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ARTICLE INFO ABSTRACT

Keywords: Perovskite/silicon tandem solar cells have emerged as a highly promising strategy for surpassing the Shock-
MA-free ley—Queisser limit. Among these tandem solar cells, the wide-bandgap perovskite plays a key role in highly
Wide‘ba‘ndgap efficient tandem solar cells. However, the wide bandgap perovskite material suffers from considerable voltage
EZ;(;‘;S:;HE loss due to a high trap density and phase instability under light illumination. In this study, we present a

comprehensive set of optimization procedures designed to enhance the power conversion efficiency of
methylammonium-free (MA-free) wide-bandgap perovskites. Following this procedure, the opaque MA-free
wide-bandgap perovskite solar cells demonstrate an impressive efficiency of 22.11 % with a minimal open-
circuit voltage deficit of 0.47 V. Moreover, the efficiency of the semi-transparent wide-bandgap perovskite
solar cells reached 19.21 %, and these semi-transparent cells were subsequently integrated into a 4-terminal
perovskite/Si tandem solar cell, yielding a remarkable efficiency of 29.98 %. Our study paves a facile way to-
wards highly efficient wide-bandgap perovskite solar cells for the application of semi-transparent and tandem

Lattice strain-induced phase segregation

solar cells.

1. Introduction

Clean energy has become imperative in achieving the goal of net zero
carbon emissions, with solar cells being a key technology for clean en-
ergy. In the past few decades, single-junction Si-based solar cells have
dominated the solar market. However, due to thermalization and ab-
sorption loss, the power conversion efficiency (PCE) of single-junction
solar cells cannot surpass the Shockley-Queisser theoretical PCE limit
of 33 %.[1] To further boost the PCE, multi-junction tandem solar cells
have attracted great attention, capable of pushing the PCE of the two-
junction tandem solar cells to 42 %.[2] Based on electrode connec-
tions, the architectures of tandem solar cells are primarily categorized
into 2-terminal (2T) and 4-terminal (4T) stacking designs. In the 2T
structure, the two sub-cells are directly connected in series, necessitating
a good interfacial contact and an effective recombination layer between
the two sub-cells, which significantly amplifies process complexity. In
contrast, the 4T structure involves mechanically stacking the two sub-
cells through external circuitry. Although external circuitry adds to

* Corresponding author.
E-mail address: huangyc@mail.mcut.edu.tw (Y.-C. Huang).

https://doi.org/10.1016/j.cej.2024.158272

the overall cost, it offers the advantage of individually optimizing each
sub-cell, thereby simplifying the manufacturing process. In addition, the
4T structure presents a commercial appeal by enabling the replacement
of only the faulty sub-cell instead of discarding the entire tandem solar
cell, reducing waste and cost.

The two-junction tandem solar cells typically comprise two sub-cells
with complementary absorption regions. For Si-based tandem solar
cells, a wide-bandgap (WBG) sub-cell is selected to be stacked atop the
Si-based solar cells, ensuring the efficient utilization of high-energy
photons. Perovskite solar cells (PSCs) emerge as the prime candidate
for integration with Si-based solar cells due to the advantages of high
PCE, tunable bandgap, low manufacturing cost, mechanical flexibility,
and lightweight. Recent research has extensively explored WBG PSCs for
various tandem architectures. [3-9] Through simulations, it has been
determined that the optimal bandgap for PSCs in perovskite/Si 4T tan-
dem cells falls within the range of 1.6-1.75 eV.[10] Y. Chen et al. suc-
cessfully adjusted the bandgap of the perovskite layer to 1.63 eV, and
achieved the deposition of high-quality perovskite films through seed-
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assisted growth. This advancement substantially elevated the PCE of the
4T tandem solar cell to 28.3 %. The highly efficient and stable WBG PSCs
significantly contribute to realizing high-PCE perovskite/Si 4T tandem
devices. However, it is noteworthy that WBG PSCs grapple with a
notable issue of open-circuit voltage (Vo) loss, creating a disparity be-
tween their PCE and the ideal PCE. Consequently, the effective reduction
of Vi loss emerges as a crucial avenue for enhancing the PCE of WBG
PSCs.

