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Electron Extraction Optimization for Carbon-Based
Hole-Conductor-Free Perovskite Photovoltaics With Record

1.41V Ve

Zhigi Li, Xiyun Xie, Zhenhai Ai, Yu Han, Tao Zhu, Ruijie Ma, Heng Liu, Xinhui Lu, Qi Wei,
Mingjie Li, Junyan Xiao, Kuan Liu,* Zhiwei Ren,* and Gang Li*

Carbon-based CsPbl,Br perovskite solar cells (PSCs) free of a hole-transport
layer (HTL) have emerged as promising photovoltaics due to their low
processing cost and superior stability. However, the voltage deficit resulting
from inefficient carrier extraction causes insufficient power conversion
efficiency (PCE), severely hindering their progress. Here, a gradient electron
energy level modulation strategy proves effective in reducing voltage losses
through the rapid extraction of photogenerated electrons. This process
enhances carrier separation/collection and reduces recombination at the back
contact, thereby achieving high-performance photovoltaics. It is demonstrated

noble metal electrodes—including metal
electrode corrosion, vacuum deposition
complexity, and high cost—hinder their
large-scale deployment.3-!l By contrast,
carbon-based PSCs (C-PSCs) are an alter-
native platform with improved long-term
operational stability owing to the chemical
robustness and hydrophobicity of carbon
electrode.['>14] Additionally, the porous car-
bon black serves as an effective hole col-
lector, enabling ambient non-vacuum fab-

that the front electron extraction, equally critical as the prevailing back
perovskite/carbon contact, accounts for the significant contributing factor of
voltage deficit in carbon-based HTL-free PSCs. The resulting PSCs deliver a
record open-circuit voltage (Vo) of 1.41 V and a PCE of 17.42% and retain
more than 92% of their initial efficiency after 1, 000 h. These results highlight
the significant potential of carbon-based HTL-free perovskite photovoltaics.

1. Introduction

Metal halide perovskites have recently attracted extensive in-
terest as solution-processed photovoltaics, owing to their excel-
lent optoelectronic properties.'™* Perovskite solar cells (PSCs)
have achieved remarkable breakthroughs in power conver-
sion efficiency (PCE), with certified values exceeding 26%.1°>7]
However, persistent challenges arising from the widely used

rication of hole-transport layer (HTL) -
free PSCs and streamlining manufactur-
ing processes for cost-effective large-scale
production.[1>16]

Compared with  organic—inorganic
hybrid halide perovskite, all-inorganic
iodide-bromide perovskites are consid-
ered promising candidates for highly
stable HTL-free C-PSCs owing to their
stabilized crystal structure, yet their PCE
remains lower than that of carbon-based
organic-inorganic counterparts.'’-1) This performance gap
stems from two primary factors: i) Unsatisfactory crystal-
lization control causes internal defect and unexpected spon-
taneous phase transition, thereby aggravating non-radiative
recombination;[2*2!l ii) Energy level misalighment between the
perovskite and extraction layer impairs carrier extraction and
increases carrier recombination.[?223] Experiences from metal-
electrode-based all-inorganic PSCs have significantly advanced
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crystallization modulation strategies, enhancing crystal quality
and morphological control in C-PSCs.**»] However, existing
research predominantly focuses on energy level optimization
at the back perovskite/carbon interface to resolve inefficient
charge extraction/collection and consequent open-circuit voltage
(Voc) losses.26¥] Systematic investigations of electron extrac-
tion optimization remain lacking, which is essential for devel-
oping high-cost-efficiency C-PSCs. Additionally, while encour-
aging progress has been achieved, V. remains a significant
bottleneck, for example, for CsPbl,Br (bandgap of ~#1.9 eV) based
HTL-free C-PSCs, V(¢ is limited as low as 1.33 V, with significant
Vo deficit.[?8]

In this work, we tackled this challenge in a counter-intuitive
way by systematically modulating electron dynamics. We demon-
strate the long-distance diffusion of electrons toward the back car-
bon electrode is constrained by employing a magnesium-tin diox-
ide (Mg-Sn0,) quantum dots (QDs) to construct a gradient elec-
tron transport bilayer (ETL). This electron extraction optimiza-
tion enables rapid photogenerated electron extraction and car-
rier separation, thereby suppressing recombination at the back
contact. The resulting devices achieve a record V. of 1.41 V
(bandgap of ~1.9 eV) and a high efficiency of 17.3% for planar
HTL-free CsPbl,Br C-PSCs—the highest reported V. for this
architecture to date. Remarkably, the excellent efficiency is cou-
pled with outstanding stability, establishing these devices as one
of the most stable and high-performance carbon-based CsPbI, Br
HTL-free PSCs.

