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Chemical bath deposition (CBD) is a promising way to fabricate SnO, electron transport layers (ETLs) in efficient and stable

perovskite solar cells (PSCs). Here, europium chloride hexahydrate (EuCl;-6H,0) was introduced into the CBD process to

optimize the properties of SnO, for high-efficiency and stable PSCs. The incorporation of Eu3* ions into the SnO, lattice

effectively enhances its electrical properties, mitigates surface trap defects, and reduces interfacial non-radiative

recombination. More importantly, Eu3* ions serve as effective protectants, improving the UV resistance of perovskite films.

As a result, the PSCs based on Eu-SnO, ETL exhibit a notable improvement in power conversion efficiency (PCE), increasing

from 22.02% to 24.50%. Additionally, the devices demonstrate excellent stability, maintaining 96.9% and 86% of their initial

efficiency after 2600 h in ambient air and 130 h under continuous UV illumination, respectively. This strategy provides a

valuable approach for further improving the film quality of SnO,, offering great potential for high-efficiency and stable PSCs.

Introduction

After more than a decade of development, perovskite solar cells
(PSCs) have achieved a certified photovoltaic conversion
efficiency (PCE) exceeding 26%, establishing them as the leading
technology among emerging photovoltaics.=3 In conventional
n-i-p structured PSCs, electron transport layers (ETLs) are
critical to their photovoltaic performance, as they not only
collect and transport electrons but also influence the crystal
growth of perovskite films.* Compared to TiO,, SnO, offers
superior chemical stability, higher electron mobility, well-
matched band alignment, and compatibility with low-
temperature processing, making it a promising ETL for industrial
commercialization.®

The SnO, ETL can be prepared whether by spin-coating of
colloidal precursor solutions or chemical bath deposition (CBD).
67 Even though the CBD technique can achieve a more uniform
and dense Sn0, layer, enabling a high open-circuit voltage (Voc)
of up to 1.2 V.2 However, surface defects, such as hydroxyl
groups, commonly form on the SnO, surface, reducing device
efficiency and accelerating perovskite decomposition at the
bottom interface.® These imperfections hinder electron
transport and exacerbate instability under operational
conditions, posing a critical challenge to long-term device
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performance.!® Surface passivation with external species is a
promising way to decrease detrimental surface oxygen defects,
such as alkali salts,!! halogens,? organic acids,'® and H,0,.14
These chemicals effectively reduce surface trap defects and
non-radiative recombination, improving interfacial contact and
enhancing the photovoltaic performance of PSCs. Moreover,
under light soaking, high-energy UV light primarily impacts the
bottom surface of the perovskite, reducing PbZ* to Pb° and
damaging device efficiency and stability.1® Lanthanide materials
can facilitate down-conversion and mitigate UV light
exposure.1617 Additionally, Eu3* ions can oxidize the deep-level
trap defects, converting Pb® into PbZ*.'®8 Lanthanides also
enhance the crystallinity of perovskite films, thereby enhancing
the photovoltaic performance of PSCs.»® Given these
advantages, Eu3* ions are promising candidates for optimizing
the buried interface of PSCs. Although Eu3* ions exhibit a
passivation effect at buried interface,?® a more in-depth
investigation into their impact on the properties of SnO, is
essential for achieving high-quality CBD-SnO, and high-
efficiency PSCs.

In this study, we optimized the SnO, ETL by introducing
europium chloride hexahydrate (EuCls-6H,0) during the CBD
process. GIXRD analysis confirms the successful incorporation
of Eu3* ions into the SnO, lattice. XPS analysis shows that the
Eu3* promotes the formation of Sn** and decreases the traps
defects at SnO, surface. Furthermore, both electrical and
electron mobility are improved after Eu doping. These
improvements boosted charge collection and charge
transportation efficiency, leading to significant gains in device
efficiency and stability. As a result, the efficiency of PSCs
increased from 22.02% to 24.50% after Eu doping. The Eu-
treated PSC also demonstrated good stability, retaining 96.9%
of its initial efficiency after 2600 hours in ambient air.
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Results and Discussion

