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Completely annealing-free flexible
Perovskite quantum dot solar cells
employing UV-sintered Ga-doped SnO2
electron transport layers

Check for updates

Wooyeon Kim 1,5, Jigeon Kim1,5, Dayoung Kim1, Bonkee Koo 1, Subin Yu1, Yuelong Li2,
Younghoon Kim3 & Min Jae Ko 1,4

The electron transport layer (ETL) is a critical component in perovskite quantum dot (PQD) solar cells,
significantly impacting their photovoltaic performance and stability. Low-temperature ETL deposition
methods are especially desirable for fabricating flexible solar cells on polymer substrates. Herein, we
propose a room-temperature-processed tin oxide (SnO2) ETL preparation method for flexible PQD
solar cells. The process involves synthesizing highly crystalline SnO2 nanocrystals stabilized with
organic ligands, spin-coating their dispersion, followed by UV irradiation. The energy level of SnO2 is
controlled by doping gallium ions to reduce the energy level mismatch with the PQD. The proposed
ETL-based CsPbI3-PQD solar cell achieves a power conversion efficiency (PCE) of 12.70%, the
highest PCE among reported flexible quantum dot solar cells, maintaining 94% of the initial PCE after
500 bending tests. Consequently, we demonstrate that a systemically designed ETL enhances the
photovoltaic performance and mechanical stability of flexible optoelectronic devices.

Perovskite quantum dots (PQDs) have shown remarkable potential for
application in optoelectronic devices, such as photodetectors1,2, light-
emitting diodes3,4, and solar cells5–7, due to their extraordinary photo-
electrical properties. Among the PQDs, CsPbI3-PQD has emerged as a
promisingmaterial for next-generation solar cells, because of its appropriate
band-gap energy (~1.73 eV), making it suitable for single- and multi-
junction solar cells8–10. Accordingly, intensive and extensive studies have
been conducted to harness CsPbI3-PQD for photovoltaic applications, with
results indicating a power conversion efficiency (PCE) exceeding 16%11,12.
These achievements have been realized through optimization strategies
such as ligand engineering and additive engineering13,14. A distinct advan-
tage of CsPbI3-PQD is its ability to be easily deposited on any substrate at
desired nanoscale thicknesses using a layer-by-layer (LBL) method at room
temperature15–17. Such a facile and low-temperature process facilitates the
fabrication of devices even on lightweight and flexible polymer-based sub-
strates. It has recently been demonstrated that a flexible solar cell employing

CsPbI3-PQDas a light absorber can achieve the highest PCE among flexible
colloidal quantum dot solar cells18. Moreover, CsPbI3-PQD films are
expected to provide better mechanical stability than bulk perovskite films
owing to their nanoscale grain boundaries and soft surface ligands, thus
underscoring their potential as flexible device components.

The fabrication of CsPbI3-PQD solar cells necessitates the sequential
deposition of layers to construct the device architecture comprising trans-
parent conducting oxide (TCO), an n-type electron transport layer (ETL),
CsPbI3-PQD, a p-type hole transport layer (HTL), and ametal electrode6. In
order to realize flexible photovoltaic devices on plastic substrates, all pro-
cedures must employ a low-temperature process, below 150 °C, compatible
with polymer substrates19–21. Among these, n-typemetal oxides traditionally
used for ETLs necessitate high-temperature thermal annealing to enhance
crystallinity and interparticle connectivity22,23. Specifically, to prepare high-
performance TiO2 and SnO2 ETL, the fabrication process typically neces-
sitates temperatures of 450–550 °C and 180–200 °C, respectively24. The
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primary challenge in fabricating high-performance, flexible CsPbI3-PQD
solar cells lies in the preparation of an ETL capable of forming high-quality
thin films even at low temperatures (<150 °C). A potential solution involves
the use of low-temperature-processable colloidal tin oxide (SnO2) nano-
crystals (SnO2 NP) ETL, which are commonly used in flexible perovskite
solar cells25,26. However, SnO2 NP may not be the ideal ETL because low-
temperature processing is known to induce surface defects and low
crystallinity19,20,27. Additionally, the compatibility of CsPbI3-PQDs with
ETLs, initially designed for bulk perovskite solar cells, may result in energy
levelmismatches. Thus, it becomes imperative to develop a customized ETL
with suitable energy levels that can be prepared at room temperature to
attain high-performance flexible CsPbI3-PQD solar cells. The design of an
ETLspecifically forflexibleCsPbI3-PQDsolar cells canoffer several benefits,
including: (1) improved photovoltaic performance through energy level
control, (2) enhanced device stability by providing an appropriate interface
with the adjacent ETL, and (3) minimized damage to the polymer substrate
through the consistent use of a low-temperature process during the entire
fabrication process.

In this study, we present a SnO2-based ETL using a UV sintering
method designed to fabricate high-performance flexible CsPbI3-PQD
solar cells23. Initially, we synthesized colloidal SnO2 curved nanorods
(SnO2 CNRs), which were capped with oleic acid (OA) and oleyla-
mine (OAm) to ensure quality, dispersibility, and stability28. For the
application of SnO2 CNRs as an ETL, they were dispersed in hexane,
after which the organic ligands were removed at a low temperature
(<50 °C) via UV irradiation following a spin-coating process. We
further managed to control the energy level of SnO2 CNRs by doping
them with gallium ions (Ga3+), thereby reducing the energy level
mismatch with the CsPbI3-PQD. This led to a remarkable enhance-
ment in the PCE of CsPbI3-PQD solar cells, from 10.39 to 15.06%,
with the introduction of Ga3+ doped SnO2 CNRs (Ga:SnO2 CNRs)
when compared that obtained using commercial SnO2 NPs. Even-
tually, we implemented the proposed ETL on a polymer-based flex-
ible substrate, which exhibited the highest PCE, 12.70%, amongst all
reported flexible quantum dot solar cells. Moreover, we affirmed that
flexible CsPbI3-PQD solar cells, utilizing the proposed ETL, main-
tained excellent mechanical performance by retaining 94% of the
initial PCE even after 500 bending cycles with a curvature radius
of 7.5 mm.

