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A critical bottleneck for the upscaling of all-perovskite tandem solar cells is the scalable fabrication of Sn—
Pb mixed narrow-bandgap (NBG) perovskite films. In response, this work researches routes to control the
crystallization of blade-coated NBG perovskite thin films. Methylammonium chloride (MAC|) is introduced
as an additive to refine crystallization and optimize perovskite morphology during the vacuum-assisted
growth (VAG) as well as the subsequent annealing step. Using in situ photoluminescence analysis, it is
shown that MACL enhances the competition of crystal growth during the VAG and retards secondary
crystallization during annealing. As a result, grain size, homogeneity, and crystallinity of blade-coated
NBG perovskite films are significantly improved, leading to improved reproducibility and device
performance. Champion power conversion efficiencies of 20.5% and 19.1% are demonstrated in devices
with spin-coated and blade-coated perovskite absorber layers, respectively. In combination with a wide-
bandgap (WBG) sub-cell fabricated using the same anti-solvent-free VAG method, a champion all-
perovskite tandem solar cell realizes a power conversion efficiency (PCE) of 27.5%. These improvements
are attributed to the reduced charge transport losses and enhanced charge extraction in the optimized
NBG perovskite absorber. Thereby, this study enables scalable production of high-performance all-
perovskite tandem photovoltaics.

All-perovskite tandem solar cells hold great promise as next-generation sustainable photovoltaic technologies due to their PCEs. However, upscaling of these
tandem devices is currently hindered by challenges in scalability and reproducibility during the large-area deposition of solution-based Sn-Pb mixed NBG
perovskite thin films. The characteristic rapid crystallization of NBG perovskite thin films poses a significant challenge to achieving a controllable process.

Furthermore, the fundamental crystallization dynamics and evolution in the scalable fabrication of NBG perovskite films have rarely been studied. This work
presents efficient in situ probing techniques to elucidate the crystallization dynamics of Pb-Sn mixed perovskites during scalable fabrication. The role of MACl as

an additive is investigated to refine crystallization and optimize perovskite morphology. We achieve minimized efficiency losses and enhanced reproducibility in
fully scalable NBG perovskite devices. By implementing the VAG method for both NBG and WBG perovskite sub-cells, we realize a PCE of 27.5% for anti-solvent-
free all-perovskite tandem solar cells.

Introduction

perovskite thin film solar cells (PSCs) with narrow-bandgap
(NBG) and wide-bandgap (WBG) perovskites. This PV tech-

Monolithic all-perovskite tandem photovoltaics (PVs) offer nology offers the benefits of low-cost production and high-
a promising and attractive approach to enhance power throughput manufacturing through solution processing,
conversion efficiencies (PCEs) beyond the detailed balance limit ~ bearing the capabilities for large-scale production via using low-

of single-junction devices

by stacking complementary temperature and scalable processing methods to extend the
possibilities of various applications.® Although the certified
PCEs of all-perovskite tandem solar cells (APTSCs) have sur-
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tions like all-perovskite tandem solar mini-modules still lag
behind, with a reported certified PCE of 24.5%.° To bridge the
efficiency gap, scalable fabrication of efficient NBG PSCs is
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However, boosting PCEs for scalable devices is challenging due
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to the complexities introduced when upscaling NBG perovskite
films. These challenges include (i) maintaining film homoge-
neity and consistent thickness during scalable coating, (ii)
mitigating potential issues arising from longer drying times and
lower tolerance solvent quenching processes for as-fabricated
wet perovskite films, and (iii) effectively controlling and ratio-
nally manipulating perovskite crystallization dynamics on large
substrates. Blade coating has been predominantly used to
fabricate NBG perovskite films for the upscaling of all-
perovskite tandem photovoltaics.*” To date, the most efficient
laboratory-scale blade-coated NBG devices (active area <0.1 cm?)
have been achieved using anti-solvent-free quenching
approaches. These include gas-quenching, which utilizes
continuous gas flow during the blade-coating process
(achieving PCEs from 19.0-21.4%) and vacuum-assisted growth
(VAG), a vacuum-quenching step following the blade-coating
process (achieving PCEs from 17.5-20.2%).%****> There
remains a significant efficiency gap between the well-
established spin-coating process using the anti-solvent-
quenching method (champion PCE of 24.0%) and the anti-
solvent-free  blade-coating process (champion PCE of
21.4%).%**¢ This indicates that scalable coating of NBG
perovskite films is the primary bottleneck for upscaling NBG
PSCs and all-perovskite PVs. Therefore, a better understanding
of anti-solvent-free methods, such as the seldom-studied VAG
process, is imperative for control of crystallization dynamics
and film-formation evolution.