Various strategies employed for enhancing the PCE of WBG PSCs,
including precursor composition adjustment, addition of solvent addi-
tives, and interfacial modification.[11-15] Recent advancements in
perovskite compositions have focused on the formamidinium (FA) sys-
tem, incorporating additional ions like cesium (Cs) and MA to stabilize
the o-FAPbI3 crystal phase.[16-19] Considering the potential detri-
mental impact of MA ion on device stability, the development of an
entirely MA-free perovskite is a critical path in advancing PSC tech-
nology. Recent studies have been devoted to optimizing the phase sta-
bility of MA-free perovskites, revealing that the grain growth control in
MA-free perovskites differs significantly from that in MA-containing
perovskites.[20-22] Different crystal growth rates in perovskite films
induce lattice strain, which may lower the energy barrier for defect
formation and promote undesirable phase transitions in perovskite.
[23,24] X. Zhuang et al. have identified that the mismatch between Cs
and FA in MA-free perovskites affects the film morphology and lattice
structure of the films, leading to bandgap shifts. They employed CsCl:
Eu®t quantum dots to mitigate the lattice contraction in MA-free
perovskite, effectively reducing defect formation and achieve a record
PCE of 24.13 % for MA-free PSCs.[25] These studies imply that the
lattice structure and strain are the key factors for the PCE enhancement
of MA-free PSCs. Therefore, direct extrapolation of results from MA-
containing perovskites to MA-free perovskites is deemed inappro-
priate. This paradigm may hinder the advancement of MA-free perov-
skites, thus prompting us to conduct a comprehensive reexamination of
their characteristics. Liberated from this constraining conceptual
framework, our approach has facilitated a breakthrough in the PCE of
MA-free wide-bandgap perovskite solar cells.

In addition, WBG PSCs were often contained by a high concentration
of bromine (Br) ions, which can trigger photo-generated phase segre-
gation under light illumination. Notably, Cs and MA ions have been
shown to effectively mitigate photo-induced phase segregation in WBG
perovskite crystals. However, current literature predominantly focuses
on light-induced perovskite phase segregation and its impact on device
performance, leaving a noticeable gap in comprehensive investigations
into crystal-lattice-induced phase segregation of MA-free WBG PSCs. In
this work, we uniquely address this limitation by thoroughly elucidating
lattice stress accumulation as a significant contributor to phase segre-
gation in MA-free WBG perovskites. This revelation is pivotal in influ-
encing the phase stability and performance of wide-bandgap PSCs. To
mitigate the lattice stress effect on phase segregation, the ionic additives
with varying ionic radii was introduced to manipulate the distortion of
perovskite crystals. Employing rubidium (Rb) cations, we attained high-
efficiency, MA-free WBG PSCs with a bandgap of 1.65 eV and PCEs
reaching up to 21.95 %. When combined with our previous transparent
perovskite solar cell technology, the highest PCE for semi-transparent
devices reached 19.21 %, resulting in a 4T Si/PSCs tandem solar cell
with a remarkable PCE of 29.98 %. The insights derived from our results
provide a comprehensive understanding of the phase stabilization
mechanism in perovskites, an imperative aspect for propelling perov-
skite technology towards the dual goals of heightened efficiency and
stability in the future.

