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ABSTRACT 

Fully vacuum-evaporated perovskite solar cells (PSCs) offer a solvent-free, scalable platform for indoor photovoltaics, yet 
performance is often limited by incomplete phase conversion and high defect densities. Here, we report a sequential vacuum- 
evaporation strategy that enables the formation of high-quality perovskite absorbers specifically optimized for low-intensity 
indoor light harvesting. By co-evaporating PbI2 with a controlled fraction of PbCl2 , the dense stacking characteristic of thermally 
deposited PbI2 is effectively disrupted, promoting homogeneous organic–inorganic interdiffusion and near-complete perovskite 
phase conversion. Additionally, a thin CsI interlayer introduced prior to thermal annealing stabilizes the photoactive phase 
and suppresses defect formation at both the bulk and interfacial levels. Consequently, the optimized fully evaporated PSCs 
deliver record indoor power conversion efficiencies of 41.60% at 900 lux and 41.22% at 300 lux under TL84 illumination. 
Transient photovoltage and photocurrent analyses reveal prolonged carrier lifetimes and accelerated charge extraction, indicative 
of substantially reduced nonradiative recombination. Importantly, the devices exhibit markedly enhanced operational stability 
and enable a perovskite mini module (3.9 cm2 ), achieving over 38% efficiency at 900 lux under indoor lighting. Collectively, this 
work establishes a practical and industrially compatible pathway toward high-performance, scalable, fully evaporated perovskite 
photovoltaics, advancing their deployment in next-generation self-powered indoor electronic systems. 
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 Introduction 

he rapid development of Internet of Things (IoT) devices, driven
y advancements in fifth-generation (5G) communication and
ireless sensing technologies [ 1, 2 ]. IoT has led to an exponential
ncrease in the number of autonomous sensor nodes deployed in
mart homes, industrial monitoring, environmental tracking, and
ogistics management. Until now, the widespread adoption of IoT
evices has been hindered by reliance on conventional batteries,
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which introduce issues such as large maintenance demand,
limited lifetime, bulky form factor, and environmental concerns
associated with chemical waste [ 3, 4 ]. As IoT ecosystems continue
to scale toward billions of interconnected devices, powering them
sustainably becomes a critical challenge. To overcome this bot-
tleneck, self-powered IoT systems capable of harvesting ambient
environmental energy have emerged as a promising pathway
to enable long-term, maintenance-free operation [ 5 ]. Among
various self-powered approaches, ambient light harvesting using
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hotovoltaic (PV) cells has gained significant attention because
ndoor illumination (typically 0.01–10 mW cm− 2 ) is consistently
vailable in most IoT environments [ 6 ]. Photovoltaic-powered
ensors can thus operate continuously by converting weak indoor
ight or diffuse low-intensity solar irradiation into electrical
nergy for sensing, processing, and wireless transmission. While
rystalline-silicon solar cells dominate outdoor PV markets,
heir performance under low-light conditions deteriorates signif-
cantly because of their low absorption coefficient and increased
arasitic losses, making them less suitable for indoor energy
arvesting [ 7, 8 ]. 

