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a b s t r a c t

In perovskite solar cells (PSCs), it is important to construct electron transport layer (ETL) with ideal
surface morphology and advantageous electron transport dynamics. In this work, a functional TiO2 ETL
is designed and constructed based on a novel Ti3+ self-doping strategy. Experimental results indicate
that Ti3+ dopant can optimize TiO2 film crystallization process by facilitating the assembly of precursor
particles, reducing the content of pore-forming reagent, and enhancing the adhesion of precursors to
glass substrate in film formation process. Therefore, the modified surface morphology inhibits the
formation of undesired hole structure. Besides, self-doping moderately generates oxygen vacancies on
TiO2 surface and a shallower TiO2 Fermi energy level. These not only result in a stronger interfacial
electronic coupling, but also establish an advantageous energy band alignment. These merits optimize
interfacial electron transfer dynamics by inhibiting recombination loss and facilitating electron
extraction. Benefiting from the optimized TiO2 ETL, hole transport layer (HTL)-free carbon electrode
based CsPbI3 PSCs deliver a high efficiency of 18.62%, representing one of the highest levels in this field.

© 2025

1. Introduction

Perovskite solar cells (PSCs) represent one of the most attrac-
tive next-generation photovoltaic technologies with the
outstanding high power conversion efficiency (PCE) beyond 26%
[1—3]. Among them, hole transport layer (HTL)-free carbon
electrode-based PSCs (C-PSCs) show the promising advantages of
facile fabrication, high stability, and low cost [4—6]. Since there is
no HTL in C-PSCs, the sole electron transport layer (ETL) plays the
vital roles of extracting electrons and blocking holes. Therefore,
the modulation of ETL properties, such as surface morphology,
band structure, electron mobility, and defect state density, etc., is
important for high-efficiency C-PSCs.

In terms of surface morphology, an ideal ETL requires high
coverage and less holes, so that direct contact of perovskite to
conductive substrate and undesired current leakage can be pre-
vented. As for photovoltaic performance, it demands an optimal

electron extraction and collection kinetics to prevent undesired
charge recombination loss [7,8]. TiO2 is a mainstream ETL material
with a high annealing temperature (around 500 ◦C) [9]. This makes
it adapt to high-efficiency inorganic perovskite systems with high
crystallization temperatures [10—19]. However, there remains is-
sues in conventional TiO2 ETLs. TiO2 ETLs are usually fabricated by
solution-based methods such as sol-gel, spray coating, etc. The
pore-forming behavior in annealing process and the lack of suffi-
ciently strong interactions among titanium precursors result in the
formation of TiO2 layer with hole structures [20,21]. These can
induce the direct contact of perovskite to conductive substrate,
and undesired current leakage occurs. As for interfacial electron
transfer dynamics, it requires ideal electronic coupling between
bilateral materials. From the viewpoint of semiconductor energy
band constitution, titanium cations contribute conduction band of
TiO2, so Ti cations can serve as the electron acceptors in charge
transfer process [22]. Unfortunately, TiO2 fabricated in ambient
atmosphere exhibits an oxygen-rich surface, and the oxygen an-
ions with large electronegativity acts as the barrier that hinders
interfacial electron transfer [23,24]. If surface oxygen can be
moderately removed, the exposed surface titanium cations are
expected to facilitate electron extraction. Besides, band alignment
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is another factor determining interfacial electron transport dy-
namics. For perovskite with a relatively shallow Fermi energy level
(EF), when it forms a heterojunctionwith TiO2 with a deeper EF, the
conduction band of perovskite will bend upward and form an
interfacial electron extraction barrier. Note that the barrier height
is theoretically dictated by the EF difference between perovskite
and TiO2 [25]. If a shallower Fermi level of TiO2 can be realized,
then the barrier height can be expected to reduce, thus enhancing
built-in electric field and facilitating electron extraction [26]. In
order to improve interfacial carrier dynamics, it is essential to
manipulate TiO2 crystallization and inhibit the formation of holes,
as well as construct a moderate oxygen-deficient surface and
optimize band alignment.