The rapid crystallization of Sn-based perovskites is the key
challenge in film fabrication, which is particularly uncontrol-
lable for scalable processing methods, resulting in low-quality
thin films (with poor homogeneity, increased defects, and low
crystallinity). The fast and uncontrollable crystallization
behavior of Pb-Sn mixed perovskite originates from the higher
Lewis acidity of Sn** and the lower solubility of Snl, in typical
solvents (N,N-dimethylformamide (DMF)/dimethyl sulfoxide
(DMSO0)), leaving a narrow processing window in stringent
crystallization conditions.””** Since a thick layer of Pb-Sn
perovskite film (e.g., >1 pm) is required in all-perovskite tandem
PVs to achieve >90% of absorption in the near-infrared region,*
the issue is further exacerbated by the fact that the blade-coated
thick absorbers inevitably increase the risk of high roughness,
poor crystallinity, increased internal stress, more solvent
residue, and enhanced inhomogeneity.”

Formation of NBG perovskite thin films generally proceeds
through two distinct stages: nucleation and crystal growth.
According to the classic LaMer's mechanism, with ongoing
solvent evaporation, the solution concentration reaches a critical
supersaturation level, triggering spontaneous nucleation and
subsequent crystal growth.”*** Afterwards, the solution concen-
tration begins to decline due to the competition between solvent
evaporation and solute consumption during nucleation and
crystal growth.”® Once it falls below the critical concentration,
nucleation ceases, while crystal growth continues until below the
saturation concentration. In brief, the rate and degree of super-
saturation need to be manipulated to regulate the competition
and evolution between nucleation and crystal growth through
varying solvent extraction or precursor formulation.'”**
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Furthermore, a contradiction of crystal growth exists in this
competition: an aggressive nucleation typically leads to the
formation of smaller grain size, while a dominant crystal growth
promotes larger grains but could also potentially result in void
formation.”?* Therefore, controlling solvent quenching and
annealing steps in scalable fabrication critically impacts the
nucleation and crystal growth.>® Although the crystallization
kinetics of the anti-solvent quenching method are well-studied,
these fundamental crystallization dynamics are not transferable
to the VAG processes.””® The fact is that the relatively mild
attainment of supersaturation in the VAG process undergoes
a larger window which necessitates stringent crystallization
conditions.”**® The detailed crystallization dynamics and evolu-
tion in the scalable fabrication of NBG perovskite films remains
unexplored, and efficient in situ probing techniques are lacking.
Therefore, tracking and elucidating the crystallization dynamics
of Pb-Sn mixed perovskites during the VAG and subsequent
annealing processes is central to our work.

In this work, we focus on the crystallization dynamics of Pb-Sn
mixed NBG perovskite films during VAG and the subsequent
annealing processes. We utilize in situ and quasi-in-situ charac-
terization techniques, particularly in situ photoluminescence (PL),
to gain a better understanding of the dynamic evolution of perov-
skite formation.”*”** Methylammonium chloride (MACI), which is
widely used in pure Pb-based perovskites* but seldom studied in
NBG perovskites, is introduced to improve NBG perovskite film
quality and morphology in both spin-coated (SC) and blade-coated
(BC) processes, and its effect on crystallization is systematically
studied. Using the optimized anti-solvent-free VAG process, we
achieve PCEs of 20.5% for spin-coated PSCs and 19.1% for fully
scalable PSCs. By incorporating a WBG sub-cell fabricated using
the VAG method, we realize a champion PCE of 27.5% for APTSCs.