n recent years, several emerging photovoltaic technologies have
een explored for indoor energy harvesting, including amor-
hous silicon, organic photovoltaics, colloidal quantum dots,
erovskite solar cells (PSCs), and dye-sensitized solar cells [ 9–13 ].
mong these, PSCs have quickly become the most commercially
romising candidate for indoor energy harvesting due to their
igh absorption coefficient, excellent defect tolerance, tunable
andgap, and strong compatibility with low-cost and scalable
anufacturing. Remarkably, indoor PSCs have achieved power
onversion efficiency (PCE) exceeding 40% under 1000 lux
f light-emitting diode (LED) illumination, outperforming all
ther PV technologies. [ 14 ] Although most high-efficiency PSCs
re fabricated using one-step solution-based coating processes,
acuum-based thermal evaporation offers several key advantages
or large-scale production, including solvent-free deposition,
uperior film uniformity, precise stoichiometric control, high
eproducibility, and strong compatibility with existing industrial
anufacturing infrastructure [ 15, 16 ]. These advantages make
ully evaporated PSCs architectures particularly attractive for
igh-throughput manufacturing of ambient-light photovoltaic
odules. Several vacuum-based deposition strategies have been
eported, such as single-source evaporation [ 17–19 ], sequential
vaporation [ 20–22 ], and co-evaporation [ 23, 24 ]. Co-evaporation
rovides exceptional film uniformity and phase control, but using
ultiple precursors (e.g., Formamidinium iodide, PbI2 , Cs salts)
resents practical challenges due to differing vapor pressures and
ate-control requirements. Sequential evaporation is expected
o mitigate these issues; however, despite the technological
otential, only one publication reports an indoor PSC fabricated
ntirely by vacuum evaporation, achieving 30.25% under 1000 lx
ED illumination [ 25 ]. This lack highlights how underdeveloped
ully-evaporated indoor PSCs currently are. 

urrently, the widely studied high-efficiency PSCs for outdoor
pplications primarily concentrate on perovskite compositions
ith a bandgap of 1.5–1.6 eV. Despite rapid progress, indoor PSCs
ace different challenges from outdoor photovoltaics because the
llumination spectrum and intensity differ drastically between
unlight and indoor LEDs [ 26–28 ]. Under low-photon-flux condi-
ions, carrier generation, recombination pathways, and interfacial
echanisms fundamentally change. Recent studies demon-
trated that factors such as perovskite thickness, defect density,
nd interfacial recombination play a significantly amplified role
nder indoor light [ 29–31 ]. In particular, defect-induced non-
adiative recombination becomes more detrimental at low light,
here intrinsic carrier concentrations are limited and trap-
ssisted recombination dominates. These studies collectively
ighlight the influence of light sources and key factors affecting
olar cell performance under different light intensities. Moreover,
of 10
many reported indoor PSCs achieve > 40% PCE at 1000 lx but
experience a significant performance drop below 500 lx, indicat-
ing that conventional passivation strategies optimized for 1-sun
performance are insufficient for low-intensity environments [ 27,
32 ]. These results highlight the urgency of developing defect-
suppression and interface- engineering strategies specif ically tai-
lored for indoor photovoltaics. 

In this work, we address these challenges by developing a
vacuum-evaporated sequential deposition method to fabricate
high-quality perovskite active layers suitable for indoor photo-
voltaics. By precisely tuning the lead-halide ratio during the
initial vapor-deposited layer, we facilitate complete perovskite
phase conversion during the subsequent FAI reaction. Further-
more, controlled incorporation of CsI before the phase transition
effectively suppresses interfacial defects and mitigates non-
radiative recombination losses, which is factors that are especially
detrimental under indoor light. As a result, the defect-passivated,
fully-evaporated PSCs achieve outstanding indoor PCEs of 41.60%
at 900 lx TL84 (263.63 µW cm− 2 ) and 41.22% at 300 lx TL84
(90.45 µW cm− 2 ). Furthermore, a large-area perovskite module
with an active area of 3.9 cm2 achieves a PCE exceeding 38% under
900 lx TL84 illumination. These results represent, to the best
of our knowledge, the highest reported performances for fully
evaporated indoor PSCs to date. 

