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HIGHLIGHTS

® A novel strategy of creating spontaneous formation of gradient p-doping in perovskite embedded in mesoporous oxide scaffold is

developed.

e The feasibility of implementing a gradient p-doping strategy in printable mesoscopic perovskite solar cells is demonstrated for the

first time through combined device simulations and cross-sectional photoluminescence mapping.

e The resulting carbon-based hole transport layer-free solar cell exhibits outstanding power conversion efficiency along with superior
operational stability over 1500 h without UV filter at 55 °C.

ABSTRACT Carbon-based hole transport layer-free (HTL-free) printable meso- 30 WO
scopic perovskite solar cells (p-MPSCs) are highly attractive for their low-cost and O'lg 25 —o—W/
scalable fabrication. However, the intrinsically n-type nature of the perovskite, com- & IR 71.63%
bined with the lack of an HTL, severely impedes hole extraction and limits device % 201 %5 [ | P

performance. In this work, we innovatively introduce a polymer with strong electron- 25 154 T e e

withdrawing capability as an additive into p-MPSCs. Owing to its large molecular - Frogass

size, this polymer spontaneously forms a negative gradient distribution from top to § o,

bottom within the mesoporous scaffold during fabrication. This distribution cre- g ey

ates a favorable gradient p-doping profile within p-MPSCs, which facilitates more o
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efficient hole transport, a finding corroborated by combined device simulation and Voltage (mV)

cross-sectional photoluminescence mapping. Consequently, the optimized p-MPSCs
exhibit an average open-circuit voltage enhancement of over 50 mV, a steady-state power conversion efficiency of 21.56% and operational

stability exceeding 1500 h at 55 °C under simulated 1-sun illumination using a halogen lamp without a UV filter.

KEYWORDS Printable mesoscopic perovskite solar cells; Gradient p-doping; Hole transport layer free; Carbon electrode; Charge

carrier dynamics

Junwei Xiang and Siqi Jiang have contributed equally to this work.
P< Yang Zhou, yangz@hust.edu.cn; Hongwei Han, hongwei.han @mail.hust.edu.cn
' Michael Gritzel Center for Mesoscopic Solar Cells, Wuhan National Laboratory for Optoelectronics, Key Laboratory of Materials Chemistry
for Energy Conversion and Storage of Ministry of Education, Huazhong University of Science and Technology, Wuhan 430074, Hubei,
People’s Republic of China

Published online: 23 February 2026

) SHANGHAI JIAO TONG UNIVERSITY PRESS @ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s40820-026-02112-z&domain=pdf

258 Page 2 of 13

Nano-Micro Lett. (2026) 18:258

1 Introduction

As the need to combat climate change and adopt renewable
energy intensifies, solar energy has become a critical pillar
of modern clean energy strategies. Among emerging pho-
tovoltaic (PV) technologies, metal halide perovskite solar
cells (PSCs) have quickly gained prominence thanks to their
remarkable power conversion efficiencies (PCE) obtained
through low-temperature and low-cost fabrication [1-4].
However, the conventional PSCs with p-i-n or n-i-p struc-
tures inevitable require the inert atmosphere or vacuum for
the deposition of the perovskite or metal electrode, which
limits their scalability [5—11]. In contrast, printable meso-
scopic perovskite solar cells (p-MPSCs) effectively over-
come these limitations. During its fabrication, a triple-layer
scaffold of mesoporous TiO, (mp-TiO,)/mesoporous ZrO,
(mp-ZrO,)/porous carbon, is firstly screen-printed onto the
substrate, followed by drop-casting of the perovskite precur-
sor solution into it [12]. The entire process is carried out in
ambient air and highly compatible with large-scale produc-
tion [13, 14]. The substitution of noble metal by low-cost
carbon for electrode, along with the elimination of expensive
hole transport layer (HTL), further reduces manufacturing
costs. These make p-MPSC promising for next-generation
solar energy harvesting.

