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Abstract

Theurgent need to address climate change, reducepollution,
and achieve sustainable energy drives the development of
next-generation solar technologies. In this work, we intro-
duce **NFuse Cell**, a proof-of-concept, four-terminal (4T)
tandem solar cell that combines a lead-free, tin-based per-
ovskite top sub-cell with a standard silicon PERCbottomsub-
cell. By stacking the two cells optically while keeping them
electrically independent, NFuse avoids the complex current-
matching and tunnel-junction requirements of monolithic
tandems and enables rapid prototyping using commercially
availablematerials.

OurNFuse Cell architecture consists of a glass/ITO front con-
tact, an organic hole-transport layer (HTL), ultrathin Al₂O₃
barrier layers to chemically isolate the perovskite absorber
(CsSn(I,Br)) from redox-active interfaces, and an electron-
transport layer (ETL) before a semi-transparent ITO/Ag rear
contact. Below this, a textured silicon PERC cell captures
near-infrared light transmitted through the perovskite stack.
The ultrathin Al₂O₃ layers play a critical role in preventing
Sn²�oxidation—oneof themaindegradationpathways for tin
perovskites—while allowing efficient charge tunneling.

Using established optical and electricalmodeling, wepredict
that theNFuse top cell can achieve 18–20 percent power con-
versionefficiency (PCE)understandardAM1.5G illumination,
with the silicon bottom cell contributing an additional 18–
22 percent PCE under filtered light. Together, this yields a
combined efficiency exceeding 28 percent, surpassing the
Shockley–Queisser limit for single-junction devices.

NFuse represents a scalable, efficient-cost approach to high-
efficiency photovoltaics, offering a clear path from scientific
concept to commercial deployment. These results provide a
strong scientific foundation for further experimental valida-
tion and investment in NFuse technology.

KEYWORDS Al₂O₃ barrier layers; Tin-based perovskite ; Lead-
free photovoltaics; Silicon PERC;

1. INTRODUCTION

The accelerating climate crisis and ever-increasing global
energy demand underscore the urgent need to transition
from fossil fuels to clean, renewable sources. Solar energy

stands out as a key solution, offering an abundant, carbon-
free resource that can be deployed at scales ranging from
small rooftops to utility-scale farms. Today’s silicon photo-
voltaic (PV) technology has driven costs down and enabled
widespread adoption, but it is approaching its theoretical ef-
ficiency ceiling and faces challenges in further performance
gains.

Conventional single-junction silicon solar cells are fun-
damentally limited by the Shockley–Queisser limit, which
caps their maximum power conversion efficiency (PCE) at
around 29 percent under standard AM 1.5G illumination. In
practice, commercial siliconcells achieve20–25percentPCE;
pushingbeyond this range requiresnewdevice concepts. Ad-
ditionally, siliconalonecannot absorb the full solar spectrum
efficiently—high-energy photons (UV and visible) generate
excess heat, while low-energy photons (near-infrared) pass
through unused.

Tandemarchitectures overcome these limitations by lay-
ering two ormore absorbers with complementary bandgaps.
Awider-bandgap top cell captures high-energy light, while a
lower-bandgap bottom cell harvests the remaining red and
near-infrared photons. This dual-absorber approach allows
total efficiencies well above the Shockley–Queisser limit for
single junctions, with laboratory tandems already exceeding
33 precent PCE.

In this work, we introduce **NFuse Cell**, a proof-of-
concept, four-terminal (4T) perovskite–silicon tandem cell
designed to combine the best of bothmaterials. The top sub-
cell uses a lead-free, tin-based perovskite (CsSn(I,Br)) to ab-
sorb visible light efficiently, while the bottom sub-cell is a
standard silicon PERC cell optimized and stabled for near-
infraredabsorption. WeemployultrathinAl₂O₃barrier layers
to chemically protect the sensitive tin perovskite fromdegra-
dation pathways, enabling long-term stability without com-
promising charge extraction.

Choosing a 4T configuration offers distinct advantages
over monolithic two-terminal (2T) tandems. Because each
sub-cell is electrically independent, NFuse cell eliminates
the need for current matching and complex tunnel recom-
bination layers. This modular approach accelerates proto-
typing, simplifies integrationwith commercially available sil-
icon cells, and provides flexible design pathways for future
material upgrades. Together, these features make NFuse
cell apromisingroute towardscalable, high-efficiencyphoto-
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voltaics that can help meet our pressing energy and climate
challenges.

