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The global energy transition demands photovoltaic technologies that can break through 
the efficiency ceiling of conventional silicon, and monolithic PSTSCs have emerged as 
a leading contender. With lab-scale efficiencies now surpassing 34%, this technology 
holds immense promise, yet its real-world impact is currently constrained by a critical 
bottleneck: the lack of established, scalable manufacturing processes for efficient, 
large-area tandems. This review directly faces this challenge by providing a 
comprehensive and critical analysis of the core manufacturing issues-scalable 
deposition and drying methods for the perovskite top cell. We systematically connect 
key processing strategies with their potential for industrial-scale implementation, 
covering a broad array of techniques from high-throughput solution-based methods to 
high-purity vapor-phase and hybrid approaches. Meanwhile, attention is given to the 
drying stage, examining how drying protocols influence final film quality and device 
performance. By dissecting the complex trade-offs between device efficiency, process 
complexity, and industrial compatibility for each pathway, this work serves as an 
essential roadmap for advancing PSTSC technology toward manufacturable, large-area 
modules.

Page 1 of 50 Energy & Environmental Science

E
ne

rg
y

&
E

nv
ir

on
m

en
ta

lS
ci

en
ce

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

4 
Ja

nu
ar

y 
20

26
. D

ow
nl

oa
de

d 
on

 1
/2

6/
20

26
 6

:0
0:

24
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.

View Article Online
DOI: 10.1039/D5EE06772C

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ee06772c


Scalable deposition and drying methods toward large-area 

monolithic perovskite/silicon tandem solar cells

Chenxia Kan1, 2, Chao Luo2, Yi Hou1, 2*

1Department of Chemical and Biomolecular Engineering, National University of 
Singapore, Singapore 117585, Singapore.
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Abstract

Monolithic perovskite/silicon tandem solar cells have emerged as a compelling route, 
combining the certified power conversion efficiencies exceeding 34% for laboratory-
scale devices with more cost-effective manufacturing compared to market-established 
silicon photovoltaics. Despite deployment in pilot processing lines beyond the lab stage, 
this technology still faces scaling challenges from perovskite sub-cells, such as the 
incompatibility with contemporary mass production lines and the upscaling efficiency 
deficit, that are expected to be resolved within a few years to achieve commercial 
viability. Here, we comprehensively elaborate the scalable deposition and drying 
methods of perovskite sub-cells on silicon substrates and review their recent advanced 
progress. We assess the merits and limitations of these competing methods, providing 
a systematic framework for achieving efficient and durable large-area 
perovskite/silicon tandem solar cells suitable for industrial production.
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Main text

1. Introduction

While the practical deployment of photovoltaic technology has long been anchored 
mainly by single-junction silicon solar cells, this market-mature technology is now 
approaching its practical efficiency limit(1,2), prompting the need for solutions to 
further reduce the levelized cost of electricity. In this context, monolithic 
perovskite/silicon tandem solar cells (PSTSCs) have emerged as a highly promising 
candidate, offering a viable pathway not only to surpass the 33.7% Shockley-Queisser 
efficiency limit of single-junction cells(3) but also to achieve more cost-effective 
manufacturing(4). The rapid advancement of this technology is evidenced by a series 
of efficiency records across progressively larger scales(5), charting a clear development 
path from lab to fab: a record laboratory-scale efficiency of 34.85% (1 cm² designated 
illumination area), a certified 33.0% efficiency on commercial M6-sized wafers (260.9 
cm² aperture area), and a 28.6% efficiency for full-area M10-sized tandem devices. 
Concurrently, industrial adoption is accelerating with several companies establishing 
pilot processing lines(6). A significant milestone was reached in September 2024 when 
Oxford PV announced it had begun shipping panels incorporating its proprietary 
perovskite-on-silicon solar cells to U.S. customers for utility-scale installation(7), 
strongly indicating that the large-scale industrialization of this transformative 
technology is imminent.

However, the path to commercializing monolithic PSTSCs is fraught with challenges 
which originate from the perovskite sub-cell. One of the significant practical hurdles is 
the incompatibility with established silicon mass production lines. Temperature-
sensitive materials within perovskite sub-cells could not stand for the high-temperature 
thermal budget inherent in standard silicon cell manufacturing, which necessitates a 
physical and procedural decoupling of the silicon and perovskite sub-cell fabrication 
lines, not only introducing process integration challenges for high-throughput tandem 
devices but also presenting a major obstacle to a cost-effective and logistically viable 
industrial upgrade. Simultaneously, the efficiency deficit upon upscaling, which still 
remains a critical barrier despite considerable research efforts, can be attributed 
primarily to increased non-uniformity(8), shunt paths(9), series resistance(10), optical 
losses(11) and reduced interface and layer reliability(12) over larger areas. It is 
therefore imperative to identify robust scalable deposition and drying methods to 
prevent detours in manufacturing upgrades and to expedite the market entry of this 
technology.

Focusing on scalable deposition and drying techniques for perovskite top cells on 
silicon wafers, this review systematically explores solution-based, vapor-phase and 
hybrid deposition methods, as well as versatile drying methods of perovskite films 
which are applied to large-area production. It synthesizes recent progress to provide a 
critical analysis of the practicality and inherent challenges of each approach. Finally, 
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we offer a forward-looking perspective on their development trajectories.

2. Scalable Deposition Methods and Their Advancements in PSTSCs

While the power conversion efficiencies of PSTSCs have reached impressive 
heights(1,13,14), their industrial-scale deployment is currently impeded by the 
challenge of depositing high-quality, uniform and cost-effective films onto large-area 
silicon bottom cells. Fabrication protocols perfected in laboratories, most notably spin 
coating, are incompatible with the economic and throughput demands of mass 
production. Therefore, a deep understanding of industrially viable deposition 
technologies is paramount. This chapter delves into the landscape of such scalable 
methods, offering a comprehensive review of solution-based, vapor-phase and hybrid 
deposition techniques. For each method, we discuss its fundamental mechanism, 
highlight key breakthroughs in process optimization and device performance.

2.1. Solution-based deposition

Solution-based deposition methods represent a pivotal route towards the scalable 
fabrication of monolithic PSTSCs, owing to their low-cost potential, high-throughput 
capability, compositional flexibility, and adaptability to the topography and fragility of 
silicon wafers. These techniques are systematically categorized into meniscus-guided 
coating such as blade coating, doctor-bar (D-bar) coating, and slot-die coating; spray 
coating; printing technologies such as inkjet printing, screen printing, gravure printing 
and stamping; as well as reaction-driven deposition like chemical bath deposition, 
electrodeposition. Most of these methods typically rely on common solvents such as 
dimethylformamide (DMF), dimethyl sulfoxide (DMSO), N-methyl-2-pyrrolidone 
(NMP), γ-butyrolactone (GBL), which are selected based on their boiling point, vapor 
pressure, viscosity, surface tension, and chemical compatibility with perovskite 
precursors and adjacent functional layers(15). The final film quality and morphology, 
governed by solvent evaporation dynamics and crystallization kinetics, are strongly 
influenced by the interplay of environmental conditions, solution chemistry, 
rheological properties, and microfluidic behavior during drying. Here, we provide a 
detailed overview of these solution-based deposition strategies, with emphasis on the 
recent advances tailored to the scalable manufacturing of large-area monolithic PSTSCs.

2.1.1. Meniscus-guided coating

Meniscus-guided coating techniques are prized for their ability to deposit uniform thin 
films over large and textured substrates while minimizing materials waste(16,17). 
Unlike random deposition processes, they harness the predictable physics of a liquid 
meniscus to exert precise control over wet film coating. As conceptually illustrated in 
Fig. 1a, meniscus-guided techniques share a common underlying principle: a well-
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defined, dynamics liquid-gas-solid interface (the meniscus) is formed between a 
coating head and a substate(18). As the coating head or substrate translates, it 
continuously drags a wet film out of the meniscus region, whose characteristics are 
bridled by a subtle interplay of fluid dynamics, surface chemistry and mass transport.

The physical mechanism of film coating in these techniques can be divided into two 
distinct regimes as shown in Fig. 1b: the evaporation regime and Landau-Levich regime, 
whose resulting film thicknesses (h) are highly dependent on the coating speed 
(V)(19,20). At low coating speeds, the flow of liquid is driven by the need to supplement 
the liquid lost to solvent evaporation at the meniscus. This makes the evaporation rate 
(Qevap) at steady state, which equals the flow rate of solvent entering into the meniscus 
(Qsolvent), the dominant factor determining the film thickness. Mass conservation 
dictates that the outward flux of solute from the meniscus (Jfilm) must be compensated 
by an equal inward flux of solute (Jsolute) entering the meniscus from precursor ink. 
Consequently, the film thickness is inversely proportional to the coating velocity, as 
described below(19):

ℎ =
𝐶
𝜌

𝑄𝑒𝑣𝑎𝑝

𝐿 𝑉―1

where C represents the mass concentration of precursor ink, ρ and L denote the density 
and width of the deposited solid film, respectively. Although this model might be 
applied to colloidal solutions like perovskite precursor ink, it is imperative to pay 
attention to the Marangoni effect of the solute within non-colloidal solutions(21). In 
addition, the optimal coating speed in this regime is typically low(20), which inherently 
limits high-throughput deposition of perovskite top cells on silicon wafers. To evade 
this constraint, the coating process must transition to a higher speed domain. As the 
coating rate surpasses a critical threshold, the generated viscous forces become 
sufficiently dominant to overcome the capillary forces, thereby initiating the high-speed 
Landau-Levich regime as depicted. This shift in the modulating fluid dynamics enables 
significantly higher deposition speed, which is essential for realizing the high yield of 
large-area PSTSCs. In this regime, the film thickness is confined by the balance 
between the viscous forces, which resist shearing of the fluid, and surface tension, 
which seek to minimize the surface area of the liquid, as described by the classic 
Landau-Levich-Derjaguin (LLD) theory, originally developed from the dip-
coating(22,23). The LLD equation predicts that the wet film thickness is proportional 
to the coating velocity raised to the 2/3 power and is a function of the capillary number 
(Ca), a dimensionless number that quantifies the ratio of viscous forces to surface 
tension(19):

ℎ ∝ 𝐶𝑎2 3,         where 𝐶𝑎 =
𝜂 ∙ 𝑉

𝛾
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Here, η and γ are the viscosity and surface tension of the precursor ink. Understanding 
the transition between these two regimes is necessary for process control, as the optimal 
coating speed must be selected to ensure uniform film thickness and proper 
crystallization kinetics.