Results and discussion

In Situ characterization and control of crystallization
dynamics

We start with probing the crystallization dynamics for the
deposition of Pb-Sn mixed NBG perovskite films by in situ
characterizations. Pb-Sn mixed NBG perovskite films are fabri-
cated using an established VAG method, which includes vacuum-
quenching and annealing steps as illustrated in Fig. 1a. This
method has been detailed in our previous work.>** Given that the
as-fabricated wet film forms rapidly within a few seconds at room
temperature, we posit that the vacuum-quenching and annealing
steps play critical roles in governing crystallization dynamics and
determining the final film quality. To better understand these
processes, we develop an in situ PL system to track and decon-
struct the crystallization dynamics of Pb-Sn mixed perovskites
during vacuum-quenching and annealing steps (Fig. 1a). The as-
fabricated wet film is immediately transferred into a vacuum
chamber connected to a rough pump and equipped with an in-
house in situ PL characterization setup. Once the vacuum valve
is opened, the in situ PL system simultaneously starts recording
signals (i.e., vacuum time of 0 s). At this moment, the chamber
pressure rapidly drops (Fig. S1), and once the solution reaches
the critical supersaturation level due to solvent extraction,

© 2026 The Author(s). Published by the Royal Society of Chemistry
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(a) Schematic illustration of the in situ photoluminescence (PL) characterizations for the fabrication of NBG perovskite films during the

vacuum-quenching and sequential annealing steps. (b) Schematic illustration of perovskite crystallization in vacuum-quenching step: drying,
nucleation-dominated, and growth-dominated stages. (c) Heatmap of time-dependent in situ PL spectra and (d) extracted PL position and
intensity of spin-coated (SC) NBG perovskite films with varied MACL concentrations during the vacuum-quenching step. At represents the time
scale of the nucleation-dominated stage. (e) Scanning electron microscopic (SEM) images of the as-fabricated SC NBG perovskite films after

vacuum-quenching step (vacuum time of 20 s).

crystallization occurs. This information is reflected in the
captured in situ PL signals. Additional, in situ PL data on
secondary crystallization (i.e., secondary crystal growth stage) is
collected during the annealing step (Fig. 1a). MACI has been
widely used in previous studies as an additive in pure-Pb-based
perovskites to modulate crystallization and improve film quality
in large-area scalable fabrication.** In this work, we introduce

© 2026 The Author(s). Published by the Royal Society of Chemistry

MACI as an additive (with varied concentrations of 0%, 3%, and
10%) into the Pb-Sn mixed perovskite precursor and investigate
its effect on crystallization dynamics.

First, we focus on the crystallization dynamics during the
vacuum-quenching step. Generally, this step involves drying,
nucleation, and crystal growth processes. Although nucleation
precedes crystal growth, the two processes are not strictly
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independent but occur simultaneously in dynamic competi-
tion.** Therefore, we categorize the evolution in our vacuum-
quenching process into three stages: drying (stage 1I),
nucleation-dominated (stage II), and growth-dominated (stage
III) (see Fig. 1b). We collect data on these stages through the
evolution of the PL spectra (Fig. 1c) and the extracted evolution
of PL peak position (determined from a Pseudo-Voigt fit of the
individual PL spectra) and intensity (Fig. 1d). The details of each
stage are discussed below.

Stage I: this initial stage is characterized by extremely low
intensity (with prominent background intensity) detectable in
the range of 800 to 1100 nm (Fig. 1d) for all perovskite films
(0%, 3%, and 10% MACI). We attribute this to the drying stage,
as rapid solvent extraction occurs only after the pressure drops
to a relatively low value. The pressure variation inside the
chamber is shown in Fig. S1, where it decreases to approxi-
mately the vapor pressure of DMF (~5.6 mbar) and DMSO (~0.8
mbar) at around 6 seconds and 8 seconds, respectively.