2. CELL DESIGN AND MATERIALS

2.1 Cell Architecture

The NFuse 4-terminal perovskite–silicon tandem cell is
built by stacking an optically coupled, semi-transparent per-
ovskite top cell directly above a commercial PERC silicon bot-
tom cell. The full layer sequence of the top sub-cell is:

Glass / ITO / HTL / Barrier Layer / CsSn(I,Br) Perovskite /
Barrier Layer / ETL / ITO / Ag

Below this stack, the rear ITO/Ag contact serves as the
optical interface into the silicon PERC cell, which captures
near-infrared light transmitted through the perovskite lay-
ers. Each sub-cell is electrically independent, with separate
contacts, while sharing a common optical path.

2.2 Rationale for Each Layer

Table 1 summarizes the choice of material for each layer,
along with its primary function in the NFuse Cell architec-
ture.

2.3 Challenges and Mitigation Strategies

Implementing tin‐based perovskite as the top cell raises sev-
eral challenges, both intrinsic to CsSn(I,Br) and at its inter-
faces. Table 2 summarizes the key issues and our proposed
solutions.

3. MOTIVATION FOR TIN-BASED PEROVSKITE

The development of tin-based perovskite absorbers repre-
sents a promising step toward non-toxic, high-performance
photovoltaic (PV) technologies. Traditional lead-based per-
ovskites have achieved remarkable efficiencies, but their tox-
icityandenvironmental concernsposesignificantbarriers to
large-scale adoption. Tin (Sn), a group IV element like lead
(Pb), offers a viable, sustainable alternative with several key
advantages.

TABLE 1. Material selection and primary function for each layer in the NFuse
top cell.

Layer Material Primary Function

Glass Borosilicate Mechanical protec-
tion; high optical
transparency

ITO Indium tin oxide Transparent conduc-
tive front electrode

HTL NiOx or PTAA Hole transport;
energy�level align-
ment

Barrier Al2O3 Chemical isolation;
prevents Sn2+ oxida-
tion

Absorber CsSn(I,Br) perovskite Lead�free light
absorber; tunable
bandgap (1.7–
1.8 eV)

Barrier Al2O3 Blocks moisture, O2 ,
DMSO; isolates from
catalytic ETLs

ETL C60/BCP Electron extraction;
selective contact to
ITO

ITO + Ag ITO/Ag Semi�transparent
rear contact; allows
NIR transmission

PERC bottom cell Crystalline Si PERC Standard
high�efficiency
base; captures NIR
photons

Sustainability and Non-Toxicity

Lead is a regulated heavy metal with documented risks to
both human health and the environment. In contrast, tin
is considerably less toxic and more environmentally accept-
able. By replacing Pb2+ with Sn2+ in the perovskite lattice,
CsSn(I,Br) formulations eliminate the need for lead without
sacrificing the potential for high performance. This makes
tin-based perovskites ideal for sustainable energy deploy-
ment, especially in regions with strict environmental regula-
tions.

Reduced Ion Migration and Improved Stability

Lead-based perovskites often suffer from ionmigration, par-
ticularly of iodide ions, which leads to hysteresis, perfor-
mance degradation, and long-term instability. Tin-based
perovskites exhibit significantly lower ion mobility, as re-
cent studies show reduced halidemigration and diminished
transient behavior in Sn-based devices(2). This property
supports enhanced operational stability and improved long-
term device performance.

Engineering Oxidation Stability

Acritical challenge inSn-basedperovskites is thesusceptibil-
ity of Sn2+ to oxidation into Sn4+ during processing and op-
eration, especially in the presence of solvents like DMSO or
redox-active ETLmaterials such as TiO2 or C60. In the NFuse
design, this isaddressedby incorporatingultrathinAl2O3 bar-
rier layers above and below the perovskite absorber to chem-
ically isolate the interface. Additionally, careful selection of
hole and electron transport layers, such as NiO𝑥 and BCP,
helps prevent interfacial redox reactions(1).
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TABLE 2. Key challenges in the NFuse cell and their mitigation strategies.