Doping of TiO2 by introducing foreign atoms in titanium pre-
cursors can achieve these goals simultaneously. Suitable dopants,
such as Mg2+ [27], Zn2+ [28], Sn2+ [29], Y3+ [30], Nb5+ [31], N [32],
etc., can modulate TiO2 crystallization kinetics, optimize TiO2
morphology and surface chemistry. Besides, dopants in TiO2 lattice
can modulate electronic structures, and heavier n-type doping can
result in a shallower EF [32,33]. However, dopants with different
radii and valences serve as deep extrinsic defects that induce
charge recombination [34]. Compared with heteroatom dopants,
self-doping by Ti3+ is a mild strategy [35,36]. This is because
intrinsic n-type TiO2 can thermally activate Ti3+,and self-doping
does not induce heteroatoms or related deep energy levels.
Since +4 is the thermodynamically stable valence state of Ti, even
if abundant Ti3+ cations present in precursors, they can be mostly
oxidized in annealing process in ambient atmosphere. As a result,
the stoichiometric ratio of Ti/O in resultant TiO2 deviates very
limitedly, and the outstanding semiconductor properties of TiO2
still preserve [35]. Besides, due to charge-compensating charac-
teristic, the introduction of Ti3+ is accompanied by the formation
of bulk and surface oxygen vacancies [22,37,38]. This is advanta-
geous for the construction of an oxygen-deficient surface.

In this work, a functional TiO2 ETL was designed and con-
structed by a novel self-doping strategy, in which Ti3+ as the
dopant was introduced in conventional Ti(IV) sol solutions. It is
found that the application of Ti3+ reduces the necessary content of
bulky surfactant-containing precursors, which are undesired py-
rolytic pore producers. Besides, Ti3+ promotes the assembly of
titanium sol particles to enhance film compactness. Therefore, the
morphology of TiO2 ETL can be improved with less holes. As for
material physics, self-doping results in the moderate formation of
surface oxygen vacancies and exposed surface Ti cations. They can
serve as electron trapping states and facilitate interfacial electron
extraction according to theoretical calculation. In addition, self-
doping enhances the electron density of TiO2 and results in a
shallower Fermi level. As a result, electron extraction barrier at
perovskite/TiO2 heterojunction interface is reduced. Benefiting
from improved surface morphology and enhanced electron
extraction dynamics of TiO2 ETL, the optimal CsPbI3 C-PSC
exhibited a high PCE of 18.62% (Voc= 1.132 V, Jsc= 19.84 mA·cm− 2,
FF = 82.92%). To the best of our knowledge, this represents one of
the highest levels in the field of inorganic C-PSCs [39—43].

2. Results and Discussion

2.1. Construction of compact TiO2 ETL with less holes

Sol-gel is a common method in the construction of compact
TiO2 ETL. In this method, a sol solution containing titanium pre-
cursors (such as titanium diisopropoxide bis(acetylacetonate) (Ti
(acac)2(OiPr)2), Fig. 1(a)) is spin coated on FTO substrate. Subse-
quently, sols condense to form a gel film, followed by pyrolysis at
elevated temperature to form a TiO2 film [44,45]. However, this
method shows drawbacks. First, titanium-containing sol particles
are capped by surfactants such as acetylacetone in our case. These
molecules provide interparticle repulsion, which is

Fig. 1. (a) Molecular structure of Ti (acac)2(OiPr)2. (b) Photographs of control and target sol solutions and the schematic mechanism showing the crosslinking effect of Ti3+. (c)
Dynamic light scattering (DLS) spectra of sols. (d) Photographs showing slowly rotating flasks containing different sols. For control sol, the low viscosity dictates that little liquid
remains on the inwall of the flask during rotation, while for target sol, the high viscosity remains a clear liquid membrane. (e) Cyclic voltammetry (CV) results of different
substrates.
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disadvantageous for the assembly of compact structures. Second,
the bulky acetylacetone produces holes during pyrolysis process
inevitably. To inhibit the formation of holes and enhance the
coverage of TiO2 film on FTO substrate, on one hand, it is encour-
aged to reduce moderately the content of acetylacetone-
containing precursor by substitution with other reagents. On the
other hand, it is desired to provide strong driving forces to pro-
mote interparticle cross-linking and assembly. In this work, we
explore the modification of conventional sol solution by intro-
ducing Ti3+, to modulate crystallization and realize the modifica-
tion of TiO2 by self-doping. For further measurement and
characterization, the samples without and with Ti3+ modification
are denoted as Control and Target, respectively. As will be dis-
cussed later, the Ti3+/Ti4+ molar ratio of 1 results in optimal
photovoltaic performances of PSCs, so this ratio is applied for
various measurements. More experimental details are available in
Supplementary Material.

