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Integrating wide-bandgap organic—inorganic lead halide perovskite absorber layers with Si bottom solar
cells into tandem architectures offers significant potential for increasing power conversion efficiency
(PCE). However, achieving high-performance monolithic tandem devices remains challenging,
particularly when processing perovskite top cells on top of industrial silicon bottom cells, featuring
polycrystalline silicon on oxide (POLO) passivating contacts, as implemented in “TOPCon" solar cells.
Here, we employ an advanced silicon bottom cell architecture incorporating full-area electron-selective
POLO front contacts and laser-structured hole-selective POLO back contacts. We perform the N,
annealing at an elevated temperature of silicon bottom cells, effectively curing sputter-induced damage
in the full-area electron-selective POLO contact of the recombination junction and enhancing the
interface between transparent conductive oxide and the n-type doped poly-Si layer. Additionally, this
annealing treatment likely improves the rear small-area contact between the aluminum (Al) and the p*
poly-Si. Furthermore, we investigate how the nickel oxide layer regulates the substrate morphology and

Received 14th March 2025, affects the charge carrier mechanisms for the top perovskite solar cells. These strategies remarkably
Accepted 28th April 2025 promote charge carrier management, achieving a monolithic perovskite/POLO-Si tandem solar cell with
DOI: 10.1039/d5ee014864 a PCE of 31%. Moreover, the unencapsulated tandem cell retained 93% of its initial efficiency after

operating for 240 hours at maximum power point under one sun intensity, 25 °C, and 30% relative
rsc.li/ees humidity (ISOS-L-1), the extrapolated Tgg lifetime is estimated to be 740 hours.

Broader context

Integrating perovskite as the top absorber with a silicon bottom cell to form a tandem device is a key approach to surpassing the Shockley-Queisser (SQ) limit.
However, research on the recombination junction for silicon featuring polycrystalline silicon on oxide (POLO) passivating contacts remains relatively scarce,
and the high-quality perovskite growth on POLO-Si presents crucial challenges. Here, we demonstrate an annealing treatment at elevated temperatures to
improve the recombination junction, likely improve the rear point contacts as well, and investigate the impact of hole transport layers (HTLs) on charge carrier
dynamics in the perovskite layer from material selection and morphology regulation. These strategies effectively enhance charge carrier management in the
tandem solar cells. Finally, we achieve a PCE of 31% in a perovskite/POLO-Si tandem solar cell. Our findings illustrate how charge carrier management
improvements in the tandem devices enable the integration of perovskite top cells onto POLO-Si bottom solar cells, paving the way for further progress in
perovskite/silicon tandem solar cells based on POLO-Si.
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The field of high-efficiency solar cells has witnessed rapid
advancements in the power conversion efficiency (PCE) of
monolithic perovskite-silicon tandem solar cells (PSTSCs), with
the current record reaching 34.6%. This significantly exceeds
the highest reported efficiencies for single-junction perovskite
solar cells (PSCs) and silicon solar cells which are 27.0% and
27.4%," respectively. Although cell sizes and technology maturity
are not comparable yet, these record efficiencies indicate that
combining metal halide perovskites with silicon solar cells to
form PSTSCs surpasses the 33.7% Shockley—Queisser limit for
single-junction solar cells.” Among these tandem configurations,
two-terminal perovskite-silicon tandem solar cells (2T-PSTSCs),
which directly connect a crystalline silicon (c-Si) bottom solar
cell with a perovskite top cell, have emerged as the most
promising candidates. Currently, mainstream tandem solar cell
research focuses on heterojunction Si (SHJ-Si), while research
progress on tandem cells based on alternative Si-PV technolo-
gies, particularly those utilizing poly-Si-based passivating con-
tacts, has been comparatively slower.>™* These contacts are
widely known as “tunnel oxide passivated contacts” (TOPCon)
but can more generally be referred to as polycrystalline silicon on
oxide (POLO) passivating contacts."®> Several challenges hinder
the integration of POLO-Si in tandem configurations: (1) the
decent passivation quality of the poly-Si passivating contacts on
textured surfaces, hindering the application of a double-sided
texturing process and resulting in weaker light management and
limited short-circuit current density (Jsc),"®"° (2) insufficient
studies on recombination junctions for poly-Si passivating
contacts,”® and (3) a limited understanding of perovskite growth
mechanisms on poly-Si passivating contact surfaces. 6222