In this work, SnO, ETLs were prepared using the CBD technique
according to a published report.2! 0.14 mM EuCl;-6H,0 was
added to the precursor solution as a dopant to regulate SnO,
crystal growth (0.14 mM is the optimal concentration for device
photovoltaic performance, as discussed in the following
section). The ETLs with or without Eu doping are referred to as
Eu-SnO, and SnO,, X-ray photoelectron
spectroscopy (XPS) was performed to investigate the chemical
states of the SnO, ETLs before and after Eu doping, as shown in
Fig. 1a-e. The corresponding XPS survey spectra are presented
in Fig. S1 (Supporting Information). In Fig. 1a, the Eu3* 3ds/, and
Eu3* 3d3/, peaks appear at 1135.58 and 1165.98 eV, respectively,

respectively.
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while no such peaks are observed in the undgped. Sn@a
confirming the presence of Eu in the EXZnOJOfiftSFIEI2Bh
presents the Eu 4d XPS spectra, where a singlet peak at 139.48
eV in SnO, corresponds to the Sn 4s peak. Upon Eu doping, a
broad overlap of Eu 4d and Sn 4s peaks is observed, comprising
three distinct peaks. The peaks at 136.87 and 142.88 eV
correspond to the Eu3* 4ds;, and Eu3* 4ds;,, respectively.
Notably, a new peak at 128.26 eV appears for Eu-SnO,, which
can be attributed to the formation of Eu?*,2?2 suggesting that
Eu3* was partially reduced to Eu?* during the CBD process. Eu 3d
and Eu 4d XPS spectra of heavily-doped Eu-SnO, (1.4 mM) are
also present in Fig. S2 (Supporting Information) to confirm this
result.
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Fig. 1 Characterization of SnO, films. XPS spectra of SnO, and Eu-SnO,: (a) Eu 3d, (b) Eu 4d, (c) Sn 3d, (d) O1s and (e) ClI 2p. (f) J-V
curves of simi-devices with the structure FTO/SnO,(or Eu-Sn0,)/Au. (g) Electron mobility characterization of electron-only semi-
devices with the structure FTO/SnO,(or Eu-Sn0,)/PCBM/Au. (h) UPS spectra and (f) Energy level diagram of ETL and perovskite

films.

As shown in Fig. 1c, the Sn 3d3/, and Sn 3ds/, XPS peaks, initially
observed at 487.2 and 495.6 eV for SnO,, shifted to 487.3 and
495.7 eV after Eu doping, indicating electron loss from Sn atoms.
For the O 1s spectra in Fig. 1d, the main peak at 531.2 eV
represents lattice oxygen, while the shoulder peak at 532.5 eV
represents hydroxyl oxygen (—OH) on the surface of SnO,. By
fitting and analysing the peak areas, the ratio of the shoulder

2| J. Name., 2012, 00, 1-3
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peak area (S_op) to the total Ols spectral area (S,;) decreased
from 46.6% to 42.9% after Eu doping. This reduction indicates
that Eu incorporation effectively passivates —OH defects on the
SnO, surface.?® The introduction of EuCl;-6H,0 also increased
the Cl content, as shown in Fig. 1e, which can promote the
crystallization of perovskite. To compare the electrical
properties of SnO, ETLs before and after Eu doping, we

This journal is © The Royal Society of Chemistry 20xx
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fabricated semi-devices with the structure FTO/SnO, (or Eu-
Sn0,)/Au for conductivity testing and observed an
improvement in conductivity with Eu doping, as shown in Fig.
1f. The resistance of the ETL film is inversely proportional to the
slope of current-voltage (J-V) curves. An increased slope
indicates a decreased resistance after Eu doping, mainly
ascribed to the introduction of Eu3*, which forms n-type doping
on SnO,. We also fabricated electron-only devices with the
structure FTO/SnO, (or Eu-Sn0,)/PCBM/Au, and the J-V curves
of these semi-devices are shown in Fig. 1g. Carrier mobility was
determined using the Mott-Gurney law: u=8JL3/9eg,V?, where
J is the current density, L is the ETL thickness, € is the relative
dielectric constant of SnO,, &y is the vacuum permittivity, and V
is the applied voltage. The calculated electron mobility of SnO,
is 4.06x10 cm?/(V's), whereas Eu-SnO, exhibits a higher
electron mobility of 4.35x10> cm?/(V:s). Ultraviolet