Results
Synthesis and characterization ofGa3+ dopedSnO2 nanocrystals
A significant energy level mismatch exists between CsPbI3-PQD absorbers
and SnO2 ETLs, with a conduction band edge (CBE) difference of 0.7 V29.
This large potential loss at the interface can lead to open circuit voltage
(VOC) loss when the generated photoelectrons are transferred to the SnO2

ETL30. Therefore, to enhance the performance of CsPbI3-PQD solar cells, it
is necessary to regulate the energy level of the ETL. Previous studies suggest
that the energy level shifts upward toward the vacuumdirectionwhen SnO2

is doped with trivalent metal atoms31–35. This shift is attributed to the role of
trivalent metal atoms, acting as shallow acceptors upon substituting Sn
atoms within SnO2. Experimental results and density functional theory
calculations have validated this finding. Among the trivalent metal ions,
Ga3+ is believed to substitute Sn4+ easily with minimal lattice distortion,
given that the radius of Ga3+ (0.62 Å) closely matches that of Sn4+ (0.71 Å).
To empirically demonstrate the impact of Ga3+ doping on SnO2, we
introduced a synthetic method that allows for the uniform control of the
doping ions within a simple solution system28. The long-chain organic
ligands (OA and OAm), which function as surface stabilizers for colloidal
dispersion, were eliminated by UV irradiation in the thin film state, as they
can act as an electrical barrier for charge transport. The removal of organic
ligands via UV irradiation was verified by attenuated total
reflectance–Fourier transform infrared (ATR–FTIR) analysis (Supple-
mentary Fig. 1).To evaluate the effectiveness ofUV irradiation in removal of
organic ligands, we performed ATR–FTIR measurements while varying

both UV power and irradiation time. These results revealed that the peaks
associated with hydrocarbon vibrations in the SnO2 CNR film disappeared
after ~20min at 500W power and around 30min at 250W power.

We carried out Atomic Force Microscopy (AFM) analysis to compare
the uniformity of the SnO2 CNR film both before and after exposure to UV
irradiation (Supplementary Fig. 2a). FollowingUV irradiation, we observed
an improved film uniformity without the presence of nanopores or film
shrinkage. Additionally, the X-ray diffraction (XRD) results after UV irra-
diation indicated a decrease in the intensity of the (101) plane relative to the
(110) plane (Supplementary Fig. 2b). According to our previous research,
UV-generated hydroxyl radicals decompose organic ligands capping the
nanocrystals into gaseous components (H2O and CO2)

23. Simultaneously,
the reduction in film roughness primarily arises from the detachment of
organic ligands from the (101) plane, resulting in their spontaneous coa-
lescence onto this plane.

To evaluate the defect densities (Nt) of SnO2CNRsbefore and afterUV
irradiation, we conducted space-charge-limited current (SCLC) measure-
ments using the structure of ITO/SnO2/CsPbI3-PQD/Phenyl-C61-butyric
acid methyl ester (PCBM)/Au (Supplementary Fig. 3a). No significant
differences were observed in Nt values, indicating that both organic ligands
and theUV irradiation process have a negligible effect on the defect density.
Additionally, the change of defect state of SnO2 CNRs after UV treatment
was investigated by performing photoluminescence (PL) measurements
using a high excitation energywavelength (250 nm, 5.0 eV) (Supplementary
Fig. 3b). These results further confirmed the noticeable change of defect
density did not occur, as indicated by the ~375 nm (3.3 eV) and 430 nm
(2.9 eV) defect PL signals36.

To characterize the synthesized SnO2 CNRs, we compared them with
commercially available SnO2 NPs, which are typically used as an ETL for
lead halide perovskite solar cells. We obtained the morphology of SnO2

nanocrystals using high-resolution transmission electron microscopy (HR-
TEM). The SnO2 CNRs and Ga:SnO2 CNRs displayed a curved nanorod
shape, irrespective of Ga3+ ions doping (Supplementary Fig. 4). These
images unveiled that the diameter of SnO2 CNRs is ~1.5 nm, significantly
smaller than that of SnO2NP (>5 nm).As previously reported, the quantum
size effect resulting from the small diameter (<2.7 nm; Bohr radius) of the
nanocrystals can further increase the transmittance of SnO2 CNRs

23. The
UV–Vis transmittance of each SnO2 film on Glass/indium tin oxide (ITO)
substrates is displayed in Supplementary Fig. 5. The SnO2 CNR and
Ga:SnO2 CNR films exhibited marginally higher transmittance than the
SnO2NPfilm at 350–500 nm, suggesting thatmore near-UV light can reach
the light absorbing layer. Supplementary Fig. 4 shows that the lattice dis-
tance of all SnO2 nanocrystals is ~3.3 Å, arising from the (110) plane of the
rutile structure. As illustrated in Supplementary Fig. 6, XRD patterns of
SnO2 films indicated that all reflection peaks can be indexed to the rutile
SnO2 crystal structure (PDF # 41-1445). These results confirm that all SnO2

nanocrystals possess the same crystal structure, and no unexpected peaks,
such as Ga2O3, were observed. This indicates that Ga ions are incorporated
into the SnO2 lattice

37.
To further characterize the crystal structures of SnO2 films, we

employed grazing-incidence wide-angle X-ray scattering (GIWAXS). As
depicted in Fig. 1a–c, all the SnO2 films exhibit nearly isotropic Bragg rings
at q ≈ 1.85 Å–1, corresponding to the (110) plane of rutile SnO2, and no
unexpected peaks, such as Ga2O3, were observed. However, the high
response of Bragg diffraction dots at q ≈ 0.81 (i), 1.57 (ii), 1.82 (iii), 2.04 (iv),
2.18 (v), and 2.27 Å–1 (vi) in the SnO2 NP film was identified. These dif-
fraction dots can be assigned to the (010), (020), (011), (101), (021), and
(030) reflection of Sn2O3, which is an oxygen (O)-deficient structure of
SnO2 crystals. Additionally, we conducted line profiling by azimuthal angles
across the diffraction dots (Supplementary Fig. 7). These results revealed
that the unwanted crystal structures of Sn2O3 are randomly present in the
SnO2 NP film, irrespective of the out-of-plane (90°) and in-plane (0°)
orientation.

We employed X-ray photoelectron spectroscopy (XPS) to investigate
the chemical composition differences among each SnO2. Figure 1d presents
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two peaks at 1145.2 eV and 1118.2 eV, corresponding to Ga 2p1/2 and Ga
2p3/2 transitions, respectively. We confirmed the effectiveness of our
designed doping strategy by verifying the increasing Ga 2p peak in the XPS
spectra of the products with the rise in Ga3+ concentration in the reactants
(Supplementary Fig. 8). Furthermore, Fig. 1d indicates the tin core levels of
Sn 3d3/2 and Sn 3d5/2, which are observedwith a peak-to-peak separation of
8.4 eV, corresponding to the tin oxidation state38. The binding energy of Sn
3d3/2 for SnO2 CNRs (495.6 eV) and Ga:SnO2 CNR (495.3 eV) becomes
noticeably higherwhen compared to that of SnO2NPs (494.8 eV), implying
enhanced chemical stability of the SnO2

28. Interestingly, Ga:SnO2 CNR
exhibits a relatively lower binding energy of Sn 3d than SnO2 CNR. The
cause of the XPS binding energy shift in heterogeneous MA−O−MB

bonds has been extensively investigated, where Mi represents the metal
species35,39,40. When metal species B is incorporated into the A−O lattice,
the formation of B−Obonds with a higher degree of ionicity enhances the
covalency of the A−O bond compared to its state when only A−O−A
bonds are present. This enhanced covalency results from the redistribution
of the electron cloud toward the B direction through the O bridge. Conse-
quently, the lower ionicity of the A−O bond leads to a decrease in the
binding energy ofA inA−O− B type compared to theA−O−A type. In
our case, the binding energy of Snwas loweredwhenGawas doped into the
SnO2 lattice. This is attributed to the higher ionicity of the Ga−O bond
when compared to the Sn−O bond, which arises from the difference in
electronegativity between Ga and Sn (electronegativity: Sn = 1.96,
Ga = 1.81).