Control sol exhibits light orange color, while target sample
mixing with Ti3+ results in a significantly intensified purple color
(Fig. 1(b)). According to a check experiment (Fig. S1,
Supplementary Material), the color change should be ascribed to
acetylacetone, and such an intensified color demonstrates the
strong coordination of acetylacetone with Ti3+ according to coor-
dination chemistry. It is reasonably inferred that Ti3+ can effec-
tively cross-link sol particles by such strong coordination, and the
related mechanism is illustrated in Fig. 1(b). The cross-link effect
can be evidenced by dynamic light scattering (DLS) measurement.
As shown in Fig. 1(c), the average size of control sol particles ex-
hibits a small value of 8.3 nm and a rather narrow size distribution.
In comparison, target sol particles swell the average size signifi-
cantly to 19.0 nm, accompanied by an obvious broadened size
distribution. It is also noted that the introduction of Ti3+ alters the
hydromechanics of sol system. The control sol is a nonelectrolyte
with a low viscosity (η) of 5.4 mPa·s, whereas upon addition of
ionic Ti3+ as the electrolyte, the target sample almost doubles the η

value to 10.6 mPa·s. As intuitively shown in Fig. 1(d), the more
viscous target sol exhibits a stronger adhesionwith glass substrate
and shows an obviously better film formation behavior.

In subsequent annealing process, the deposited gel undergoes
condensation, pyrolysis and oxidation to form TiO2 film with
rather pure anatase phase (Fig. S2). The coverage and compactness
of TiO2 film dictate the scale of current leakage and thus the per-
formances of PSCs. Therefore, the formation of hole structures
should be inhibited. To evaluate the coverage of TiO2 on FTO
substrate, cyclic voltammetry measurement was performed [46].
In this measurement, the substrates as the working electrodes
were immersed in aqueous electrolyte of [Fe(CN)6]3—/[Fe(CN)6]4—.
When a forward bias was applied, the oxidation of [Fe(CN)6]4—

occurred at the interfaces of FTO/electrolyte, and oxidation wave
was generated. When FTO is covered by TiO2, since the TiO2/
electrolyte junction is diode-like, the oxidation reaction is blocked.
As the scan rate is fast, the intensity of integrated oxidation current
is almost proportional to the area of contacted FTO/electrolyte
interfaces. As shown in Fig. 1(e), bare FTO substrate exhibits a
rather large oxidation peak intensity with a relatively small peak
position of 0.92 V. When control TiO2 layer is constructed, the
oxidation peak intensity dramatically declines, and the peak po-
sition increases to 0.98 V. This indicates that due to the shield of
FTO surface, the oxidation process becomes more difficult with an
enhanced overpotential. When target TiO2 layer is constructed, the
intensity of oxidation peak becomes even weaker, and the peak
value further increases to 1.24 V. This indicates that compared
with control sample, target TiO2 layer significantly enhances its
coverage on FTO surface. As shown in Fig. S3, the annealing of
control gel generates a fluffy porous honeycomb-like TiO2 solid. In

stark contrast, the annealing of target gel generates a dense
gypsum-like TiO2 powder. This phenomenon indicates that target
TiO2 film exhibits fewer hole structures. As shown in atomic force
microscopy (AFM) images (Fig. S4), target TiO2 film exhibits a
smaller root mean square (RMS) roughness of 0.41 nm than that of
control film (0.55 nm). The smooth surface of target TiO2 should
result from less hole and larger surface coverage.