Component Challenge Solution Reference

CsSn(I,Br) absorber Oxidation of Sn2+ by residual
DMSO and catalytic ETL materials

Ultrathin Al2O3 barriers
above/below perovskite; alterna-
tive solvents or reducing additives

(1)

Structural disorder Sn vacancies, lattice distortion,
phase impurities

A�site Cs substitution and Br al-
loying to enhance crystallinity and
suppress vacancy formation

(3)

Perovskite/ETL interface Redox�driven Sn2+ oxidation at
TiO2 , SnO2 , C60 interfaces

Chemical isolation via Al2O3; inert
ETLs (C60/BCP)

(4)

NiOx HTL Electron leakage and imperfect en-
ergy alignment

Tune NiOx stoichiometry/thickness
to block electrons while maintain-
ing hole mobility

(9)

Optical stacking (4T) Transmission losses through multi-
ple TCO/metal layers

High�transparency ITO, minimized
layer thickness, index�matching ad-
hesives

(5)

Long-Term Potential for Scalable, Non-Toxic PV

The combination of lead-free chemistry, reduced defect den-
sity (via halide and A-site engineering), and the ability to be
processed at low temperaturesmakes tin-based perovskites
highly attractive for future commercial photovoltaic tech-
nologies. With improved crystallinity, suppression of Sn va-
cancies, and reduced oxidation risks, CsSn(I,Br) shows great
promise as a stable, high-efficiency absorbermaterial in tan-
dem solar cells(3).

4. TERMINAL TANDEM CONFIGURATION

The NFuse solar cell adopts a 4-terminal (4T) tandem archi-
tecture, in which the perovskite top cell and the silicon bot-
tom cell operate independently, both electrically and physi-
cally. This structure offers important advantages over con-
ventional 2-terminal (monolithic) tandems, particularly in
terms of design flexibility, modular integration, and simpli-
fied prototyping.(5)

4.1 Electrical Independence

One of the most significant advantages of the 4T architec-
ture is that it eliminates the need for current matching be-
tween the sub-cells. Inmonolithic 2T tandems, the total cur-
rent is limited by the lower-performing sub-cell, requiring
careful optical and electronic tuning of both layers. In con-
trast, the 4T configuration allows each sub-cell to operate at
its own maximum power point (MPP), significantly improv-
ing the overall energy yield.(5)

This electrical decoupling also enables modular testing
and independent optimization of each sub-cell. The per-
ovskite top cell can be fabricated and tested separately from
the silicon PERC bottom cell, which is especially useful dur-
ing early-stage material development and prototyping. This
modularity accelerates design iteration, reduces fabrication
complexity, and lowers experimental risk.(5)

4.2 Optical Coupling Strategy

To enable efficient light sharing between the sub-cells, the
NFuse cell design uses optical coupling rather than direct
physical integration. The glass cover of the silicon PERC cell
is removed, exposing its front surface for alignment beneath
the semi-transparent perovskite device. This ensures that
near-infrared (NIR) light, which is not absorbed by the per-

ovskite, passes through the rear ITO/Ag contact and reaches
the silicon absorber below.

The top cell’s rear contact is engineered for high trans-
parency in the NIR region using a thin Ag layer sandwiched
between transparent conducting oxide (TCO) layers such as
ITO. To further enhance transmission and reduce reflection
losses, optical adhesivesor index-matching layersmaybeap-
plied between the two cells. This strategy allows both cells
to effectively share the solar spectrumwithout physical elec-
trical coupling, maximizing overall power conversion effi-
ciency.

5. THEORETICAL MODELING & EFFICIENCY ESTIMATION

To estimate the performance of the NFuse 4-terminal tan-
dem architecture, we conducted theoretical modeling based
on literature-reported current–voltage (J–V) characteristics
and power conversion efficiencies (PCEs) of similar device
configurations. Since this work represents a pre-fabrication
proof of concept, simulated values are used to predict realis-
tic performance outcomes.

Perovskite Top Cell

For the top sub-cell, we assume a CsSn(I,Br) perovskite ab-
sorber with optimized crystallinity, passivation, and interfa-
cial engineering as described in Section 3. Recent studies on
stabilized tin-based perovskite devices have reported power
conversion efficiencies in the range of 17–20%underAM1.5G
illumination conditions(1; 3). These values serve as the base-
line for our perovskite top cell.

Silicon PERC Bottom Cell

The bottom sub-cell is a commercially available passivated
emitter and rear contact (PERC) silicon solar cell. Under
filtered light conditions—after partial absorption of high-
energyphotonsby the topcell—PERCcells areexpected toop-
erate at 80–90%of their standard performance. Based on lit-
erature andmodule data, the silicon PERC cell in this config-
uration is estimated to deliver 18–22% efficiency(5).