2 Results and Discussion 

For the sequential deposition of inorganic and organic hybrid
perovskites, the inorganic compound and organic components
can be deposited separately to form evaporated thin films. For
the inorganic layers prepared by thermal evaporation, many
studies report that the resulting PbI2 films exhibit a highly dense
morphology. This density often hinders the penetration of organic
precursors into the PbI2 layer, thereby limiting the complete
conversion of the perovskite phase [ 33–35 ]. To disrupt the ordered
stacking of PbI2 , the introduction of a hetero-source such as PbCl2 
can be effective. Owing to the smaller ionic radius of chloride
ions compared to iodide ions, the incorporation of PbCl2 disturbs
the regular stacking of PbI2 lattice. Accordingly, PbCl2 was co-
evaporated with PbI2 during the inorganic layer deposition. The
deposition conditions were defined by a fixed PbI2 deposition
rate of 3 Å s− 1 , accompanied by PbCl2 rates of 0, 0.25, 0.5,
and 0.75 Å s− 1 , denoted as pure PbI2 , low- Cl, medium- Cl, and
high-Cl conditions, respectively. Figure 1a represents top-view
scanning electron microscopy (SEM) images of PbI2 film with
and without PbCl2 incorporation. The pristine PbI2 film exhibits
a compact morphology with small, needle-like crystallites. Upon
incorporation of PbCl2 at deposition rates of 0.25 and 0.5
Å s− 1 , the needle-like crystal features become more obvious and
distinguishable. When the PbCl2 deposition rate increased to
0.75 Å s− 1 , the film morphology transforms into a distinctive
petal-like structure. This observation suggests that the PbCl2 
becomes dominant in the mixed PbI2 -PbCl2 crystal stacking at
high chlorine content. Figure 1b shows the element composition
of iodine and chlorine ratio by the energy-dispersive X-ray
spectroscopy (EDS). The pristine PbI2 film contains only iodine,
while the low-Cl and medium-Cl films exhibit I/Cl ratios of 89:11
and 78:22, respectively. In contrast, the high-Cl sample with petal-
like morphology represents an I/Cl ratio of 63:37. This indicates
Small Methods, 2026



FIGURE 1 (a) Top-view SEM images of thermally evaporated PbI2 films with different PbCl2 co-evaporation rates: pure PbI2 , low-Cl, medium- 
Cl, and high-Cl. (b) I and Cl compositions measured by EDS. (c) Surface roughness of PbI2 films with increasing PbCl2 content, extracted from AFM 

measurements. 

FIGURE 2 Top-view SEM images of perovskite films derived from inorganic precursor layers with different PbCl2 contents: (a,b) pure PbI2 -based 
perovskite, (c,d) low-Cl perovskite, (e,f) medium-Cl perovskite, and (g,h) high-Cl perovskite. Low- and high-magnification images are shown in the top 
and bottom rows, respectively. 
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hat a chlorine content of approximately 37% significantly alters
he crystal growth behavior of the inorganic layer. Atomic force
icroscopy (AFM) images and the corresponding surface rough-
ess values (Figure S1 , Figure 1c ) reveal that surface roughness
ncreases with increasing PbCl2 content. This trend confirms that
he incorporation of hetero PbCl2 effectively disrupts the dense
tacking of PbI2 layer. The transformation changes the originally
ompact surface into a roughened morphology, which facilitates
he vapor-phase diffusion of organic precursors and promotes
omplete perovskite phase conversion 

e hypothesized that an increased surface roughness of the
norganic precursor film would facilitate the diffusion of organic
pecies. This improved diffusion is expected to promote a more
omplete solid-state reaction and perovskite phase conversion.
o evaluate this hypothesis, SEM was employed to examine
mall Methods, 2026
perovskite films fabricated from inorganic layers with differ-
ent PbCl2 incorporation ratios, as shown in Figure 2 . SEM
images were collected at magnifications of 5000 ×, 25000 ×, and
50000 × for each condition. For perovskite films derived from
pristine PbI2 , the morphology at 5000 × magnification exhibits
randomly distributed bright regions. High-magnification SEM
images reveal distinct morphological heterogeneity at the domain
boundaries. In these regions, dense areas of fine crystallites
coexist with adjacent areas of larger grains and voids, indicating
nonuniform phase conversion. In the low-Cl condition, the
resulting perovskite film still exhibits small domain distributions.
However, high-magnification SEM images reveal a relatively
compact surface within individual domains. In contrast, the
medium-Cl film shows a uniform and continuous surface already
at 5000 × magnification, and the compact crystal arrangement
is maintained even at higher magnifications. Although the
3 of 10