However, the distinctive architecture of p-MPSCs intro-
duces more substantial energy losses compared to conven-
tional PSCs [15-17]. In these devices, photogenerated charge
carriers are principally produced in the perovskite infiltrated
within the mp-TiO, layer with a thickness of ~0.8 pm [18,
19], where electrons can be rapidly extracted by the adja-
cent TiO,. Due to the resolution limits of the screen-printing
technique, the mp-ZrO, layer must be at least~2 pm thick
to effectively insulate the two adjacent layers [20]. In this
way, photogenerated holes must diffuse over an additional
2 pm perovskite in the mp-ZrO, layer to reach the carbon
electrode. Given that perovskite materials are inherently
defective and typically exhibit n-doping characteristics,
this extended hole transport pathway significantly compro-
mises charge collection efficiency and overall device perfor-
mance [21-23]. Consequently, mitigating n-doping effects
and reducing defect densities in the perovskite absorber are
critical for achieving high-performance p-MPSCs.

Several strategies have been developed to mitigate
n-doping in perovskite materials. One approach involves
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modulating the perovskite stoichiometry to control doping
characteristics. For instance, reducing the PbX,/AX ratio
(where X =1 or Br, and A=Cs, MA, or FA) can shift the
perovskite from n-type to weakly p-type doping [24]. How-
ever, this method shows limited effectiveness as significant
deviation from stoichiometric composition often compro-
mises superior optoelectronic properties of the perovskite.
Metal dopants, such as Sn, Bi, Ag, Na, and Rb, have also
been shown to induce p-doping in perovskites [25-29].
However, these approaches typically require high doping
concentrations or introduce additional trap states, both of
which adversely affect charge carrier transport in the perovs-
kite material [30-33]. Charge transfer doping has emerged as
an effective strategy for modulating perovskite doping char-
acteristics. This process involves carrier exchange between
the perovskite and an external molecular species at surfaces,
grain boundaries, or interfaces, without the need to incor-
porate the species into the crystal lattice. Through interfa-
cial electron transfer, this mechanism induces Fermi-level
realignment, alters free-carrier concentrations, and gener-
ates band bending [34-37]. Recently, Xiong et al. reported
that 4PACz, a small molecular carbazole phosphonic acid
dopant, can successfully convert perovskite from n-type to
p-type doping by charge transfer doping, due to its strong
electron-withdrawing nature. The phosphonic acid group in
4PACz also forms strong bonding with uncoordinated Pb>*,
inhibiting the formation of the n-type halide defects. This
approach has been particularly effective in perovskite light
emitting diodes, leading to significant device performance
enhancement [38]. This p-doping strategy also works in
PSCs with carbon electrode. For example, Du et al. sys-
tematically demonstrated that p-doping of the carbon/HTL
interface significantly reduces the hole extraction barrier.
Further Drift—diffusion simulations revealed that such inter-
facial p-doping suppresses non-radiative recombination and
enhances quasi-Fermi-level splitting by forming a benefi-
cial energy level alignment at the back contact [39]. These
findings underscore p-doping as a universal and effective
strategy for modifying the electronic properties of perovskite
materials and enhancing device performance.

In p-MPSCs, achieving optimal device performance
expects distinct doping profiles across the mesoporous scaf-
fold. The perovskite infiltrating the mp-TiO, layer should
remain intrinsically neutral, while the perovskite within the
mp-ZrO, layer requires controlled p-type doping to enable
efficient charge separation and directional carrier extraction.
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However, conventional small-molecule dopants typically
infiltrate uniformly throughout the perovskite during depo-
sition, which possibly lead to homogeneous doping. This
non-selective doping profile could fail to meet the desired
spatial doping requirements and consequently limit effi-
ciency improvements in p-MPSCs.

