1.10 434.25 1200 1.74 1.15
60 427.35 600 1.65 1.10 455.41 1200 1.74 1.15
70 446.69 600 1.65 1.10 476.41 1200 1.74 1.15
80 465.85 600 1.65 1.10 497.25 1200 1.74 1.15
90 484.83 600 1.65 1.10 517.91 1200 1.74 1.15
100 503.63 600 1.65 1.10 538.42 1200 1.74 1.16
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Table S5. Part of the TMY 3 Data of Miami City.

Date Time Zenith Angle Azimuth Angle Temperature

(°) (°) (°C)
11t June 01:00 130.2 11.9 28.9
11t June 02:00 125.5 28.4 28.9
11th June 03:00 117.7 41.7 26.1
11t June 04:00 107.8 52.2 25.6
11t June 05:00 96.6 60.4 25.0
11t June 06:00 84.3 67.0 25.0
11t June 07:00 71.8 72.6 26.1
11t June 08:00 58.7 77.5 28.3
11t June 09:00 45.5 82.2 30.0
11t June 10:00 32.0 87.2 30.6
11t June 11:00 18.5 94.1 31.1
11t June 12:00 5.4 118.9 31.1
11t June 13:00 9.3 255.1 32.2
11t June 14:00 22.7 268.4 31.7
11th June 15:00 36.2 274.4 31.1
11t June 16:00 49.6 279.2 31.1
11t June 17:00 62.8 284.0 30.6
11t June 18:00 75.7 289.1 30.0
11t June 19:00 88.0 294.9 29.4
11t June 20:00 100.2 302.0 28.9
11t June 21:00 111.0 310.8 28.9
11t June 22:00 120.4 322.1 28.9
11t June 23:00 127.3 336.5 28.9
11t June 24:00 130.8 353.7 28.9
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