FIGURE 3 Cross-sectional SEM images of perovskite films prepared from (a) PbI2 and (b) PbI2 :PbCl2 inorganic precursors. (c) SCLC characteristics 
of hole-only devices based on the corresponding perovskite films. 
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4

igh-Cl film exhibits a generally uniform morphology, localized
right agglomerates are observed at smaller length scales. The
DS analysis in Figure S2 shows that these regions have a
ower nitrogen (N) ratio than the surrounding crystals. This
bservation suggests that excessive PbCl2 incorporation intro-
uces competition during the ion-exchange process with PbI2
uring the perovskite phase transition, leading to compositional
nhomogeneity. Figure S3 presents the EDS analysis of elemental
atios for perovskite films prepared from different Cl-containing
norganic precursor films. For all conditions, the chloride content
n the final perovskite films decreases to nearly negligible levels.
his observation suggests that Cl− ions are initially introduced
o disrupt the stacking of PbI2 ; however, during the annealing
rocess, they are gradually substituted by I− ions and subse-
uently removed as volatile species [ 36, 37 ]. When the PbCl2
ontent becomes excessive, the crystallization of the perovskite
hase is perturbed, leading to incomplete or nonuniform phase
ransformation. Consequently, the incorporation of too much
bCl2 results in morphological degradation of the perovskite
ilms. Based on these structural and morphological analyses, the
eposition condition with a PbI2 /PbCl2 rate of 3/0.5 Å s− 1 is
dentified as the optimal composition for achieving uniform and
igh-quality perovskite films. 

ross-section SEM was employed to investigate the vertical
orphology of perovskite films, as shown in Figure 3a . The per-
vskite film fabricated from the pristine PbI2 film exhibits a large
umber of voids near the bottom interface, indicating incomplete
erovskite conversion. By contrast, incorporation of PbCl2 into
he PbI2 film results in a perovskite film with a dense and
niform morphology at the hole-transporting layer/perovskite
nterface. The improved vertical homogeneity indicates a more
omplete phase conversion throughout the absorber layer, which
s attributed to the disrupted inorganic precursor packing induced
y PbCl2 incorporation. Figure 3b presents the space-charge-
imited current (SCLC) measurements used to quantify the
ulk defect density of perovskite films prepared from different
norganic precursors. The defect density was extracted using
he standard SCLC model and fitting procedure reported in
revious studies [ 38 ]. The perovskite film derived from pristine
bI2 exhibits a higher bulk defect density of 9.16 ×1016 cm− 3 .
of 10
In comparison, incorporation of PbCl2 significantly reduces the
defect density to 2.94 × 1016 cm− 3 , confirming that improved
and complete perovskite phase conversion plays a crucial role in
suppressing defect formation within the perovskite layer. 

Compared with outdoor sunlight, indoor light sources such as
fluorescent lamps and light-emitting diodes (LEDs) emit predom-
inantly within the visible region (400–700 nm) with intensities
nearly three orders of magnitude lower than 1-sun conditions
[ 39 ]. At these low intensities, photovoltaic devices are highly
sensitive to losses from Shockley–Read–Hall (SRH) trap-assisted
recombination. The low photon flux generates fewer charge
carriers, leaving many defect states unoccupied and active as
recombination centers, especially at interfaces [ 40, 41 ]. Effective
defect suppression is the key to achieving high-efficiency indoor
perovskite solar cells. Besides controlling defects, phase stability
is also critical. In FA-based perovskites, the photoactive α-phase
is metastable and tends to transform into the non-photoactive
δ-phase during prolonged storage, driven by the unfavorable
tolerance factor associated with the large FA+ cation. This
phase instability not only degrades light absorption but also
introduces additional structural defects that further exacerbate
nonradiative recombination under low-intensity illumination.
Here, CsI was incorporated by depositing a CsI interlayer on top
of the PbI2 :PbCl2 /FAI precursor stack prior to thermal annealing,
as illustrated in Figure 4a . Figure 4b presents the absorption
spectra of perovskite films with varying CsI thicknesses. After
annealing, the initially stacked precursor layers interdiffusion
and convert into the perovskite phase. The pristine film exhibits
a bandgap of 1.51 eV, consistent with α-FAPbI3 . Increasing the
CsI thickness to 10, 20, and 30 nm results in gradual bandgap
widening to 1.52, 1.53, and 1.53 eV, respectively, indicating success-
ful incorporation of Cs into the perovskite lattice. Top-view SEM
images (Figure 4c ) were used to examine the surface morphology
evolution. The pristine and CsI-modified films with 10 and 20 nm
CsI exhibit similar compact and uniform surfaces. In contrast,
the film incorporating 30 nm CsI displays noticeable surface
precipitates, indicating the onset of phase separation induced by
excessive Cs incorporation during thermal annealing. As shown
in Figure S4 , distinct regions with different crystal morphologies
are clearly observed. Elemental analysis indicates that the bright,
Small Methods, 2026