Beyond the initial wet film coating, the progression to a solid film involves a critical 
drying and crystallization stage for perovskite film deposition. This phase is dictated 
by solvent evaporation dynamics. As the solvent evaporates from the wet film, the 
precursor concentration increases, eventually reaching supersaturation that triggers 
nucleation and crystal growth(24). The evaporation rate, is influenced by factors like 
substrate temperature(25), ambient pressure(8), and gas flow termed gas knife or gas 
quenching(26), is a critical parameter. A rapid evaporation rate can produce a high 
density of nucleation sites, leading to small, densely packed grains, but it may trap 
residual solvent or induce film cracking. Conversely, a slow evaporation rate facilitates 
the growth of larger, more ordered crystals but carries the risk of incomplete surface 
coverage(27) and dewetting. Recent research has therefore focused on involuted 
solvent engineering, using mixtures of solvents with different physicochemical 
properties or incorporating additives to fine-tune crystallization kinetics and passivate 
defect(16,28,29). These strategies enable the fabrication of high-quality perovskite 
films even at industrial-scale coating speeds. The capacity to precisely manage these 
intertwined fluid dynamics and crystallization is what establishes meniscus-guided 
coating as a powerful platform for manufacturing large-area monolithic PSTSCs.

Blade coating

Blade coating, often referred to as knife coating, is a quintessential meniscus-guided, 
pre-metered deposition technique in which a blade or squeegee translates at a fixed 
height above the substrates, shearing the solution in front of the blade and then leaving 
behind a wet film, as shown in Fig. 1c. The thickness of this film is primarily 
determined by the blade gap height, coating speed, and ink rheology, operating in either 
the evaporation or Landau-Levich regime. However, achieving high thickness 
uniformity presents a fundamental challenge. The process is highly dependent on 
maintaining a constant advancing meniscus height. As the solution is consumed during 
coating, the meniscus is dynamic, leading to a corresponding reduction in film thickness 
along the coating direction and resulting in gradients(30). This uniformity is sensitive 
to process parameters such as substrate temperature, dispensed solution volume, and 
coating speed, requiring precise control to minimize capillary flow and thickness 
variation. Despite this inherent challenge, blade coating remains a simple, low-cost 
method capable of high throughput, excellent material utilization, and adaptation to 
large-area, textured substrates or roll-to-roll (R2R) formats.

In the context of monolithic PSTSCs, blade coating has demonstrated remarkable 
performance by integrating advanced strategies that gradually enhance the efficiency 
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and also alleviate the inhomogeneity concerns. Chen et al. developed an architecture 
that integrated a conformal hole transport layer (HTL) and a dense planarizing 
perovskite layer on silicon cells with sub-micrometer pyramidal textures at first time 
by using nitrogen-assisted, meniscus-guided blade coating method(31). With a textured 
front polydimethylsiloxane antireflection coating, a diminished pyramid size less than 
1 μm in height and an optimized perovskite solvent system of 2-
methoxyethanol/DMF/DMSO, they achieved a 26% efficiency. In another work, by 
integrating molecular p-doping with 2,2′-(perfluoronaphthalene-2,6-
diylidene)dimalononitrile (F6-TCNNQ) and employing a mixed self-assembled 
monolayer (SAM)-based hole-selective layer (Fig. 1d), blade-coated PSTSCs achieve 
an efficiency of 29.7%, demonstrating the effectiveness of combined material and 
interface engineering in meniscus-guided methods(32). Subbiah et al. utilized blade 
coating of a perovskite ink with dimethyl-2-imidazolidinone (DMI)/DMF solvents to 
deposit three-dimensional (3D) perovskite onto a two-dimensional (2D) perovskite film 
made prior to the 3D layer (Fig. 1e). By introducing 2D/3D heterojunctions at the upper 
and buried interfaces of the perovskite absorber, an independently certified efficiency 
of 31.2% within 1 cm2 area for blade-coated tandem was demonstrated(16). Moreover, 
advancements in process control directly target uniformity challenges. Research has 
shown that actively modulating the coating meniscus by precisely adjusting a co-
flowing gas stream could stabilize the meniscus shape, control solvent evaporation, and 
yield large-area perovskite films with exceptional uniformity, high crystal orientation, 
and reduced strain. This meniscus modulation technique effectively counters the 
inherent thickness gradients, enabling the fabrication of efficient perovskite solar 
minimodules(26). Furthermore, strategies like strain-release post-treatment have been 
developed to mitigate the top-down inhomogeneity strains prevalent in blade-coated 
perovskite films, enhancing both efficiency and operational stability for tandem 
applications(33). These results prove that blade coating is a viable technique for high-
efficiency, industrially scalable deposition of all layers within perovskite cells, though 
achieving long-term stability on monolithic PSTSCs continues to be a vital exploration.

D-bar coating

D-bar coating is a simplified variant of blade coating, in which a fixed bar deposits a 
wet film as either the substrate or the bar moves, as depicted in Fig. 1f. The wet film 
thickness is controlled by the gap, bar geometry, substrate speed and ink properties. 
This technique provides a straightforward yet effective way to achieve discrete and 
highly reproducible film thicknesses without requiring precise gap control between the 
bar and the substrate. During coating, the bar remains in direct contact with the substrate, 
pushing the excess ink forward while leaving a metered layer behind. The 
crystallization is then controlled by subsequent drying and annealing procedures. The 
simplicity and low cost of D-bar coating make it exceptionally well-suited for high-
throughput, large-area manufacturing.
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Although no studies have yet reported the fabrication of monolithic PSTSCs by this 
method, D-bar coating has been successfully applied to the scalable production of 
perovskite solar modules. Jeong et al. synthesized pre-formed perovskite clusters within 
precursor ink via a gas-mediated solid-liquid conversion to deposit MAPbI3 films by 
D-bar coating, enabling perovskite films over an area exceeding 100 cm2 to exhibit 
tetragonal/cubic superlattice structures with a highly preferred orientation, as shown in 
the selected area electron diffraction pattern (Fig. 1g)(34). Additionally, mini-modules 
fabricated using 2-methoxyethanol as a solvent and n-cyclohexyl-2-pyrrolidone as an 
additive to balance the nucleation and crystal growth, combined with surface treatment 
using acetylcholine bromide, attained an efficiency of 20.40% with a preferred 
perovskite crystal orientation (Fig. 1h)(35). In other studies, D-bar coating was also 
employed to deposit 2D Ruddlesden-Popper perovskite films and to conformally coat 
compact TiO2 layers on FTO glass(36,37). However, as the area increases, the process 
window narrows. In brief, the ability of D-bar coating to rapidly produce uniform films 
with minimal material waste is critical for the economic scalability of PSTSC 
manufacturing, but it requires more precise research and development to achieve this 
goal.

Slot-die coating

Slot-die coating is a highly precise, pre-metered deposition method ideal for large-scale, 
continuous manufacturing. In this process, the precursor ink is pumped at a constant 
flow rate through a narrow, precision-machined slit in a coating head, forming a liquid 
curtain or meniscus onto the moving substrate (Fig. 1i)(38). A stable "coating bead" of 
liquid is maintained between the two lips of the slot-die head and the substrate. The 
upstream meniscus of the bead contains the liquid, while the downstream meniscus 
defines the deposited wet film. The final film thickness is precisely controlled by the 
ink flow rate, the coating speed, the width of the slot and the mechanical gap between 
head and substrate, which allows for extremely uniform films over very large areas, 
even on non-planar or flexible substrates. Renowned for its high material utilization, 
minimal waste, and compatibility with high-speed R2R processing, slot-die coating is 
considered one of the most promising methods for scaling-up perovskite-based 
photovoltaics.

As a forefront of efforts to scale up perovskite-based solar cells from the lab to the fab, 
the application of slot-die coating for monolithic PSTSCs remains in its early stages, 
with published reports being notably limited. The first breakthrough was reported by 
Subbiah et al. who integrated perovskite films with acetonitrile/methanol solvent and a 
surfactant, l-α-phosphatidylcholine as an additive followed by surface passivation 
treatment of cysteine hydrochloride on textured silicon, achieving the first slot-die 
coated perovskite/silicon monolithic tandems with an efficiency of 23.8% (Fig. 1j)(39). 
By using a tailored solvent system, N2-knife drying and optimized annealing conditions 
to slot-die coat triple-halide perovskite films on saw damage etched commercial 
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Czochralski (Cz) wafers, a 25.2% efficiency was demonstrated with fully scalable 
processes(40). Qiang et. al slot-die coated the perovskite absorber with FAI and mF-
PEAI to eliminate excess PbI2 and passivate surface defect, improving the efficiencies 
up to 28.68% and 24.22% for PSTSCs of 1 cm2 and 14.44 cm2 areas, respectively(29). 
This year, Geistert et al. improved the homogeneity of drying process within 2-step 
slot-die coating via a new 2D comb-nozzle drying technique, integrating homogeneous 
and pinhole-free large-area perovskite on silicon bottom cells with 24.6% efficiency of 
large-area tandems(41). It is worth noting that groundbreaking progress is being made 
in the flexible counterparts with slot-die coated perovskite layers. The M6-sized 
flexible device achieved a certified efficiency of 29.8% (261.14 cm2) by developing a 
dual-buffer layer architecture with a stress-release mechanism, which not only confirms 
the successful application of this scalable technology in large-area PSTSCs but also 
highlights its great advantage on flexible substrates(42).