However, poly-Si-based passivating contacts-Si technology
still offers significant advantages. First, industrial Si cell featur-
ing POLO contacts have demonstrated the potential for high
efficiency on large area, reaching up to 26.58%.>* Second, Si
cells with POLO contacts has more significant cost-reduction
potential compared to SHJ-Si, as its ultrathin silicon oxide
(SiO,) and doped polycrystalline silicon (poly-Si) layers are more
cost-effective than the high-quality amorphous silicon (a-Si: H)
layers used in SHJ-Si.>*">® Moreover, the Si solar cell with POLO
contacts is compatible with existing PERC (Passivated Emitter
and Rear Cell) fabrication lines, allowing for easier industrial
integration.”” Finally, POLO-Si technology reduces the con-
sumption of critical materials such as silver and indium
compared to SHJ-Si, enhancing the sustainability of large-scale
production.?® Given these advantages, we focus on tandem
solar cells (TSCs) based on Si cells with POLO contacts.

Here, we employ a Si bottom cell featuring POLO contacts
(POLO-Si bottom cell) with an optimized charge carrier man-
agement strategy. The Si bottom solar cell features poly-Si
passivating contacts for electrons and holes, implemented on
a 275 pm thick n-type float zone wafer. The front side is
chemically mechanically polished (CMP) for an electron-
collecting passivating n-type doped poly-Si on oxide junction,
while the rear side employs partially textured hole-collecting
poly-Si passivating contact covering 25% of the total area,>
while the remaining area is alkaline textured. This “point
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emitter”” design balances optical and electrical properties. Since
p-type doped poly-Si on oxide junctions only exhibit a decent
passivation quality on textured surfaces, we restrict these junc-
tions to planar regions covering only 25% of the total area.*®
The triple-cation perovskite Csg 5(FAo.77MAg.23)0.05Pb(Io.77BT0.23)3
(1.68 eV) are utilized as the top absorber layer, following the
processing established in our previous work.>* We propose that
annealing at elevated temperatures under a nitrogen atmosphere
effectively improves the recombination junction regarding cur-
ing sputter-induced damage and reducing contact resistance.
While the annealing process likely enhances the TCO/n" poly-Si
interface, its impact on the rear Al/p" poly-Si contact may further
decrease the overall series resistance. Such treatment enhances
the charge carrier transport and allows for efficient operation as
a sub-cell in the tandem architecture. Furthermore, we develop
an ultrathin sputtered 5 nm nickel oxide (NiO,) combined with a
self-assembled monolayer (SAM) as the HTL. The NiO, layer
forms a discontinuous micro-island morphology that substan-
tially increases the specific surface area (SSA), improving SAM
adhesion and providing nucleation sites for the perovskite
growth. The SAM passivates interfacial defects, suppressing
non-radiative recombination and improving charge carrier man-
agement. As a result, we successfully integrate the perovskite top
solar cell with the POLO-Si bottom solar cell into a highly
efficient tandem solar cell with a PCE of 31%, and the unencap-
sulated tandem cell retains 93% of its initial efficiency after
operating for 240 hours at maximum power point under 1 sun,
25 °C, and 30% relative humidity (ISOS-L-1). The extrapolated Ty,
lifetime is estimated to be 740 hours.

Results and discussion

An innovative silicon bottom cell architecture schematically
shown in Fig. 1(A) is developed, incorporating advanced POLO
junctions and alkaline surface texturing. This configuration
enhances charge carrier selectivity and light management,
effectively reducing recombination losses and increasing
photocurrent generation. The improvements in electrical and
optical performance provide a solid foundation for high-
efficiency perovskite/silicon tandem cells.

The front side of the bottom solar cell, full-area passivated
by an electron-collecting n* POLO junction, is intentionally
maintained planar. This design matches the rear surface mor-
phology of today’s industrial “TOPCon” Si solar cells, where the
same junction is typically applied but flipped upwards for
tandem integration. Planar n* POLO junctions facilitate J,
values down to 0.5 fA cm ™2, comparable to the best alternative
electron selective contacts, such as H-rich amorphous-Si/crys-
talline Si heterojunctions.®® Nevertheless, it would also be
possible to apply these n* POLO junctions on an alkaline
textured surface with random pyramids, while this modifica-
tion results in a slight increase in the recombination current
density to ~2 fA cm ™. In contrast, the hole-collecting p* POLO
contact shows relatively low recombination losses with J, value
of 1.8 fA em 2 on planar surfaces.**> However, when applied to

This journal is © The Royal Society of Chemistry 2025
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(A) Schematic illustration of a silicon bottom solar cell with a polished front side and a partially textured rear side. The solar cell features locally

passivated p* POLO contacts on the rear side and a full area n* POLO contact on the front side. (B) Optical micrograph of the rear side of the silicon
bottom cell in (A) before aluminum deposition, highlighting the locally passivated p* POLO contact regions. (C) Implied recombination current density as
a function of implied voltage for 26%-efficient POLO?-IBC single junction cell and the POLO bottom cell. Parameters can be derived from injection-
dependent lifetime characteristics based on the infrared lifetime mapping method.