Stage II: rapid solvent extraction drives the wet film into
a highly supersaturated state, enabling it to overcome the
energy barrier and initiate robust nucleation. The abrupt rise in
the PL signal indicates the onset of nucleation, particularly as
the newly emerged PL signal exhibits a broad asymmetric
peak.**>% These broad features are attributed to a non-uniform
distribution of nuclei, resulting in the formation of extremely
small clusters due to continuous nucleation. The scattered
distribution of the fitted PL peak at shorter wavelengths arises
from quantum confinement, where the exciton wavefunction is
confined within a smaller volume, causing the emerged nuclei
to emit at higher photon energies.”

As the PL intensity of the 0% MACI sample approaches
a temporary plateau, the 3% and 10% MACI samples reach their
maximum values. We attribute the rapid increase in PL inten-
sity to the nucleation-dominated phase. The duration of this
stage is evaluated through linear fitting of PL intensity. Notably,
the perovskite film with MACI additive experiences a shorter
duration (At = 2.25 s and 1.75 s for 3% and 10% MACI,
respectively) in the nucleation-dominated stage compared to
the film without MACI (A¢ = 3.25 s). This suggests that the MACI
additive enhances the competitiveness of crystal growth over
nucleation, enabling a faster transition to the growth-
dominated stage. The increase in the rate of PL intensity
growth (3991, 5382, and 7682 for 0%, 3%, and 10% MAC],
respectively) for films with the MACI additive further supports
the enhanced crystal growth competition.

Stage III: the crystallization evolves into a growth-dominated
stage as the energy position undergoes a continued redshift,
lasting up to ~40 s for all perovskite films (Fig. 1d).**>'* We
observe a more rapid growth period, represented by the first
linear fitting of PL energy in Fig. 1d for the perovskite films with
MACI additive compared to those without the additive, as the
redshift rate is higher for both 3% and 10% MACI (10.5, 13.0,
and 14.5 meV s~ " for 0%, 3%, and 10% MAC], respectively). This
demonstrates that the existing nanocrystals formed in stage II
expand, indicating accelerated crystal growth in the first few
seconds of this stage. Subsequently, the redshift slows down
(3.2-4.9 meV s ') and eventually stabilizes (~1 meV s~ ), which
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can be attributed to the reduced precursor concentration below
the critical supersaturation level in the wet film.** The final PL
peak energy of 1.28 eV reveals the distinct formation of NBG
perovskite. In this stage, we propose that the MACI additive
enables an accelerated competition subsequent to stage II, as
the redshift rate is always higher for the film using the MACI
additive compared to that without the additive (Fig. 1d).

In brief, the introduction of the MACI additive enhances the
competition of crystal growth during the quenching step,
enabling a faster transition from stage II to stage III and
accelerating growth in stage III. The improved growth of
perovskite nanocrystals results in larger crystallites and,
consequently, an increased grain size. We observe that the
MACI additive improves the grain size of the perovskite film
before annealing, as verified by scanning electron microscopy
(SEM) images (Fig. 1e), where the films are fabricated with
a vacuum-quenching duration of 20 s.