2. Results and Discussion
Firstly, to elucidate the correlation between the composition of

CsxFA1xPb(IyBr1.y)3 and the bandgap, we fabricated a series of perov-
skite films with x ranging from 10 % to 30 % and y ranging from 10 % to
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30 %. We control the Cs/FA and Br/I ratios in the composition by
adjusting the concentration of CsI/FAI and FABr/FAI in the perovskite
precursors, respectively. The determination of bandgaps for various
perovskite film compositions was carried out through Tauc plot analysis,
with the results presented in Fig. S1. We first derive 2-dimensional
quadratic polynomials to more accurately quantify the relationship be-
tween MA-free WBG composition and bandgap, as illuminated in Fig. 1a.
We chose perovskite compositions with bandgap near 1.65 eV and
tolerance factors exceeding 0.9, which are, Csy1FAg oPb(Ip 75Bro.25)3
(CS].OBI‘ZS), CSoleAo‘gpb(Io.sBro.z)g (CSZOBI‘ZO), CS(),gFAOJPb
(10.85BI‘0_15)3 (Cs30Br1 5), CSO.4FA0_6Pb(Io_9BI'0_1)3 (Cs40Br10) for subse-
quent discussions. Due to the high Br ratio, the photo-induced phase
segregation significantly contributes to V. loss in the WBG PSCs.
[26-28] Fig. S2 is the maximum power point (MPP) tracking of PSCs
using different composition. After few seconds, the compositions with
higher Br content and lower Cs concentrations are more susceptible to
phase separation under illumination at the initial stage. Further, we
utilized the photoluminescence (PL) spectra to conduct the phase sta-
bility of WBG perovskite films for longer irradiated time of 30 min, as
depicted in Fig. 1b. As the Cs ion concentration gradually increased to
30 %, the decreasing blueshift of PL indicates a reduction in photo-
induced phase segregation. However, when the Cs ion concentration
reached 40 %, the initial PL signal displayed some redshift even before
illumination. Due to the small ionic radius of Cs ions, an excessive
introduction of Cs ions may lead to phase segregation due to lattice
stress, which can be verified by the changes in the UV-vis spectrum of
Cs40Br10 (Fig. S3). The PL results revealed an abnormal redshift in the
Cs40Br10 device, suggesting that the cause of phase segregation at high
Cs ion concentration is different from that at high Br ion concentration.
We infer that the phase segregation at high Cs ion concentration is due to
excessive lattice stress accumulation.

To comprehend the correlation between Cs ion content and the phase
stability of perovskite films, we conducted X-ray diffraction (XRD)
analysis of the four perovskite films, as displayed in Fig. 1c. A new peak
emerges around a diffraction angle of 23° with the gradual increase of Cs
ion concentration, signifying a transformation of the original a-phase
perovskite crystal to the f-phase due to the incorporation of Cs ions with
a small ionic radius. Upon further raising the Cs ion concentration to 40
% (Cs40Br10), we observed the emergence of an additional 5-phase
alongside the B-phase peak. The appearance of the §-phase is attributed
to the substantial lattice stress induced by the high doping of Cs ions and
is confirmed by the UV-Vis spectra of the perovskite films, depicted in
Fig. S3. The Cs40Br10 film exhibits a second absorption peak around the
450 nm wavelength, identifiable as 5-CsPbls. Fig. 1d presents the lattice
constants and microstrain of the perovskite thin films. The lattice con-
stants of the perovskite films calculated from Bragg’s law, and the
introduction of Cs ions leads to a reduction in lattice constants. How-
ever, the lattice constants increase upon the introduction of 40 % Cs
ions, and this increment is attributed to the reduction of Cs ions in the
perovskite lattice following the formation of 8-CsPbls. Stresses within
the perovskite crystal induce microstrain on the perovskite crystal, re-
flected in the broadening of the diffraction peaks in the perovskite films.
In addition to the strain-induced peak broadening, the grain size also
contributed to the peak broadening. To distinguish between these two
effects, we analyze the diffraction peaks of the perovskite films using the
Williamson-Hall plot (Eq. (1)):[29]

K
Brotar€0S0 = D + 4e sinf

Where g, is the diffraction peak half-peak width, K is the
morphology factor, D is the grain size of perovskite film, and 1 is the
wavelength of X-ray source (Cu K,). The slope of the fitted line is
indicative of the strain within the perovskite film, while the y-intercept
corresponds to the crystallite size of the perovskite film. As illustrated in
Fig. S4, the slopes for Cs10Br25, Cs20Br20, Cs30Brl5, and Cs40Br10
films are —6.37 x 10%, —2.54 x 10, ~1.08 x 10%, and 1.92 x 1073,
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Fig. 1. Characterization of Perovskite films with different composition. (a) Relationship between perovskite composition and tolerance factor. (b) Photo-
luminescence profiles. (¢) XRD patterns. (# signal relate to the FTO substrate ; reference phase was a-phase as o, f-phase as B, y-phase as vy, 8, as orthorhombic-
§-phase and &y as hexagonal-6-phase) (d) Comparison of lattice constant and microstrain.