Although reports on slot-die coating for PSTSCs are limited, it has been extensively 
studied for single-junction perovskite solar cells (PSCs)(43-45). Bu et al. used slot-die 
coating to scale up perovskite absorber deposition, combining NMP adduct formation 
to promote the formation of the desired black α-phase at room temperature and KPF₆ 
interface passivation, achieving 20.4 % efficiency in a 17 cm² module while eliminating 
hysteresis and improving thermal stability(44). In a recent work, by slot-die coating tin 
oxide nanocrystal ink with poly(acrylic acid), flexible PSCs and modules with fully 
slot-die coated functional layers achieved high efficiencies of 22.46% (0.1486 cm2) and 
16.4% (30×30 cm2) along with excellent mechanical bending and storage stability(46). 
This year, Yan et. al built a 0.5-megawatt peak power perovskite solar farm with 
0.7906-m2 slot-die coated perovskite solar modules (Fig. 1k), and implemented a 1-
year operational study which indicated a 29% higher energy yield per kilowatt of 
installed capacity compared with that of silicon modules at the same facility owing to 
low temperature coefficients(8). With a 2% degradation at the first year and projected 
9-year T90 lifespan, these results advanced single perovskite commercialization and 
implied a promising future for slot-die coated perovskite-based devices including large-
area monolithic PSTSCs.

However, achieving film quality comparable to that of small-area spin-coated films 
remains challenging, especially when depositing on textured silicon bottom cells. While 
significant progress has been made in device performance, the highest tandem 
efficiencies are still often obtained using spin-coating method. The technique 
nevertheless holds excellent scalability potential and benefits from relatively low cost 
compared with vacuum-phase deposition methods, which makes it attractive for mass 
production of PSTSCs. Key challenges include ensuring complete infiltration of the 
wet film into textured geometric structures, maintaining homogeneous drying, 
nucleation and crystallization across wide coating widths and long depositing length to 
avoid thickness gradients, voids, or other defects. Furthermore, integrating high-speed 
drying, ensuring process robustness, and maintaining yield and operational stability 
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over large areas remain critical for commercialization, as the process window narrows 
with increasing device size. Overall, slot-die coating stands as a leading candidate for 
large-area tandem fabrication, but sustaining film quality and reliability at industrial 
scale is essential to fully realize its potential.

Fig. 1. Meniscus-guided coating methods and their applications in PSTSCs. (a) 
Schematic diagram of the film forming process and internal flows of the solution during 
the meniscus-guided coating process. Adapted from ref. 18 with permission from Royal 
Society of Chemistry (18), copyright 2025. (b) Schematic of the two deposition regimes 
in meniscus-guided coating (top) and perovskite film thickness as a function of blade 
coating speed by coating a precursor ink (bottom). Adapted from ref. 19 with 
permission from American Chemical Society (19), copyright 2009. Adapted from ref. 
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20 with permission from Springer Nature (20), copyright 2018. (c) Schematic of blade 
coating. (d) Schematic and cross-section scanning electron microscope (SEM) image 
of the F6TCNNQ doping PSTSCs with blade-coated perovskites. Adapted from ref. 32 
with permission from American Chemical Society (32), copyright 2024. (e) Device 
schematic, scanning transmission electron microscope (STEM) images and certified 
efficiency of blade-coated tandems. Adapted from ref. 16 with permission from 
Elsevier (16), copyright 2025. (f) Schematic of D-bar coating. (g) Photo of a D-bar 
coated MAPbI3 film and related device cross-section TEM image. Inset is selected area 
electron diffraction pattern showing superlattices of cubic and tetragonal phases. 
Adapted from ref. 34 with permission from American Chemical Society (34), copyright 
2019. (h) XRD patterns of D-bar coated perovskite films deposited using different 
solutions and photograph of the D-bar coated perovskite mini-module. Adapted from 
ref. 35 with permission from Elsevier (35), copyright 2021. (i) Schematic of slot-die 
coating. (j) Current-Voltage (J-V) curves and cross-section SEM image of slot-die 
coated PSTSCs. Adapted from ref. 39 with permission from American Chemical 
Society (39), copyright 2020. (k) Aerial-view of the rooftop slot-die coated perovskite 
solar modules (red) and silicon modules (blue), degradation rate of 10 perovskite 
modules under indoor semiannual standard test condition power output test, and 1-year 
energy yield of perovskite and silicon modules in term of equivalent full sun hours. 
Adapted from ref. 8 with permission from The American Association for the 
Advancement of Science (8), copyright 2025.

The advancements mentioned above indicate that the continued refinement of 
meniscus-guided coating processes and ink engineering is critical to achieving cost-
effective, high-throughput manufacturing of monolithic large-area PSTSCs. Thus, a 
comparative mechanistic analysis of meniscus-guided coating techniques, which 
highlights distinct approaches to film uniformity, is necessary for scaling up production. 
Blade coating utilizes an open meniscus with solution fed from a reservoir in front of 
the blade, making uniformity particularly sensitive to fluctuations in solution volume 
and meniscus stability. D-bar coating, which is often considered similar, operates with 
a fixed gap that meters the film but faces similar challenges from edge effects and 
meniscus dynamics. In contrast, slot-die coating employs a closed, pressurized system 
that feeds ink directly into a precision slot, creating a more confined and stabilized 
upstream meniscus. This design allows for better control over flow distribution and 
minimizes external perturbations, typically resulting in superior thickness uniformity 
and a broader operational coating window for stable deposition. While slot-die coating 
is preferred for large-area, continuous production due to its enhanced uniformity, blade 
coating still holds advantages in terms of operational simplicity, ease of cleaning, and 
lower equipment costs, making it highly suitable for rapid exploration and certain 
scalable applications. In addition, hybrid technology of combining evaporation with 
meniscus-guided coating will be introduced later.
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2.1.2. Spray coating

Spray coating represents another promising scalable deposition technique for large-area 
perovskite thin films. Its ability to deposit uniform coatings on complex or non-planar 
surfaces, such as the textured silicon bottom cells used in monolithic perovskite/silicon 
tandems, makes it particularly attractive for industrial implementation. Unlike 
meniscus-based methods, spray coating relies on the atomization of a precursor ink into 
fine droplets, which are then directed toward the substrate with non-contact mode by a 
carrier gas as shown in Fig. 2a(47,48). The detailed sequence can be broken into four 
successive stages: 

i). Droplet generation (atomization). A precursor solution is forced through a 
nozzle with pneumatic, ultrasonic spraying or electro-spraying and broken into 
droplets. The droplet diameter, velocity, and uniformity depend on nozzle 
geometry, solution viscosity, surface tension, flow-rate and gas/air pressure.

ii). Droplet transport and impingement on the substrate. The droplets travel 
through a gas stream and impinge on the substrate. The wetting of each droplet 
depends on solution contact angle, substrate temperature, and Marangoni flows. 
Good wetting and fast spreading favor uniform coalescence.

iii) Coalescence and film formation. At sufficient droplet impingement density, 
droplets merge to form a continuous wet film. If too sparse or too slow, the film 
may develop dry patches, non-uniform thickness, or "coffee-ring" effects.

iv) Solvent evaporation and crystallization. As the solvent evaporates, 
supersaturation triggers crystallization of the film. The drying dynamics, such as 
evaporation rate, substrate temperature, gas quenching and nucleation/growth 
kinetics govern film morphology. For spray coating, controlling the drying 
kinetics is critical: rapid evaporation can lead to inhomogeneous films, pinholes, 
cracked morphology or incomplete conversion, whereas slower drying may 
promote larger grains but risk dewetting or non-uniformity.

While much of the literature focuses on single-junction PSCs, there are emerging works 
applying spray coating to monolithic PSTSCs. Chen et. al proposed a surface 
reconstruction strategy by depositing a bifunctional molecule, fluorinated 
thiophenethylammonium onto the surface of perovskite film via a dynamic spray 
coating technique (Fig. 2b), resulting in a conformal, dipole passivation layer coatings, 
which enabled the monolithic PSTSCs to achieve a certified efficiency of 30.89%(49). 
One notable study adapted spray coating alumina particles onto fully textured silicon 
with over 2-4 μm pyramids (Fig. 2c), creating a super-hydrophilic rough surface that 
both enhances wet film coverage and provides guided nucleation sites, which obtained 
a tandem efficiency of 32.74%(50). Graded CsPbI3-xBrx thin film was integrated into a 
perovskite submodule by a scalable, orthogonal processable spray coating approach, 
demonstrating a 13.82% efficiency over a 112 cm2 aperture area(51). Furthermore, 
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ultrasonic spray and electrospray have also been applied in PSCs(52,53).

These progresses indicate that spray coating as a non-contact, scalable deposition 
method, is well-suited for fragile or textured silicon surfaces, offering conformal 
coverage and high throughput. It has been applied to large-area and flexible perovskite 
or tandem devices, but achieving uniform, defect-free, and highly crystalline films 
remains difficult. Challenges include material waste, complex drying behavior, and 
limited process control over large areas. Despite these limitations, spray coating 
remains attractive for low-cost, high-throughput manufacturing, particularly for 
flexible or fluctuant substrates, though significant improvements in film quality and 
crystallization control are required for efficient large-area monolithic PSTSCs.

2.1.3. Printing technology

Printing technologies offer unparalleled advantages in digital control, material 
efficiency, and potential for high-throughput, large-area fabrication with encompassing 
a broader set of mechanism for transferring functional inks onto substrates. Among the 
printing methods, non-contact inkjet printing stands out with its ability to deposit 
defined volumes of precursor ink, enabling digital patterning, minimal waste, and 
potential compatibility with R2R and mechanically sensitive fragile silicon wafers. 
Meanwhile, screen printing as a workhorse for its established role in metallization will 
be evaluated. Methods like gravure printing or stamping are also briefly mentioned.