We conducted an XPS analysis of the O 1 s spectrum for each type of
SnO2, as depicted in Fig. 1e. The O signal of SnO2 NP can be deconvoluted
into two sub-spectra centered at 530.15 and 531.70 eV by using the
Lorentzian–Gaussian function. By calculating the area under these sub-
spectra, we can estimate the contribution of lattice O (OL, 69.4%) and O
vacancies (OV, 30.6%)

41–43. We also deconvoluted the O 1 s spectra of SnO2

CNRsandnoted adefinite decrease inOVcompared to SnO2NP.Moreover,
we conducted Raman spectroscopy on each SnO2 sample to identify theOV

within the sample (Supplementary Fig. 9). An OV peak appeared at
~570 cm–1 for SnO2 NP, while it was challenging to identify a distinct peak
for the SnO2 CNRs

24,44. The presence of fewer O vacancies in SnO2 CNRs
when compared to SnO2 NP suggests that the stoichiometry of SnO2 CNRs
is closer to that of stoichiometric SnO2

24,27. Figure 1f presents the HR-TEM
image and schematic of the Ga:SnO2 CNR atomic structure.

Chargetransportproperty fromCsPbI3-PQDtocustomizedSnO2

We prepared SnO2 NP (with 150 °C annealing) and SnO2 CNRs (with UV-
sintering) films to evaluate their effectiveness as ETL. We calculated the
conductivity (σ) of SnO2 films using the Eq. 1.

σ ¼ Id
VA

ð1Þ

Here, I, d, and A denote the current, film thickness, and film area, respec-
tively. The conductivity of both SnO2 CNR (1.82 × 10–3 mS cm–1) and
Ga:SnO2 CNR (1.78 × 10–3 mS cm–1) exhibited higher values compared to
that of SnO2 NP (0.79 × 10–3 mS cm–1). These measurements represent
average values derived from evaluating the current density versus voltage
(J−V) characteristic of ten ITO/SnO2/gold (Au) devices, respectively (Fig.
2a). Furthermore, we investigated the electrical characteristics of the film
surface using conductive atomic force microscopy (C-AFM). The average
conductivities for SnO2 NP, SnO2 CNR, and Ga:SnO2 CNR films were 19
pA, 95 pA, and 87 pA, respectively (Supplementary Fig. 10). Moreover, it is
observed that SnO2 CNR films formed multiple conduction pathways for
the transport of charge carriers, compared to SnO2 NP. The superior con-
ductivity of SnO2 CNR andGa:SnO2 CNR ETL could significantly enhance
the fill factor (FF) of solar cells by minimizing the series resistance45.

Energy levels for each SnO2 film were determined via Kelvin
probe force microscopy (KPFM) and ultraviolet photoelectron
spectroscopy (UPS) measurements. The work functions for SnO2 NP,
SnO2 CNR, and Ga:SnO2 films were established at −4.52, −4.44, and

Fig. 1 | Crystallographic and chemical properties of each SnO2 film.
a−c GIWAXS patterns for SnO2 NP, SnO2 CNR, and Ga:SnO2 CNR films,
respectively. d XPS core level spectra of Ga 2p and Sn 3d for each SnO2 film.

e Deconvoluted XPS O 1 s spectra of each SnO2 film. f HR-TEM image and sche-
matic representation of Ga:SnO2 CNR morphology and chemical structure.
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−4.33 eV, respectively (Supplementary Fig. 11). CsPbI3-PQDs, which
are uniformly sized, were synthesized employing hot-injection syn-
thetic techniques, corroborated by HR-TEM images (Supplementary
Fig. 12). The lattice parameter for CsPbI3-PQDs was determined to
be 6.3 Å, matching the (100) plane of the cubic-phase CsPbI3 per-
ovskite structure46. We dispersed these CsPbI3-PQDs in octane,
subsequently prepared films using the LBL method with the NaOAc
ligand solution. Supplementary Fig. 13 showcases the energy level
diagram for each material. The disparity between the CBE of CsPbI3-
PQD and the Fermi level of ETL decreases in the sequence of SnO2

NP, SnO2 CNR, and Ga:SnO2 CNR. This aligns with previous reports
indicating SnO2 with fewer O vacancies has a Fermi level closer to
the CBE27,47. The Fermi level difference between SnO2 NP and SnO2

CNR would be attributed to the variation in the number of O
vacancies, which act as traps below the CBE48,49. Additionally, we
experimentally confirmed that Ga3+ doping triggers an upward shift
in the energy level of SnO2. Consequently, these results allowed us to
illustrate the energy band diagrams for the configurations of the
CsPbI3-PQD solar cell, as displayed in Fig. 2b. The difference
between electron and hole quasi-Fermi levels would determine the
theoretical maximum VOC of the solar cell device45,50,51. Hence, the
Fermi level of Ga:SnO2 is closer to the CBE of CsPbI3-PQD compared to
others, which potentially can boost VOC. Moreover, the built-in-potential
(Vbi), which is deeply related to VOC in solar cells, was confirmed for each
SnO2-based device (ITO/SnO2/CsPbI3-PQD/Spiro-OMeTAD/Au) by
capacitance–voltage (C−V) measurement. Vbi is identified as the intercept
of the linear regime to the x-axis in Mott–Schottky plots (C–2 vs. V). A
substantial Vbi implies an extension of the depletion region, which assists
in charge separation and mitigates the back reaction of electrons from
SnO2 to the CsPbI3-PQD. The increase in Vbi is ascribed to the upward
shift of the Fermi level of ETL, ultimately enhancing the VOC of the solar

cells51,52. In Fig. 2c, we verified that the Vbi values align with the trends of
the energy band structures of SnO2. This outcome is also expected to
contribute to a higher voltage output in CsPbI3-PQD solar cells with
Ga:SnO2 CNR ETL.