2.2. Facilitated electron extraction based on moderate TiO2 surface
chemistry modulation

Electron transfer from perovskite to ETL is an important factor
that dictates device performance [47]. To study electron extraction
kinetics, steady state and time resolved photoluminescence
spectra (TRPL) of CsPbI3 perovskite on different TiO2 substrates
were recorded. When CsPbI3 perovskite is deposited on TiO2 sub-
strates, PL intensity and decay behavior on one hand are influ-
enced by electron-hole recombination within perovskite film, on
the other hand, should be ascribed to interfacial electron extrac-
tion [48]. For conventional thicker perovskite layer, electron-hole
recombination within perovskite predominates. When the light
beam hits on perovskite surface, it is discovered that different TiO2
substrates did not influence PL intensity or decay lifetime notably
(Fig. S5). This indicates that the quality of CsPbI3 perovskite was
not influenced notably by the choice of TiO2 substrates. If perov-
skite layer became thinner enough (240 nm, Fig. S6, see
Supplementary Material for experimental details), when light
beam hits the glass side, more proportion of perovskite approach
perovskite/TiO2 interface, and electron extraction plays a major
role. In this case, it is discovered that PL intensity based on target
TiO2 substrate was obviously lower than that of control TiO2
substrate (Fig. 2(a)), meanwhile target TiO2 substrate resulted in a
shorter decay lifetime (2.66 ns) over control sample (4.13 ns, Fig. 2
(b), Table S1). This indicates that target TiO2 substrate is advan-
tageous for electron extraction.

To probe the causes of improved electron extraction kinetics,
the doping effect of target TiO2 material was investigated initially.
As shown in X-ray photoelectron (XPS) spectra, in target TiO2, Ti 2p
peak signal shifts to smaller binding energy with the emergence of
Ti3+ shoulder peak (Fig. 2(c)) [35]. This indicates the successful
doping of Ti3+ in target TiO2. Owing to charge-compensating
characteristic, oxygen vacancy should also form, despite that
self-doping leads to negligible differences in terms of oxygen in
XPS (Fig. S7). Electron paramagnetic resonance (EPR) measure-
ment provides the structural information of TiO2 samples by
testing magnetism. The results demonstrate that control TiO2 is
almost nonmagnetic, while target TiO2 shows noticeable magne-
tism (Fig. 2(d)). The magnetism of TiO2 sample originates from
unpaired electrons, and the signal can be further resolved to Ti3+,
oxygen vacancy (Ov), and surface adsorbed super-oxygen anion
(O2− ) [49]. The formation of Ov results from charge-compensating
characteristic. Ov as the point defect can accumulate electrons
and generatemagnetic signal [24]. Since Ti3+ is uniformlymixed in
precursor solution, Ov can distribute both in bulk TiO2 and on TiO2
surface. Theoretically, the formation energy of surface Ov is smaller
than bulk Ov [22]. Experimentally, the emergence of O2− signal
proves that Ov successfully form on target TiO2 surface, because
the adsorption of molecular O2 can only occurs on surface Ov sites,
then electron transfer to O2 occurs, forming O2− [50]. In Raman
scattering spectra (Fig. S8), the characteristic Ti―O vibrational
peak shifts to larger wavenumber with declined intensity. This is
due to the formation of oxygen vacancy in TiO2 skeleton, and low-
valent Ti3+ dopant results in weaker Ti―O bonds [35].

Based on the self-doping properties, the reasons for enhanced
electron extraction dynamics in target TiO2 are investigated
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systematically. Interfacial electron extraction on one hand is
influenced by electronic coupling, which is influenced by surface
chemistry of heterojunction materials on both sides. Photoelec-
trons transfer from perovskite conduction band toTiO2 conduction
band. Lead and titanium cations contribute the conduction band of
perovskite and TiO2, respectively [1,44]. Therefore, in electron
extraction process, surface titanium cations and surface Ov serve
as electron acceptors [22]. After extraction, the electron transports
within TiO2 through hopping and finally is collected by glass
electrode. Unfortunately, conventional TiO2 is obtained by
annealing in ambient atmosphere with an oxygen-rich surface.
Oxygen anions with large electronegativity can screen surface Ti
cations and serve as kinetic barriers, resulting in a disadvanta-
geous electron transfer (Fig. 2(e)) [22]. In this sense, it is expected
that modulation of TiO2 surface chemistry to create a moderate
oxygen-deficient environment can be beneficial. In contrast, target
TiO2 exposes surface Ti cations by forming surface Ov. Ov acts as
electron trapping site to drive electron leave perovskite, then the
electrons accumulated at Ov are transferred to adjacent surface Ti
cations (Fig. 2(e)) [24]. This is supported by density functional
theory (DFT) calculation (details are available in Supplementary
Material and schematic electron density diagram of model CsPbI3/
TiO2 heterojunction is shown in Fig. S9). The results indicate that
for CsPbI3/TiO2 heterojunction, surface oxygen anions at anatase (1
0 1) plane obstruct the electrode cloud coupling of Ti4+ and Pb2+