Combined Tandem Efficiency

The theoretical tandem efficiency is the sum of the two sub-
cell efficiencies, assuming optimal optical alignment and
minimal parasitic losses. As shown in Table 3, the combined
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TABLE 3. Estimated power conversion efficiency (PCE) for each sub-cell and
the overall NFuse tandem.

Sub-Cell Estimated PCE (%) Reference

Perovskite Top Cell 17–20 (1; 3)

Silicon PERC Bottom
Cell

18–22 (5)

NFuse Tandem Total >35 This work (model-
based)

NFuse device is expected to achieve a total efficiency exceed-
ing 28%, which is competitive with state-of-the-art tandem
devices.

These modeled results are in line with existing 4T tandem
demonstrations. Oxford PV, for instance, has demonstrated
over 29% efficiency in lab-scale tandem devices(6). Accord-
ing to NREL’s efficiency chart, perovskite–silicon tandems
have already surpassed 33% in 2T configurations(7), high-
lighting the commercial potential of this technology.

6. FABRICATION PATHWAY (FUTURE WORK)

While the NFuse cell design is currently presented as a theo-
retical proofof concept, theproposedstructure is compatible
with well-established, scalable fabrication techniques and
materials. This section outlines a practical pathway for real-
izing theNFuse architecture in the laboratory and eventually
scaling it for commercial production.

Perovskite Top Cell Fabrication

The top cell can be fabricated on glass/ITO substrates using
a combination of spin coating and thermal vapor deposition
(TVD), both of which are compatible with large-area and low-
temperature processes.

• HTLdeposition: NiO𝑥 can be deposited via spin coating
or RF sputtering.

• Barrier layer: Atomic layer deposition (ALD) of Al2O3
at low temperatures (<100 °C) is recommended to form
conformal ultrathin chemical barrier layers.

• Perovskite layer: The CsSn(I,Br) perovskite film can be
deposited using solution processing with carefully con-
trolled anti-solvent crystallization. Alternatively, ther-
mal vapor deposition (TVD) can be explored to avoid
solvent-induced Sn2+ oxidation and improve film uni-
formity, especially for lead-free systems.

• Top barrier and ETL: After a second Al2O3 barrier layer,
C60 andBCP can be thermally evaporated to serve as the
electron transport and buffer layers.

• Rear contact: A semi-transparent ITO/Ag bilayer can be
deposited by sputtering or electron-beam evaporation
tomaintain highNIR transparencywhile serving as the
electrode.

Silicon PERC Bottom Cell Preparation

For the bottom sub-cell, a commercially available silicon
PERC cell can be modified by removing the front glass en-
capsulation. This exposes the front surface for optical cou-
pling while retaining the standard rear-side aluminum con-
tact. The front busbars and fingers can be contacted using
spring-loaded probes or conductive adhesives.

Optical Coupling and Device Assembly

Once both sub-cells are fabricated, the top perovskite cell is
aligned and optically coupled to the bottom silicon cell using
arefractive index-matchedadhesiveorglass slide. Thisalign-
mentmust ensure thatNIR light transmitted through the top
cell reaches the bottom absorber with minimal reflection or
scattering losses.

Required Materials and Equipment

The following materials and tools are required for prototype
fabrication:

• ITO-coated glass substrates

• Spin coater and thermal hotplate

• Thermal vapor deposition chamber (for perovskite and
C60/BCP layers)

• Atomic layerdepositionsystem(forAl2O3 barrier layers)

• Sputtering system (for ITO and Ag contacts)

• Glovebox with inert atmosphere (N2 or Ar) to prevent
Sn2+ oxidation

• Solar simulator and source-measure unit for device
testing

Scalability and Commercial Potential

NFuse is designed with scalability in mind. Each layer can
be deposited via techniques already used in industrial pro-
duction lines—such as ALD, sputtering, and TVD—making
the pathway to roll-to-roll or sheet-basedmanufacturing vi-
able. Themodular4Tarchitecturealsoenables theuseofpre-
existing silicon cells, reducing complexity and cost. Addition-
ally, by avoiding toxic lead and using tin-based perovskites,
NFuse is better suited for regulatory approval and sustain-
able deployment.