Having studied the crystallization dynamics in the vacuum-
quenching step, we next study the annealing step at 100 °C. The
secondary crystallization during the annealing process is probed
by the same in situ PL setup (Fig. 1a). As shown in Fig. 2a and b,
the PL intensity of the 0% MACI perovskite thin film is quenched
for elevated temperature and simultaneously it experiences
a significant blue and subsequent redshift with a rate of 6.7 meV
s~" in energy. Perovskite films added with MACI show similar
evolution but a retarded redshift (2.2 and 0.68 meV s~ for 3% and
10% MACI, respectively). It should be noted that an adequate
vacuum-quenching process induces solidification at the top
surface of the perovskite film, trapping a significant amount of
solvents—particularly high-boiling-point species such as DMSO—
at the buried interface.*® Upon annealing, a distinct removal of
residual solvents from the perovskite films is observed during the
initial few seconds of annealing (Fig. S2). These solvents migrate
toward the top surface, where they can dissolve initially formed
smaller crystallites and penetrate the grain boundary, thereby
promoting grain fusion.*”” Subsequently, the solvents evaporate
from the surface, enabling continued crystal growth and grain
coalescence. The initial blueshift is likely associated with solvent
migration within the film and thermal lattice expansion, whereas
the subsequent redshift can be attributed to crystal growth and
grain boundary formation during solvent evaporation.*®*° The
pronounced retardation of the redshift observed in MACI-
containing perovskite films suggests that the MACI additive
significantly slows secondary crystal growth during annealing,
thereby extending the window for grain fusion.

To verify the retardation effect of MACI on the secondary
crystallization, we examine the evolution of film morphology
before and after annealing. Perovskite films with the MACI
additive exhibit a minimum change in grain size compared to
that without MACI upon annealing for 2 s (Fig. 1e and 2c). This
reveals that additional MACI generates sufficient large grains in
the previous quenching step (Fig. 1d) that are beneficial to the
secondary growth for a longer annealing time. Specifically, the
average grain size of the 3% film expands from 433 nm to
441 nm within 2 s and continues to grow up to 614 nm after
7 min (Fig. 2d and S3). In contrast, the average grain size of the
0% film grows from 167 nm to 230 nm within 2 s and further

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) Time-dependent in situ PL spectra and (b) extracted PL position and intensity of the SC NBG perovskite films with varying MACL
concentrations during the annealing step. (c) SEM images of the SC perovskite films after 2 s of annealing. (d) Grain size distribution and variation
of the SC perovskite films with 0% and 3% MACI additive before annealing (0 s), and after 2 s and 7 min of annealing. (e) X-ray diffraction (XRD)
patterns of the SC perovskite films with varying MACLl concentrations before annealing (0 s), and after 2 s, 10 s, and 7 min of annealing.

increases to 309 nm after 7 min. These evaluations further
demonstrate that MACI] slows down the secondary growth
(Fig. 2b), which is conducive to forming larger grain sizes
(average >600 nm, some reaching >1000 nm, Fig. 2d). We
hypothesize that the grain fusion is accompanied by crystal

© 2026 The Author(s). Published by the Royal Society of Chemistry

growth during the annealing step. As shown in Fig. S4, all
perovskite films exhibit pinholes generated in the vacuum-
quenching step prior to the annealing. The pinholes are asso-
ciated with grain fusion during annealing and are eliminated
after annealing (Fig. S5).

EES Sol.


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6el00012f

Open Access Article. Published on 30 January 2026. Downloaded on 2/12/2026 11:48:14 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

EES Solar
Spin-coating
a). :&*ﬁ S @\k 0%-MACI | % “0as ..g%.;{ 3%-MACI
PR, e k.
e B an © % B

N - A

o T AR oo,
5“"‘“ ‘g**%a‘w*»

0%-MACI

3%-MACI

c) RMS=55nm

RMS =47 nm

View Article Online

Paper

Blade-coating

RMS =82 nm 0%-MACI RMS = 58 nm 3%-MACI

d) —SC-0%-MACI BC-0%-MACI
500 —— SC-3%-MACI| 500 —— BC-3%-MACI
E 400 E 400
£ £
20 £ 300
= =
2200 2200
100 100
2 46 8 10 12 z 46 8 10 12

Distance (um) Distance (um)

Fig. 3

04 05 06 07 X 1 0.2

BC-0%-MACI l "y
14 :

03 04 05 06

(a) SEM, (b) atomic force microscopy (AFM), and (c) 3D AFM images of the NBG perovskite films with 0% and 3% of MACl additive fabricated

by SC (left) and BC (right) methods, respectively. (d) Height profiles of corresponding AFM images. (e) PL mapping of blade-coated NBG
perovskite films (64 x 32 mm?) with 0% and 3% of MACI additive, respectively.