We investigated the charge transfer ability at the interface of eachSnO2

and CsPbI3-PQD using steady-state photoluminescence (PL) spectra and
time-resolved PL (TRPL) decay measurements. Figure 2d illustrates that
devices using SnO2 CNR/PQD andGa:SnO2 CNR/PQDdemonstratemore
effective PL quenching than those utilizing SnO2 NP/PQDs. This outcome
suggests that charge extraction from CsPbI3-PQD to UV-sintered SnO2

films is more efficient than that of SnO2 NP. Moreover, the PL emission
peaks of CsPbI3-PQD on UV-sintered SnO2 CNRs were located at
680.0 nm, representing a blue shift compared to the 682.5 nm emission of
the SnO2 NP/PQD sample. The radiative recombination originated from
trap states results in a red shift in the PL peak, compared to that of the band
edge transition50,52,53. Therefore, the CsPbI3-PQD film with UV-sintered
ETLs exhibits a less red-shifted PL peak, reflecting a lower trap density
within SnO2. Figure 2e displays the PL decay transients of CsPbI3-PQD
coated on each SnO2 ETL. The corresponding PL lifetimes and amplitudes
are determined by fitting with a bi-exponential decay function and are
detailed in SupplementaryTable 1. In general, the fast decay component (τ1)
originates from the quenching of charge carriers at the interface, while the
slow decay component (τ2) results from the radiative recombination of free
charge carriers due to traps in the absorption layer54. Compared to the only
PQD film, the samples employing ETL exhibited a shorter τ1 with an
increasing amplitude of fast decay (A1), indicating the dominance of charge
transfer from the CsPbI3-PQD film to the ETL. The average lifetime for the
SnO2 NP/PQD sample was 8.84 ns, which was reduced to 5.31 and 4.67 ns
for SnO2 CNR and Ga:SnO2, respectively. Compared to the SnO2 NP/PQD
sample, τ1 also decreased from 2.77 to 2.32 and 2.26 ns in UV-sintered
SnO2-based sampleswith an increasingA1. To further investigate thequality

Fig. 2 | Charge transport property from CsPbI3-PQD to customized SnO2.
a J− V characteristics and calculated conductivity for each SnO2-based device.
b Energy band diagrams for the configurations of the CsPbI3-PQD solar cell.
cMott–Schottky plots of CsPbI3-PQD solar cell with each SnO2 ETL. d Steady-state

PL spectra of the CsPbI3-PQD films deposited on each SnO2 film. e TRPL spectra
with excitationwavelength of 463 nm for CsPbI3-PQD films deposited on each SnO2

film. f Dark J− V curves of the electron-only devices (ITO/SnO2/CsPbI3-PQD/
PCBM/Au) with VTFL kink points.
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of the interface, we performed electrochemical impedance spectroscopy
(EIS) measurements, and interfacial electrochemical parameters were
obtained by fitting the impedance data using Z-view software (Supple-
mentary Fig. 14). The series resistance (Rs) and recombination resistance
(Rrec) of the device can be evaluated from the Nyquist plot18. The SnO2

CNRs-based device presents smaller Rs and larger Rrec than the SnO2 NP-
based device, indicating that the recombination process could be effectively
suppressed.

Additionally, we fabricated electron-only devices with the structure of
ITO/SnO2/CsPbI3-PQD/PCBM/Au to evaluate the trap-state density (Nt)
of each ETL-based device (Fig. 2f). It is evident that the SnO2 CNR-based
device (Nt = 2.02 × 1015cm−3) and Ga:SnO2 CNR-based device
(Nt = 1.63 × 1015cm−3) possess much lower Nt than the SnO2 NP-based
device (Nt = 5.83 × 1015cm−3). The reducedNt of theGa:SnO2-based device,
attributable to relatively low O vacancies and Ga3+ doping, indicates fewer
charge recombination sites at the interface and within the ETL24,34. Hence,
these results suggest that the SnO2 CNR-based ETLs can amplify the pho-
tovoltaic performance of CsPbI3-PQD solar cells by enhancing the charge
transfer properties at the interface.

Enhanced performance and stability of CsPbI3-PQD solar cells
via customized ETL
CsPbI3-PQD solar cells based on SnO2 CNR are fabricated using the
UV-sintering method for the ETL and LBL method for PQD
deposition, as demonstrated in Fig. 3a. To examine the thickness and
uniformity of each SnO2 film, we conducted scanning electron
microscopy (SEM) and AFM measurements (Supplementary Figs.
15 and 16). We confirmed that each SnO2 layer used in the device has
an almost constant thickness (~30 nm) and smooth surface. We also
found that UV-sintered SnO2 CNR films (a root mean square (RMS)
of ~0.85 nm) displayed slightly more uniformity than the SnO2 NP
film (RMS of 1.05 nm). Additionally, we compared the wettability of
each SnO2 ETL using contact angle measurements (Supplementary

Fig. 17). No significant differences in water contact angle were
observed among the individual SnO2 films.

We initially explored the impact of Ga3+ doping on SnO2 by assessing
the photovoltaic properties of CsPbI3-PQD solar cells (Supplementary Fig.
18). We observed a steady increase in VOC as Ga3+ were doped with SnO2

from 0–10mol%. The optimal concentration was identified as 10mol%
becausehighlydopedSnO2 resulted in reducedperformance.This decline in
PCE can be attributed to the decreasing difference in the conduction band
edge between 15% Ga:SnO2 CNR and CsPbI3-PQD (Supplementary Fig.
19). This indicates that excessive doping reduces the driving force for
electron injection from CsPbI3-PQD to Ga:SnO2 CNR, consequently low-
ering the photovoltaic performance55. Figure 3b presents the best J−V
curves for each SnO2 ETL-based solar cell, with their photovoltaic perfor-
mances summarized in Table 1. The optimizedGa:SnO2 CNR-based device
outperformed the other SnO2-based devices, achieving a PCE of 15.06%
(VOC = 1.305 V, JSC = 15.73mA cm–2, FF = 73.32%). The SnO2 CNR-based
device had a PCE of 11.18% (VOC = 1.160 V, JSC = 15.08mA cm–2, FF =
63.87%), while the SnO2 NP-based device exhibited the lowest perfor-
mance, with a PCE of 10.39% (VOC = 1.107 V, JSC = 14.82mA cm–2, FF =
62.33%). Notably, the VOC increased significantly in the Ga:SnO2 CNR-
based device when compared to the SnO2 NP-based device. This confirms
our hypothesis that the voltage output of solar cells can be enhanced by

Fig. 3 | CsPbI3-PQD solar cell performance using each SnO2 as ETL. a Schematic
illustration representing the UV sintering process for formation of SnO2 CNR thin
film and fabrication method for CsPbI3-PQD solar cells. b J− V characteristics of
best-performing CsPbI3-PQD solar cells using various SnO2 as ETL (inset: device
configuration measured by SEM). c IPCE spectra of CsPbI3-PQD solar cells with

SnO2 ETLs and integrated JSC calculated from IPCE. dNormalized PCE obtained by
stability tests of each SnO2-based device under ambient condition (25 °C, 20% RH)
for 10 days (inset: XRDdata of the CsPbI3-PQD film exfoliated from each SnO2 after
1 day and 7 days, respectively).