gy & fruels;
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photoelectron spectroscopy (UPS) was pefpformedo.ite
characterize the energy level changes oPQekoVskite>aHy1EFE
films. The UPS spectra and corresponding Tauc plots for
different ETLs are presented in Fig. 1h and Fig. S3 (Supporting
Information), with those for perovskite shown in Fig. S4
(Supporting Information). By fitting the UPS spectra and Tauc
plots, we calculated the conduction and valence bands, and the
resulting energy level diagram is shown in Fig. 1li. The
introduction of Eu alters the energy level of SnO,, reducing the
energy barrier from 0.19 to 0.13 eV. The energy difference
between the Fermi level and the conduction band decreased
from 0.08 eV for SnO, to 0.03 eV for Eu-SnO,, demonstrating
that the incorporation of Eu induces n-type doping on SnO,. The
enhanced electrical properties and decreased energy barrier
benefit the charge carrier transport in PSCs.

120.0 nm

Sno,
Eu-Sn0O,

—_~
e

(110)

(101)
4200)  (211)

Intensity (a.u.)

10 20 30 40 50 60
26 (°)

Fig. 2 (a) Top-view and (b) cross-sectional SEM images of SnO, film. (c) Top-view and (d) cross-sectional of Eu-SnO, film. (e, f)
Surface roughness of SnO, and Eu-Sn0O, films. (g, h) Contact angles of Pbl, solutions on SnO, and Eu-SnO, films. (i) GIXRD patterns

of SnO, films with and without EuCl;-6H,0.

The luminescence behaviour of Eu-SnO, has been investigated
(Fig. S5a, Supporting Information), and the photoluminescence
(PL) excitation bands are observed at ~280 nm, ~300 nm and
~360 nm. The emission spectra of Eu-SnO, have been
monitored at 280 nm. As shown in Fig. S5b (Supporting
Information), Eu-SnO, exhibits distinct emission peaks
associated with EuZ* 5d-4f transitions in the 350-500 nm range
and Eu3* 5Dy-’F, (J = 0,1 and 2) transitions in the 560-620 nm
range.?*?> In contrast, SnO, does not display such emission

This journal is © The Royal Society of Chemistry 20xx

features. These results confirm that Eu ions in Eu-SnO,
effectively facilitate down-conversion, converting high-energy
photons into lower-energy emissions.

To evaluate the impact of Eu3* ions on SnO; crystal growth, we
performed the scanning electron microscopy (SEM) to check the
morphologies of SnO, and Eu-SnO, ETLs, as shown in Fig. 2a-d.
Top-view SEM images (Fig. 2a and 2c) reveal that both SnO, and
Eu-SnO, form ultra-compact, dense films on FTO substrates,
effectively preventing unwanted current leakage in devices.

J. Name., 2013, 00, 1-3 | 3
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Cross-sectional SEM images indicate a consistent thickness of
approximately 70 nm for both ETLs. Unlike organic dopants,26:27
which strong coordinate with Sn?* ions and alter SnO,
morphology, Eu3* ions have minimal impact on the
morphologies of SnO, ETLs. Atomic force microscopy (AFM) was
used to measure the surface roughness of the ETLs, as shown in
Fig. 2e and 2f. The root mean square (R,) values are 30.2 nm for
SnO, and 31.0 nm for Eu-SnO,, indicating similar surface
roughness, consistent with the SEM observations. Surface
contact angles, shown in Fig. 2g and 2h, decreased from 20.2°
for SnO, to 15.7° for Eu-SnO,, demonstrating improved
wettability, which facilitates better perovskite deposition.
Grazing incidence X-ray diffraction (GIXRD) was performed to
analyse the crystallinity of the SnO, films, as shown in Fig. 2i.
Both ETLs exhibit diffraction peaks at the (110), (101), and (211)
lattice planes, corresponding to the tetragonal rutile structure

Journal Name

of SnO,. The 20 diffraction peak of the (110) planeshifted from
26.82° for SnO, to 26.72° for Eu-doped SROL, lnd@icdfing: Ritige
expansion due to the substitution of Sn** (0.69 A) by the larger
Eu* ions (0.947 A). The full width half maximum (FWHM) and
crystal size of the SnO, ETLs, summarized in Table S1
(Supporting Information), show that the FWHM of (110) lattice
plane increases from 1.63° for SnO, to 1.66° for Eu-Sn0O,, while
the crystal size decreases from 4.95 to 4.85 nm. These changes
suggest that Eu is successfully incorporated into the SnO,
lattice.?82° To confirm this trend, heavily doped SnO; (1.4 mM)
was also analysed, and the corresponding GIXRD pattern is
shown in Fig. S6 (Supporting Information). The 26 diffraction
peak of the (110) plane shifted to 26.54°, with an FWHM and a
crystal size measured at 1.83° and 4.12 nm, respectively. These
results align with previous findings, further confirming the
successful incorporation of Eu.