Inkjet printing

Inkjet printing is a fully digital, non-contact deposition method where precise, picoliter-
sized droplets of precursor ink are ejected from a printhead nozzle onto a substrate (Fig. 
2d). Compared with other printing technologies, the digital and non-contact nature are 
its most significant advantages for tandem applications, as it localizes film deposition 
and eliminates mechanical stress on the fragile textured silicon substrate, thereby 
minimizing materials waste and the risk of micro-cracks occurred within silicon wafers. 
There are two primary modes of inkjet printing(54):

1). Continuous Inkjet. A continuous stream of droplets is generated, and an electric field 
deflects unwanted droplets into a gutter for recirculation. This process is extremely fast 
but is more complex.

2). Drop-on-Demand (DOD). Droplets are ejected from the nozzle only when required. 
This is typically achieved via thermal or piezoelectric actuators. Piezoelectric DOD is 
the dominant method for functional-material printing, as it avoids heating the ink, 
making it compatible with thermally sensitive perovskite precursors(55). During this 
process, the droplet formation sequence typically goes through several key stages: the 
liquid is first ejected and elongated, then a slender filament detaches from the nozzle 
exit, after which the filament contracts, fragments into a main droplet plus one or more 
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smaller satellite droplets, and occasionally the satellites merge back into the primary 
droplet(56).

For successful inkjet printing of films, the “printability” of the ink is paramount. This 
is primarily determined by the Z number, defined as the reciprocal of the Ohnesorge 
number (Oh), which itself relates the inertial (via the Reynolds number, Re) and 
capillary (via the Weber number, We) and viscus forces in the fluid(57):

𝑍 = 1
𝑂ℎ =

𝑅𝑒
𝑊𝑒1 2

=
(𝛾𝜌𝛼)1 2

𝜂

where γ is the surface tension, ρ is the fluid density, α is the characteristic length such 
as the diameter of the jetting nozzle and η is the fluid viscosity. A stable drop formation 
without satellites or splashing is typically achieved for 1 < Z < 10(58). This requires 
careful formulation of the ink by tuning its viscosity, surface tension, and solvent 
composition. Upon deposition, the coalescence of droplets and subsequent 
crystallization kinetics determine the final film quality. The coffee ring effect is a major 
challenge that can lead to non-uniform film thickness and morphology, which can be 
mitigated through strategies such as optimizing substrate temperature, controlling 
solvent evaporation rates, or printing in a saturated solvent vapor atmosphere.

The application of inkjet printing in monolithic PSTSCs is particularly promising for 
addressing one of the most formidable challenges: conformal deposition on textured 
silicon(59). This year, perovskite manufacturer Phenosolar has launched its new inkjet 
research & development production line for tandem solar cells, equipped with high-
precision inkjet testing equipment, screen printing, and more(60). In addition, inkjet 
printing technology has made significant advancements in the fabrication of perovskite 
single-junction solar cells, encompassing the deposition of both the perovskite layers 
and the charge extraction layers (61-63).

That means, inkjet printing offers digital, maskless, and selective material deposition 
with excellent spatial control and minimal waste, making it useful for patterned 
fabrication in PSTSCs. However, for large-area deposition, droplet coalescence and 
non-uniform crystallization often degrade film quality and device performance. 
Although this method minimizes material loss, equipment and maintenance cost, and 
low-throughput hinder its industrial adoption. Overall, inkjet printing shows potential 
for precise, localized coating in monolithic PSTSCs, but achieving uniform, high-
quality films over large-area textured silicon surfaces remains a challenge for scalable 
manufacturing.

Screen printing

Screen printing is a mature, low-cost, scalable and high-throughput deposition 
technique widely used in the established photovoltaic industry, particularly for thick 
metal electrodes. This technique involves three main components: a patterned screen 
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mesh (typically of stainless steel, coated with an emulsion to block off non-printing 
areas), a viscous ink, and a squeegee blade (Fig. 2e)(64). The process unfolds as 
follows(65):

ⅰ). The substrate is placed beneath the screen at a small distance known as the 
"snap-off" distance.

ⅱ). A flood squeegee applies a layer of ink onto the screen.

ⅲ). The squeegee moves across the screen, applying downward pressure. This 
pressure flexes the screen to make momentary contact with the substrate.

ⅳ). As the squeegee passes, it forces the ink through the open areas of the screen 
onto the substrate.

ⅴ). The screen then "snaps off" the substrate due to its elasticity, leaving the 
printed pattern behind. The printed film is subsequently post-treated.

However, its resolution is limited by the mesh size and ink rheology, and thus lower 
than inkjet printing. While challenging for depositing high-quality, thin perovskite 
absorber layers due to this resolution limitations, it has still found applications in 
perovskite single-junctions. With a stable and viscosity-adjustable perovskite ink from 
a methylammonium acetate ionic liquid solvent, the PSCs with screen-printed 
perovskite layer or all functional layers exhibited efficiencies of 20.52% or 14.98%(64). 
By introducing another ionic liquid methylamine propionate with stronger coordination 
to promote the volatilization of solvent, they further enhanced the efficiency up to 17% 
of fully screen-printed PSCs(66). The first screen-printed flexible PSCs with 18.6% 
efficiency and good mechanical stability also be fabricated this year(67). For tandem 
devices, Kamino et. al demonstrated a low-temperature silver paste applied by screen 
printing for the front metal grid of monolithic PSTSCs, achieving a steady-state 
efficiency of 22.6% over an aperture area of 57.4 cm2 with a two-bus bar metallization 
pattern (Fig. 2f)(68). Additionally, fine line screen printing for the device metallization 
and interconnection has been integrated into full-sized, monolithic PSTSCs and 
modules(69). These results demonstrate the potential of screen printing for the 
realization of large-area monolithic tandems, primarily for metal electrodes.

Gravure Printing and Stamping

Gravure printing is a high-speed R2R process where an engraved cylinder transfers ink 
from its cavities to a substrate (Fig. 2g)(70). It is excellent for high-resolution patterning 
and has been explored for printing PSCs(71,72). However, like screen printing, it is a 
contact-based method that applies pressure, making it inherently less suitable for fragile 
silicon wafers. Its potential lies in depositing layers on flexible substrates or in 
mechanically insensitive architectures.

Stamping involves picking up a pre-formed material from a donor substrate and 

Page 15 of 50 Energy & Environmental Science

E
ne

rg
y

&
E

nv
ir

on
m

en
ta

lS
ci

en
ce

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

4 
Ja

nu
ar

y 
20

26
. D

ow
nl

oa
de

d 
on

 1
/2

6/
20

26
 6

:0
0:

24
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.

View Article Online
DOI: 10.1039/D5EE06772C

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ee06772c


transferring it to a target substrate. It offers excellent control over crystal orientation 
and can be used to create complex heterostructures. While useful for fundamental 
studies and perovskite devices(73-75), the challenge of achieving uniform contact and 
release over large areas, combined with the associated mechanical stresses, currently 
limits its practicality for large-area monolithic PSTSC fabrication.

In brief, printing technology offers a versatile strategy for fabricating PSCs. Inkjet 
printing is particularly well-suited for monolithic PSTSCs, while screen printing 
remains a scalable option for electrode deposition. The main driver force for progress 
has been the development of specialized inks with optimized physicochemical 
properties, paving the way for large-area PSTSCs manufacturing.

2.1.4. Reaction-driven deposition

In addition to the solution-based methods mentioned above, which deposit a pre-formed 
precursor film followed by solvent evaporation and crystallization, a distinct class of 
reaction-driven deposition techniques, such as chemical bath deposition (CBD) and 
electrodeposition (ED), have also been applied in perovskite-based solar cells. This type 
of approaches relies on in-situ chemical reactions occurring at the substrate-solution 
interface or within a solution bath, thereby forming the films by nucleation and growth 
directly on the substrates. With the advantages of conformal coverage, low-temperature 
processing, and good adaptability to textured substrates, reaction-driven deposition 
technologies have also been developed in PSTSCs. A recent work applied a low-
temperature CBD-deposited SnO2 electron transport layer (ETL) on a silicon bottom 
cell (Fig. 2h) for monolithic perovskite/silicon tandem configuration, achieving a 
tandem efficiency of 16.9 % and indicating the feasibility of CBD on large-area silicon 
surfaces(76). Although the direct application of ED in monolithic PSTSCs has not been 
reported, several relevant developments have been demonstrated in single-junction 
PSCs for the deposition of perovskite layers (Fig. 2i) and charge transport layers (77-
79).

However, despite their conceptual appeal, low cost, scalability, and established 
industrial use for oxide and semiconductor films, the adaptation of these methods to 
hybrid perovskite materials remains at an early stage. It is difficult to manage the 
complex conversion kinetics of halide perovskites and ensure compatibility with 
textured silicon surfaces and tandem interfaces. Overall, reaction-driven deposition 
represents a potentially low-cost and scalable alternative, but achieving the high film 
quality, device efficiency, and long-term stability required for large-area monolithic 
PSTSCs will demand substantial further development.

In summary, solution-based deposition techniques provide a versatile and scalable 
platform for fabricating the perovskite top cells in monolithic tandems. From meniscus-
guided and spray coating to printing and in-situ reaction-driven methods, these 
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approaches offer compelling pathways for low-cost, scalable, high-throughput 
manufacturing.

Fig. 2. Schematic of Spray coating, printing technologies and reaction-driven 
deposition and their applicants. (a) Schematic of spray coating. (b) Schematic 
illustration of a PSTSC, top-view and cross-section SEM images of perovskite films 
with spray coated fluorinated thiophenethylammonium passivator on the perovskite 
films. Adapted from ref. 49 with permission from John Wiley and Sons (49), copyright 
2024. (c) Spray coated Al2O3 suspension for particle decoration of the surface of 
textured silicon. Adapted from ref. 50 with permission from Springer Nature (50), 
copyright 2025. (d) Schematic of inkjet printing. (e) Schematic of screen printing. 
Adapted from ref. 64 with permission from Springer Nature (64), copyright 2022. (f) 
J-V curves and a photo of a large-area PSTSC with screen printed silver paste. Adapted 
from ref. 68 with permission from American Chemical Society (68), copyright 2019. 
(g) Schematic diagram of gravure printing on the flexible substrate. Adapted from ref. 
70 with permission from John Wiley and Sons (70), copyright 2019. (h) TEM images 
of the chemical bath deposited SnO2 on silicon bottom cells. Adapted from ref. 76 with 
permission from MDPI (76), copyright 2021. (i) Electrodepositing PbO2 for perovskite 
film fabrication. Adapted from ref. 79 with permission from Elsevier (79), copyright 
2015.