textured surfaces, p” POLO contact on textured surfaces suffers
from fundamentally higher recombination rates, exceeding
20 fA em ™. Thus, if implemented across the entire rear side of
the bottom cell, this elevated recombination would lead to a
substantial drop in open-circuit voltage (Voc) by about 20-30 mV.
On the other hand, a planar rear side would, in combination
with the also planar front, only yield poor light trapping.** To
balance electrical and optical properties, a partially textured rear
side is adopted, optimizing both carrier extraction and photon
management in the tandem architecture.

To optimize the trade-off between carrier extraction and
optical performance, we apply the hole-collecting p* POLO
contacts on localized planar “island-shaped” regions while
texturing most of the rear surface (~75%). The textured areas
are effectively passivated by a dielectric Al,03/SiN,/SiO, stack,
which also serves as a rear reflector, as shown in Fig. 1(B). The
structuring process is implemented via a laser ablation technique
adapted for precise patterning.***> From a laser alighment preci-
sion perspective, the 25% area fraction of p" POLO contacts could
be further reduced below 5% to enhance light trapping. However,
this must be balanced against the local nature of minority carrier
collection, particularly for holes in our n-type doped silicon wafer.
Traditionally, Si-PV have assumed that the minority carrier-
collecting contact must be as large as possible to minimize
recombination-induced extraction losses.>® However, for devices
on defect-free wafers and with efficient surface passivation, such
as on our bottom cells, as well as state-of-the-art interdigitated
back-contact (IBC) solar cells,*® such a conventional assumption
no longer holds. In these advanced architectures, minority car-
riers can diffuse laterally to be collected at localized contacts with
minimal recombination losses. In this work, we present the
excellent minority carrier collection by only 25% area coverage
of the hole-collecting p* POLO contact by high external quantum
efficiency (EQE) values close to 100% for the bottom cell. We,
therefore, conclude that further reducing the p" POLO area
fraction would still be compatible with efficient minority carrier
collection. Another aspect inherent to local minority carrier
extraction is entropy-induced “resistive losses” for the diffusion
of minority carriers.*”*® Such losses are only significant for high

This journal is © The Royal Society of Chemistry 2025

wafer doping, which means reduced minority carrier concen-
tration and thus increased entropy-induced “resistive loss” for
minority carriers. However, they remain minor for our lightly
doped 3.3 Q cm base material.

We validate the exceptional electronic performance of our
POLO-Si bottom cells by the injection-dependent infrared lifetime
mapping.*® The suns-implied open circuit voltage curve is shown
in Fig. 1(C). The corresponding curve for our 26.1% efficient POLO
Si single junction IBC cell*® - NREL efficiency chart record for non-
heterojunction Si solar cells from 2018 up to now is also shown.*'
Notably, from the 600-725 mV voltage range, the two curves
overlap, demonstrating high implied open-circuit voltages and a
steep slope of ~60 mV per decade, corresponding to an ideality
factor of one. This absence of deviation indicates negligible
Shockley-Read-Hall (SRH) recombination in lightly doped or
carrier-depleted regions, such as space charge regions, and no
observable balancing currents between well-passivated and
recombination-active areas. If either of these effects were present,
the ideality factor would increase, reducing the slope of the suns-
implied open circuit voltages (iVoc) curve. This is remarkable since
laser cutting diced the solar cells from a larger wafer to one-inch
substrates. Indeed, the inset in Fig. 1(C) shows increased recom-
bination near the laser-cut edges, but it does not affect the active
cell area as indicated by the dashed square. For iVoc > 730 mV,
the slope of the suns-implied open circuit voltage curves for the
POLO bottom cell remains constant, whereas it increases for the
IBC solar cell. This divergence can be attributed to a transition in
the silicon substrate from low-level to high-level injection, altering
the ideality factor of dominant Auger recombination from 1 to 2/3.
The fact that the POLO bottom solar cell does not show this
transition is tentatively attributed to slightly higher surface recom-
bination of ~ 10 fA cm™> compared to ~6 fA cm™? in the IBC solar
cell. Therefore, Auger recombination dominates in the IBC cell at a
lower iVy¢ threshold than in the POLO bottom solar cell.