In this work, a polymer dopant, poly-[(4-(9H-carbazol-
9-yl) butyl)] phosphonic acid (PCPA) was introduced into
p-MPSC:s to spatially modulate the doping of the perovskite
within the mesoporous scaffold. PCPA exhibits a negative
concentration gradient from the top mp-ZrO, toward the bot-
tom mp-TiO,, which is spontaneously formed due to its rela-
tively large size compared with the mesopores. The strong
electron-accepting character of PCPA effectively counteracts
the intrinsic n-doping of perovskite. In the mp-TiO, layer,
where PCPA concentration is minimal, the doping modifi-
cation remains negligible, preserving unimpaired electron
extraction. Conversely, in the mp-ZrO, layer, the increasing
PCPA concentration creates a beneficial p-doping gradient.
Furthermore, PCPA passivates defects through bonding
between its phosphonic acid groups and undercoordinated
Pb?* sites. These synergistic effects collectively enhance
charge transport while suppressing recombination, boosting
the device PCE from 20.05% to 21.63%. The PCPA-treated
device also exhibits remarkable operational stability, main-
taining 90% of its initial efficiency after 1500 h operation at
maximum power point (MPP) under a halogen lamp without
UV filter and with intensity calibrated to 1-sun at (55+5)
°C.

2 Experimental Section
2.1 Materials

Lead (II) iodide (Pbl,, 99.99%) was supplied by TCI Co.
Ltd. Formamidinium iodide (FAI, >99.99%), methylam-
monium iodide (MAIL, >99.99%), methylammonium chlo-
ride (MACI, 99.99%), and nanoparticulate titanium dioxide
paste (TiO,, NR30) were obtained from GreatCell Solar.
Cesium iodide (CsI, > 99.9%) was sourced from Xi’an Pol-
ymer Light Technology Corp. All solvents, including N,
N-dimethylformamide (DMF, 99.8%) and dimethyl sulfox-
ide (DMSO, 99.7%) were purchased from Sigma-Aldrich.
Titanium diisopropoxide bis(acetylacetonate) (75 wt% in
isopropanol), ethyl cellulose (viscosity grades 10cP and
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46¢P), and terpineol were also purchased from Sigma-
Aldrich. PCPA (Mw 4000-6000) was provided by Weiran
Materials. Fluorine-doped tin oxide (FTO) glass substrates
were acquired from Yingkou OPV Tech Co., Ltd. The
Zr0, and carbon pastes were sourced from WonderSolar
Co., Ltd. All chemical reagents and materials used in this
study were utilized without further purification.

2.2 Precursor Preparation

The perovskite precursor solution was prepared by dis-
solving MACI (0.0135 g, 0.2 mmol), CsI (0.0130 g,
0.05 mmol), MAI (0.0239 g, 0.15 mmol), FAI (0.1376 g,
0.8 mmol), and Pbl, (0.4610 g, 1 mmol) in 0.8 mL of
a mixed solvent composed of DMF and DMSO (volume
ratio 4:1). Then, PCPA was added to the mixture with
prespecified concentration, and the solution was stirred at
55 °C for 1 h for well dispersion.

2.3 Device Fabrication

The fabrication process began with laser etching of the
FTO glass to define the electrode pattern, followed by
ultrasonic cleaning in detergent, deionized water, and
ethanol for 10 min each. A compact TiO, layer was then
deposited onto the cleaned FTO via spray pyrolysis using
a titanium diisopropoxide bis(acetylacetonate) precursor
at 450 °C. Subsequently, a mesoporous TiO, layer was
screen-printed and annealed at 500 °C for 40 min. The
mesoporous ZrO, and porous carbon layers were sequen-
tially screen-printed on top and annealed at 400 °C for
40 min to form the triple-layer mesoporous scaffold. After
cooling to room temperature, the perovskite precursor
solution was infiltrated into the scaffold and annealed at
56 °C for 18 h to complete the device. To achieve opti-
mal performance, the annealing step was conducted under
ambient air conditions in a fume hood at a temperature of
(20 £ 3) °C with a relative humidity of (30 + 10)%.