2.2. Vapor-phase deposition

Vapor-phase deposition techniques represent a mature and scalable approach for 
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fabricating thin-film photovoltaics. These techniques, featured solvent-free processing, 
superior film uniformity and stability, better compatibility with industrial processes, 
offer unparalleled control over film stoichiometry, thickness, and conformality 
particularly on the textured surfaces. Here, vapor-phase methods are broadly 
categorized into physical vapor deposition (PVD) and chemical vapor deposition 
(CVD), with the former relying on physical transformations and the latter on chemical 
reactions for film formation. This section systematically reviews the mechanisms and 
recent advances in key vapor-phase techniques, including thermal evaporation, close 
space sublimation, continuous flash sublimation, sputtering, chemical vapor deposition, 
highlighting their application in large-area tandem devices.

2.2.1 Physical vapor deposition

Evaporation

Thermal evaporation operates under high vacuum conditions (typically <10⁻⁴ Pa), 
where source materials are heated to their sublimation temperatures, generating vapor 
species that travel ballistically to condense on a substrate. The process allows precise 
control over evaporation rates, substrate temperature, and deposition sequence via 
conventional thermal evaporation, close space sublimation (CSS) and continuous flash 
sublimation (CFS). Evaporation techniques have been widely employed for the 
deposition of metal electrodes, charge transport layers and interfacial layers, while for 
perovskite deposition, two primary configurations are employed(80):

1). Co-evaporation (Fig. 3a). Simultaneous evaporation of multiple precursors from 
independently controlled sources like heated crucible, enabling real-time, precise 
control over complex stoichiometries.

2). Sequential evaporation (Fig. 3b). Precursor layers are deposited one after another. 
A subsequent thermal annealing step is required to promote interdiffusion and drive the 
solid-state reaction to form the functional layers. This approach simplifies process 
control by decoupling the deposition of each component.

For the applications of these two evaporation modes in PSTSCs, researchers have 
successfully employed co-evaporation to deposit MAFAPbI3 perovskite on silicon 
bottom cells (Fig. 3c), obtaining the first fully textured monolithic PSTSC with a co-
evaporated perovskite absorber that reached an efficiency of 24.6%(81). Meanwhile, 
the single-junction PSCs maintained 99% initial efficiency after 1000 h maximum-
power-point tracking. This year, with a molecular recombination junction composed of 
an n-doped C60 layer and a p-doped conjugated arylamine layer, PSTSCs with fully 
evaporated perovskite top cells enable an efficiency above 22%(82). Our group also 
reported a work that exhibited a projected ~70,000 h operational stability and 
outstanding thermal resistance of co-evaporated PSCs with a self-guided crystal-growth 
mode via intermediate phase evolution (Fig. 3d)(83). Another study reported a reverse 
layer-by-layer deposition strategy to control the diffusion of solid-phase precursor (Fig. 
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3e), whereby the organic FAI was deposited before the inorganic precursors, achieving 
25.19% efficiency for the sequential evaporated single-junction PSCs with 95.2% 
initial efficiency after 1,000 h operation(84). So many researches have implied that 
evaporation technology might be widely used in the future fabrication of the durable 
perovskite layers.

In addition to the conventional thermal evaporation technology, CSS is a thermally-
driven PVD technique engineered for high-rate, large-area deposition (Fig. 3f)(85). The 
precursor source and the substrate are placed in very close proximity (microns to 
millimeters apart) within a chamber backfilled with low-pressure inert gas. The source 
is heated to a high temperature, causing rapid sublimation. The short distance and the 
presence of the background gas create a viscous flow regime, allowing vapor to 
transport rapidly and efficiently to the cooler substrate. This minimizes material loss 
and enables deposition rates orders of magnitude higher than conventional evaporation. 
CSS has been successfully used to deposit high-quality perovskite films with excellent 
uniformity(85-87), positioning it as a promising technology for cost-effective, high-
throughput industrial manufacturing, which is potential for the fabrication of PSTSCs.

CFS is an innovative technique designed to safely deposit thermally unstable or 
incongruent materials (Fig. 3g)(88). Instead of heating a bulk source material, which 
can lead to decomposition over time, CFS involves continuously feeding fine precursor 
microparticles into a flash-heating zone. The particles sublimate almost instantaneously 
upon entering this high-temperature zone. An inert carrier gas then transports the 
resulting vapor to the substrate. This "flash" sublimation minimizes the time the 
precursor spends at high temperature, effectively preventing thermal decomposition. 
This method opens a pathway for depositing complex, multi-component perovskite 
compositions that are otherwise inaccessible via conventional evaporation, making it a 
technology for exploring new material systems in a scalable manner towards PSTSCs.

Evaporation-based deposition techniques have been long established in thin-film 
photovoltaics owing to their precise control over film stoichiometry, thickness, and 
uniformity. These methods enable highly uniform, conformal, and compositionally 
controlled films even on textured silicon surfaces, although their stringent processing 
conditions make it challenging to incorporate bulk additives and passivators. While 
fully evaporated tandem devices currently deliver slightly lower efficiencies than 
solution-processed counterparts, they exhibit excellent stability, as demonstrated in 
single-junction PSCs, underscoring their long-term potential. Despite their maturity and 
high film quality, evaporation processes face significant limitations in scalability and 
cost: large-area deposition requires expensive vacuum equipment, high energy 
consumption and long processing times, constraining throughput. Thus, future progress 
must focus on improving process efficiency, reducing costs, and enabling integration 
with high-throughput manufacturing to make vacuum-based deposition a viable route 
for scalable, large-area monolithic PSTSCs.

Page 19 of 50 Energy & Environmental Science

E
ne

rg
y

&
E

nv
ir

on
m

en
ta

lS
ci

en
ce

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

4 
Ja

nu
ar

y 
20

26
. D

ow
nl

oa
de

d 
on

 1
/2

6/
20

26
 6

:0
0:

24
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.

View Article Online
DOI: 10.1039/D5EE06772C

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ee06772c


Sputter

Sputtering is a PVD technique where a plasma, typically argon ions, is generated to 
bombard a target material, ejecting atoms or cluster that then travel through the vacuum 
and condense onto a substrate to form a film (Fig. 3h)(89). During this process the film 
growth mechanism involves adatom arrival, surface diffusion, nucleation, and 
coalescence, and the film properties such as thickness, density, crystallinity, and 
interface quality, that can be tuned by adjusting parameters such as ion energy, gas 
pressure, target‑substrate distance, and substrate temperature(90). The resulting films 
are typically dense, with strong adhesion, making this technique suitable for large-area 
fabrication.

In PSTSCs, it is extensively used for depositing transparent conductive oxides (TCOs) 
like ITO, metal electrodes and charge transport layers. A sputtered TCO can serve as a 
recombination or interconnecting layer, enabling high-efficiency monolithic integration 
via careful control of deposition mechanics, interfacial engineering, stress and damage 
mitigation. Besides, Hou et al. deposited nanocrystalline NiOX by sputtering as the HTL 
on the top of the recombination junctions of PSTSCs(91). Aydin et al. developed 
sputtered amorphous niobium oxide with evaporated ligand-bridged C60 as an efficient 
electron transport layer on the textured silicon bottom cells(92). While its use for 
perovskite deposition is limited due to potential damage from high-energy particles and 
low quality of films, there still are works that introduced sputtering into single-junction 
PSCs for the sputtered PbI2 templates(93,94). 

To sum up, this technique provides good film uniformity and conformal coverage over 
large areas and can effectively coat textured substrates, showing strong potential for 
scalable production. However, due to the damage of the energetic particles involved in 
sputter, a pre-deposited buffer layer is necessary.  Meanwhile, the sputtered deposition 
of perovskite remains pessimistic. Therefore, although the cost of sputtering varies 
depending on target materials and equipment, its excellent industrial compatibility 
makes it particularly suitable for the deposition of TCOs and charge transport layers in 
monolithic PSTSCs.

2.2.2 Chemical vapor deposition

CVD represents a powerful class of techniques where volatile precursors react on a 
heated substrate to form a high-purity, solid thin film. The primary advantage of this 
CVD approach is its superb conformality, allowing gaseous reactants to uniformly coat 
complex, high-aspect-ratio topographies like the pyramids on a textured silicon wafer. 
Among CVD, atomic layer deposition (ALD), has carved out a critical and immediate 
role in the fabrication of state-of-the-art PSTSCs.
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Atomic layer deposition

ALD is a sophisticated variant of CVD that offers the ultimate level of precision by 
building films one atomic layer at a time. The process consists of sequential, self-
limiting surface reactions as shown in Fig. 3i: a pulse of the first precursor gas is 
introduced to form a saturated monolayer on the substrate, followed by a purge with an 
inert gas to remove any unreacted molecules. A pulse of a second precursor gas is then 
introduced to react with the first layer, and a final purge completes the cycle(95). This 
meticulous, layer-by-layer growth mechanism is perfectly suited for creating ultra-thin, 
pinhole-free, and perfectly conformal functional layers, which are critical for 
maximizing the performance and stability of monolithic PSTSCs.