When assuming a photogeneration current density of
20 mA cm 2 in the Si bottom solar cell when filtered by the
perovskite top solar cell, we estimate an iVoc of 730 mV, an
implied pseudo fill factor (ipFF) of 85.1%, resulting in an
implied pseudo efficiency (iPCE) of 12.4%. One should note
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Fig. 2 (A) Current density—voltage (J-V) characteristics comparing tandem devices without and with N, annealing at 300 °C. The annealed device exhibits
improved FF and Vo, indicating enhanced charge transport and reduced recombination losses. The normalized J highlights the effect of annealing on Voc
and FF. (B) The MPPT measurements of normalized PCE over 5 min, which confirm that the annealing treatment does not harm the operational stability of
tandem devices. (C) Distribution of v x f of the tandem solar cells (16 devices in total) without and with annealing treatment. Here, v x f can be derived from
v x f=FF x Voc/FFsq x Vsq, which refers to voltage and fill factor fraction for tandem cells. The increase suggests reduced resistive losses and enhanced
passivation towards better charge carrier management. (D) The pseudo-JV curves of POLO-Si bottom cell before ITO sputtering and after ITO sputtering
w.0. and w. annealing. The discrepancy between the pseudo-JVs and the real JVs reveals an additional effect of annealing. Beyond improving the TCO/n*
poly-Si interface on the front side, annealing might influence the Al/p™ poly-Si contact on the rear side as well, further lowering the overall contact
resistance and improving the interface, thus leading to overall enhanced charge carrier management and a pronounced improvement in FF and V. (E) and
(F) Infrared lifetime mapping of the Si bottom solar cell before and after annealing. (E) Before annealing, the map exhibits non-uniform carrier lifetime
distribution with lower values, suggesting defects or damage induced by ITO sputtering. (F) After annealing, a significant increase in carrier lifetime is
observed, with a more homogeneous distribution across the entire cell, indicating effective defect healing and improved passivation.

that in the final -V measurement of the tandem device, minor illumination. When performing an aperture area measurement
series resistance-induced losses are expected. More severe, the with shadow masks, both Vo and fill factor (FF) are expected to
abovementioned measurements are performed under total area reduce due to recombination-active parallel diodes in the dark.**
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http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ee01486g

Open Access Article. Published on 06 May 2025. Downloaded on 10/31/2025 10:12:05 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Energy & Environmental Science

The recombination junction is a pivotal component in TSCs,
functioning as a bridge between the two sub-cells and ensuring
their successful integration. However, when fabricating 1.68 eV
wide-bandgap PSCs on the POLO-Si bottom cell, the initial
tandem device performance is suboptimal. A key limiting factor
is damage to the POLO junctions during the sputtering process
of the indium tin oxide (ITO) layer, which degrades passivation
quality—an issue previously reported in similar studies.**™*
This damage decreases the carrier-selectivity of the n* POLO
junction, resulting in increased SRH recombination at the c-Si
wafer/SiO, interface, reducing Voc and a lower ipFF, ultimately
limiting the final FF in the tandem cells. Moreover, the rear
point contact at aluminum (Al)/p" poly-Si layer may exhibit
relatively high contact resistance, hindering Voc and FF.

To overcome the integration challenge, we apply an anneal-
ing treatment of the ITO-coated silicon bottom cell at elevated
temperatures (300 °C) in a nitrogen atmosphere. This process
significantly improves the performance of tandem devices
compared to those without annealing. Fig. 2(A) presents the
tandem solar cell current density-voltage (J-V) characteristics
without and with annealing treatment. The normalized current
density highlights the crucial impact of annealing treatment on
enhancing charge carrier transport and extraction, specifically
by improving Voc and FF of tandem devices. The unannealed
device exhibits lower FF and Voc. The perovskite films grown
on unannealed and annealed silicon bottom solar cells exhibit
similar PLQY and iVo¢ (see Fig. S4, ESIt), suggesting that the
performance enhancement of the tandem device due to anneal-
ing primarily originates from its effect on the silicon bottom
solar cell. The first aspect is induced by a reduction of the
recombination-limited pseudo-fill factor and an increased ser-
ies resistance. The high series resistance might be due to some
remaining native oxide between the ITO and the n'-poly-Si.
Additionally, the sputtering process degrades the POLO contact
quality beneath the ITO layer, leading to defects at the n* poly-
SI/ITO interface which increase non-radiative recombination
and further reduce V.