2. Results and Discussion

The HTL-free C-PSCs were prepared with a layered architec-
ture of FTO/ ETL/perovskite/carbon electrode. The CsPbI,Br
perovskite films were deposited using a one-step spin-coating
method from its precursor on ETL. To evaluate the impact of elec-
tron extraction on device performance, we designed three ETLs
with the structure of pristine titanium dioxide (TiO,), TiO,/ com-
mercial tin dioxide (SnO,) bilayer, and TiO,/Mg-SnO, QDs bi-
layer. This design stems from prior findings that Mg incorpora-
tion raises the Fermi level, suppresses defect states and enhances
SnO, conductivity.??3% The films and devices are named using
the structure of corresponding ETL, i.e., L—T, L—TS, and L—TMS,
respectively.

The current density—voltage (J-V) measurements were
recorded using a solar simulator under AM 1.5G illumination.
Figure 1a displays the representative J-V curves of L—T, LTS,
and L—TMS C-PSCs. The L—T device shows a relatively low
PCE of 11.18%, with V., current density (Jsc), and fill factor
(FF) of 1.21 V, 14.31 mA cm™, and 64.62%, respectively. After
modifying TiO, with SnO, (L—TS), the i, Voc, and FF of
C-PSCs are slightly enhanced, achieving an improved PCE of
14.38%. By contrast, the optimized L—TMS PSCs achieves an
optimized PCE of 17.42%, along with a boosted V- of 1.38 V, a
Jsc 0£15.94 mA cm=2, and a FF of 79.45%, as summarized in the
insert of Figure 1a. The external quantum efficiency (EQE) curve
of the champion device is illustrated in Figure 1b. The integrated
current density accords with the J-V measurements.['%31-33] The
statistical V. data of L=TMS C-PSCs in Figure 1c highlight
a remarkable voltage enhancement, peaking at 1.41 V in a

Adv. Mater. 2025, 37, 2502436 2502436 (2 of 8)

www.advmat.de

representative device with a PCE of 17.22% (a Js. of 15.73 mA
cm™2, and a FF of 77.64%, Figure S1, Supporting Information).

To verify the reliability of the J-V measurements, the steady-
state photocurrent L—TMS device measured at the maximum
power point (1.18 V) is recorded in Figure 1d, delivering a steady-
state efficiency of 17.25%, which confirms the performance pa-
rameters extracted from the J-V curve. Figure le presents min-
imal photocurrent hysteresis in the L—TMS device under the
reverse and forward scans compared to L—T and L—TS based
C-PSCs, further supporting the reliability of the performance
measurements. Figure 1f depicts the photostability of PSCs un-
der constant AM 1.5G illumination (open-circuit condition). The
L—TMS device retains over 92% of its initial PCE after 1000 h,
while the performance of L—T and L—TS devices rapidly de-
grades. Open-circuit condition intentionally avoids charge extrac-
tion, allowing photogenerated carriers to recombine within the
device. This accelerates voltage-related degradation mechanisms
such as ion migration, phase instability, and interfacial chemi-
cal reactions, which are directly tied to the built-in electric field
and prolonged high-voltage exposure.?] The enhanced device sta-
bility is attributed to improved physical contact, reduced interfa-
cial physical defects, and decreased carrier recombination, which
will be discussed later. Table S1 (Supporting Information) com-
pares the photovoltaic parameters of the L—=TMS devices with
other state-of-the-art HTL-free C-PSCs, and Figure 1g presents
the corresponding PCE-V,. distribution. These results demon-
strate that our device achieves the highest V. and PCE among
all HTL-free CsPbI,Br based C-PSCs to date.

To clarify the difference in PSCs performance, particularly the
improved V., we conducted the UV photoelectron spectroscopy
(UPS) measurements (Figures S2 and S3, Supporting Infor-
mation) to investigate carrier transport mechanisms. Figure 2a
and Table S2 (Supporting Information) depict the correspond-
ing energy-level diagrams of PSCs. The work function of pris-
tine L—T film is 4.71 eV, while that of L—TS decreases to 4.33 eV.
By contrast, the work function of L—=TMS further decreases to
3.90 eV. According to the energy levels of perovskite, L—T, L—TS,
and L—TMS, the energy level alignments under the thermal equi-
librium state are shown in Figure 2a. The contact between per-
ovskite and both L—T and L—TS exhibits Schottky barriers, caus-
ing energy level mismatch and blocking electrons transfer from
perovskite to ETLs. Employment of L—TMS eliminates these po-
tential barriers, thus improving electron collection and enhanc-
ing Jsc and V.