From the first beginning, ALD was applied to deposited compact TiO2 as an ETL 
directly on the n++/p++ tunnel junction, which enables bypassing the usage of a TCO 
recombination layer, achieving the first perovskite/silicon tandem efficiency of 
13.7%(96). Then, Bush et al. employed ALD-SnO₂ as a buffer layer underneath a 
sputtered ITO, thereby protecting the underlying functional layers from sputter damage 
and enabling integration of inverted PSTSC with a 23.6% efficiency(97). After that, 
ALD has been extended to additional critical functional layers in PSTSCs. Recently, a 
~3-5 nm TiOX grown by ALD served as an all-in one interconnect in PSTSCs, fulfilling 
the functions of silicon surface passivation, hole extraction from silicon, and 
recombination junction between perovskite top and silicon bottom cells, and then was 
capped with a thin ALD-TiNy layer, which demonstrated a 26.5% efficiency(98). Fang 
et al. proposed a bilayer passivation structure with ALD-Al2O3/PDAI2 to precisely 
modulate energy level alignment, reduce defect density, and suppress interfacial non-
radiative recombination between perovskite/ETL interface by facilitating moderate n-
type doping, and enhancing charge extraction and transport efficiency, which boosted 
a certified tandem efficiency up to 30.8%(99). Moreover, an ALD copper-doping 
process is introduced to fabricate low-temperature NiOx HTLs, tailored for textured 
PSTSCs, which leads to a 30.5% efficiency(100). Collectively, these studies underscore 
the versatility of ALD in PSTSCs, highlighting its indispensable role in engineering 
atomically precise, stable, and high-performance perovskite/silicon tandem 
architectures.

Overall, vapor-phase deposition techniques have established themselves as 
indispensable part of the scalable fabrication of PSTSCs. Their solvent-free nature, 
superior uniformity, and excellent conformality over textured silicon substrates directly 
address the key manufacturing bottlenecks of solution-based deposition methods, 
which characterizes a powerful and versatile pathway toward highly stable, large-area 
monolithic PSTSCs.

Page 21 of 50 Energy & Environmental Science

E
ne

rg
y

&
E

nv
ir

on
m

en
ta

lS
ci

en
ce

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

4 
Ja

nu
ar

y 
20

26
. D

ow
nl

oa
de

d 
on

 1
/2

6/
20

26
 6

:0
0:

24
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.

View Article Online
DOI: 10.1039/D5EE06772C

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ee06772c


Fig. 3. Schematic of vapor-phase deposition methods and their applicants. (a) Co-
evaporation and (b) sequential evaporation. Adapted from ref. 80 with permission from 
Springer Nature (80), copyright 2025. (c) Schematic and SEM image of fully textured 
PSTSCs with co-evaporated perovskite layers. Adapted from ref. 81 with permission 
from John Wiley and Sons (81), copyright 2021. (d) Normalized maximum power point 
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tracking stability at different temperatures of PSCs with co-evaporated perovskite films 
via the self-guided crystal-growth mode. Adapted from ref. 83 with permission from 
Springer Nature (83), copyright 2025. (e) A crystallization mechanism of sequential 
evaporation from solid precursor to perovskite. Adapted from ref. 84 with permission 
from Springer Nature (84), copyright 2025. (f) Solidworks cross section of the close 
space sublimation chamber. Adapted from ref. 85 with permission from American 
Chemical Society (85), copyright 2024. (g) Schematic illustration of the continuous 
flash sublimation system. Adapted from ref. 88 with permission from Royal Society of 
Chemistry (88), copyright 2024. (h) Direct-current magnetron sputtering process. 
Adapted from ref. 89 with permission from Elsevier (89), copyright 2019. (i) Schematic 
of an ALD cycle in which a surface is alternately exposed to a precursor (step A) and a 
coreactant (step B). Adapted from ref. 95 with permission from Springer Nature (95), 
copyright 2025.

2.3. Hybrid deposition of perovskite in large-area tandems

While solution-based and vapor-phase deposition methods each offer compelling 
advantages, each also carries inherent trade-offs when applied to large-area, monolithic 
PSTSCs. Solution-based methods offer tremendous compositional freedom such as 
solvents, additives and passivation layers, and high throughput, but struggle with 
conformal coating of large-area textured substrates and solvent-induced defects, non-
uniformity and instability. Vapor-phase methods provide solvent-free, uniform and 
conformal coatings on fluctuated substrates and outstanding stability, but often limit 
compositional flexibility especially for organic compositions, and may require high 
vacuum/throughput equipment. In this light, hybrid deposition methods, which 
combine vapor and solution steps, emerge as a promising route that bridges the merits 
of both approaches.

Recently, studies have demonstrated the strong potential of hybrid deposition methods 
for scalable fabrication of large-area monolithic PSTSCs. Zheng et al. employed a 
hybrid deposition-thermal evaporation of inorganic precursors followed by blade 
coated organic solution to fabricate PSTSCs, highlighting solvent engineering as a key 
to up-scale in air and then achieving a 26.3% efficiency over an aperture area of 16 
cm2(101). Er-Raji et al. combined evaporated PbI₂ with blade-coated organic halides, 
uncovering S-shaped coating dynamics in hybrid deposition which is different from the 
U-shaped curve in meniscus-guided coating as mentioned in Fig. 1b, and delivering 
~28% efficiency of their devices with high-quality perovskite layers (Fig. 4a)(102). By 
nucleation modification with sodium 2,5-difluorobenzoate to reduce nucleation energy 
barrier difference at various convex angles on evaporated inorganic layer, researchers 
fabricated compact, pinhole-free perovskite layers suited for tandem integration with 
slot-die coated organic salts, and then obtained a 28.28% efficiency over 19.9 cm2 
area(103). With further optimization of a synergistic solvent and pre-treatment 
engineering by employing a mixed ethanol/isobutanol solvent in second slot-die coating 
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procedure and near-infrared irradiation pre-heating in drying processes, the fully 
textured PSTSCs demonstrated an impressive efficiency of 27.14% for an aperture area 
of 110 cm2 (Fig. 4b)(104). In addition, a recent study reported that inkjet printing is 
employed in the second step of a hybrid deposition strategy, where after an initial 
evaporation of inorganic materials, achieving an efficiency of 27.43% for the fully 
textured PSTSCs with conformal, homogeneous perovskite films up to the wafer’s very 
edge (Fig. 4c)(105). Collectively, these studies establish hybrid deposition as a scalable 
and versatile strategy for high-performance PSTSCs, balancing conformality, 
compositional tunability, and manufacturability across increasingly large substrate 
areas.
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Fig. 4. Hybrid deposition methods for monolithic PSTSCs. (a) Schematic illustrating 
the hybrid evaporation/blade coating route for perovskite film, the meniscus coating 
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regimes of the blade coating step in this route, STEM combined with energy-dispersive 
X-ray spectroscopy images of PSTSCs fabricated with hybrid evaporation/spin coating 
or evaporation/blade coating. Adapted from ref. 102 with permission from Royal 
Society of Chemistry (102), copyright 2025. (b) The photoluminescence image of the 
hybrid deposited perovskite film on a M6 silicon wafer, the photograph of a 
representative tandem with a 110 cm2 active area. Adapted from ref. 104 with 
permission from John Wiley and Sons (104), copyright 2025. (c) Fabrication process 
schematic of PSTSCs using a hybrid evaporation/inkjet printing method, cross-section 
and surface SEM images of a fully textured PSTSC, k-map of the perovskite film on 
the outer millimeters of the substrate. Adapted from ref. 105 with permission from John 
Wiley and Sons (105), copyright 2025.

In brief, hybrid deposition methods that merge vapor-phase and solution-based 
processing present a compelling pathway for scalable, high-performance perovskite 
absorber films, especially in the demanding architecture of monolithic PSTSCs. By 
capturing the advantages of conformal vapor scaffolding and flexible solution 
chemistry, they help surmount key challenges associated with textured substrates and 
large-area uniformity. At the same time, challenges persist: 1) the interdiffusion and 
reaction kinetics between the evaporated precursor and the solution salt must be 
carefully controlled to avoid unreacted scaffolds or residual compositions. 2) scaling to 
large-area substrates still requires uniform meniscus control, blade speed optimization, 
and solvent drying management. With increasing reports of high efficiencies and 
growing understanding of process dynamics, hybrid deposition methods stand poised 
to accelerate the transition of PSTSCs from lab to fab.

A wide array of scalable deposition techniques has been explored for the fabrication of 
monolithic PSTSCs. Solution-based methods, vapor-phase approaches, and hybrid 
strategies have demonstrated varying degrees of success in producing uniform, high-
quality perovskite films compatible with textured silicon bottom cells. Fig. 5 
summarizes the progress in efficiency and stability for monolithic PSTSCs. Although 
spin-coated devices still yield the highest efficiency, this technique faces inherent 
scalability limitations (Fig. 5a). The pivotal advance lies in translating high 
performance into the sizes required for industrial applications. Currently, tandems on 
full-size M10 silicon wafers have achieved certified efficiencies up to 28.6%(5), with 
breakthroughs on M6 wafers reaching 33.0% and 29.8% for rigid and flexible devices, 
respectively(5,42). These milestones underscore the successful integration of scalable 
deposition techniques with commercial silicon photovoltaics.

However, concomitant with these efficiency achievements is a pronounced stability gap 
that now represents the primary barrier to commercialization (Fig. 5b). Maximum 
power point (MPP) tracking tests indicate that operational lifetimes for most high-
efficiency tandems fall far short of the 25-year (based on 12 h operation per day) 
lifespan requirement for commercial modules. This challenge is exacerbated under real-
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world conditions. Outdoor testing shows that performance dropped to about half of its 
initial efficiency within just 1500 hours, highlighting the severe impact of combined 
environmental stresses(106). Many advances have been made to address the stability 
limitations, for example by developing scalable vapor-phase deposition method that 
produced highly stable PSTSCs on textured silicon wafers(107), pointing toward viable 
pathways for commercial deployment. Nevertheless, achieving long-term outdoor 
stability and aligning perovskite lifetimes with the 25-year durability of commercial 
silicon panels remain critical barriers. Further work on scalable deposition processes, 
interfacial engineering, and encapsulation strategies will be essential to overcome these 
obstacles and realize the full potential of monolithic PSTSCs.

Fig. 5. Performance summary of monolithic PSTSCs with perovskite layers fabricated 
by different deposition methods. (a) Efficiencies of device area over 10 cm2, record 
efficiencies from Martin A. Green Solar cell efficiency tables and the highest efficiency 
of each method within a 1 cm2 aperture area. (b) MPP tracking stability. The lifespan 
curve of T80≈25 year is calculated based on 12 hours of operation per day and a constant 
degradation rate.