FIGURE 4 (a) Device architecture and CsI-assisted sequential deposition process. (b) Tauc plots of perovskite films with varying CsI thicknesses. 
(c) Top-view SEM images of corresponding perovskite films. 
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S

eedle-like crystals contain 21.08% nitrogen (N) and only 0.52%
esium (Cs). In comparison, the standard perovskite crystals
xhibit a higher Cs content (2.11%) and a lower N ratio (16.81%),
uggesting inconsistent incorporation of Cs into the perovskite
attice. These results indicate that excessive CsI thickness disrupts
ompositional uniformity and triggers phase separation within
he perovskite film. 

o evaluate the impact of CsI incorporation on fully evaporated
SCs, we employed TL84 fluorescent illumination as a stan-
ardized indoor light source representing typical commercial
ffice environments. Ambient-light illuminance can be broadly
lassified into four categories: high-contrast tasks (750–1000 lx),
eading tasks (420–750 lx), basic visual tasks (200–420 lx),
nd low-level illumination ( < 200 lx) [ 42 ]. Accordingly, three
epresentative illumination intensities, 900, 600, and 300 lx, were
elected for device evaluation. Figure 5a shows the emission
pectrum of the TL84 light source, featuring characteristic peaks
t 434, 544, and 612 nm. The corresponding power densities at
00, 600, and 300 lx are 263.63, 177.57, and 90.45 µW cm− 2 , respec-
ively. Importantly, no spectral shift is observed with varying
llumination intensity, ensuring consistent spectral conditions
or reliable performance comparison. Devices fabricated using
erovskite layers with different CsI thicknesses were charac-
erized under TL84 illumination, and the corresponding J-V
urves and performance parameters are summarized in Table 1
nd Figure 5b . For the pristine one, the fully evaporated PSC
xhibits a PCE of 13.07%, an open-circuit voltage ( Voc ) of 0.755 V,
 short-circuit current density ( Jsc ) of 91.26 µA cm− 2 , and a
ill factor (FF) of 50.02% under 900 lx. Upon reducing the
llumination intensity to 600 and 300 lx, the PCE decreases
o 11.32% and 4.55%, respectively, primarily due to pronounced
osses in Voc and FF. In comparison, PSCs based on perovskite
ilms incorporating 10 nm CsI exhibit substantially improved
mall Methods, 2026
performance, achieving a PCE of 39.82% under 900 lx, with a
Voc of 0.776 V, a Jsc of 185.61 µA cm− 2 , FF of 73.33%. When
the illumination intensity decreases to 600 and 300 lx, the
PCE remains relatively high at 30.07% and 24.07%, respectively.
Further optimization is achieved with 20 nm CsI incorporation,
yielding the highest PCE of 41.60% under 900 lx, along with a Voc 
of 0.811 V, a Jsc of 180.77 µA cm− 2 , FF of 75.85%. Notably, this device
maintains remarkably stable efficiencies of 41.57% and 41.22%
under 600 and 300 lx illumination, respectively. These results
demonstrate that CsI-mediated defect passivation and phase
stabilization significantly enhance the crystallinity and electronic
quality of FA-based perovskite films, effectively suppressing
defect-induced recombination under low-light conditions. Con-
sequently, a CsI thickness of 20 nm is identified as the optimal
condition for fully evaporated perovskite films tailored for
ambient-light harvesting applications. Figure S5 presents the
external quantum efficiency (EQE) spectra and the corresponding
integrated Jsc for the optimized PSCs. Utilizing the TL84 900 lx
spectrum (illustrated in Figure 5a ), the EQE data was integrated
to yield a calculated Jsc of 187.04 µA cm− 2 . This result shows excel-
lent consistency with the experimentally measured Jsc value of
180.77 µA cm− 2 listed in Table 1 . 