respectively. It’s essential to clarify that the negative values in the
Williamson-Hall plot analysis do not imply compressive lattice strains.
Instead, they indicate that the microstrain has a negligible effect on the
broadening of the diffraction peaks.[30] This result suggests that the
diffraction peaks broadening is negligible when Cs ions doping remains
below 30 %. However, as Cs ion doping increases to 40 %, the slope
becomes positive, signifying the presence of non-negligible microstrain
within the perovskite lattice. We illustrate two primary reasons for the
phase segregation observed in WBG perovskite films, photo-induced and
microstrain-induced phase segregation, as shown in Fig. S5. Photo-
induced phase segregation predominantly occurs in perovskite films
with high Br ion concentrations under light illumination, which can be
mitigated by reducing Br content and increasing Cs content. In contrast,
microstrain-induced phase segregation results from lattice microstrain
arising from the accumulation of lattice stress because of excessive Cs
ion incorporation. The Cs30Brl5 composition was selected for further
study.

The utilization of perovskite films based on the Cs-FA mixed ion
system has garnered extensive attention owing to their remarkable
thermal stability and resistance to humidity. However, this system is
prone to segregation due to the substantial difference in the solubility of
the salts, particularly CsBr. M. I. Saidaminov et al. demonstrated that
when employing the anti-solvent method to fabricate Cs-FA-based
perovskite films, these films exhibited non-uniform regions with an
excess of CsBr, particularly in WBG perovskite regions near grain
boundaries due to segregation. This phenomenon, in turn, resulted in a
reduction of the carrier diffusion length.[31] Therefore, it is very
important to enhance the carrier diffusion length in the PSCs fabricated

from Cs-FA mixed ion system. Initially, we introduced three solvents,
ether, toluene, and ethyl acetate, into the solution of Cs-FA mixed ion
perovskite precursor solution, with the results presented in Fig. S6. The
results revealed that the addition of ether and toluene did not induce a
phase transition, whereas the incorporation of ethyl acetate triggered
the formation of the characteristic black perovskite phase. This variance
could be attributed to the solubility of the perovskite precursor and the
solvent. A. D. Taylor et al. emphasized that anti-solvents such as ether
and toluene necessitate a prolonged interaction with the perovskite film
to effectively remove the host solvent and promote the formation of the
crystalline perovskite phase.[32] However, a slow phase transition
process could hinder the formation of a uniform and segregation-free
perovskite phase. Consequently, ethyl acetate proves to be a more
suitable anti-solvent for WBG Cs-FA mixed-ion perovskite systems
requiring rapid phase transition. To further explore the phase transition
process of perovskite materials, we conducted a titration test on
perovskite precursor solutions containing different added cations. Our
findings indicate that the addition of rubidium (Rb) ions, methylene
diamine (MDA) ions, and guanidine (GA) ions led to the early formation
of black perovskite precipitates with minimal titration. This implies that
the perovskite can reach oversaturation more swiftly following spin-
coating with the anti-solvent, thereby impeding segregation. At an ad-
ditive content of 5 %, the bandgap of the perovskite film, as determined
by the Tauc plot, exhibited negligible change (approximately 0.01 eV)
after the introduction of cationic salts (Fig. S7). Therefore, the strategic
use of a small quantity of cationic additives serves as a practical
approach to modulate the phase transition process of perovskite mate-
rials. Additionally, our investigation encompasses the evaluation of
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various aspects, including the size, polarity, and valence of the incor-
porated cations, to gain a deeper understanding of their impact on the
structure and photoelectric properties of the perovskite films.