2.4 Computational Method
The simulations of carbon-based HTL-free PSCs were con-

ducted using the SCAPS-1D program under standard AM
1.5G illumination, with impedance losses neglected to isolate
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the intrinsic device behavior. The simulated device architecture
was configured as FTO/TiO,/perovskite/carbon. In p-MPSCs,
thicknesses of the mp-TiO, and mp-ZrO, layers are approxi-
mately 800 and 2000 nm, respectively. Perovskite embedded
in the mp-TiO, layer functions mainly as the light absorber,
whereas perovskite within the mp-ZrO, layer serves solely for
transporting photogenerated carriers. To accurately simulate
the two functional regions within the p-MPSC device archi-
tecture, the perovskite layer in the model is divided into an
800 nm-thick illuminated and a 2000-nm-thick dark region,
representing the perovskite in the mp-TiO, layer and mp-ZrO,
layer, respectively. In the simulation, photogenerated carriers
were restricted to be produced in the light-absorbing region,
while the dark region functioned solely as a transport path-
way for holes toward the carbon counter electrode. To evalu-
ate the impact of doping on device performance, the base-
line perovskite was modeled as an intrinsitic weakly n-type
semiconductor with a doping concentration of 1x 10'* cm=.
For the gradient p-doping scenario, the light-absorbing region
maintained the same n-type characteristics, whereas the dark
region was assigned a gradient p-type doping profile ranging
from 0 to 1 x 10" cm™
with the light-absorbing layer toward the carbon electrode.

, increasing linearly from the interface

Detailed parameters used in the simulation are summarized
in Tables S1 and S2.

3 Results and Discussion
3.1 Interactions Between PCPA and Perovskite

Figure S1la depicts the screen-printing process employed
in the fabrication of p-MPSCs. In this method, the paste
was applied onto a mesh screen positioned above the sub-
strate. Using a squeegee to sweep across the screen, lay-
ers of TiO,, ZrO,, and carbon pastes were sequentially
printed. After deposition, the printed layers were ther-
mally annealed to eliminate organic pore-forming agents,
yielding a mp-TiO,/mp-ZrO,/porous carbon scaffold.
The perovskite precursor solution was then drop-cast to
infiltrate the scaffold, followed by a final annealing step
to complete the p-MPSC device (Fig. S1b). The PCPA
was introduced into the device by adding it to the perovs-
kite precursor solution as an additive, and its molecular
structure is shown in Fig. S2. We first employed time-of-
flight secondary ion mass spectrometry (TOF-SIMS) to
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analyze the spatial distribution of PCPA in the p-MPSC.
Depth profiles of C7, ZrO~, and TiO™ fragments dem-
onstrate the distinct triple-layer structure of TiO,/ZrO,/
carbon (Fig. 1a). By tracking the signal of the PO~ frag-
ment, which originates exclusively from the phosphonic
acid group in PCPA, it is shown that PCPA accumulates
at the carbon/mp-ZrO, interface and decreases monotoni-
cally in concentration toward the interior of the mp-TiO,
layers. This can be possibly attributed to the relatively
large molecular size of PCPA compared to the size of the
mesopores, which hinders its further infiltration into the
mp-TiO, [40].

Both p-MPSCs without and with PCPA demonstrate
compact filling of perovskite inside the mesoporous oxide
scaffold as evidenced by the cross-sectional scanning elec-
tron microscope (SEM) (Fig. S3). The influence of PCPA
on perovskite crystallinity in the p-MPSC was investigated
by X-ray diffraction (XRD) analysis. For both devices,
distinct peaks at 13.96° and 28.13° are observed and are
attributed to the (100) and (200) crystal planes of the per-
ovskite, respectively (Fig. 1b). Besides, enhancements in
the intensity of these diffraction peaks are observed upon
introducing PCPA, suggesting that its presence improves
perovskite crystallinity within the mesoporous film. The
possible interactions between PCPA and the perovskite
were investigated by X-ray photoelectron spectroscopy
(XPS), and full XPS spectra of perovskite films with-
out and with PCPA, and pure PCPA powder are shown
in Fig. S4. As shown in Fig. lc, the pristine perovskite
film exhibits Pb 4f5,, and Pb 4f;, peaks at 143.19 and
138.28 eV, respectively. Upon the incorporation of PCPA,
both peaks shift to higher binding energies of 143.34 and
138.45 eV. This indicates a reduction in electron density
surrounding Pb?*, suggesting the electron-withdrawing
ability of PCPA. Additionally, a new peak emerges at
134.00 eV in the sample with PCPA, which corresponds
to the P 2p orbital, thereby confirming the successful
incorporation of phosphorus-containing PCPA into the
perovskite film following annealing. Figure 1d further
compares the P 2p spectra of pure PCPA powder and
PCPA-contained perovskite films. By incorporating into
the perovskite, the P 2p binding energy decreases from
134.23 to 134.00 eV, indicating increased electron density
surrounding phosphorus atoms. This result further cor-
roborates the electron-withdrawing nature of PCPA upon
interaction with the perovskite material. In addition, O