The N, annealing of the Si bottom solar cell before deposit-
ing the HTL of the perovskite top solar cell improves both Voc
and FF, resulting in better PCE. The MPPT results in Fig. 2(B)
demonstrates that the annealing treatment does not suppress
the operational stability of the tandem device. The results in
Fig. 2(A) and (B) show that the sputtering process used for
depositing the recombination junction induces pronounced
Voc loss and carrier transport loss in tandem devices, the
annealing significantly cures the sputtering-induced damage.
Fig. 2(C) presents the statistical distribution of v x f=FF x Voc/
FFsq X Vgq for a batch of unannealed and annealed tandem
devices (16 devices in total), we apply v x f, defined as the
voltage and fill factor fraction (v x f=FF x Voc/FFsq X Vsq) for
tandem solar cells, to describe the total electrical limitations of
the device and to quantify charge carrier management, includ-
ing the recombination of charge carriers in the bulk, surfaces,
and interfaces.’® It is evident that the v x f of the annealed
devices is overall higher than that of the unannealed devices,
increasing from 0.58 to 0.7, with a narrower performance

This journal is © The Royal Society of Chemistry 2025
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distribution. This indicates that annealing treatment effectively
improves charge carrier management.

The pseudo-/Vs in Fig. 2(D) curves are constructed for Si
solar cells with POLO contacts before ITO sputtering, after ITO
sputtering without and with annealing (Parameters in Table S1,
ESIt). Compared to the Si solar cell before ITO (iVoc = 0.728 V,
ipFF = 0.85), the Si bottom solar cell after ITO exhibits a lower
iVoc (0.7 V) and ipFF (0.83). While the device shows higher iVo¢
(0.735 V) and ipFF (0.848) after N, annealing. This indicates
that annealing enhances charge carrier management through
curing sputter-induced damage to the recombination junction.
Nevertheless, the iVoc and ipFF difference of Si cells without
and with annealing obtained from the pseudo-/Vs do not fully
align with the differences found in the real /-V curves. Given
that pseudo-/V characterization is designed to minimize resis-
tive loss and does not fully capture series resistance (Rs) effects
such as from metal-semiconductor interfaces,*””*® we speculate
that another key source of high series resistance is likely the Al/
p' poly-Si contact on the rear side, which occupies only 0.25%
of the area.”® This small contact fraction renders the device
highly sensitive to minimal contact resistances of even 1 mQ
cm?®, leading to significant series resistance. Potentially resi-
dual SiO, or Al,O; remaining at the poly-Si surface after laser
contact opening contributes to increased contact resistance.
While hydrofluoric acid (HF) treatment mitigates this issue,
high resistance due to insufficient treatment has been
observed. Annealing at 300 °C may facilitate reactions between
Al and the residual dielectric layer, effectively reducing the
contact resistance, thereby lowering the overall series resis-
tance and non-radiative recombination, and enhancing the Vo¢
and FF.

To verify the underlying mechanism, we employ the infrared
lifetime mapping technique to characterize the effect of the N,
annealing on the minority carrier lifetime in the silicon bottom
cell. Fig. 2(E) and (F) present the spatially resolved charge
carrier lifetime images of Si wafers before and after thermal
annealing, followed by the sputtered ITO layer.*>*® The minor-
ity carrier lifetime of the annealed silicon wafer shows a four-
fold improvement compared to the unannealed wafer, with
overall improved uniformity. The degradation is attributed to
ion bombardment during sputtering, which damages the poly-
Si layer by forming deep defects and Si dangling bonds.**
Thermal annealing effectively repairs broken Si-Si bonds and
recovers minority carrier lifetime notably. To validate this
phenomenon at the device level, we perform numerical simula-
tions (see Fig. S5 and parameters shown in Table S2, ESI) to
illustrate the impact of minority carrier lifetime on the perfor-
mance of silicon solar cells, quantitatively elucidating the
relationship between lifetime enhancement and improved
device characteristics, demonstrating that sputtering-induced
degradation at the recombination junction and rear contact
severely suppresses minority carrier transport and reduces Voc.
Moreover, XRD and electrical analysis results reveal that the
characteristic FWHM of the ITO (222) phase plane at 30.3°
becomes smaller after annealing, indicating the enhanced
crystallinity of on the (222) plane, and the square resistance

Energy Environ. Sci., 2025, 18, 5599-5609 | 5603
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of ITO layer decreases from 114.8 Q [0 ~" before annealing to
91.3 Q O after annealing, suggesting the improved charge
transfer property (see Fig. S6 and Table $3, ESI{)."*> Taken
together, thermal annealing effectively repairs sputter-induced
damage, improves the quality of ITO layer, and might improve
the rear contacts, significantly reducing transport loss of charge
carriers and the non-radiative recombination.