Table 1 | Photovoltaic parameters of best-performing CsPbI3-
PQD solar cells with various SnO2 ETLs (SnO2 NP, SnO2 CNR,
and Ga:SnO2 CNR) under 1 sun conditions

ETL VOC (V) JSC (mA cm−2) FF (%) PCE (%)

SnO2 NP 1.107 14.82 63.33 10.39

SnO2 CNR 1.217 15.26 68.39 12.70

Ga:SnO2 CNR 1.305 15.73 73.32 15.06
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upshifting the Fermi level. We measured incident-photon-to-current con-
version efficiency (IPCE) spectra to verify the charge collection ability of
each SnO2 ETL on the photocurrent of CsPbI3-PQD solar cells. Figure 3c
presents the IPCE spectra of PQD solar cells based on different ETLs,
matchingwell with the values obtained from the J−V curves in Fig. 3b. The
SnO2CNR- andGa:SnO2 CNR-based solar cells exhibit higher IPCE values
with a strong spectral response from 350 to 500 nm. Photons with shorter
wavelengths would have a shallower penetration depth, and tend to be
absorbed around the front region of CsPbI3-PQD layer. Therefore, the
observed increase in IPCE values for short wavelengths implies a more
efficient electron extraction at the interface between SnO2 andCsPbI3-PQD,
alongside the improved optical transparency of UV-sintered SnO2 ETLs

56.
The hysteresis of solar cells also decreased in the order of SnO2 NP, SnO2

CNR, and Ga:SnO2 CNR (Supplementary Fig. 20). This suggests that the
Ga:SnO2 CNR-based solar cell reduced charge accumulation at the CsPbI3-
PQD/ETL interface due to its efficient electron extraction capability.
Additionally,we confirmed the reproducibility of performance by averaging
the data from 30 individual devices for each ETL (Supplementary Fig. 21).

To evaluate the stability of the devices,we tracked themaximumpower
point (MPP) tomonitor the steady-state efficiency of each SnO2 ETL-based
solar cell. ThePCEs of the SnO2NP-, SnO2CNR-, andGa:SnO2CNR-based
devices stabilized at 8.87, 12.24, and 14.61%, respectively (Supplementary
Fig. 22). The SnO2 CNR- and Ga:SnO2 CNR-based devices retained over
95% of the maximum PCE, highlighting the excellent photovoltaic stability
of UV-sintered SnO2CNRs. Further, we evaluated the long-term stability of
each SnO2-based device under consistent ambient conditions (25 °C, 20%
RH)without any additional encapsulation (Fig. 3d). Compared to the SnO2

NP-based device, the UV-sintered SnO2-based devices demonstrated
improved long-term stability. We additionally confirm the stability of each
device under higher humidity conditions (25 °C, 40% RH and 25 °C, 60%
RH) and elevated temperatures (40 °C and 60 °C inN2). These results reveal
that SnO2 CNR- and Ga:SnO2 CNR-based devices exhibit improved sta-
bility against degradation induced by humidity rather than by temperature
(Supplementary Fig. 23).

To investigate the crystalline phase of theCsPbI3-PQDfilm adjacent to
each SnO2, we conducted SEM and XRD analysis on the CsPbI3-PQD film
exfoliated from SnO2 using adhesive epoxy (Supplementary Fig. 24). Initi-
ally, we inspected the morphology of the interface for damage during the
exfoliation process through planar-view SEM images. All samples showed
no unintended damage due to improper exfoliation, such as unidirectional
regular cracks57. In contrast to the UV-sintered SnO2-based samples, which
did not show any pinholes, we observed randomly present pinholes at the
SnO2NP/CsPbI3-PQDinterface.The inset of Fig. 3d shows that unfavorable
phase peaks in XRD patterns only appeared at the SnO2 NP/CsPbI3-PQD
interface after 7 days. This result suggests that the CsPbI3-PQDs on the
SnO2 NP film are more prone to a phase transformation from the cubic
phase (α) to the orthorhombic phase (δ) after a certain period. The hydrated
CsPbI3-PQDs, which are susceptible to transformation with an inap-
propriate bandgap, can progressively generate at the ETL/CsPbI3-PQD
interface due to surface defects in ETL27,29. Based on these results, we con-
cluded that SnO2CNRETLs improvedevice stability due to fewer interfacial
defect sites27,58.

Expanded application of SnO2 ETL-based CsPbI3-PQD solar
cells to flexible devices
To verify the advantages of the annealing-free UV-sintering process, we
employed each SnO2 as an ETL for flexible PQD solar cells using an ITO/
Polyethylene naphthalate (PEN) substrate. The best J−V curves for each
SnO2-based CsPbI3-PQD solar cell, as well as a photograph of the flexible
device, are presented in Fig. 4a, with the photovoltaic performance sum-
marized in Table 2. Remarkably, the Ga:SnO2 CNR-based flexible device
reached thehighestPCE amongst theflexibleQDsolar cells reported todate,
as summarized in Supplementary Table 2. The PCEs of the Ga:SnO2 CNR-
and SnO2 CNR-based devices were 12.70% (VOC = 1.305 V,
JSC = 14.17mA cm–2, FF = 68.84%) and 10.85% (VOC = 1.157 V,

JSC = 14.02mA cm–2, FF = 66.90%), respectively. The SnO2 NP-based
device demonstrated the lowest performance, with a PCE of 9.20%
(VOC = 1.076 V, JSC = 13.93mA cm–2, FF = 61.36%). The hysteresis beha-
vior of the flexible solar cells based on each SnO2 ETL was similar to that of
rigid devices (Supplementary Fig. 25). VOC and FF of SnO2-based flexible
devices also exhibited similar trends to those of the rigid devices, although
there was a minor difference in JSC. It was confirmed that the absorption of
near-UV light by the PEN/ITO substrate resulted in a reduction in current
density (Supplementary Fig. 26).

We performed a bending test using a custom-made bending machine
to assess the mechanical stability of SnO2-based devices59,60. Initially, we
subjected the Ga:SnO2 CNR-based solar cell to 100 consecutive bending
cycles, gradually reducing the curvature of the bending radius (RC) values
from 10 to 7.5, 5.0, and finally 4.5mm. The J−V characterization per-
formed after these cycles showed a decline in PCE from an initial 10.27%
(flat,RC =∞) to 10.21, 9.64, 8.78, and 6.07% forRC values of 10, 7.5, 5.0, and
4.5mm, respectively. This result reveals a significant reduction in PCE
starting from RC = 5.0 mm (Supplementary Fig. 27). Additionally, we
evaluated the relative resistance changes (ΔR/R0) using the PEN/ITO/SnO2/
Audevice after the same 100bending cycles at eachRC. TheΔR/R0 started to
rise rapidly from RC = 5.0 mm. As previously reported, plastic deformation
and ITO broken can occur from RC = 5.0mm in our devices23,60. Conse-
quently, we set theRC at 7.5 mm for the bending test to ascertainmechanical
stability, excluding any influence of flexible substrate damage. Additionally,
we calculatedYoung’smodulus of all SnO2films andCsPbI3-PQDfilm. The
Young’smoduluswas determinedbymeasuring the force-distance curves at
five individual points (Supplementary Fig. 28)61. These results indicate no
significant difference in modulus among the SnO2 films, implying that the
modulus of SnO2 itself does not significantly affect the mechanical stability
of our devices18.