To gain insight into the influence of MACI on crystallinity
evolution during annealing, X-ray diffraction (XRD, Fig. 2e)
measurements are conducted before (0 s) and after annealing for
2's, 10 s, and 7 min. With increasing annealing time, the full
width at half maximum (FWHM) of the (110) diffraction peak
decreases for all perovskite films (Fig. S6 and S7). Incorporating
MACI enhances perovskite crystallinity, as evidenced by lower
FWHM values. Furthermore, during annealing, the diffraction
peak positions initially shift toward higher angles—indicating
a reduction in lattice spacing—and subsequently undergo
a slight regression to lower angles. This shift is negligible in the
0% MACI sample but becomes increasingly pronounced in the
3% and 10% MACI samples. Williamson-Hall analysis reveals
that the initial strain increases with the introduction of the
additive and progressively releases after annealing (Fig. S8 and
S9).*' No evidence of crystalline orientation changes or phase
transition is observed during annealing.

Improved thin film quality in scalable processing

Having revealed the crystallization dynamics and routes to opti-
mize thin film formation, we further examine the influence of
MACI on the final film morphology for both SC and BC methods

EES Sol.

(Fig. S10). The substrate dimension for the BC process is 64 x 32
mm?, which can be divided into 16 x 16 mm?” substrates (the
same size as the SC substrates), with each small substrate con-
taining four cells. We use an established method employing
a moderate N, flow to accelerate solvent extraction during
vacuum-quenching for BC.> All SC perovskite films display dense
and uniform morphology, as shown in SEM images (Fig. 3a and
S11) and atomic force microscopy (AFM, Fig. 3b). As expected, the
SC-3% film shows an overall increase in grain size compared to
the SC-0% film, consistent with the discussion in the previous
section. The SC-3% film (root mean square (RMS) = 47 nm,
Fig. 3c and d) exhibits lower roughness compared to the SC-0%
film (RMS = 55 nm). BC for NBG perovskites tends to produce
rough, thick, and inhomogeneous films, particularly during
rapid crystallization. All BC perovskite films exhibit larger grains
compared to SC films (Fig. 3a and b). However, the BC-0% film
displays a discontinuous surface with cavities or voids, resulting
in high roughness (RMS = 82 nm). This surface feature poten-
tially impacts charge extraction, as will be discussed later. We
attribute this to the rapid, uncontrollable crystallization
described in Fig. 1 and 2. Conversely, the introduction of MACI to
the BC perovskite film significantly improves surface

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4

voltage (delay-time-CELIV) characterization under a constant illumination intensity of 100 mW cm

morphology, yielding a homogeneous, high-quality film (reduced
RMS = 58 nm, Fig. 3¢, d, and S11) with increased grain size (>1
pm, Fig. 3a) and an absence of cavities or voids (Fig. 3a and b).
This enhanced homogeneity is further demonstrated by the PL

Light Intensity (mW cm?)

Delay time (s)

(a) Schematic illustration of the architecture for NBG PSCs. (b) J-V curves of champion SC and BC NBG PSCs with an anti-reflection
coating (ARC). (c) Stabilized power conversion efficiency (SPCE) of NBG PSCs under continuous AM 1.5G illumination. Statistical distribution of
the photovoltaic parameters of NBG PSCs (without an ARC) with varied MACI concentrations fabricated by (d) SC and (e) BC, respectively. (f) The
fill factor (FF) loss between the detailed balance limit and measured values, which mainly consists of charge transport loss and non-radiative loss.
(g) Extracted charge carrier density versus illumination intensities (1-100 mW cm™2) that was derived from charge extraction (CE) measurement
for SC devices. (h) Extracted charge carrier density versus delay time that was derived from delay-time CE for SC devices by linearly increasing

mapping (Fig. 3e).