https://doi.org/10.1007/s40820-026-02112-z
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Fig.1 a TOF-SIMS depth profiles of the p-MPSC with the addition of PCPA. b XRD patterns of p-MPSCs without and with PCPA. ¢ XPS Pb
4f spectra of perovskite films without and with PCPA. d XPS P 2p spectra of PCPA powder and the mixture of PCPA and perovskite. e XPS O
1s spectra of perovskite film with PCPA and pure PCPA powder. f Secondary-electron cutoff and g valence band edges from UPS spectra of per-
ovskite films without and with PCPA. h Energy level diagrams of perovskite films without and with PCPA. i Schematic of PCPA induced charge

transfer doping in p-MPSCs

s spectra provide further evidence of how PCPA inter-
acts with the perovskite (Fig. 1e). In the O 1s spectrum of
PCPA powder, two distinct peaks at 533.53 and 531.92 eV
are observed, corresponding to O from P-OH and P=0
groups, respectively. Once PCPA incorporated into the
perovskite, a new peak at 530.81 eV emerges in the O 1s
spectrum, which is possibly caused by the formation of
P-O-Pb bonding [38]. This indicates that P-OH groups
can deprotonate and bond with undercoordinated Pb*™,
thereby bridging PCPA and perovskite to enable electron
transfer from perovskite to PCPA.

Ultraviolet—visible (UV-vis) spectroscopy reveals that the
addition of PCPA barely changes the perovskite absorption

SHANGHAI JIAO TONG UNIVERSITY PRESS

(Fig. S5a), while Tauc plot analysis shows that the same
optical bandgap of 1.55 eV for both perovskite thin films
without and with PCPA (Fig. S5b). As PCPA demonstrates
electron-withdrawing feature, its addition could change
the energy levels in the perovskite [21, 38]. Therefore, we
conducted ultraviolet photoelectron spectroscopy (UPS)
measurements to elucidate this. The spectra near the sec-
ondary electron cutoff (SEC) and the valence band maxi-
mum (VBM) are shown in Fig. 1f, g, respectively, for per-
ovskite thin films without and with PCPA. Based on the
SEC, VBM spectrum, and the bandgap, positions of Fermi
level (Eg), VBM, and conduction band minimum (CBM) can
be obtained as shown in Fig. 1h. The pristine perovskite is

@ Springer
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n-type doped as its Ep is adjacent to CBM (Fig. 1h). With
the incorporation of PCPA, the Er downshifts toward VBM
and converts the perovskite from n-doping to weak p-doping
(Fig. 1i). In addition, the change in work function for per-
ovskite films without and with PCPA was further verified by
Kelvin probe measurements (Fig. S6). It should be noted that
these measurements were conducted under ambient condi-
tions, which may introduce slight deviations from the UPS
results. Nevertheless, the overall trend consistently indicates
an increased work function and reduced n-type doping in the
PCPA-treated perovskite film. Such a change in perovskite
doping characteristic could alter the transportation of charge
carriers within p-MPSC and affect its performance.