from perovskite. In this case, differential charge density exhibits a
large extremum value (Δρ, the difference of maximum and mini-
mumvalue) of 0.480 e∙Å− 1, indicating a relatively disadvantageous
interfacial electron transfer (Fig. 2(f)). For target TiO2, when a two-
coordinated oxygen vacancy defect (Ov) exists on surface, the
differential charge density of adjacent Ti-Pb exhibits a reduced
extremum value (Δρ) of 0.414 e∙Å− 1. This indicates that the
absence of surface oxygen anions and the removal of surface bar-
rier can enhance interfacial coupling of electron cloud, thus
interfacial electron extraction is favored (Fig. 2(f)).

2.3. Advantageous band alignment and electron transport based on
TiO2 self-doping

On the other hand, interfacial electron extraction dynamics can
be influenced by energy level alignment. CsPbI3 perovskite ex-
hibits a relatively shallow Fermi energy level (EF = − 4.00 eV) [19].
This indicates that when CsPbI3 forms a heterojunction with TiO2
showing a deeper work function, the conduction band of CsPbI3
can bend upward. Therefore, an interfacial electron transfer barrier
is formed, whose height is determined by the EF difference of two
materials [25]. The results of ultraviolet photoelectron spectra
(UPS, Fig. S10) and Tauc graph (Fig. S11) were applied to determine
band structure of heterojunction, and the results are shown in
Fig. 3(a), (b) and Table S2. The results indicate that control TiO2
exhibits a relatively deep Fermi energy level (EF) of − 4.17 eV. As a
result, the conduction band of CsPbI3 bends upward, forming a
high interfacial barrier (Eb = ΔEF) of 0.17 eV. Meanwhile, the
conduction band energy level of bulk TiO2 is higher by 0.06 eV
(ΔEc) than that of CsPbI3 (Fig. 3(a)). This indicates that for control
TiO2, interfacial thermodynamic and kinetic barriers exist simul-
taneously. In target TiO2, Ov and Ti3+ act as the donor-like defect
states. Due to such a self-doping effect, the enhanced n-type
semiconductor property and a shallower EF of − 4.12 eV is
measured [34,35,51]. In this case, the EF difference between TiO2
and CsPbI3 is decreased, and the upward conduction band bending
of CsPbI3 is slight. As a result, interfacial barrier (Eb) reduces to
0.12 eV, meanwhile ΔEc almost disappears (Fig. 3(b)). The results
indicate that the moderate shallower EF of target TiO2 is advan-
tageous for interfacial electron extraction.

Material conductivity dictates electron transport and collec-
tion. The conductivity properties of ETL were tested by space
charge limited current (SCLC) measurement [52]. The results are
shown in Fig. 3(c), Fig. S12, and Table S2, with theoretical and
experimental details available in Supplementary material. The
target TiO2 exhibits a higher trap-filling limit voltage (VTFL) value

Fig. 2. (a) Steady state PL emission spectra and (b) time-resolved PL decay spectra of thin CsPbI3 perovskite films on different TiO2 substrates. (c) XPS spectra of Ti. (d) EPR spectra
of various TiO2 samples and determination of magnetically active species. (e) Schematic mechanism showing that moderate surfaced oxygen vacancies on TiO2 surface can
facilitate interfacial electron extraction. (f) Differential charge density diagram of adjacent Ti-Pb cations at CsPbI3/TiO2 heterojunction interface (1 Å=0.1 nn).
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of 1.04 V than the control of 0.99 V. This is indicative of a higher
electron density level based on self-doping. Besides, electron
transport information can be extracted from the SCLC regime
(with the curve slope n = 2). The target TiO2 film exhibits a higher
electron mobility and conductivity than control one (electron
mobility: 3.66 × 10− 4 vs. 9.98 × 10− 5 cm2·V− 1s− 1, conductivity:
2.61 × 10− 6 vs. 6.26 × 10− 7 S·cm− 1). In TiO2, Ti3+ and oxygen va-
cancies serve as the medium for electron transport [37,38]. This
indicates that moderate self-doping of TiO2 can promote electron
transport.