@

——5n0,
Eu-Sno,

S

~

2 .

£ -

c

9

=

" 1 " 1 " 1 L 1 " 1 n
10 15 20 25 30 35 40
2 Theta (°)

(f) ——sno,

—~ 3 Eu-SnO
- : ‘\ 2

N

82t

e

1]

0

o 1+ =

fe) %}

2 \

A

0 1 1 1
500 600 700 800 900
Wavelength (nm)

0.01 .
(9) (h) [+ snoz ) [ 80,
Eu-Sn0O2 P | EU-Sn02
& = 3
go.om o 8|
E T 5 Tano,= 903.6 ns
] 7)) [
1E-4 o vl
TFL=I0.65 \ P . . . = i . jigoung : 2
01 1 700 750 800 850 900 O 1000 2000 3000 4000 5000
V(V) Wavelength (nm) Time (ns)

Fig. 3. (a) Top-view and (b) cross-sectional images of the perovskite film deposited on SnO, ETL. (c) Top-view and (d) cross-sectional
images of perovskite film deposited on Eu-SnO, ETL. The scale bar is 1 um. (e) XRD and (f) UV-vis spectra of perovskite films
deposited on different ETL films. (g) Dark J-V curves of electron-only semi-devices with the structure FTO/ETL/perovskite/PCBM/Au.
(h) SSPL spectra and (i) TRPL spectra of perovskite films deposited on different ETL substrates

To investigate the effect of Eu doping on the subsequent growth
of perovskite, SEM was conducted to characterize the
perovskite films, as shown in Fig. 3a-d. The surface
morphologies of the perovskite films reveal large grain size and
similar thickness (~¥850 nm thick) for both ETLs. However, the

4| J. Name., 2012, 00, 1-3

perovskite film on the SnO, ETL exhibits white clusters of lead
compounds, which are absent in the perovskite film deposited
on Eu-Sn0,, showing improved film quality. As shown in Fig. S7
(Supporting Information), energy dispersive spectrometer (EDS)
analysis was performed to examine the distribution of Eu. The

This journal is © The Royal Society of Chemistry 20xx
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results demonstrate that Eu ions diffuse into perovskite film
during fabrication process, which is beneficial for enhancing the
long-term stability of PSCs by eliminating the detrimental Pb°
and 1° defects within perovskite layers.'® The corresponding X-
ray diffraction (XRD) spectra are shown in Fig. 3e. The
diffraction peak at 12.78° corresponds to the (001) plane of Pbl,,
while the peaks at 14.07° and 24.57° correspond to the (100)
and (111) planes of perovskite, respectively. Quantitative
analysis of the peak area ratio of the Pbl, (001) peak to the
perovskite (100) peak shows a decrease from 1.41 for SnO, to
0.64 for Eu-Sn0,, indicating a lower Pbl, content. Furthermore,
Eu doping does not affect the transmittance of the ETL
substrates, resulting in minimal impact on the light absorption
of perovskite, as shown in Fig. 3f and Fig. S8 (Support
Information).

The reduction in Pbl, content suggests a decrease in trap defect
densities in the perovskite film. To quantitatively assess the
defect density, we fabricated an electron-only device with the
structure FTO/SnO,(or Eu-Sn0,)/perovskite/PCBM/Au using the
space charge limiting current (SCLC) method. The defect density
(Nirap) of the perovskite film can be calculated using the formula:

ARTICLE

Nirap=2€0€,Vrr/eL?, where g is the vacuum dielectrig constant,
& is the relative dielectric constant ofDparByskiPeDo6E1E]E
electron charge, L is the perovskite film thickness, and Vy¢ is the
voltage at which traps are filled. By fitting the SCLC spectra
shown in Fig. 3g, the V4¢ decreased from 0.65 V for SnO, to 0.45
V for Eu-SnO,. The calculated trap defect densities of perovskite
films are 3.71x10%> cm™3 for SnO, ETL and 2.56x10'> cm~3 for Eu-
SnO, ETL, respectively, indicating a reduction in trap density. To
investigate the electron extraction efficiency and charge carrier
recombination at the ETL/perovskite interface, we performed
steady-state photoluminescence (SSPL) and time-resolved
photoluminescence (TRPL) spectroscopy. As shown in Fig. 3h,
the Eu-SnO,-based perovskite film exhibits a lower SSPL
intensity than the SnO,-based sample, suggesting a stronger
guenching effect and enhanced electron export ability. By
fitting the TRPL curves shown in Fig. 3i with a double-
exponential decay function,?® the carrier lifetimes were
determined to be 571.3 ns for SnO, and 903.6 ns for Eu-Sn0O,,
respectively. The shorter carrier lifetime for Eu-SnO, case
indicates a faster charge extraction rate at the Eu-
SnO,/perovskite interface.

26 90
(a)25 ——W.‘ﬁ—-\ (b) L ESHOZ (C)
Eu-Sn02
20} 24 L »
& " —_ 80 | @
n o —_
§ 15| Ll e ol S
S RS U
10 —=—0mMm o 70t
0.05 mM ' 20F &
5F—+—014mM I
0.23 mM E
0 L 1 N (- 1 N 1 s 1 P | 18 1 1 60 1 1
00 02 04 06 08 1.0 1.2
V (V)
(d)25 (ST S (3)25 i L7425
~20F ~20F % 120 —~
N I 14 N
£ —2—8n0z = r ) 7. £
§ 151 pce 2202 | 2450 § 15 &f 115 ﬁ
r e
E o *c | 2544 2539 E 10l 5n0: (Reverse) 51 1o &
> vee| 147 147 ™ | 5n0: (Forward) ® - ; -
5[ FF | 7326 82.22 % 5¢ Eu-SnO2 (Reverse) tt‘ 20 o —e—sno2 | 45
$ L — Eu-SnO2 (Forward) \ R Eu-SnOz2
0 I 1 1 1 1 & 0 P U TR R TP B! 0 .= N 1 L | @
00 02 04 06 08 10 12 00 02 04 06 08 10 12 400 600 800
V(V) V (V) WaveLength (nm)
(9)4_—0—Sn02 (hpst. ... p T
8x10 Eu-SnOz2 %
c 20t _ 20} 2
= R 9 E
= R < 15} G 15 | !
= L 2 L L
N 4x10%f O £ IR
b a 10} = 10 F—o— SnO:2 (initial) 1o
e F— — SnOz (after 2600 h) il
- 5p —* Sn0, 5 [ SnO2 (initial) i
Eu-SnO, - SnO:2 (after 2600 h) %
| N 0 ' " " L L 0 P PR S R SR
% 5x10° <105 0 500 1000 1500 2000 2500 00 02 04 06 08 10 1.2

Z'(Q)

Time (h)

V (V)

Fig. 4 (a) J-V curves of PSCs treated with different concentrations of EuClz-6H,0. Statistical (b) PCE and (c) FF of PSCs with different
ETLs, including 7 SnO, samples and 11 Eu-SnO, samples. (d) Best-performing J-V curves of PSCs with different ETLs with an active
area of 0.1 cm?. (e) J-V curves of PSCs scanned at forward and reverse direction. (f) EQE and (g) EIS spectra of PSCs with different
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ETLs. (h) Air-stability measurement of the PSCs stored in a drying closet with a humidity of 10£5%. (i) J-V curves of RSCs with

different ETLs before and after aging.