Table S1 provides an overview of above deposition methods, highlighting their working 
principles, kinetics control, silicon compatibility, film quality, implementation 
reliability, process complexity, cost, and industrial potential. In addition to perovskite 
deposition, techniques such as reaction-driven deposition, sputtering, ALD have proven 
essential for depositing functional layers including charge transport layers, interfacial 
layers, and electrodes, underscoring their significance in large-area device fabrication. 
We also present representative metrics reported in the literature to illustrate the 
industrial reliability of different scalable deposition techniques (Table S2). Collectively, 
these scalable deposition methods offer versatile availabilities for addressing the dual 
demands of high efficiency and large-scale manufacturability, paving the way toward 
the industrial realization of PSTSC technology.
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3. Scalable Drying Methods and Their Advancements in PSTSCs

The deposition of high-quality films over large areas is a critical step in the 
manufacturing of monolithic PSTSCs. While coating techniques are widely recognized 
as fundamental, the drying process of them that follows is equally crucial, as it directly 
governs the crystallization kinetics, morphology, and ultimate optoelectronic properties 
of the layers. In large-area processing, achieving uniform drying across the entire 
substrate is particularly challenging. As the wet film transitions to a solid layer, the 
choice of drying method strongly influences the film morphology, coverage, defect 
density, and eventual device metrics. Fast, uniform, controlled drying is key to trigger 
homogeneous nucleation, suppress pin-holes or voids, control grain growth and 
crystallographic orientation of perovskite. This chapter systematically reviews the 
mechanisms and recent advances in scalable drying technologies, moving beyond 
traditional methods such as anti-solvent extraction and substrate preheating, to explore 
innovative approaches like spatially regulated gas flow, vacuum quench, and advanced 
radiative thermal management, examining recent progress and applicability to large-
area and textured substrates, and discussing their advantages and limitations.

3.1. Anti-solvent extraction

During or after film coating, an anti-solvent is introduced via drip, bath or spray, which 
rapidly reduces the solubility of the perovskite precursor and thus triggers immediate 
supersaturation and nucleation, enabling fast crystallization and large-grain growth. 
The anti-solvent method controls film crystallization kinetics, which is widely used in 
the lab-fabrication of perovskite-based solar cells.

While conventional anti-solvent extraction in lab-scale spin coating typically relies on 
simple manual dripping, scalable fabrication demands more controlled and uniform 
solvent removal. As illustrated in Fig. 6a, several modified anti-solvent extraction 
strategies have been developed for large-area perovskite film formation, including 
multi-pipette dripping, dynamic dripping, anti-solvent bath, and anti-solvent 
spraying(108-111). However, the implementation of such approaches in large-area 
monolithic PSTSCs remains scarce. Notably, Shi et al. employed an 8-channel pipetting 
gun to spin coat organic salt dissolved in ethanol via a sequential deposition strategy, 
and then achieving a 26.6% tandem efficiency over 64.64 cm2 area(112).

In short, this anti-solvent extraction method is highly effective at producing dense, 
pinhole-free films. However, despite the improved modes, it introduces a second 
solvent stream, increasing process complexity and chemical waste, which are important 
considerations for industrial-scale manufacturing.
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3.2. Substrate preheating

The most fundamental approach to controlling solvent evaporation is substrate 
preheating. By heating the substrate to a specific temperature over room temperature 
before or during deposition, the rate of solvent evaporation is accelerated. This reduces 
the time available for undesirable solvent-precursor phase separation and can promote 
faster, more uniform nucleation of perovskite. The precise temperature provides a 
simple yet effective lever to tune the crystallization kinetics for a given solvent system.

To date, preheating technology has been applied to the deposition of ALD buffer layer, 
perovskite absorber layers, charge transport layers, and interface layers in monolithic 
PSTSCs (Fig. 6b and Fig. 2c)(31,39,50), demonstrating its great applicability. Thus, it 
is important to ensure the accuracy of the preheating temperature and its uniformity 
over a large area.

3.3. Gas flow

A directed high-velocity gas stream such as N₂, Ar and dry air, across the wet film 
accelerates solvent evaporation, increases supersaturation, triggers a high nucleation 
density, and thereby promotes more uniform crystal initiation rather than slow lateral 
growth. It can also assist in driving residual solvent away from films and reduce flow-
driven inhomogeneity in the wet state.

The conventional gas knife employs a linear jet of high-pressure gas directed across the 
wet film surface, assisting solvent evaporation via enhanced convective mass transfer 
(Fig. 6c)(31). Many works on monolithic PSTSCs integrated in lab are implemented in 
this way(16,31,32,113,114). However, because the airflow follows a 1D unidirectional 
pattern, a temporal delay arises between the leading and trailing edges of the substrate 
during large-area drying, which causes premature self-drying of the film near the 
trailing edge before the gas knife reaches it. A novel 2D comb-nozzle drying technique 
has been developed to enhance drying uniformity of large-area, slot-die coated 
perovskite films (Fig. 6d), which employed a 20 × 20 cm² nozzle array composed of 
hexagon-shaped gas outlets surrounded by suction slits that locally remove drying air, 
enabling precise control of the heat and mass transfer coefficients across the 
substrate(41). Moreover, Yan et al. developed a laminar air drying system using a 3D-
printed airflow model to rapidly and uniformly dry square-meter-scale perovskite films 
(Fig. 6e). This laminar air dryer effectively overcomes key challenges in large-area 
perovskite film fabrication by emulating the uniform convective environment of spin 
coating while maintaining a stable, laminar airflow field. In addition, it demonstrates 
excellent compatibility with slot-die coated substrates up to 0.79 m2, ensuring precise 
control over film thickness, solvent removal, and nucleation dynamics, which are 
crucial parameters for scalable, high-quality perovskite layer formation(8). Therefore, 
various gas flow drying techniques have the potential to be a cornerstone technique for 
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the scalable development of large-area monolithic PSTSCs.

3.4. Vacuum quenching

After coating the wet film, the substrate is transferred into a vacuum environment or 
subjected to rapid depressurization (Fig. 6f)(115), which lowers the solvent partial 
pressure, accelerates solvent evaporation, and induces rapid supersaturation, resulting 
in high nucleation density and film formation. However, this vacuum drying process 
typically produces a transient “spike” profile, where the convective air flow peaks 
within the first few milliseconds of pumping and decays to nearly zero after ~10 s(8). 
Because this convective driving force is sustained only briefly, complete solvent 
removal can be challenging-particularly for systems containing high-boiling point 
solvents, potentially leading to incomplete drying or residual solvent retention.

Even so, there still are many works on monolithic PSTSCs with vacuum quenched 
perovskite layers. Wu et al. fabricated PSTSCs featuring mesoscopic perovskite top 
cells with vacuum quenched perovskite layers and high-temperature tolerant 
homojunction silicon bottom cells(116). Xia et al. combined the vacuum quenching 
processing and interfacial passivation, integrating monolithic tandem structures with 
24.01% efficiency(117). With a tunneling oxide passivating contact silicon bottom cell 
produced on a production line, a 27.6% efficiency was achieved for a monolithic 
PSTSC with a vacuum flashed perovskite layer(118). Last year, Chen et al. used 
oleylammonium iodide to stabilize the desired crystal nuclei and vacuum quenching to 
control surface tension, demonstrating a 29.4% efficiency for a PSTSC with a 25 cm2 
active area (Fig. 6g)(119). Although the engineering of high-throughput vacuum 
systems is a primary challenge, these results still indicate that vacuum quenching 
remains a good method for achieving superior film quality and device efficiencies.

3.5. Radiative heating

Radiative heating, particularly through near-infrared (NIR) irradiation, provides a non-
contact and ultrafast annealing approach for film processing. By employing light in the 
800-1500 nm wavelength range, which is efficiently absorbed by the substrate or the 
film itself, this technique enables rapid volumetric heating that accelerates solvent 
evaporation and promotes the growth of large, high-quality crystal grains. The entire 
process can be completed within a few seconds, markedly enhancing throughput and 
offering excellent compatibility with inline manufacturing.

Liu et al. employed a NIR preheating strategy to precisely regulate the solvent 
evaporation rate during perovskite film formation (Fig. 6h)(104). The absorbed NIR 
energy directly heated the wet perovskite layer through the solvent, enabling rapid 
solvent removal and controlled volatilization for enhanced large-area compositional 
uniformity. Luminescence characterization revealed excellent surface homogeneity 
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across large-area films treated by NIR preheating. Remarkably, this approach yielded 
highly uniform perovskite films on M6-sized (166×166 mm2) silicon bottom cells, and 
the resulting monolithic PSTSCs achieved an efficiency of 27.14% over a 110 cm² 
active area. Although the reports of NIR heating in monolithic PSTSCs remain limited, 
it shows great promise for enabling rapid, uniform, and scalable film processing.

Fig. 6. Scalable drying methods. (a) Anti-solvent extraction drying methods for large-
area drying, including multi-pipette dripping(108), dynamic dripping(109), anti-solvent 
bath(110) and anti-solvent spraying(111). Adapted from ref. 108 with permission from 
Elsevier (108), copyright 2020. Adapted from ref. 109 with permission from John 
Wiley and Sons (109), copyright 2020. Adapted from ref. 110 with permission from 
The American Association for the Advancement of Science (110), copyright 2021. 
Adapted from ref. 111 with permission from Royal Society of Chemistry (111), 
copyright 2022. (b) Schematic and SEM images with pre-heated drying methods for 
the depositions of slot-die coated perovskite film, ALD-SnO2 and blade coated 
PTAA(31,39). Adapted from ref. 31 with permission from Elsevier (31), copyright 
2020. Adapted from ref. 39 with permission from American Chemical Society (39), 
copyright 2020. Gas flow drying methods of (c) N2 knife(31), (d) 2D comb-nozzle(41) 
and (e) 3D laminar flow(8). Adapted from ref. 31 with permission from Elsevier (31), 
copyright 2020. Adapted from ref. 41 with permission from John Wiley and Sons (41), 
copyright 2025. Adapted from ref. 8 with permission from The American Association 
for the Advancement of Science (8), copyright 2025. (f) Schematic of vacuum 
quenching method. Adapted from ref. 115 with permission from The American 
Association for the Advancement of Science (115), copyright 2016. (g) J-V curves and 
a photograph of a PSTSC with vacuum quenching dried perovskite film. Adapted from 
ref. 119 with permission from The American Association for the Advancement of 
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Science (119), copyright 2024. (h) NIR pre-heating a slot-die coated perovskite film, 
and photoluminescence images of perovskite films dried by NIR pre-heating and N2 
knife. Adapted from ref. 104 with permission from John Wiley and Sons (104), 
copyright 2025.