Fig. 2a shows the tolerance factor of perovskite materials based on
the different cation sizes. Fig. 2b presents the crystallization behaviors of
cation-doped perovskite films using XRD measurements. When doped
with GA ions possessing a relatively large ionic radius, these perovskite
films manifest one-dimensional precipitation phases, indicating the
ineffective doping of GA ions into the perovskite lattice. In contrast, the
introduction of Rb ions and MDA ions has a limited impact on the lattice
structure of the perovskite phase. Utilizing the Williamson-Hall plot to
assess the XRD signals of cation-doped perovskite films (Fig. 2c), we
identified a more pronounced microstrain in the MDA-doped perovskite
film. This result implies that while MDA ions can be successfully
incorporated into the perovskite lattice, the stronger inter-ionic forces
arising from their differing valences induce more significant lattice
stress and thus a greater microstrain. However, Rb-doped and GA-doped
perovskite films exhibit no substantial microstrain. MDA ion is bivalent
and easily form more hydrogen bonds to iodine from the perovskite
crystal structure.[33] This strong interaction between MDA and the
perovskite induces strain within the crystal during the perovskite for-
mation. In contrast, the polarities of Rb and GA are not as pronounced as
that of MDA, resulting in the absence of distortion in the XRD patterns of
perovskite when doped with Rb or GA. In addition to examining the
effect of cation doping on the band alignment of perovskite films, we
conducted an analysis of the Fermi level, highest valence band, and
lowest conduction band of these films, as illustrated in Fig. 2d and e. The
results indicate that the overall energy level shifts downward upon the
introduction of smaller Rb ions. In contrast, the introduction of larger
GA ions leads to an upward shift in the overall energy level. This phe-
nomenon may be attributed to the tilting angle of the perovskite crystal.
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[34,35] The downward shift in energy levels upon the introduction of Rb
ions primarily results from the smaller Rb ions entering the perovskite
crystal lattice, thereby reducing the B-X-B bond angle and diminishing
the hybridization of the B-X orbital domain. It’s noteworthy that the
MDA-doped perovskite film exhibits a more considerable shift in energy
levels compared to the GA-doped perovskite film, likely due to the
enhanced mixing of MDA ions into the perovskite lattice in contrast to
GA ions. Additionally, the Fermi level shift in the MDA-doped perovskite
also signifies N-type doping, possibly due to the variance in MDA ion
valence. The device performance of cation-doped WBG PSCs is pre-
sented in Table S1. Among the various cation-doped WBG PSCs, the Rb-
doped WBG PSCs demonstrate the highest PCE, aligning with the
perovskite characterization. Therefore, doping WBG perovskite with Rb
ions is the most effective strategy for enhancing phase stability without
inducing significant microstrain (Fig. 2f).

We conducted measurements of transient photovoltage (TPV) and
transient photocurrent (TPC) to assess carrier lifetime and extraction
lifetime in various cation-doped perovskite solar cells. The results,
illustrated in Fig. S8, are as follows: In TPV measurements, the carrier
lifetimes for pristine, Rb-doped, MDA-doped, and GA-doped perovskite
films are 447.78 ps, 597.70 ps, 274.66 ps, and 180.83 ps, respectively.
The longest carrier lifetime is observed in Rb-doped perovskite films,
suggesting diminished recombination due to defects in these films.
Regarding TPC results, the carrier extraction lifetimes for pristine, Rb-
doped, MDA-doped, and GA-doped perovskite films are 0.48 ps, 0.47
ps, 0.55 ps, and 0.48 ps, respectively. Significantly, MDA-doped perov-
skite films exhibit an extended carrier extraction time, potentially
attributed to ionized impurity scattering centers generated by increased
microstrain stress affecting carrier transport. The perovskite containing
microstrain changes the crystal structure, reducing the Gibbs free energy
of cubic perovskite through unit cell contraction and cation disorder.
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[36] To gain further insights into the carrier lifetime extension mecha-
nism in Rb-doped perovskite films, we explored the effects of different
light intensities on V. and short-circuit current density (J.) in the de-
vices. As illustrated in Fig. 3a and b, the ideality factors (njq) of pristine
and Rb-doped perovskite films are 1.255 and 1.019, respectively.
Generally, the njq value close to 1 indicates that a device tends to behave
like an ideal diode, where the primary losses are attributed to dark
currents in the neutral region or radiative recombination (interband
recombination). This result signifies that Rb doping effectively fills deep
defects in the perovskite films and reduces charge recombination in the
transport process. We also used Drive level capacitance profiling (DLCP)
to validate the results observed by the experiment, as shown in Fig. 3c.
In addition, we conducted an analysis of the impact of defects on carrier
recombination and extraction using electrochemical impedance spec-
troscopy (EIS). Fig. 3d reveals that the recombination resistances of
pristine and Rb-doped perovskite films are 924 Q and 1060 Q, respec-
tively, aligning with the n;q result. The introduction of an appropriate
quantity of Rb ions effectively diminishes the deep trap energy levels
within the perovskite films, thereby extending the carrier lifecycle of
these films. Moreover, the accumulation of charge generated by the
movement of ions in the perovskite films can influence device capaci-
tance under photoexcitation conditions. We utilized photoexcitation-
assisted capacitance-voltage (CV) spectroscopy to explore interfacial
charge accumulation behavior. As presented in Fig. 3e and f, Vpeak shifts
from a high voltage to a low voltage, with the magnitude of this shift
corresponding to the degree of charge accumulation during device
operation. Vpeax denotes the voltage initially injected into the charge
carriers, implying that as light intensity increases, charge accumulation
neutralizes photo-induced charges, consequently reducing capacitance
values. Comparatively, Vpeax shifts by 75 mV for pristine PSCs and 19
mV for Rb-doped PSCs, demonstrating that the inclusion of Rb ions
effectively mitigates interfacial charge accumulation within the perov-
skite films.