3.2 Device Simulation for Gradient p-Doping (GPD)
Strategy

Based on the above-mentioned analysis, the introduction of
PCPA can cause gradient p-doping (GPD) in the p-MPSC.
We further simulated how the modulation of doping in per-
ovskite affects the performance of carbon-based HTL-free
PSCs by using SCAPS-1D software (version 3.3.10) [41].
The device architecture employed for simulation is fluo-
rine-doped tin oxide (FTO)/electron transport layer (ETL)/
perovskite/carbon. The total thickness of the perovskite
absorber is 2.8 pm and is divided into 2 distinct functional
regions. The first 2 pm perovskite adjacent to carbon oper-
ates primarily as a charge-transport region under dark, while
the rest 0.8 pm perovskite serves as the photoactive region,
responsible mainly for photocarrier generation. The key
parameters used in the simulations were carefully selected
based on well-established literature references [42—45] and
are provided in Tables S1 and S2. In the pristine device,
the perovskite absorber was modeled to be weakly n-type
doped to account for its intrinsic n-doping characteristic
[46, 47]. For the doped variant, a spatially GPD profile was
implemented across the 2 pm dark region of the perovskite,
with concentration decreasing gradually from the carbon/
perovskite interface.

Figure 2a, b presents the simulated spatial concentra-
tion distributions of photogenerated charge carriers across
the perovskite layer in the pristine and GPD devices under
illumination. In the pristine device, the electron concentra-
tion in the illuminated region is approximately one order
of magnitude lower than the hole concentration, primarily
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due to efficient electron extraction at the ETL/perovskite
interface (Fig. 2a). This concentration disparity remains
relatively unchanged in the dark region, as the absence of
a HTL limits further charge carrier separation. In contrast,
the perovskite in the GPD device exhibits identical electron
and hole concentrations in the illuminated region. How-
ever, upon extending into the dark region toward the carbon
electrode, the hole concentration gradually increases while
the electron concentration decreases (Fig. 2b). This behav-
ior arises from the introduction of GPD in the dark region,
which enhances charge separation across the whole device.
The enhanced charge carrier separation by the introduction
of GPD increases the quasi-Fermi-level splitting (QFLS)
(Fig. 2c, d) and suppresses the unwanted charge carrier
recombination at the back contact (Fig. 2e). As a result, the
open-circuit voltage (V) loss was reduced greatly, which
primarily leads to the improvement of device PCE from
21.62% to 24.20% (Fig. 2f) [48].

3.3 Characterization of Carrier Dynamics

The effect of PCPA doping on charge carrier dynamics
in p-MPSCs was further investigated using photolumi-
nescence (PL) intensity and lifetime imaging on cross-
sectional devices. PL intensity and the corresponding
lifetime distribution images were obtained from the same
position, allowing for direct correlation between emis-
sion intensity and carrier lifetime. For both samples with-
out and with PCPA, the perovskite in the mp-TiO, layer
exhibited lower PL intensity and shorter carrier lifetime
compared to that in the mp-ZrO, layer (Fig. 3a—d). This
phenomenon is attributed to strong electron extraction
effect imposed by TiO, [49]. Upon introducing PCPA,
a noticeable reduction in overall carrier lifetime was
observed in the device (Fig. 3c, d). This decrease is likely
due to enhanced hole extraction enabled by the GPD in
the perovskite produced by the gradient distribution of
PCPA [50].

The carrier transportation behavior within the perovs-
kite embedded in mp-ZrO, layer was further explored by
the PL-based carrier diffusion test. During the test, the
pulsed laser beam was fixed at the cross-sectional center
of the mp-ZrO, layer (Fig. S7), while the detector con-
tinuously recorded the temporal evolution of the PL spa-
tial profile [51]. The temporal spreading of the PL spatial

https://doi.org/10.1007/s40820-026-02112-z
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MSD can be then used to calculate the carrier diffusion
constant (Fig. 3g, h) [52-54]. Upon the addition of PCPA,
the diffusion constant of carriers in the perovskite filled in
mp-ZrO, increased from 0.196 to 0.223 cm? s~! (Fig. 3g,
h), indicating improved carrier mobility. This phenom-
enon can be attributed to two primary factors. First, PCPA
passivates uncoordinated Pb>* defects that serve as non-
radiative recombination centers (Fig. 1c—e). Second, PCPA
modifies the doping profile by transitioning the perovskite
from strong n-type to weak p-type doping (Fig. 1h). This
adjustment balances electron and hole concentrations,
thereby enhancing the probability of radiative recombi-
nation during carrier diffusion.