In Fig. 4b, the SnO2NP-baseddevice demonstrated a steady increase in
in-situ ΔR/R0 during repeated cycles of 1.5 s release and 1.5 s bending
(Supplementary Fig. 29 and Supplementary Video 1). Conversely, UV-
sintered SnO2CNR-based devices showed negligible changes inΔR/R0 even
after 500 cycles. To investigate whether these results were influenced by the
annealing process of the flexible substrate, we performed bending tests
under identical conditions on the pristine substrate, annealed substrate, and
UV-sintered substrate. As shown in Supplementary Fig. 30, the annealed
PEN/ITO substrate, treated at 150 °C for 30min, revealed a noticeable
increase in in-situ ΔR/R0 over 500 bending cycles in comparison to the
pristine PEN/ITO and UV-sintered PEN/ITO62,63. The rise in resistance
across bending cycles can be attributed to the difference in the thermal
expansion coefficients of PEN and ITO. These findings underscore the
importance of avoiding an annealing process to preserve the mechanical
stability offlexible devices. To further investigate themorphological changes
of the SnO2 films after the bending test by SEM, as depicted in Fig. 4c.
Previous reports noted partial swelling on the surface of SnO2 NP film and
detachment from the substrate20. However, we did not observe any sig-
nificant morphological alterations in the UV-sintered SnO2 films after the
bending test (Supplementary Fig. 31). Figure 4c also displays the normalized
PCE change of each SnO2-based CsPbI3-PQD flexible solar cell throughout
the 500-cycle bending test, with their photovoltaic parameters presented in
Supplementary Fig. 32. The SnO2 CNR and Ga:SnO2 CNR-based devices
showed a minor decline in PCE by only 5 and 6%, respectively, in com-
parison to the initial PCE after 500 bending cycles. As anticipated, the SnO2

NP-based device exhibited a substantial decrease of 25% from the initial
PCE after the same number of bending cycles, suggesting the mechanical
stability advantage offered by the UV-sintering process.

Moreover, we fabricated a thin-film perovskite solar cell utilizing SnO2

CNR as an ETL and performed a bending test. Following the 500 bending
tests, the thin-film perovskite solar cell exhibited an 84% reduction in its
initial PCE, indicating comparatively lower mechanical stability in contrast
to CsPbI3-PQD solar cells (Supplementary Fig. 33a). Additionally, we
confirmed the morphology of the perovskite thin-film deposited on the
SnO2 CNR film using SEM (Supplementary Fig. 33b). As reported

https://doi.org/10.1038/s41528-024-00305-3 Article

npj Flexible Electronics |            (2024) 8:20 6



previously, the perovskite thin-films gradually formed random cracks as the
number of bends increased, highlighting the advantageous mechanical
flexibility of QD films18. In conclusion, we verified that our proposed ETL is
particularly beneficial for flexible device applications. The UV-sintering
process offers the advantage of strengthening the adhesion between the
SnO2 layer and bottom substrate without inflicting damage to flexible
substrates. Hence, the proposed SnO2 thin film can be effectively imple-
mented in multi-layer devices requiring a low-temperature process.

Discussion
In this study, we presented the fabrication of Ga:SnO2 CNR thin
films using a thermal annealing-free UV-sintering method, as a
promising ETL for high-performance flexible CsPbI3-PQD solar cells.

Our elaborately designed SnO2 aims to minimize O vacancies,
positively impacting the device’s performance. Furthermore, we
addressed the energy level mismatch between CsPbI3-PQD light
absorbers and the ETL by doping SnO2 with Ga3+. This strategy led
to an up-shifted energy level of the SnO2, increasing the built-in
potential at the junction between the Ga:SnO2 CNR layer and CsPbI3
PQD layer. Hence, we observed enhanced charge carrier extraction to
the Ga:SnO2 CNR layers, thereby improving device performance. The
customized ETL-based flexible CsPbI3-PQD solar cells achieved the
highest PCE of 12.70% among colloidal QD solar cells reported to
date, demonstrating the superiority of Ga:SnO2 CNR as an ETL for
flexible photovoltaic devices. Additionally, we determined the flexible
substrate’s susceptibility to the conventional high-temperature
annealing process in comparison to the UV-sintering method by
observing the in-situ relative resistance change (ΔR/R0) during a
bending test. Hence, the flexible CsPbI3-PQD solar cells, fabricated
using a low-temperature process, demonstrated enhanced durability
against the bending test. These results emphasize the importance of
low-temperature processing for flexible devices, considering the
vulnerability of polymer substrates to heat. Thus, our study indicates
that the proposed fabrication method for SnO2 thin films can be
effectively applied to flexible optoelectronic devices requiring low-
temperature processes.

Table 2 | Photovoltaic parameters of best-performing flexible
CsPbI3-PQD solar cells with various SnO2 ETLs (SnO2 NP,
SnO2 CNR, sand Ga:SnO2 CNR) under 1 sun conditions

ETL VOC (V) JSC (mA cm−2) FF (%) PCE (%)

SnO2 NP 1.076 13.93 61.36 9.20

SnO2 CNR 1.157 14.02 66.90 10.85

Ga:SnO2 CNR 1.302 14.17 68.84 12.70

Fig. 4 | Characterizations of each SnO2 ETL-based flexible CsPbI3-PQD
solar cells. a J−V characteristics of best-performing flexible CsPbI3-PQD solar cells
using various SnO2 as ETL (inset: photograph of the fabricated flexible solar cell). b In-
situ relative resistance change (ΔR/R0) of each SnO2-based device (ITO/SnO2/Au)