Finally, we assess the photovoltaic performance of pristine and Rb-
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doped PSCs (Fig. 4a—d). Notably, the average Js. of the devices in-
creases from 20.49 mA/cm? to 22.26 mA/cm? following the introduc-
tion of Rb ions, which proves the role of Rb ions in enhancing carrier
extraction in the devices. In addition, the average fill factor (FF) of Rb-
doped PSCs rises from 75.13 % (in pristine PSCs) to 79.35 %, which can
be attributed to the effective filling of defects in the perovskite film by
Rb ions. Consequently, the average PCE of the devices improved from
17.75 % to 20.54 %. The highest PCE achieved in Rb-doped PSCs reaches
22.11 %, demonstrating competitive PCE among MA-free inverted-type
WBG PSCs (1.65 eV) reported to date (refer to Fig. 4e and Table S2). This
suggests that Rb-doped PSCs exhibit superior reproducibility. Fig. 4f
presents the forward and reverse J-V curves of the Rb-doped device,
demonstrating no hysteresis in the Rb-doped WBG PSCs. As shown in
Fig. 4g and h, our results closely approach the Shockley-Queisser limit,
in contrast to the data reported in the literature.[37] To further
demonstrate the phase stability of MA-free WBG PSC, we have added the
light soaking test comparing WBG PSCs with MA and without MA, as
shown in Fig. S9. The MA-containing WBG PSC was prepared with a
composition of 10 mol% MA-doped WBG. During the light soaking test,
the intensity of light is conducted at 100 mW/cm?. The Tgy lifetime for
the MA-containing WBG PSCs was below 10 h. Then, the MA-free WBG
PSCs was maintained 84 % of their initial PCE over 186 h. It indicated
that the MA-free WBG PSCs exhibit better light-soaking stability of,
likely due to the presence of volatile MA molecules in the MA-containing
WBG. Then, we extend the PL irradiation time for the Rb-doped MA-free
perovskite film, as shown in Fig. S10. The PL intensity of the Rb-doped
MA-free perovskite film remained consistent for over 30 min without
any peak shifts, indicating significant phase stability of the MA-free
perovskite film attributable to Rb doping in the perovskite crystal
structure. Moreover, we extended our investigations to the fabrication of
Rb-doped semi-transparent PSCs (ST-PSCs). The transmittance of the
Rb-doped ST-PSCs is illustrated in Fig. S11. We subsequently mechani-
cally stacked these ST-PSCs onto silicon bottom cells to fabricate 4T
tandem solar cells. These fabrications followed procedures detailed in
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our previous study.[38] The device structure of PSC and 4 T tandem cells
were shown in Fig. 4i. Fig. 4j presents the J-V curves of the 4T tandem
solar cells, while Table 1 provides an overview of relevant photovoltaic
characteristics. The individual HJT c-Si solar cell exhibits a PCE of 22.56
%, featuring a V. of 0.71 V, Jg. of 43.59 mA/crnz, and an FF of 72.48 %.
Notably, the Js of the HJT c-Si solar cells, when filtered by ST-PSCs,
reaches 20.44 mA/cm?. Calculations show a remarkable Jg. retention
rate of 46.9 %, marking a substantial increase compared to our previous
results (39.5 %). This boost in J,. retention can be attributed to the high
visible light transmittance of the wide bandgap perovskite layer. Fig. 4k
illustrates external quantum efficiency (EQE) spectra for standalone and
filtered c-Si solar cells, with integrated J. values from EQE spectra
aligning with Jg. data obtained from J-V curves. As a result, the PCE for
the filtered c-Si solar cell and the 4T tandem solar cell reaches 10.77 %