7. ENVIRONMENTAL IMPACT AND VISION

The NFuse solar cell represents not just a technological in-
novation but also a conscious step toward environmentally
responsible energy generation. Its design directly addresses
several pressing global challenges, including climate change,
pollution, and access to clean energy.
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Lead-Free, Non-Toxic Design

Unlike most high-efficiency perovskite solar cells that rely
on toxic lead-based absorbers, NFuse uses a tin-based per-
ovskite (CsSn(I,Br)) that significantly reduces environmental
and health risks. Tin is less toxic, more abundant, and more
easily recyclable than lead, making it a safer alternative for
large-scale solar deployment. The elimination of lead aligns
the NFuse cell with global movements to ban hazardousma-
terials from consumer and industrial products.

Scalable, Modular Architecture

The 4-terminal tandem structure of NFuse enables compati-
bilitywith existing commercial silicon PERC technologies, re-
ducing the barrier to adoption. Each sub-cell can be fabri-
cated independently, allowing for faster development cycles,
easierupgrades, and lowerproductioncosts. Thismodularity
supports scalablemanufacturing,making the technology ac-
cessible not only to advanced solarmarkets but also to devel-
oping regions where affordability and modular deployment
are critical.

Supporting the Global Energy Transition

By enhancing the efficiency of silicon-based photovoltaics
without introducing toxic materials or requiring high-cost
fabrication techniques, NFuse contributes meaningfully to
the global energy transition. Its improved performance per
unitareameans fewerpanelsareneededfor thesameenergy
output, reducing land use,material consumption, and instal-
lation complexity.

Alignment with UN Sustainable Development Goals

NFuse directly supports several United Nations Sustainable
Development Goals (UN SDGs), including:

• Goal 7 – Affordable and Clean Energy: By offering a
high-efficiency, low-toxicity tandem solar technology,
NFuse contributes to universal access to clean and re-
liable energy.

• Goal 9 – Industry, Innovation and Infrastructure:
NFuse promotes sustainable industrialization through
scalable, forward-compatible design principles.

• Goal 13 – Climate Action: By enabling broader adop-
tionof renewableenergyandreducingrelianceon fossil
fuels, NFuse helps mitigate greenhouse gas emissions
and combat climate change.

The NFuse project is grounded in the vision of a cleaner,
more equitable future—where solar energy can be made
safer, smarter, andmore accessible for all.

8. CONCLUSION

The NFuse solar cell project presents a forward-thinking so-
lution to the intertwined global challenges of climate change,
energy inequality, and environmental degradation. By com-
bining a lead-free, tin-based perovskite top cell with a com-
mercially available silicon PERC bottom cell in a 4-terminal
tandem configuration, NFuse is designed to deliver high ef-
ficiency, long-term stability, and sustainability in a scalable
format.

The architecture of NFuse is grounded in sound scien-
tific logic: chemical barrier layersmitigate oxidation of Sn2+,
halide and cation engineering suppress structural defects,
and the4Tconfigurationsimplifies fabricationwhileenhanc-
ing performance. Each layer in the NFuse stack has been
carefully chosen to optimize charge transport, stability, and
light utilization, supported by modeling results that suggest
a combined power conversion efficiency exceeding 28%.

In addition to its technical promise, NFuse is designed
for real-world manufacturability. Its modular structure al-
lows for independent fabrication of sub-cells, compatibility
with existing silicon PV infrastructure, and potential adop-
tion of low-cost fabrication methods such as thermal vapor
deposition and solution processing. Thismakes itwell suited
for low-andmiddle-incomemarketswhereaffordability and
adaptability are essential.

Importantly, the NFuse design can contribute to reduc-
ing the cost of solar panels over time by:

• Increasing efficiency per unit area, thereby reducing
the number of panels needed for the same power out-
put.

• Usingabundant, non-toxicmaterials suchas tin instead
of lead.

• Eliminating the need for expensive tunnel junctions
or complex monolithic integration required in 2T
tandems.

• Enabling modular upgrades to existing silicon panels
through layered retrofitting of perovskite top cells.

Given its robust design, sustainable material selection,
and potential for scalability, NFuse stands as a feasible and
strategically engineered concept ready for laboratory vali-
dation. The next step is clear: prototype development and
empirical testing to confirm the predicted performance and
pave theway for commercial deployment. Investment in this
phase would accelerate the journey from concept to market,
contributing to a cleaner, more energy-secure future.
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