To probe the effect of CsI incorporation on charge-carrier
dynamics in fully evaporated PSCs, TPV and TPC measurements
were performed. As shown in Figure 6a , TPV measurements
under open-circuit conditions reveal that introducing 20 nm CsI
prolongs the carrier lifetime from 3.45 to 4.21 ms, indicating sup-
pressed nonradiative recombination [ 43, 44 ]. This enhancement
is attributed to reduced lattice strain and effective defect passiva-
tion, which are particularly critical under low-intensity ambient
illumination. TPC measurements further demonstrate improved
charge extraction behavior. As summarized in Figure 6b and
Table S1 , the carrier extraction time decreases from 0.80 to 0.71 µs
5 of 10



FIGURE 5 (a) TL84 emission spectra at 900, 600, and 300 lx. (b) J–V curves of fully evaporated perovskite solar cells with varying CsI thicknesses 
measured under TL84 illumination. 

TABLE 1 Device performance of fully evaporated perovskite solar cells with varying CsI thicknesses measured under TL84 illumination. 

Condition 

Light intensity 

Voc (V) Jsc ( µA cm− 2 ) FF (%) PCE (%) (lx) ( µW cm− 2 ) 

Pristine 900 263.63 0.755 91.26 50.02 13.07 
600 177.57 0.713 59.41 47.45 11.32 
300 90.45 0.412 27.60 36.15 4.55 

10 nm CsI 900 263.63 0.776 185.61 73.33 39.82 
600 177.57 0.746 115.43 61.99 30.07 
300 90.45 0.704 58.45 52.90 24.07 

20 nm CsI 900 263.63 0.811 180.77 75.85 41.60 
600 177.57 0.802 125.60 74.82 41.57 
300 90.45 0.764 68.11 73.58 41.22 

30 nm CsI 900 263.63 0.783 186.22 74.31 41.08 
600 177.57 0.761 122.95 74.77 39.40 
300 90.45 0.735 66.45 71.52 38.61 
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pon incorporation of 20 nm CsI layer, indicating more efficient
harge extraction and suppressed deep-trap-assisted recombina-
ion. To further evaluate the reduction in non-radiative losses,
e measured the photoluminescence quantum yield (PLQY)
f the perovskite films and converted the results into quasi-
ermi level splitting (QFLS) values. QFLS serves as a quantitative
etric that reflects the total non-radiative recombination losses
riginating from both the perovskite bulk and interfacial regions
 45, 46 ]. As shown in Figure S6 , the PLQY mapping of perovskite
ilms with different structures reveals distinct differences in film
uality. The control film prepared from pure PbI2 exhibits a
of 10
non-uniform PLQY distribution, indicating a high density of
localized defects and inhomogeneous crystallization. In contrast,
incorporating PbCl2 significantly enhances PLQY and produces
a more spatially uniform emission profile, suggesting reduced
defect density and improved crystallization uniformity. This
improvement is further quantified through QFLS analysis (Figure
S7 ). The QFLS increases from 0.979 to 1.022 eV after introducing
PbCl2 , indicating reduced non-radiative recombination losses.
With the additional incorporation of CsI, the QFLS further
increases to 1.044 eV. This enhancement can be attributed to the
dual role of Cs+ ions, which stabilize the perovskite lattice and
Small Methods, 2026