Table 1
Photovoltaics characteristics of pristine, Rb-doped perovskite solar cells, and
perovskite/ silicon tandem solar cells.

Sample Voo(V) Js(mA/cm?) FF(%) PCE(%)

Pristine 116 £0.01  20.49+0.75  75.13+2.89  17.75+1.11
1.17) (22.01) (78.87) (20.27)

Rb-doped 117 £0.01 2226 +0.71  79.35+1.48  20.54 + 0.97
(1.18) (23.07) (81.50) (22.11)

HJT 0.72+0.00 4275+098  71.45+1.24  21.88 + 0.61
0.71) (43.59) (72.48) (22.56)

ST-perovskite ~ 1.13+0.01  20.38 £ 0.54  79.26 + 0.57  18.30 + 0.67
(1.14) (21.12) (79.74) (19.21)

Filter-silicon 0.70 £ 0.00  20.26 £ 0.43  74.56 +1.98  10.52 £ 0.16
(0.70) (20.44) (75.27) (10.77)

4T solar cell 27.96

(29.98)

and 29.98 %, respectively (Table 1). Furthermore, the absolute PCE of
the tandem solar cells is significantly determined by the initial PCE of
the stand-alone Si-based solar cell. Considering the difference in initial
PCE of the c-Si solar cells, therefore, the PCE gain obtained after tandem
is a more objective and important index compared to the final PCE of the
tandem solar cells. We have summarized the current progress of the 4T
tandem solar cells, and calculated the PCE gain of the 4T tandem solar
cells relative to the initial PCE of c-Si solar cells, detailed in Table S3.
Notably, our approach attains an impressive PCE gain of 32.89 %. This
highlights the excellent performance of our results and methodology in
the field of 4T tandem solar cells.

3. Conclusions

We present a comprehensive set of optimization procedures designed
to enhance the performance of perovskite compositions with different
bandgaps. Furthermore, we offer effective methods for identifying and
rectifying the causes of instability in MA-free WBG perovskites. In Cs-FA
perovskite systems, the bandgap can be systematically augmented by
elevating the Cs-to-Br ratio. Our research highlights the enhanced sta-
bility exhibited by the pure p-phase tetragonal system. We further
introduced cationic salts to fine-tune the photovoltaic performance of
the mixed cation perovskite system containing Cs and FA. Our in-
vestigations demonstrated that the Rb-doped perovskite layer not only
expedited the phase transition but also optimized the energy level
alignment with the ETL. In comparison to undoped PSCs, our modified
devices exhibited a noteworthy increase in average efficiency, rising
from 17.75 % to 20.54 %, with the highest efficiency reaching 22.11 %.
Lastly, the semi-transparent perovskite solar cells produced by our sys-
tem attained a peak efficiency of 19.21 %. When combined with HJT
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silicon solar cells, the 4T tandem solar cell developed in this study ob-
tained an overall PCE of 29.98 % and achieved an impressive PCE gain of
32.84 %.
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