The energy level shift of PSCs with different ETLs were cal-
culated to understand the role of gradient energy level align-
ment under thermodynamic equilibrium. As shown in Figure 2b,
perovskite exhibits a downward energy-level bending, forming a
large dliff-type energy difference with TiO,. In PSCs with this
cliff structure, electrons and holes accumulate near the inter-
face after charge separating, causing interfacial recombination
via back-transfer pathway (e.g., recombination between injected
electrons in TiO, and free holes in perovskite through deep-
level defects at interface) and resulting in serious V. deficit,
as reported in other systems.333] Inserting SnO, between TiO,
and perovskite reduces this cliff-type energy difference, account-
ing for the improved V. in L—TS devices. Notably, replacing
SnO, with Mg-SnO, further minimizes the energy-level mis-
match and introduces a conduction-band “spike” at the Mg-SnO,
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Figure 1. Performance of PSCs. a) J-V curves. b) EQE spectra. c) Statistical Vg distribution of PSCs. d) Steady-state current density at maximum point
and corresponding PCE. e) J-V curves of PSCs under reverse and forward scans. f) Stability test of PSCs under simulated solar light illumination (AM 1.5,
100 mW cm™~2, open-circuit condition). g) A comparison of device PCE & V¢ with the state-of-the-art HTL-free CsPbl,Br C-PSCs reported in literature

(Table S1, Supporting Information).

and TiO, interface. The spike limits the electron back-transport to
Mg-SnO, and thus decreases interfacial recombination.3%] Addi-
tionally, the structural uniformity of SnO, QDs creates coherent
electronic pathways, significantly enhancing electron collection
efficiency.[?3% In short, the shallow Fermi level at the perovskite
surface drives spontaneous electron flow from the bulk to the sur-
face, creating a back-surface field aligned with the built-in electric
field. Meanwhile, the heterogeneous contact of perovskite/Mg-
SnO, /TiO, creates a better and uniform gradient heterojunction,
reducing the energy-level potential barrier between perovskite
and the ITO electrode. This synergy facilitates rapid electron ex-
traction while inhibiting back-transport, ultimately increasing J.
and V,..*®] Figure S4a (Supporting Information) shows the cal-
culated J-V curves of PSCs using diftferent ETLs, which suggests
the significant influence of electron extraction on increasing Jy.
and V¢, consistent with our above theory. We further verified our
results by changing the thickness of Mg-SnO, layer. As shown
in Figure S4b (Supporting Information), increasing thickness of
Mg-SnO, QDs decreases [, Ve, and FF of C-PSCs, simultane-
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ously, which is attributed to the obstructed electronic transmis-
sion inside of Mg-SnO, layer. Conversely, although the thinner
Mg-SnO, increases current density, we observed a reduced FF of
C-PSCs, which might be caused by the increased carrier recombi-
nation at the perovskite/Mg-SnO, interface due to electron back-
transfer through the thin Mg-SnO, layer.

X-ray photoelectron spectroscopy (XPS) measurements were
further conducted to analyze the effect of Mg-SnO, layer on in-
terfacial defect recombination. Figure S5 (Supporting Informa-
tion) shows the Mg 2p core-level spectra, where the enhanced
peak intensity at #50.2 eV confirms successful Mg incorpora-
tion into SnO,. No shift was observed for Ti 2p peaks, indicat-
ing no chemical interaction between SnO,/Mg-SnO, QDs and
TiO,. In Figure 2c, the Sn 3d5/2 and 3d3/2 peaks shift to lower
binding energy for Mg-SnO, films, attributed to the formation of
Sn—0—Mg bonds. The binding energy peak position of core elec-
trons depends on the element’s oxidation state and local chemi-
cal environment. When the electron density increases, the peak
position shifts to a low binding energy due to the strengthened
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Figure 2. Energy level and carrier transportation in PSCs. a) Energy level diagram of PSCs at electron selective contact and their corresponding thermal
equilibrium band structures. b) Calculated energy levels of PSCs with different ETL. High-resolution XPS results of Sn 3d c) and O Ts d) signals for L—TS
and L—TMS films. e) Schematic illustration of carrier transport from perovskite to SnO, or Mg-SnO,. f) The J-V curves of the ITO/ETL/AI films.