FIGURE 6 (a) TPV and (b) TPC decay of fully evaporated perovskite solar cells with different CsI thicknesses. (c) Operational stability under 
ISOS-L-1 conditions. (d) J–V characteristics of a 3.9 cm2 perovskite module measured under 900 lx TL84 illumination. 
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itigate surface cation vacancies. Overall, these results demon-
trate the complementary roles of PbCl2 and CsI in suppressing
on-radiative recombination by improving both bulk crystallinity
nd interfacial electronic quality. The strong light power also can
ccelerate the defect-induced degradation. Operational stability
as evaluated under ISOS-L-1 conditions (100 mW cm− 2 , 25◦C,
5% relative humidity), as shown in Figure 6c [ 47 ]. Devices
ncorporating 20 nm CsI retain 83% of their initial efficiency
fter 543 h of continuous illumination, whereas control devices
ithout CsI exhibit a T80 lifetime of only 53 h, highlighting the
ritical role of CsI-mediated defect management in enhancing
ong-term stability. Figures S8 and S9 illustrate the batch-to-
atch reproducibility and thickness uniformity of the evaporated
erovskite films, respectively. The high consistency observed
cross multiple fabrication cycles highlights the stability and
calability of the thermal evaporation process. Furthermore, a
erovskite mini-module with an active area of 3.9 cm2 achieves
 power conversion efficiency exceeding 38% under 900 lx TL84
llumination, as shown in Figure 6d . These results represent, to
he best of our knowledge, the highest reported performances for
ully evaporated indoor PSCs to date. 

 Conclusion 

n conclusion, we establish a fully vacuum-processed perovskite
hotovoltaic platform specifically optimized for indoor energy
arvesting. Through the synergistic integration of PbCl2 -assisted
mall Methods, 2026
inorganic precursor engineering and CsI-mediated phase sta-
bilization, uniform perovskite crystallization is achieved along-
side suppressed defect formation and improved charge-carrier
dynamics. This vacuum-evaporation strategy delivers state-of-
the-art indoor power conversion efficiencies exceeding 41%,
while simultaneously enabling enhanced operational stability
and scalable mini-module fabrication. Collectively, this work
presents a practical and industrially viable methodology for
realizing high-performance, fully evaporated perovskite photo-
voltaics, advancing their deployment in self-powered indoor and
Internet-of-Things applications. 

4 Experimental Procedure 

4.1 Materials 

2,2 ′ ,7,7 ′ -Tetra(N,N-di-p-tolyl)amino-9,9-spirobifluorene (Spiro-
TB, 99%) was obtained from Tetrahedron Technology. Perovskite
Precursors and other components were sourced from several
suppliers. Thermo Scientific Chemicals provided the inorganic
precursors, including lead iodide (PbI2 , 99.9985% metal basis),
lead chloride (PbCl2 , 99%), and cesium iodide (CsI, 99.999%
metals basis). Formamidinium iodide (FAI, > 99.99%) was
purchased from Greatcell Solar. Fullerene (C60 ) was supplied
by 1-Material. 2,9-Dimethyl-4,7-diphenyl-1,10-phenanthroline
(BCP) was purchased from Shine Materials. All chemicals were
used as received without further purification. 
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.2 Device Fabrication for Perovskite Solar Cells 