during bending test with 7.5 mm of curvature of radius (RC) (inset: after recovery from
bending at various values of RC). c Normalized PCE of the flexible CsPbI3-PQD solar
cell after repeated bending atRC = 7.5mm for 500 bending cycles (inset: top-view SEM
image of SnO2 film on a flexible substrate before and after bending test).
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Methods
Materials
Tin(IV) oxide (SnO2 NPs, 15% in H2O Colloidal dispersion) and galliu-
m(III) ethoxide (Ga(OC2H5)3), lead (II) iodide (PbI2, 99.999%), and
1-octadecene (ODE, 90%) were purchased from Alfa Aesar. Tin(IV) tert-
butoxide (Sn(OtBu)4, 99.99%), cesium carbonate (Cs2CO3, 99.99%),
n-hexane (anhydrous, 95%), n-octane (extra pure, ≥99%), Oleic acid (OA,
90%), Oleylamine (OAm, 70%), sodium acetate (NaOAc, 99.995%),
chlorobenzene (CB, anhydrous, 99.8%), N,N-dimethylformamide (DMF,
anhydrous, 99.8%), dimethyl sulfoxide (DMSO, >99.5%), acetonitrile
(ACN, anhydrous, 99.8%), and Li-bis(trifluoromethanesulfonyl) imide (Li-
TFSI) were purchased from Sigma Aldrich. Phenethylammonium iodide
(PEAI) was purchased from GreatcellSolar. Ethyl alcohol (EtOH, Pure),
methyl acetate (MeOAc, ≥99.5%), and ethyl acetate (EtOAc, ≥99.5%) were
purchased from Duksan. 2,20,7,70-Tetrakis(N,N-di-p-methox-
yphenylamine)-9,90-spirobifluorene (Spiro-OMeTAD) and tris(2-
(1Hpyrazol-1-yl)-4-tert-butylpyridine)-cobalt(III) tris(bis(tri-
fluoromethylsulfonyl))imide (FK209) were purchased from Lumtec.
2-amylpyridine (≥98.0%) was purchased from TCI. Phenyl-C61-butyric
acid methyl ester (PCBM) and poly(triarylamine) (PTAA) were purchased
from Nanostructured Carbon (nano-c).

Synthesis of colloidal SnO2 curved nanorods (SnO2 CNRs)
SnO2 CNRs were synthesized by modifying the previously reported one-
step syntheticmethod.Webegan the synthesis process bymixing 7mmol of
Sn(OtBu)4, 6mL ofOAm, 8.75mL ofOA, and 1mL of deionized water in a
3-neck round-bottom flask, all under an argon (Ar) gas flow. This mixture
was then heated to 180 °C for 4 h with consistent vigorous stirring. Upon
completion of the reaction, we cooled themixture to room temperature and
added 5mL of n-hexane to dissolve the resulting product. To obtain Ga-
doped SnO2 CNRs, we introduced Ga(OC2H5)3 powder under the same
experimental conditions, varying the amount added to obtain 5, 10, and
15mol% Ga concentration relative to Sn. The as-grown SnO2 CNRs were
purified by washing with EtOH and n-hexane to remove any residual side
products. This was followed by centrifugation of the NCs suspension at
8000 rpm for 15min to ensure all residual side productswere removed. The
final product, dissolved in n-hexane (30mgml−1), was stored under an N2

gas flow within a glove box.

Preparation of UV-sintered SnO2 CNR and Ga:SnO2 CNR ETL
A highly dispersed SnO2 CNRs solution in n-hexane (30mgml−1) was
dropped onto TCO substrates. Immediately after this, the substrates were
spin-coated at a speed of 5000 rpm for 30 s. The SnO2 CNRs-coated sub-
strates were then subjected to UV irradiation from a UV cure machine
(JHCI-051B, JECO) equipped with an Hg lamp with a peak wavelength of
365 nm. In this experiment, UV irradiation lasted for 30min at a power of
500W. Throughout the UV exposure process, we maintained the tem-
perature of the samples at ~45 °C.

Synthesis of colloidal CsPbI3-PQDs
The Cs-oleate solution was prepared by adding Cs2CO3 (0.407 g), ODE
(20mL), and OA (1.25mL) to a 100mL 3-neck round-bottom flask, which
was thendegassed for 30min at 120 °Cunder vacuum.This process offilling
the flask with Ar gas and subsequent degassing was repeated thrice before
storing the Cs-oleate solution under Ar. To synthesize CsPbI3-PQDs, PbI2
(0.5 g) and ODE (25mL) were added to a 100mL 3-neck round-bottom
flask, followed by a 30min degassing period at 115 °C. Degassed OA
(2.5mL) and OAm (2.5mL) were then added to the flask, and the system
was further degassed for 30min at 115 °C. After the flask was filled with Ar,
the flask was heated to 185 °C, and Cs-oleate (2mL) was rapidly injected.
Ten seconds post-injection, the flask was rapidly cooled to room tem-
perature in an ice bath. To isolate the desired CsPbI3-PQDs, MeOAc
(35mL) was added to the synthesized CsPbI3-PQD solution (15mL) as a
polar anti-solvent, followed by centrifugation at 5000 rpm for 3min. The
supernatant was discarded, and the precipitated CsPbI3-PQDs were

redispersed in n-hexane (5mL). MeOAc (7mL) was subsequently added,
and the solution was centrifuged again at 5000 rpm for 3min, followed by
the removal of the supernatant. TheCsPbI3-PQDswere then re-dispersed in
n-hexane (15mL), and the solution was centrifuged at 5000 rpm for 3min
to remove any aggregatedCsPbI3-PQDs. The supernatantwas collected and
stored in the dark at 4 °C for 48 h, afterwhich the precipitatedproductswere
removed. The remaining n-hexane was dried under vacuum, and the dried
CsPbI3-PQD pellets were redispersed in n-octane at a concentration of
~75mgml−1.

CsPbI3-PQD solar cell device fabrication
The patterned indium tin oxide (ITO, 8Ω sq−1) substrates were sequentially
cleaned by sonicating in detergent water, deionized water, acetone, and
isopropyl alcohol for 10min each. For the preparation of SnO2 ETLs, the
SnO2 NPs were diluted with deionized water at a weight ratio of 1:6. This
solutionwas thendeposited ontoUV-ozone treated ITOsubstrates via spin-
coating at a speed of 3000 rpm for 30 s, followed by annealing at 150°C for
30min. The synthesized SnO2 and Ga:SnO2 CNRs were subsequently
deposited onto ITO substrates using the above-mentioned UV curing
method. Forflexible device fabrication, ETLswere deposited ontoPEN/ITO
(15Ω sq−1, Nano Clean Tech) substrates, employing the same deposition
procedure used for glass substrates. For the fabrication of CsPbI3-PQD
solids based on a solid-state ligand exchange process, a solution of CsPbI3-
PQD in n-octane (75mgml−1) was spin-coated onto the SnO2/ITO sub-
strates at 1000 rpm for 20 s, followed by 2000 rpm for 5 s. The CsPbI3-PQD
coated film was then immersed in a 1mgml−1 NaOAc ligand solution in
MeOAc and spin-dried. The ligand-treated film was further soaked and
washed with MeOAc before being spin-dried. This process was repeated
5 times to realize the optimal thickness of approximately 300 nm under a
controlled humidity condition of approximately 25–30% to enable effective
ligand exchange. Following this, the thick film of CsPbI3-PQDs was soaked
in a 1mgml−1 PEAI solution in EtOAc for 10 s for post-treatment and spin-
dried. This PEAI-treated CsPbI3-PQD film was then washed and soaked in
MeOAc before being spin-dried again. The Spiro-OMeTAD layer, used as a
HTL in solar cells, was spin-coated at 4000 rpm for 30 s. The Spiro-
OMeTAD solutionwas prepared by doping 90mgml−1 Spiro-OMeTAD in
CB with 39 µL 2-amylpyridine, 23 µL Li-TFSI (520mgml−1 in ACN), and
5 µL FK209 (180mgml−1 in ACN). Finally, an Au electrode was deposited
using a thermal evaporator to a thickness of 80 nm. For electron-only
devices, PCBM was applied on top of the CsPbI3-PQD layer with a device
configuration of ITO/SnO2/CsPbI3-PQD/PCBM/Au. PCBM dissolved in
CB (20mgml−1) was spin-coated at 3000 rpm for 30 s under a N2-filled
glove box. For the thermal stability test, a thermally stablePTAA layerwith a
concentration of 10mgml−1 in 1mL toluene mixed with 2 µL
2-amylpyridine and 1.5 µL Li-TFSI solutionwas spin-coated on theCsPbI3-
PQD film at 3000 rpm for 20 s.