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Enhanced performance and minimized charge transport loss

Encouraged by the enhanced quality of both spin-coated and
blade-coated perovskite films with the introduction of MACI, we
investigate its effects on device performance. For both SC and
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BC fabrications, PSCs employed a p-i-n architecture consisting
of glass/indium tin oxide (ITO)/poly(3,4-
ethylenedioxythiophene) polystyrene sulfonate (PEDOT : PSS)/
NBG perovskite/fullerene  (Cgo)/bathocuproine  (BCP)/Ag
(Fig. 4a) with an active area of 0.105 cm®. For fully scalable
devices, the PEDOT : PSS and NBG perovskite layers are fabri-
cated using BC, while other layers are fabricated by thermal
evaporation. To elucidate the effect of MACI on PV performance,
we vary the MACI concentration from 0% to 6% in SC PSCs. The
best-performing devices are achieved with the addition of 3%
MAC]I, showing significant improvements in both fill factor (FF)
and short-circuit current density (Jsc). The champion PSC
delivers a PCE of 20.5%, with a FF of 75%, open-circuit voltage
(Voc) of 0.83 V, and Jsc of 32.8 mA cm™> (Fig. 4b), using an
antireflection coating of MgF,. The integrated Jsc derived from
the external quantum efficiency (EQE; Fig. S20) spectrum rea-
ches 31.6 mA cm ™2, in good agreement with the Jsc obtained
from the J-V curve. The champion SC PSC demonstrates
a stabilized PCE of 18.4% during maximum power point (MPP)
tracking for 300 s under continuous AM 1.5G illumination
(Fig. 4c). The device with 3% MACI exhibits comparable
hysteresis (Fig. S18) but improved stability compared with the
0% MACI device, which is likely related to improved crystalli-
zation kinetics and film morphology (Fig. S19). At low MACI
concentrations (<3%, Fig. 4d and S13), both Jsc and FF improve,
while Vo remains comparable, indicating a negligible effect on
non-radiative recombination (Fig. S14 and S15). Therefore, we
will focus on discussing the enhanced FF and Js¢, which origi-
nate from reduced charge transport loss and enhanced charge
extraction, respectively. A higher concentration of 6% MACI
leads to a significant decline across all photovoltaic parameters.

View Article Online
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A similar performance trend is observed in BC PSCs (Fig. 4e and
S16). For fully scalable PSCs, we achieve a PCE of 19.1% (with
a FF of 70%, a Voc of 0.84 V, and a Jsc of 32.6 mA cm™?), as well
as a stabilized PCE of 17.7%. We highlight very low efficiency
loss of 7% from SC (PCE = 20.5%) to fully scalable fabrication
(PCE = 19.1%). It is noteworthy that the BC PSCs with MACI
additive gain higher yield and better reproducibility compared
to the devices without the additive (Fig. 4e), which is in line with
the improved homogeneity and film quality (discussed in
Fig. 3), highlighting a great potential of large-scale production
for efficient modules (Fig. 3e).

To investigate the origin of the enhanced FF, we perform a FF
loss analysis between the detailed balance limit and measured
FF (Fig. 4f). The maximum FF (FF,,.,) can be calculated by the
equations:*>*

Voc — IH(VOC + 072)
voc + 1

FFmax =

o — 4 Voc
oc nidkBT

where n;q is the ideality factor, kg is the Boltzmann constant, 7'is
the absolute temperature, and g is the elementary charge. The
niq is determined by the illumination intensity-dependent Voc
(Fig. S14). In general, the FF of detailed balance limit is domi-
nated by the non-radiative and charge transport losses, as
shown in Fig. 4f. Since the non-radiative loss is comparable
between the devices with and without MACI, the charge trans-
port loss is the main factor of FF loss, which is minimized in the
device with MACI. On the one hand, as already discussed above,
the perovskite film fabricated with MACI produces a compact
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Fig. 5

(a) Schematic illustration of the architecture for all-perovskite tandem solar cells (APTSCs). (b) J-V curve and the SPCE of the champion