screening effect of the valence electrons.[?”! The electronegativity
of the Mg atoms (1.31) in Mg-SnO, is lower than that of the base
Sn atoms (1.96). More electrons are attracted to the Sn atoms, and
hence the binding energy peak of the Sn—0 bonds shifts to a low
binding energy. Additionally, the Sn 3d5/2 and 3d3/2 spin dou-
blet shows an identical energy separation of 8.4 eV, confirming
Sn** state across all films.(*%

Figure 2d shows the O 1s core level spectra of the XPS mea-
surements, which presents slight asymmetry with a distinct
shoulder for all samples. The O 1s peaks slightly shift down-
ward for the L—TMS samples, consistent with the formation of
the Sn—O—Mg bond. The O 1s core level peak can be further de-
convoluted into three peaks, as shown in Figure 2d. One compo-
nent centered at #532.4 eV indicates the presence of a hydroxyl
(—OH) group on the SnO, surface. The two other components,
found at lower binding energy ~531.6 and ~530.3 eV, are as-
signed to the oxygen vacancies (V) and lattice oxygen (oxygen
directly bounded to a metal atom), respectively.*”] The introduc-
tion of Mg reduces oxygen vacancy density in the semiconduc-
tor due to the changed electron cloud density around Sn atoms.
This reduces the defect states, restrains their detrimental effect
on back-transfer charge recombination, and improves the elec-
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tron extraction of ETL.*®] Consequently, the L—TMS layer pro-
motes interfacial charge extraction and transport, contributing to
a high V. (Figure 2e).

We systematically compared the electrical conductivities of
L—T, L-TS, and L—TMS ETLs using lateral conductivity mea-
surements (ITO/ETLs/Al architecture, Figure 2f). The hierarchi-
cal Sn0,/TiO, heterostructure in L—TS and L—TMS facilitates
gradient-driven electron injection, as evidenced by the mono-
tonically increasing current density across the series (L-T <
L—TS < L—TMS). This enhancement directly correlates with the
optimized energy-level alignment at the ETL/perovskite inter-
face, which minimizes carrier injection barriers and improves
electron collection. Complementary time-resolved photolumi-
nescence (TRPL) spectroscopy of perovskite films on different
ETLs (375 nm excitation from the ITO side) further elucidates
interfacial charge extraction dynamics. As shown in Figure S6
(Supporting Information), the PL decay lifetimes (r,,,) trend to
decrease in the films of L—T (32.64 ns), L—TS (24,50 ns), and
L—TMS (22.12 ns) (Table S3, Supporting Information). The re-
duced PL lifetime in L-TMS confirms its superior electron ex-
traction capability, which synergistically contributes to the ob-
served enhancements in [ and V.
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the confidence intervals of the fitted rates (Table S4, Supporting Information).

To further understand the dynamic process of photoelectric
conversion in PSCs, we investigated the influence of ETL on car-
rier generate, transfer and recombination by device simulation
using COMSOL Multiphysics (V6.0) software based on a sim-
plified 2D numerical simulation. The perovskite films with the
same thickness are sandwiched between the carbon electrodes
and different ETLs attached with the ITO electrode. The sim-
ulation reveals that in all configurations, the photo-generated
carriers are concentrated near the ETL interface (Figure 3a),
gradually diminishing from the interface to the perovskite and
accompanying by several small peaks.[*! Incident light traverses
the transparent ITO electrode and is absorbed predominantly
near the ETL/perovskite interface (Figure 3a). This creates a
high-density population of photogenerated electrons and holes
proximal to ETL. Electrons are rapidly collected by the gradient
Mg-SnO,/TiO, ETL (L—TMS) due to its optimized energy-level
alignment (Figure 2a), minimizing the existing time in the per-
ovskite bulk. Simultaneously, holes diffuse across the perovskite
layer toward the carbon electrode, driven by a pronounced hole
concentration gradient established by efficient electron extrac-

Adv. Mater. 2025, 37, 2502436 2502436 (5 of 8)

tion (Figure 3b). The spatial separation of electrons (extracted
via ETL) and holes (diffused to carbon) minimizes electron-hole
encounters, suppressing recombination near the back contact.
In contrast, poor electron extraction in conventional L—T or
L—TS structures allows electrons to diffuse toward the carbon
electrode, increasing spatial overlap with holes near the back
contact of carbon. This overlap leads to significant bimolecular
recombination.[*’]