ndium-Tin oxide coated glass substrates (ITO, 15 Ω per sq, Lumi-
escence Technology) were sequentially cleaned by ultrasonic
reatment and then transferred into a thermal evaporation system
Syskey Technology). The chamber pressure below 1 × 10− 6 torr
as achieved prior to deposition. Spiro-TTB (3 nm) was first
eposited as the hole-transporting layer at a rate of 0.2 Å s− 1 . The
norganic perovskite precursor layer (175 nm) was then thermally
vaporated at a PbI2 deposition rate of 3 Å s− 1 , with PbCl2
o-evaporated at controlled rates as specified. Subsequently, a
00 nm FAI layer was deposited at 1 Å s− 1 , followed by deposition
f CsI with varying thicknesses at a rate of 0.5 Å s− 1 . The as-
eposited f ilms were thermally annealed at 135◦C for 30 min
n ambient air to complete the perovskite phase conversion,
uring which the films turned dark brown. Electron-transport
ayers and electrodes were deposited sequentially by thermal
vaporation, consisting of C60 (20 nm, 0.2 Å s− 1 )/BCP (7 nm,
.2 Å s− 1 )/Ag (150 nm, 3 Å s− 1 ) multilayer structure. Film
hicknesses were measured by using a profilometer (Bruker,
ektakXT). The device active area was defined as 4 mm2 . The
ompleted devices were encapsulated under an inert nitrogen-
illed glovebox (O2 < 0.1 ppm; H2 O < 0.1 ppm) to preclude air
ngress. The sealing process utilized a glass-to-glass encapsulation
echnique with EXC345 (Everwide Chemical Corporation), a
V-curable epoxy resin. 

.3 Characterization 

hotovoltaic performance under indoor illumination was evalu-
ted using TL84 fluorescent light sources, with current–voltage
 I–V ) characteristics recorded using a source meter (Keithley
410) integrated within a calibrated measurement system at
he Industrial Technology Research Institute (ITRI). The sys-
em was designed with blackened internal walls to suppress
eflections of stray light and ensure uniform illumination con-
itions. Prior to the I–V measurements, both the luminance
nd irradiance of the light source were carefully calibrated
sing a lux meter (TES, model 1332A) and a spectroradiome-
er (Optimum Optoelectronics Corp., SRI-2000). To ensure
easurement accuracy, the sample height was fixed to align
ith the focal plane of the spectroradiometer, which was
ositioned at the center of the measurement system. Dur-
ng the measurements, the indoor illumination intensity was
aintained at a constant lux level, while the corresponding
rradiance was precisely adjusted to match the targeted calibra-
ion values. External quantum efficiency (EQE) spectra were
btained using a QE measurement system (Enlitech QE-R)
perated in AC mode and calibrated with a silicon reference
hotodiode (Hamamatsu S1337). Photostability tests were per-
ormed under continuous illumination equivalent to AM 1.5G
-sun intensity using a white LED source (LSH-7320, New-
ort). X-ray diffraction (XRD) patterns were recorded with a
iffractometer (D2 PHASER, Bruker). Surface morphology was
haracterized using atomic force microscopy (AFM, Bruker
nnova). Transient photovoltage (TPV) and transient photocur-
ent (TPC) measurements were conducted using an all-in-one
ystem (Paios, Fluxim AG). Top-view and Cross-sectional mor-
hologies were examined by field-emission scanning electron
icroscopy (FESEM, Hitachi SU8010). The characterization of
of 10
photoluminescence quantum yield (PLQY) and quasi-Fermi level
splitting (QFLS) was conducted by QFLS-Maper (Enli Technology
Co., Ltd). 

4.4 Module Fabrication 

Perovskite solar modules were fabricated on 4 cm × 4 cm fluorine-
doped tin oxide (FTO) glass substrates. The module design
consisted of five sub-cells connected in series through P1–P2–
P3 laser interconnections. Initially, the FTO layer was patterned
using a 532 nm laser to define the P1 lines, with a spacing of 0.3 cm
between adjacent lines. After deposition of the functional layers,
P2 lines were formed by laser scribing to expose the underlying
FTO. A 150 nm Ag electrode was then thermally evaporated,
followed by laser scribing of the P3 lines. The distance between
the P1 and P3 lines was approximately 200 µm, resulting in a
geometric factor (GFF) of 94%. 
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