To evaluate the effect of Eu doping on the photovoltaic
performance of PSCs, we fabricated devices using SnO, and Eu-
SnO, ETLs. The concentration of EuCl3-6H,0 was optimized, with
the J-V curves and corresponding photovoltaic parameters
shown in Fig. 4a and Table S2, identifying 0.14 mM as the
optimal. Fig. 4b, c and Fig. S9 (Supporting Information) present
the statistical photovoltaic performance of PSCs based on these
ETLs. The average PCE improved from 20.95% to 23.73%,
primarily ascribed to the increase in fill factor (FF) from 71.28%
to 80.55%. Fig. 4d displays the best-performing J-V curves for
PSCs with different ETLs. The PCE of the device increased from
22.02% to 24.50% after Eu doping, benefiting from an
improvement of FF from 73.26% to 82.22%. Additionally, the
PSC with the Eu-SnO, ETL exhibits a much lower hysteresis index
(HI) of 0.044 compared to 0.089 for the SnO,-based device, as
shown in Fig. 4e. Fig. 4f illustrates the external quantum
efficiency (EQE) spectra of PSCs with different ETLs, showing
integrated current density of 25.41 and 25.56 mA/cm?,
respectively, consistent with the short-circuit current density
(Jsc) values from J—V measurements. The slight enhancement in
the 300-400 nm range suggests improved charge charrier
collection and transport efficiency. Electrochemical impedance
spectroscopy (EIS) was conducted under dark condition at a bias
voltage of 0.6 V to further investigate charge transport
properties of PSCs with different ETLs, as shown in Fig. 4g. By
fitting the EIS spectra, it is shown that the series resistance (R;)
of the PSC decreased from 19.44 Q for SnO, to 16.08 Q for Eu-
SnO,. Similarly, the charge transfer resistance (Ry) dropped
from 1.62 x10° Q to 4.60x10* Q, indicating improved charge
transfer efficiency due to Eu doping. Additionally, the charge
recombination resistance (R.e) increased from 5.87x10* Q for
the SnO,-based device to 1.22x10° Q for the Eu-SnO,-based
device, highlighting reduced non-radiative recombination at the
buried interface. To check the influence of Eu doping on the
stability of PSCs, the devices were stored in ambient air with a
relative humidity (RH) of 10+5%. Fig. 4h recorded the efficiency
evolution of PSCs based on different ETLs, while Fig. 4i and Table
S7 present the corresponding J-V curves and photovoltaic
parameters before and after 2600 h of storage. The aged PSC
based on the Eu-SnO, ETL maintained 96.9% of its initial
efficiency, while the SnO,-based PSC degraded to 83.5%,
demonstrating enhanced air-stability after Eu doping.
Furthermore, we evaluated the UV stability of the device using
a 100 W @365 nm UV light source in an N, filled glovebox, with
a light intensity of 15 mW/cm?2. As shown in Fig. S10 (Support
Information), after 130 h of UV irradiation, the Eu-SnO,-based
device retained 86% of its initial efficiency, while the SnO,-
based device maintained only 73%, showing the great potential
of Eu in enhancing the light stability of PSCs. To give a deep
investigation upon the degradation mechanism of PSCs, we
conducted accelerated UV aging experiments on perovskite
deposited on SnO, and Eu-SnO, films under UV illumination
(light intensity: 130+10 mW/cm?, wavelength: 395 nm) in an N,
filled glovebox. After 50 h of irradiation, we carefully stripped
off the perovskite and checked the buried perovskite
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interface.3%32 The morphology changes before and after UV
aging are showed in Fig. S11. In the pristine state, the perovskite
fabricated with Eu-SnO, displayed reduced Pbl, residue at grain
boundaries compared to its SnO,-based counterpart. Upon UV
aging, the SnO,-based samples underwent pronounced
decomposition, evidenced by diminished grain sizes and the
appearance of voids. Conversely, Eu-SnO,-based perovskite
maintained superior morphological stability, with a smoother
surface and well-defined crystal grains. As shown in Fig. S12, the
XRD patterns further corroborate these results. A quantitative
assessment of perovskite degradation during aging was
conducted by calculating the area ratio of the Pbl, (001)
diffraction peak relative to the combined areas of the
perovskite (100), (111), and (220) diffraction peaks. The SnO,-
based sample exhibited a notable increase in this ratio from 22%
to 49% following UV exposure, while the Eu-SnO,-based
counterpart showed only a marginal increase from 23% to 24%,
highlighting its improved UV stability.

Conclusions

The quality of the SnO, ETL plays a decisive role in the
photovoltaic performance of PSCs. In this work, Eu3* ions were
successfully incorporated into the SnO, lattice during the CBD
process. The electrical properties of Eu-SnO,, including
conductivity and electron mobility, were significantly improved.
Surface trap defects were effectively suppressed, facilitating
more efficient charge carrier collection and transport at
ETL/perovskite interface. More importantly, the incorporation
of Eu3* effectively mitigated UV-induced degradation in the
perovskite films. As a result, the efficiency of the PSC increased
from 22.02% to 24.50% after Eu doping. The devices also
demonstrate excellent stability, maintaining 96.9% and 86% of
their initial efficiency after 2600 h in ambient air and 130 h
under continuous UV illumination, respectively. This work offers
new insights for enhancing the efficiency and stability of PSCs.
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