In addition to the annealing treatment for mitigating
damage of the bottom cell after recombination layer deposi-
tion, the hole transport layers (HTLs) play a crucial role in TSCs.
As the buried interface beneath the perovskite absorber, an
optimized HTL facilitates efficient carrier extraction and reg-
ulates the crystallization and growth of the perovskite absorber
layer. This results in a low-defect buried interface and a high-
quality perovskite film, both essential for achieving high-
efficiency TSCs.>*>* Through a detailed study on morphology

View Article Online
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control and material selection of the HTL on the recombination
junction of POLO-Si, an optimal HTL combination is ultimately
identified, enabling excellent charge carrier management at the
bottom side of the perovskite layer. To optimize the HTLs, we
first investigate NiO, layers of different thicknesses (5, 15, and
25 nm) and characterize their PLQY and time-resolved photo-
luminescence (TRPL) spectra. The PLQY results in Fig. 3(A)
show that the sample with a 5 nm NiO, layer exhibits higher
PLQY and lower Vo loss, indicating reduced non-radiative
recombination. Additionally, the TRPL results (see Fig. S7,
ESI{) reveal that the 5 nm NiO, layer leads to a longer carrier
lifetime, further supporting the enhanced passivation quality
and suppressed non-radiative recombination processes.

To further suppress non-radiative recombination at the
buried interface, we compare PLQY and TRPL for three cases:
SAM-only, NiO,-only, and NiO, combined with SAM. The results
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Fig. 3 (A) PLQY measurements performed on half stack samples (Si/ITO/NiO,/2PACz/Perovskite) with different thicknesses of NiOy (5, 15 and 25 nm),
showing the highest PLQY at 5 nm, indicating better passivation and reduced non-radiative recombination. (B) PLQY across different HTL configurations
(SAM-only, NiOy-only, and NiO, + SAM), demonstrating that the NiO, + SAM combination yields the highest PLQY, suggesting improved interfacial
charge carrier management. (C) TRPL measurements reveal prolonged carrier lifetimes for the NiO, + SAM configuration (t = 996 ns) compared to NiO,
alone (t = 694 ns) and SAM-only (r = 395 ns), confirming reduced non-radiative recombination and enhanced charge carrier extraction. (D) The Quasi-
Fermi Level Splitting (QFLS) measurements show that the NiO, + SAM configuration achieves the lowest ideality factor (n = 1.19), indicative of improved
charge transport and suppressed recombination compared to NiO,-only (n = 1.40) and SAM-only (n = 1.34). (E) PL intensity maps performed on half stack
samples with different HTLs: Si/ITO/2PACz/Perovskite, Si/ITO/NiO,/Perovskite, Si/ITO/NiO,/2PACz/Perovskite, demonstrating improved film homo-
geneity. White scale bar: 2 mm. (F) 3D atomic force microscopy (AFM) images of Si bottom solar cells with NiO, layer of different thicknesses (5, 15,
25 nm) and corresponding schematic diagrams of the morphology. The yellow dots indicate SAM molecules anchored onto the NiO, layer. Surface
morphology analysis shows that NiO, + SAM forms a discontinuous micro-island structure on the recombination junction, increasing the specific surface
area (SSA) significantly (3.02 x 10 pm? mg™) compared to NiO,-only (1 x 10'° um? mg™) and SAM-only (6 x 10° pm? mg~?). This enhanced SSA
promotes better adhesion of SAM molecules, which could improve perovskite nucleation and growth.
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in Fig. 3(B) and (C) indicate that the perovskite film on the
NiO, + SAM HTL exhibits the highest PLQY and the longest
carrier lifetime (996 ns) among the three HTLs. Additionally, we
conduct light-intensity-dependent PLQY measurements to
extract the ideality factor and pseudo-JV characteristics of the
perovskite layer based on these three HTLs. Fig. 3(D) shows a
lower ideality factor (NiO, + SAM = 1.19, SAM = 1.34, NiO, =
1.40), indicating that 5 nm NiO, effectively suppresses recom-
bination pathways with high ideality factors such as SRH in
high-level injection with SAM. The pseudo-/V curves (see Fig. S8
and Table S4, ESIT) reveal that the NiO, + SAM sample achieves
the highest in both iV and pseudo-FF (iVoc = 1.233 and pFF =
86.6), reinforcing its role in enhancing carrier extraction and
minimizing recombination losses. These improvements can be
attributed to the ability of NiO, + SAM to regulate the crystal-
lization and growth of the perovskite absorber, thereby improv-
ing the material uniformity and reducing defect densities at the
interface. This conclusion is further supported by PL intensity
mapping as shown in Fig. 3(E), where the NiO, + SAM sample
exhibits the highest and most uniform PL intensity. In contrast,
the SAM-only sample shows lower PL intensity and poorer
uniformity, while the NiO,-only sample exhibits weaker PL
intensity, confirming inferior passivation and higher non-
radiative recombination.