Furthermore, the Nyquist plot obtained by electro-
chemical impedance spectroscopy (EIS) was employed
to analyze the charge transport and recombination pro-
cesses in the devices (Fig. S9). In the Nyquist plots, the
high-frequency arc is associated with interfacial charge
transfer resistance, while the low-frequency arc reflects
charge recombination behavior. Upon introducing PCPA,
the high-frequency semicircle becomes smaller, indicat-
ing reduced charge transfer resistance, whereas the low-
frequency semicircle expands, suggesting suppressed car-
rier recombination [55]. These results corroborate that the
GPD strategy substantially improves charge extraction and
transport across the p-MPSCs.

3.4 Characterization of Defect Passivation

Thermal admittance spectroscopy (TAS) was then used to
analyze the impact of PCPA incorporation on trap states
in p-MPSCs. For both devices without and with PCPA,
the capacitance-frequency (C-F) curves shift toward
higher frequencies as the temperature increases (Figs. 4a,
b and S10), indicating temperature-dependent carrier de-
trapping process [56]. From these data, the defect activa-
tion energy (E,), which represents the energy required for
charge carrier de-trapping from a defect, was extracted and
is presented in Fig. 4c. The E, value decreases from 0.50
to 0.38 eV by PCPA modification, implying an increased
probability of defect de-trapping [57-60]. Additionally, by
utilizing the C-F curves at varied temperatures, the trap
density of states (tDOS) in p-MPSCs could be derived [56,
58]. It is determined that the tDOS is markedly reduced
from 1.81x10'® to 5.77x 10" cm™ eV~" after PCPA

© The authors

incorporation (Fig. 4d), further confirming the dopant’s
effectiveness in passivating defects. Dark current den-
sity—voltage (J-V) measurements (Fig. 4¢) also indicate a
reduction in leakage current for the PCPA-treated device,
suggesting decreased non-radiative recombination induced
charge carrier loss. The influence of PCPA on recombi-
nation processes was further evaluated by analyzing the
dependence of V- on light intensity (Fig. 4f). The ideality
factor n is reduced from 1.60 to 1.47 after doping, indi-
cating a decrease in defect-assisted recombination [61].
Moreover, Mott—Schottky analysis (Fig. S11) reveals an
increase in built-in potential (V,;) from 0.95 to 0.99 V
for the device containing PCPA, which benefits charge
separation and extraction. This is further confirmed by a
shortened transient photocurrent (TPC) decay time from
8.18 to 5.14 ps (Fig. S12 and Table S3). Collectively, the
above-mentioned findings confirm that the addition of
PCPA effectively reduces defect densities and suppresses
recombination losses, which would ultimately lead to
improved performance in p-MPSCs.

3.5 Device Performance

The PV performance of p-MPSCs was evaluated through
J-V measurements. A series of devices were fabricated
with PCPA concentrations ranging from 0 to 5 mg mL™!,
among which 1.5 mg mL~! was identified as opti-
mal based on statistical analysis of the PV parameters
(Fig. S13 and Table S4). Statistics of PV parameters of
p-MPSCs without and with the addition of 1.5 mg mL™!
PCPA are given in Fig. 5a, b. Upon PCPA addition, aver-
ages of Vc, short-circuit current density (Jgc), fill fac-
tor (FF) and PCE are improved from (1005.90 + 13.54)
mV, (24.71 +0.26) mA cm™2, (0.783 +0.0070), and
(19.47+0.41)% to (1057.10+10.36) mV, (24.96 +0.24)
mA cm™2, (0.792 + 0.009), and (20.91 +0.42)%, respec-
tively. These improvements can be largely attributed
to the GPD induced by the addition of PCPA within
p-MPSC, which increases hole transport and extraction
efficiency while simultaneously reducing trap-assisted
recombination by lowering defect densities (Figs. 2
and 3). The PCE, Vc, Jsc, and FF of the best perform-
ing device are improved by PCPA incorporation, from
20.05%, 1019 mV, 25.12 mA cm™2, and 0.78% to 21.63%,