In summary, drying methods are a critical element in the scalable deposition of large-
area films, particularly for monolithic PSTSCs. The transition from wet films to solid 
layers requires careful control of solvent removal, supersaturation, nucleation and 
growth, as these factors influence crystallization behaviors in distinct ways. Different 
perovskite compositions exhibit varied crystallization dynamics due to differences in 
nucleation and phase evolution(120). Mixed cation formulations such as FA/MA or 
FA/Cs, generally promote more uniform grain growth and reduced phase segregation 
compared with single‑cation systems because the additional cations alter intermediate 
formation and stabilize the target α‑phase, which in turn influences how films respond 
to drying conditions(121). Therefore, it is essential to systematically screen and 
optimize drying protocols tailored to the specific perovskite compositions to ensure 
consistent nucleation, large grain formation, and homogeneous crystallization across 
large areas. Drying techniques each offer key advantages and trade-offs as shown in 
Table S3. For large-area, textured tandem fabrication, the drying step must not only be 
fast and uniform but also compatible with complex topographies, underlying silicon 
cells, and manufacturing-scale throughput. As this field moves toward industrial 
deployment, developing optimized, high-throughput, uniform drying methods tailored 
for large-area and textured substrates will be a major driver of yield, reliability and cost-
effectiveness.

4. Outlook and Future Perspectives

The extensive research of scalable deposition and drying methods has been key to the 
progress of monolithic PSTSCs, propelling this photovoltaic technology from a realm 
of scientific possibility to one of tangible industrialization. As shown above, we now 
have a diverse, solid and evolved “toolbox” of deposition and drying techniques. These 
tools have brought tandem efficiency close to 35%, a milestone achievement, and even 
higher. Currently, two main pathways are being widely explored: one is a 
“performance-first” route, which uses available methods to push for the highest 
possible efficiency and stability, and the other is a “cost-first” route that leans on 
solution processing like slot-die coating with inline drying, which appears promising 
for high-throughput and low-cost production. With the basic science now increasingly 
understood, the focus is clearly shifting from the lab toward the factory, where the main 
challenges are now manufacturing compatibility with minimal scaling-up performance 
losses.
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4.1. Pathways towards mass production

As PSTSCs move closer to industrial realization, three key challenges are becoming 
increasingly prominent.

1). Uniformity over large areas. Achieving large-area uniformity and maintaining a 
wide process window is the most urgent manufacturing hurdle. While fabricating a 
high-performance 1 cm2 cell is a significant scientific achievement, replicating that 
performance with minimal efficiency deviation over industrial-scaled G12 wafers is an 
engineering challenge of a different magnitude. The process window as the range of 
parameters within which a high-quality film can be reliably produced, narrows 
dramatically with increasing area. In a process like slot-die coating, a delicate 
equilibrium exists between ink properties, substrate properties, coating parameters and 
the environmental conditions. On a large substrate, minor environmental fluctuations 
in temperature or humidity can disrupt this balance, leading to visible defects like 
stripes or ribs that are catastrophic for device performance(17,122). The path forward, 
therefore, lies in engineering robustness into the process. This includes developing 
advanced ink formulations with additives that modulate rheology and crystallization 
kinetics, making the system more tolerant to process variations. Simultaneously, it 
requires the optimization of deposition and drying tools, such as designing more 
sophisticated slot-die heads and gas knives that deliver exceptionally stable fluid and 
gas flows over the entire coating areas.

2). Long-term operational stability. Ensuring long-term operational stability remains 
the most critical barrier to widespread market adoption and bankability. The stability 
challenge for large-area monolithic PSTSCs is a systemic issue, extending beyond the 
intrinsic sensitivity of the perovskite material itself to be fundamentally intertwined 
with scalable fabrication processes, which introduce distinct problems that directly seed 
degradation pathways. Firstly, the rapid crystallization kinetics required for high-
throughput deposition like in meniscus-guided coating often compromise 
microstructure. Fast solvent removal can hinder optimal crystal growth, resulting in 
films with smaller grains, a higher density of defective grain boundaries, and 
incorporated residual stress. This suboptimal microstructure inherently promotes ion 
migration, phase instability, and the accumulation of mechanical stress, triggering the 
degradation and then device instability(123-125). Secondly, maintaining perfect 
uniformity across meter-scale areas is exceedingly difficult, leading to systematic 
macroscopic inhomogeneities(8). Gradients in coating flow, drying rate, or thermal 
environment cause lateral variations in film thickness, composition, and residual 
stress(104,126). These gradients establish localized weakest-link domains where 
degradation preferentially starts and propagates under operational stress, leading to 
non-uniform module aging which is negligible in more homogeneous lab-scale cells. 
Therefore, a comprehensive stability strategy must be co-designed with the 
manufacturing process and encompass the entire device stack. This means not only 
seeking stable absorber materials and charge transport layers but also engineering 
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scalable processes to achieve controlled crystallization and superior uniformity. 
Integrating protective buffer layers via scalable methods such as ALD or spray coating, 
is crucial to shield functional layers from damage. Finally, robust encapsulation and 
edge-sealing are indispensable to defend against environmental invasion, preserving a 
device whose intrinsic stability has been maximized through prudent material and 
process design.

3). Cost competitiveness. The overall cost structure must make sense. While the 
perovskite materials themselves are relatively cheap, the cumulative cost of other 
components and processes such as hole transport materials, indium-based transparent 
conductive electrodes, vacuum deposition systems, energy-intensive drying or 
annealing processes, remains significant. To make PSTSCs economically viable, 
research should focus on key levers: developing cheaper and more stable materials 
especially for charge transport layers, and streamlining manufacturing processes by 
using less material such as inkjet printing, increasing throughput like fast meniscus-
guided coating, optimizing flash drying and annealing steps. This will help reduce the 
levelized cost of energy and make these tandems competitive with advanced silicon 
modules.

4.2. Paving the way for scalable manufacturing

Looking ahead, several research directions seem particularly important for tackling 
these challenges.

One crucial direction is the synergy and integration of different techniques to develop 
a hybrid mix-and-match manufacturing line to balance cost and performance. The 
future of PSTSC production is unlikely to be a single process but rather a modular 
system assembly of carefully screened, synergistic steps. We can envision a production 
line that leverages the strengths of multiple methods: a fast and low-cost meniscus-
guided coater coats the perovskite layers; evaporators deposit charge transport layers; 
an ALD system applies ultra-thin passivation or buffer layers; a fast sputter grows the 
transparent conductive electrodes; and finally, a high-throughput screen printer deposits 
the top metal electrodes without requiring a vacuum. This modular approach would 
allow manufacturers to flexibly combine processes to optimize for their specific targets, 
whether it be maximum efficiency, lowest cost, or highest throughput. It is noteworthy 
that the layout of a production line must inherently consider the compatibility between 
the deposition techniques and the textured silicon bottom cell. Since the complete 
coverage of thin films on silicon pyramids is influenced by a multitude of factors, such 
as the properties of the precursor ink, the surface characteristics of the substrates and 
the fluid dynamics of the deposition techniques(31,127-131), it is not feasible to define 
a universal critical texture dimension. Therefore, texture design, such as size and aspect 
ratio of pyramid, must be co-optimized with the chosen techniques to prevent electrical 
shunts and minimize optical losses.
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Subsequently, looking beyond conventional applications of stationary power 
generation, the advancement of high-efficiency flexible PSTSCs presents a compelling 
future direction(42,132). Their unique attributes of high power-to-weight ratio and 
mechanical conformability could unlock transformative applications in sectors such as 
building-integrated photovoltaics, portable and wearable electronics, automotive 
integrated systems, and aerospace. The realization of this goal would naturally build 
upon the scalable deposition and drying methods discussed in this review, requiring 
their further adaptation to ensure compatibility with flexible substrates and long-term 
durability under mechanical stress. This direction aligns with the overarching themes 
of process integration, inspiring how the continuous evolution of scalable fabrication 
technologies can open new avenues for the entire field of PSTSCs.

Third, underpinning all efforts to improve yield and reliability is the need for robust in-
situ process monitoring and quality control. While complex artificial intelligence may 
be a long-term goal, the immediate, practical step is to integrate established process 
analytical technology into the production line. This involves integrating relatively 
simple and cost-effective sensors like optical cameras, spectrometers, and laser-based 
thickness gauges directly into the coating and drying equipment. These tools can 
provide real-time data on critical parameters like wet film thickness, drying-induced 
color changes which indicate crystallization states, and final film uniformity. This 
feedback can alert operators to process deviations or even trigger simple automated 
adjustments, forming the foundation of a quality control system that is essential for 
achieving the high yields required for mass production.

In conclusion, the journey of scalable deposition and drying methods has successfully 
elevated PSTSCs from a laboratory marvel to a technology poised for 
commercialization. The path forward is now not only about fundamental scientific 
discovery but also about dedicated engineering innovation. The success of this next 
stage will depend on the clever integration of existing techniques, a deep understanding 
and widening of the process window, and a systematic approach to optimizing stability 
and cost. Through this available and focused engineering effort, and with a belief to 
sustainable manufacturing, we have every reason to be confident that this remarkable 
photovoltaic technology will soon emerge as a mainstream, high-efficiency energy 
solution, ready to make a pivotal contribution to the global energy transition.
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