Perovskite thin-film fabrication
Perovskite thin-films were prepared according to reported methods with
slight modifications64. The perovskite precursor solution was prepared by
dissolving FAPbI3 powder (1.62M) and CsPbI3 powder (0.18M) in a
mixture solvent of DMF and DMSO (4:1 v/v). The precursor solution was
spin-coated on the PEN/ITO substrate at 5000 rpm for 40 s, where 200 μL
CB was quickly dropped onto the center of the spinning substrate at 15 s
prior to the end. The film was immediately annealed at 100 °C for 30min.

Characterization
The morphology of SnO2 nanocrystals (NCs) and CsPbI3-PQDs was ana-
lyzed via transmission electron microscope (TEM, JEM2100F, JEOL), and
their films were analyzed via a scanning electron microscope (FE-SEM,
Verios G4 UC, FEI) and atomic force microscopy (AFM, XE-100, Park
Systems). Grazing-incidence wide-angle X-ray scattering (GIWAXS)
measurements were performed at the 3 C beamline of the Pohang Accel-
erator Laboratory, Republic of Korea. The C-AFM measurements of the
SnO2 film were characterized by AFM (XE-100, Park Systems) in C-AFM
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modewithCONTSCPt cantilever to evaluate the current distributionoffilm
surface by applying a bias of 2 V. The surface modulus was obtained with
probes from Park Systems (PPP-FMR, resonant frequency = ~75 kHz, k
(spring constant) = ~ 2.8 Nm−1, tip radius ~10 nm). The work function of
SnO2 NCs was analyzed by Kelvin prove force microscopy using a NSC14/
Cr-Au cantilever (XE-100, Park Systems). High resolution X-ray dif-
fractometer (XRD, D8 ADVANCE, BRUKER), using Cu-Kα radiation of
1.541 Å, was used to characterize the crystal structure of SnO2NCs. TheDC
conductivity of ITO/SnO2/Au and space-charge-limited-current (SCLC) of
electron-only devicesweremeasuredby J−Vmeasurements usingKeithley
2400 source meter. Trap-state density (Nt) was calculated from trap-filled
limit voltage (VTFL), obtained from the SCLC curve, using the following
equation: VTFL = qNtL

2/2εε0. In the equation, q denotes the elementary
charge, L denotes the thickness of CsPbI3-PQD layer, ε denotes the relative
permittivity of CsPbI3 (ε = 6.32ε0), and ε0 denotes the vacuum permittivity,
respectively. The XPS and UPS measurements were performed with a
scanningXPSmicroprobe (PHI 5000Versa Probe,Ulvac-PHI) using anAl-
Kα monochromator (1486.6 eV) for XPS and a HeI (21.2 eV) for UPS.
Raman scattering measurements were performed via micro-Raman spec-
trometer (DXR-3xi, Thermo Fishier Scientific) with a 532 nm laser excita-
tion source.The optical properties of SnO2 thinfilmswere examinedusing a
UV–Vis spectrometer (Shimadzu, UV-2600i). The absorption coefficient
(α) of direct bandgap semiconductor near the band edge can be obtained by
αhν =A(hν–Eg)

2, where A denotes the proportionality constant, hν denotes
the photon energy, and Eg denotes the optical bandgap. Specifically, Eg was
estimated by extrapolating the line tangent to the plotted curve. ATR–FTIR
spectroscopy (Nicolet iS50, Thermo Fisher Scientific) was employed to
measure the ligand removal after UV treatment. Mott–Schottky plots were
executed at fixed frequency (1 kHz) under dark conditions (SP-300, Bio-
Logic). EIS analysis was performed on CsPbI3-PQD solar cells employing
different SnO2ETLs at 1.0 Vunder dark conditions (SP-300, BioLogic). The
steady-state PL and TRPL spectra were performed on a Fluoromax-4
(iHR320, HORIBA Scientific) spectrometer. The excitation wavelength was
463 nm, and TRPL measurements were conducted to determine the PL
maximum (~680 nm) of the CsPbI3-PQD film. Contact angle measure-
ments were conducted using a Phoenix 150 (Surface ElectroOptics) contact
angle measurement equipment. Under dry conditions (20 ± 5 °C, below
15% RH), the current density–voltage (J−V) curve and MPP tracking
characteristics of devices weremeasured using aKeithley 2400 source under
a Xenon-lamp-based solar simulator (Newport 91160 s, AAA class). A Si
solar cell calibrated by the National Renewable Energy Laboratory (NREL)
was employed to adjust the light intensity to the AM 1.5 G 1sun condition
(100mWcm−2). The voltage sweep ratewas20mVwith adelay of 20ms for
the reverse (forward) sweeping direction from 1.4 V (−0.1 V) to −0.1 V
(1.4 V). The devices were measured with SUS304 aperture with an area of
0.09 cm2. IPCE measurement system (PV Measurement, Inc.) was used to
characterize incident photon-to-current conversion efficiency (IPCE).
Long-term stability of CsPbI3-PQD solar cells was conducted by storing
devices according to the experimental conditions using a constant tem-
perature and humidity chamber (20− 95 RH%, −20−150 °C range, Jeio-
tech Co. Ltd., TH-ME-025). The mechanical stability of flexible devices
under various conditions was assessed using a 2-axis motion controller
(STM-2-USB, ST1) to ensure a well-controlled bending state. This was
linked to a bending machine system (ST-BJS-0810-SSU, ST1) (Supple-
mentary Fig. 29 and Supplementary Video 1). To measure the in-situ
relative resistance change during bending tests, the Au electrodes of the
devices and copper wires were soldered using indium.

Data availability
The data that support the findings of this study are available from https://
doi.org/10.6084/m9.figshare.25284907.v1 65.
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