We then investigated the carrier recombination distribution
of PSCs to verify above conclusion. Figure 3c shows the distri-
butions of electron-hole recombination rate in PSCs with differ-
ent ETLs. The results exhibit that electron-hole recombination
occurs mainly in the region near the HTL/perovskite, which is
suppressed by the facilitated electron extraction in the optimized
PSCs.*0# To clarify the difference in the bimolecular recom-
bination of perovskite, we conducted transient absorption (TA)
measurements to investigate the recombination kinetic of per-
ovskite. The characteristic and relevant 2D pseudo-color images
are shown in Figure S7 (Supporting Information) and Figure 3d.
Through the relevant 2D pseudo-color images in Figure 3d, we
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Figure 4. Perovskite film characteristics. a) Contact angle testing with a water droplet on the surface of different ETL substrates. b) XRD patterns
of perovskite films. c) GIWAXS patterns and SEM images of the perovskite films deposited on various ETL substrates. d) V¢ dependence on light
intensities of C-PSCs. e) TRPL curves of CsPbl,Br films. f) Nyquist plots from EIS measurements of C-PSCs.

observe the primary photobleaching bands at 650 nm, which
can be ascribed to the radiative recombination. The TA data can
be well fitted assuming a combination of monomolecular recom-
bination k, (trap-assisted recombination), bimolecular recombi-
nation k, (electron-hole recombination), and Auger recombina-
tion k, (generally negligible for PSCs). The fitting parameters
are shown in Table S4 (Supporting Information). Compared to
L—T film, we observe largely retarded mono-molecular and bi-
molecular recombination constants but close Aguer recombina-
tion rates. These contrasts can be attributed to a much more dom-
inant role of electron extraction/transfer and reduced defects in
the perovskite films (further discussion later). Notably, the aver-
age k, of L—TMS films extracted by TA is (3.31 + 0.62) X 1071° cm?
s7!, which is one order of magnitude lower than that of L—T
(Figure 3e), suggesting notably suppressed bimolecular recom-
bination from the enhanced electron extraction.[*?]

Having determined the underlying correlation between car-
rier extraction and electron-hole recombination, we proceeded to
unveil the origins of decreased non-radiative recombination, as
reflected by reduced k, values from TA results, which is gener-
ally associated with the optimized crystallization. Compared to

Adv. Mater. 2025, 37, 2502436 2502436 (6 of 8)

the bare SnO, film, the peak area ratios of hydroxyl groups in
XPS spectra decrease, indicating the changed surface property
of films. To systematically evaluate the interfacial characteristic
of ETLs, we conducted the contact angle measurement to quan-
tify surface wettability. As shown in Figure 4a, the L—TMS film
exhibits the highest hydrophobicity (contact angle: 24.81°+0.67),
significantly surpassing those of L—T (12.59°+0.91) and L—TS
(9.46°+0.79). Surface free energy (y,) values, calculated using the
Owens-Wendt method based on contact angles in deionized wa-
ter and ethylene glycol, reveals that L—TMS displays the lowest
75 (68.93 m] m~?), compared to L—T (86.41 m] m~?) and L—TS
(85.95 mJ] m~2). This reduced surface free energy in L—TMS
indicates enhanced solvent compatibility with polar perovskite
precursors (DMF/DMSO mixtures), which suppresses hetero-
geneous nucleation at the ETL interface, yielding larger grain
sizes and fewer interfacial defects.*] Additionally, our previ-
ous study suggests that the multi-functional terminal groups of
ligands-anchored Mg-SnO, QDs passivate interfacial imperfec-
tions via coordinate bonding and ionic (hydrogen) bonding with
perovskite, which is conducive to form high-quality perovskite
film.[29.30]
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The X-ray diffraction (XRD) measurements provide direct
evidence of the perovskite crystallinity change, as shown in
Figure 4b. All perovskite films display peaks at 14.77° and 29.69°,
assigned to the (100) and (200) planes of CsPbI,Br, respec-
tively. Notably, the (100) diffraction peak intensities for L=TMS
film show significant enhancement compared to those of L—T
and L-TS film, indicating improved crystallinity. Additionally,
TA spectra reveal no charge carrier transfer processes at differ-
ent timescales or additional photobleaching features, confirm-
ing the absence of low-dimensional phases. These observations
are in line with XRD patterns, showing exclusively 3D perovskite
signatures.[**]