Finally, to understand why the combination of SAM with a
5 nm NiO, layer achieves optimal charge carrier management,
we employ atomic force microscopy (AFM) to investigate the
surface morphology of NiO, layers with different thicknesses (5,
15, 25 nm) grown on POLO-Si. The surface of the silicon cells
without ITO and NiO, layers exhibits isolated islands (see Fig.
S9A, ESIT), which can be attributed to the morphology of the
poly-Si layer, since the poly-Si layer thickness is reduced from
220 nm to 110 nm by oxidation and further to approximately
30 nm by isotropic etching. The oxidation process is found to
proceed faster at grain boundaries, leading to a certain degree
of surface roughness.>® The ITO layer, serving as a recombina-
tion junction, tends to grow preferentially along the grain
boundaries of the poly-Si layer during sputtering, gradually
forming a continuous film with some surface roughness once
a certain thickness is reached, which originates from the
roughness of the underlying poly-Si layer (see Fig. S9, ESIT).
In Fig. 3(F), upon sputtering a 5 nm NiO, layer, the NiO, grows
around the pre-existing islands, forming medium-sized islands
and generating small islands on the planar surface (This morphol-
ogy can be further supported by the SEM and EDX results in Fig.
S10, ESIY). Increasing the NiO, thickness to 15 nm leads to further
growth and coalescence of the small and medium-sized islands,
gradually forming a continuous thin film. At 25 nm thickness, the
islands fully merge, forming a dense, interconnected film with a
reduced specific surface area. The densely distributed small-size
island morphology of the 5 nm NiO, significantly increases the
specific surface area of 3.02 x 10'° um* mg ' compared to
the 15 nm (1 x 10" pm?® mg™ ') and 25 nm NiO, layers (6 x
10° um® mg™"). This unique interfacial structure likely plays a
crucial role in reducing non-radiative recombination losses and
improving charge carrier management by ensuring better
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molecular self-assembly and charge transport at the buried inter-
face. We hypothesize that this mechanism effectively minimizes
non-radiative losses, and improves charge carrier management.

Notably, for small-area perovskite single-junction solar cells
fabricated in our lab, SAM alone performs best as the HTL (see
Fig. S11, ESIY). This highlights the differences between single-
junction and tandem devices, which is essential to system-
atically analyze and understand the perovskite layer grown on a
silicon bottom solar cell rather than directly extrapolating
conclusions from single-junction solar cells to tandem devices.

Based on the annealing treatment of POLO-Si bottom solar
cell and optimization on the HTL side (specifically the sput-
tered NiO, and SAM), we develop a reliable recombination
junction integrating the perovskite top cell with the high-
performance Si bottom solar cell with POLO contacts. The
schematic illustration of the 2T-PSTSC is shown in Fig. 4(A).
The ITO layer serves as the recombination layer, electrically
interconnecting the perovskite top cell and the silicon bottom
cell. In the perovskite top cell, a well-investigated triple-cation
perovskite composition (1.68 €V) of Csgo5(FAg77MAg 23)0.05P-
b(Iy.;7Bro.3)s is employed as the absorber layer. The top cell
architecture consists of ITO/NiO, + 2PACz/Perovskite/PDAI, +
BAI/Ce0/SnO,/1ZO/Ag/MgF,. The cross-sectional SEM image of
the PSTSC shows (see Fig. S12, ESIt) that the perovskite layer
has a thickness of approximately 650 nm. In addition, we apply
a surface passivation layer of 1,3-propane-diammonium iodide
and butylammonium iodide (PDAI, + BAI)*® to improve the
band alignment at the perovskite/Cq, interface. This dual-
molecular passivation layer functions through chemically inter-
acting with surface defect sites to form stable chemical bonds
(chemical passivation) and by repelling holes (field-effect pas-
sivation), directing them back to the opposite side.”’ As a
result, charge carrier management (especially electrons) is
further improved, leading to higher Vo and PCE (see Fig.
S13-S18, ESTY).