APTSC under continuous AM 1.5G illumination. (c) The external quantum efficiency (EQE) curves of the APTSCs. (d) MPP tracking of a non-
encapsulated APTSC under AM 1.5G illumination in N, atmosphere at 25 °C.
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and homogeneous surface (free of cavities or voids, see Fig. 3)
that facilitates the charge transport. On the other hand, the
MACI additive enables the formation of a larger grain size
(Fig. 2c and d), which potentially enhances the charge transport.
In addition, a distinct difference in perovskite film thickness
versus coating speed is observed between the films with and
without MACI (Fig. S17). MACI additive enables the production
of a thicker perovskite layer by a scalable method. The thicker
perovskite absorber, potentially resulting from the improved
crystal growth during vacuum-quenching and a retarded
secondary crystallization during annealing, could explain the
much higher Jsc in the MACI1 BC devices. Moreover, we evaluate
charge carrier extraction via charge extraction (CE, Fig. 4g) and
delay-time CE by linearly increasing voltage (delay-time-CELIV,
Fig. 4h) measurements on SC samples (all perovskite films have
similar thickness of 700-750 nm). The higher extracted charge
carrier densities for MACI devices provide strong device-level
evidence supporting the enhanced charge extraction. Overall,
these results verify that MACI additive reduces charge transport
loss and enhances charge extraction.

All-perovskite tandem photovoltaics via VAG route

We fabricated all-perovskite tandem solar cells using an opti-
mized VAG method for both NBG and WBG sub-cells. The
monolithic tandem architecture features a layer stack of glass/
ITO, nickel oxide (NiO,)/self-assembled monolayer (SAM)/WBG
perovskite/passivation layers/Ceo/atomic layer deposition (ALD)-
SnO,/ITO/PEDOT : PSS/NBG perovskite/Ceo/BCP/Ag (Fig. 5a). The
best-performing APTSC achieves a PCE of 27.5%, with a V¢ of
2.10 V, Jsc of 15.6 mA cm™ >, FF of 84%, and a stabilized PCE of
27.1% (Fig. 5b). The high performance of the tandem devices
benefits from the optimized VAG processing of NBG and WBG
sub-cells. The single junction WBG device achieve a champion
PCE of 21.0% with a Vo of 1.36 V, Jsc of 18.7 mA cm 2, and FF of
83%, with negligible hysteresis (Fig. S21). The external quantum
efficiency (EQE) measurement indicates integrated Jsc values of
15.4 mA cm™ 2 and 15.9 mA cm ™~ for the WBG and NBG sub-cells,
respectively (Fig. 5¢), suggesting minimal current mismatch in
the tandem architecture. We evaluate the operational stability of
the non-encapsulated APTSC in the N,-filled glovebox. The device
retains initial PCE after 346 h of MPP tracking under the
continuous illumination (Fig. 5d).

Conclusion

In summary, we investigate the crystallization dynamics of NBG
perovskites fabricated using a VAG method during the vacuum-
quenching and annealing steps using in situ PL measurements,
combined with SEM and XRD analysis. Our results confirm that
the incorporation of MACI facilitates crystal growth during the
vacuum-quenching step (enhanced competition of crystal
growth) and extends crystal growth during the subsequent
annealing step (retarded secondary crystallization). The result-
ing perovskite films with MACI additive exhibit significantly
larger grain sizes, improved surface uniformity, enhanced
crystallinity, and increased thickness compared to films without

© 2026 The Author(s). Published by the Royal Society of Chemistry
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the additive. MACI has been shown to minimize charge trans-
port loss and enhance charge extraction. With optimized MACI
concentration, we achieved PCEs of 20.5% in SC devices and
19.1% in fully scalable devices. A PCE of 27.5% is achieved for
APTSCs through the implementation of an anti-solvent-free
VAG method. Overall, our study provides a better under-
standing and guidance for further improvements in the scalable
fabrication of perovskite tandem photovoltaics.
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