https://doi.org/10.1007/s40820-026-02112-z
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1061 mV, 25.26 mA ¢cm~2, and 0.81, respectively (Fig. 5¢).
In addition, analysis of the FF improvement indicates that
the GPD strategy effectively reduces both non-radiative
recombination losses and transport losses (Fig. S14).
This facilitates more efficient carrier transport within
the p-MPSCs and ultimately enhances the overall device
performance [62]. Forward J-V scans of best performing
devices without and with PCPA are shown in Fig. S15.
These scans were employed for hysteresis analysis, which
reveals a reduction in the hysteresis index from 4.64 to
4.02% by PCPA modification (Table S5). This improve-
ment is possibly due to accelerated hole extraction, leading
to a more balanced charge extraction between holes and
electrons in the p-MPSCs after the incorporation of PCPA
[63—65]. The steady-state power outputs of devices with-
out and with PCPA were measured at a fixed bias of Vypp
and are shown in Fig. 5d. After being continuously tracked
at 0.85 V for 200 s, the device without PCPA stabilizes at
a current density of 23.16 mA cm~2 and a PCE of 19.69%,
while the device with PCPA reaches a current density of
24.22 mA cm~? and a PCE of 21.56% at a biased voltage
of 0.89 V. These results consistently affirm the perfor-
mance enhancement achieved by PCPA incorporation and

SHANGHAI JIAO TONG UNIVERSITY PRESS

demonstrate marginal deviations from PCEs obtained by
J-V scans (Fig. 5¢). Figure S16 shows the incident pho-
ton-to-current conversion efficiency (IPCE) spectra. The
integrated Jg values obtained from the IPCE spectra are
23.97 and 24.28 mA cm™2 for the devices without and
with PCPA, respectively, consistent within the Jg. sta-
tistics obtained by J-V measurements. Finally, the long-
term operational stability of the devices was assessed by
maximum power point tracking (MPPT) under simulated
1-sun illumination. Devices were encapsulated and were
placed under ambient air conditioning with a controlled
relative humidity of (55 +5)% at (55+5) °C during the
test. Illumination was provided by a halogen lamp at an
intensity of 100 mW-cm 2, without the use of a UV filter.
As shown in Fig. Se, the p-MPSC with PCPA demonstrates
excellent operational stability, which preserves 90% of its
initial PCE after 1500 h.

@ Springer
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4 Conclusion

In this study, a polymer-based p-type dopant of PCPA was
introduced into p-MPSCs to enhance the performance.
Owing to its large molecular size relative to the nanoscale
mesopores, PCPA predominantly accumulates at the car-
bon/mp-ZrO, interface and gradually decreases in con-
centration toward the interior of the mesoporous scaffold.
This unique gradient distribution of PCPA, combined with
its strong electron-withdrawing feature, induces effective
GPD within the device, facilitating more efficient hole
extraction and transport. Moreover, PCPA could bond with
undercoordinated Pb>* and effectively passivates charge
carrier traps within the device. This establishes a robust
electrical connection while suppressing non-radiative
recombination. As a result, the average V¢ loss is reduced
significantly by 50 mV, which contributes largely to the
steady-state PCE improvement from 19.69% to 21.56%.
Besides, the PCPA-treated device also exhibits remarkable
operational stability, maintaining 90% of its initial effi-
ciency after 1500 h MPPT under a halogen lamp without

© The authors

UV filter and with intensity calibrated to 1-sun at (55 +5)
°C.
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