To further investigate the relationship between film quality and
device performance, we conducted grazing incident wide-angle
X-ray scattering (GIWAXS) of perovskite films. Figure 4c shows
2D GIWAXS patterns of perovskite films on different ETLs.
All samples show characteristic scattering rings at 1.0 and 1.5
A1, corresponding to the (100) planes. L—TMS perovskite film
demonstrates enhanced diffraction intensity at 1.0 A~', suggest-
ing preferential crystallographic orientation.*] Scanning elec-
tron microscopy (SEM) images (Figure 4c) were collected to re-
veal the morphological change of the perovskite films. While
L—TS and L—T perovskite films show comparable crystal sizes,
L—TMS films exhibit more faceted rectangular platelets, indica-
tive of oriented crystallization. The crystal size of the film on
L—TMS slightly increases, which is in favor of decreasing defects
and thus a more unhindered charge diffusion/transfer.

Carrier recombination dynamics were analyzed through the
relationship between V. and the incident light intensity (I).
As shown in Figure 4d, the intensity-dependent slope decreased
from 2.03 KT q7' (L—T) to 1.82 kT q~! (L—TS) and 1.63 KT q*
(L—TMS). The reduced slope implies lower non-radiative recom-
bination caused by trap assistance, consistent with TA measure-
ments. Figure S8 (Supporting Information) shows FF, between
the Shockley-Queisser limit (FF,) and the measured FF from
J-V curves. The results suggest that the enhanced V. and FF
come from both the suppressed nonradiative recombination and
boosted charge transport.[*®]

Figure S9a (Supporting Information) presents the geom-
etry of the PL measurements, in which the 532 nm inci-
dent excitation light with the penetration length of 80 nm is
from the perovskite side. As shown in Figure S9b (Support-
ing Information), the intensity of PL peak increases for the
L—TMS films, which accounts in suppressed defect recombi-
nation in perovskite. TRPL (excitation wavelength of 532 nm
from the perovskite side) spectra of perovskite films are shown
in Figure 4e. The calculated carrier life prolongs from 41.56
(L—T) to 46.36 (L—TS) and 74.86 ns (L—TMS, summarized in
Table S5, Supporting Information). The extended lifetime indi-
cates a lower defect density (e.g., undercoordinated Pb**) for
L—TMS films, inhibiting nonradiative recombination and ben-
efiting in improving device performance. Electron-only devices
(FTO/ETLs/perovskite/PCBM/BCP/Ag) were prepared to fur-
ther prove the reduced trap density in the perovskite films. The
trap-filled limit voltage (Vi) in Figure S10 (Supporting Infor-
mation) exhibits a decreased from 0.58 V for L—T device and
0.43 V for L—TS devices to 0.32 V for L—=TMS device, suggest-
ing the low defect density from the high-quality perovskite film.
The reduced leakage current (Figure S11, Supporting Informa-
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tion) in the L—=TMS devices suggests diminished charge shunting
pathways and suppression of charge recombination. The steep
slope in the forward bias region suggests low series resistance
and efficient charge transport, accounting for the improved V.
and FF. These results are consistent with the decreased series re-
sistance (Rg) and increased recombination resistance (Rggc) fit-
ted from the electrochemical impedance spectroscopy (EIS) mea-
surements (Figure 4f). Strengthening interfacial adhesion and
efficient interfacial passivation improve physical contact and de-
crease interfacial physical defects. These effects as well as opti-
mized perovskite crystallization enhance electron extraction, re-
duce charge accumulation at the interface, and decrease carrier
recombination (both monomolecular and bimolecular recombi-
nation), thus leading to dramatic enhancement in device effi-
ciency and stability.

3. Conclusion

We demonstrate carbon-based CsPbl,Br HTL-free planar PSCs
with a record V. of 1.41 V and a high PCE of 17.42%. This
breakthrough was realized through a gradient-arranged electron
energy level strategy, which synergistically optimizes electron ex-
traction while suppresses long-range electron diffusion toward
the back electrode. This engineered L-TMS gradient electron
conductor enables rapid extraction of photogenerated electrons
and efficient carrier separation, thereby significantly suppressing
back-contact recombination. Our work establishes a pioneering
strategy for carrier management in HTL-free C-PSCs, offering a
facile and scalable technique for low-cost perovskite photovoltaics
with industrial compatibility.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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