In Fig. 4(B), the v x f parameter is applied to quantitatively
demonstrate how a series of optimizations enhance charge
carrier management in the PSTSC. In this study, the v x f of
the tandem cell increases from 0.58 to 0.7 by annealing the
silicon bottom solar cell, further improving to 0.75 through
HTL optimization, and ultimately reaching 0.794 of the SQ
detailed balance limit for FF X Vg, benefiting from the surface
passivation layer. A series of optimizations improved markedly
charge carrier management and reduced the gap to the SQ
limit, and a highly efficient PSTSC with a 31% PCE is achieved.
Fig. 4(C) shows the J-V characteristics of the champion device,
which exhibits a short-circuit current density (Jsc), open-circuit
voltage (Voc), and fill factor (FF) of 20.05 mA cm ™2, 1.912 V, and
80.9%, respectively. Fig. 4(D) presents the external quantum
efficiency (EQE) of the champion device, where the J,;, values
for the perovskite top cell and silicon bottom cell under AM1.5
illumination is 20.54 mA cm™> and 19.85 mA cm 2, respectively.
A Jpon mismatch of 0.69 mA cm™? has been observed between the
two sub-cells, which can be addressed by adjusting the perovs-
kite layer thickness or the bandgap of perovskite to achieve
better current matching. This optimization could further boost
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Fig. 4 (A) The schematic illustration of the perovskite—silicon tandem solar cell based on a Si solar cell with POLO junctions. (B) Charge carrier
management assessment based on the fraction of Shockley—Queisser limitation for Voc and FF through annealing treatment, optimized HTL, and surface
passivation layer. (C) A representative J-V curve for the champion cell. (D) Measured external quantum efficiency (EQE) spectra and reflection
(denoted as 1-R) of the perovskite and silicon sub-solar cells, with integrated photocurrent densities of 20.54 mA cm™2 (perovskite) and 19.85 mA cm ™2
(silicon). (E) The 5-minute maximum power point tracking (MPPT) of optimized tandem solar cells. (F) The long-term maximum power point tracking
(MPPT) results of the unencapsulated tandem cells under one sun intensity, 25 °C, and 30% relative humidity (ISOS-L-1), retaining 93% of its initial
efficiency after 240 hours.

the tandem device’s Jsc and improve the overall PCE. Fig. 4(E) at an efficiency exceeding 30%. Additionally, the long-term
shows the 5-minute maximum power point tracking (MPPT) stability of the unencapsulated tandem device is evaluated under
measurement, indicating that the tandem cell can operate stably ISOS-L1 conditions in the ambient environment (25 °C and
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relative humidity of 30%). As shown in Fig. 4(F), after 240 hours
of continuous MPPT measurement, the device retains 93% of its
initial efficiency. The extrapolated T, lifetime is estimated to be
740 hours.

Conclusion

In this work, we develop the highly efficient 2T-PSTSC based on
POLO (equivalent to TOPCon) Si bottom cells. By systematically
addressing key challenges in integrating POLO-Si bottom solar
cells with perovskite top solar cells, we establish an effective
strategy to enhance charge carrier management, reduce recom-
bination losses, and improve device stability. A critical advance-
ment in our approach is the annealing treatment applied to the
n-type POLO junction after ITO sputtering and before HTL and
perovskite deposition. This process effectively heals sputtering-
induced defects, likely further improves Al/p* poly-Si contacts,
restoring carrier lifetime, and thus enhances FF and Vo of the
POLO-Si bottom cell. The silicon bottom cells achieve an iVp¢
of 730 mV and an iFF of 85.1% at a half-sun illumination
assumption, while the passivated p-POLO contacts on localized
planar regions of the otherwise textured rear surface optimize
light trapping and carrier selectivity. These improvements are
validated through infrared lifetime mapping, statistical device
performance analysis and the numerical simulation.

Moreover, we investigate the material selection and mor-
phology control on the HTL side of the perovskite top solar cell.
We find that the combination of an ultrathin-sputtered NiO,
and SAM leads to a densely distributed micro-island morphology,
which facilitates better SAM adhesion and modulates the growth
of high-quality perovskite films, enabling effective regulation of
charge carrier recombination and transport, thereby improving
charge carrier management. This is confirmed by AFM, PLQY,
TRPL, light-intensity-dependent iVoc measurements, and PL
intensity maps. Finally, we achieve a 31% PSTSC based on
POLO-Si, which retains 93% of its initial efficiency after operating
for 240 hours at maximum power point under one sun intensity,
25 °C, and 30% relative humidity (ISOS-L-1) without any encapsu-
lation. The projected Tg, lifetime is approximately 740 hours.

These findings emphasis the distinct material and processing
requirements for POLO-based tandem devices, highlighting the
need for dedicated research rather than direct extrapolation
from single-junction PSCs to PSTSCs. Moving forward, further
refinements in passivation strategies, recombination junction
engineering, and optical management will be essential to push
POLO-Si perovskite tandem solar cells closer to the SQ limit,
paving the way for next-generation high-efficiency and indust-
rially scalable photovoltaics.
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