2.4. Photovoltaic performances of CsPbI3 C-PSCs

HTL-free CsPbI3 C-PSCs with the structure of FTO/TiO2/CsPbI3/
carbon were fabricated, and photovoltaic performances were
investigated. Device structure is illustrated in Fig. S13, and the
experimental details are available in Supplementary material. As

summarized in Fig. 4(a), Table S4 and Fig. S14, control devices
exhibit a moderate average PCE of 17.24% (Voc = 1.090 V,
Jsc = 19.79 mA∙cm− 2, FF = 79.90%). In comparison, target TiO2-
based devices deliver a higher PCE of 18.16% (Voc = 1.120 V,
Jsc = 19.82 mA∙cm− 2, FF = 81.79%). Notably, the champion device
delivers a PCE of 18.62% (Voc = 1.132 V, Jsc = 19.84 mA∙cm− 2,
FF = 82.92%), representing one of the highest levels in the field of
inorganic C-PSCs [39—43]. The J− V curves of champion devices are
illustrated in Fig. 4(b). The improvement of PCE based on target
TiO2 is mainly contributed by increment of Voc and FF. As discussed
above, this should be ascribed to the improved surface
morphology with less holes that reduces recombination loss, as
well as the facilitated electron extraction dynamics. The influence
of the ratio of Ti3+/Ti4+ in precursor on photovoltaic parameters
was investigated, and the ratio of 1 is optimal (Table S5, Fig. S15).
The steady-state power output (SPO) curves at optimal voltages
are shown in Fig. 4(c). Both devices could output power at the

Fig. 3. (a) Diagram of determined band structure CsPbI3/TiO2 heterojunction. (b) Band bending and interfacial barrier at CsPbI3/TiO2 heterojunction. (c) SCLC curves based on
various TiO2 samples. The device exhibits the electron-only structure of FTO/TiO2/carbon. TiO2 was constructed by 20 spin coating layers to improve the accuracy of layer
thickness measurement.

Fig. 4. (a) PCE statistic distribution of C-PSCs including 16 individual devices each. (b) J− V curves of champion PSCs. (c) Steady-state power output (SPO) curves of PSCs. (d) Voc
dependence on light intensity, (e) Mott-Schottky test, and (f) TPC curves of devices based on different TiO2 ETL.
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maximum power point without notable loss under continuous
illumination within 5 min. External quantum efficiency (EQE)
curves of the devices are shown in Fig. S16, and the integrated
current values match the Jsc values in a good way.

The results in electrochemical impedance spectroscopy (EIS,
Fig. S17) show that target TiO2 substrate enhances recombina-
tion resistance, indicating that charge recombination loss is
inhibited [36]. In light intensity-dependent J− V measurement
(Fig. 4(d) and Fig. S18) [53], the fitted smaller ideal factor value
based on target TiO2 (1.39) than the control one (1.83) is indicative
of an inhibited trap-assisted recombination under device oper-
ating state, and a more efficient Voc output translates to a higher FF
level. In Mott-Schottky test (Fig. 4(e)) [54], target TiO2 resulted in a
larger built-in electric field (1.00 V) than the control (0.96 V). This
indicates an optimal charge separation driving force. In transient
photocurrent (TPC) test (Fig. 4(f)) [13], target TiO2 resulted in a
shorter charge transfer time (0.80 μs) than the control (1.31 μs).
This indicates that the photo-generated charges transfer faster in
the former case. In transient photovoltage (TPV) test (Fig. S19),
target TiO2 resulted in a slower charge recombination time (7.88
μs) than the control (4.61 μs). This is conductive to the inhibited
charge recombination dynamics in the former.

3. Conclusions

In this work, a functional TiO2 ETL was designed and con-
structed by a novel Ti3+ self-doping strategy in the application of
CsPbI3 C-PSCs. The results demonstrate that Ti3+ dopant in pre-
cursor can effectively facilitate the assembly of titanium sol par-
ticles, reduce the content of pore-forming reagent, and enhance
the adhesion of precursor to glass substrate. Therefore, a compact
TiO2 ETL film with less hole structure is constructed. Besides, the
doped TiO2 results in a shallower Fermi level and induce the
moderate formation of surface oxygen vacancies. As a result, the
optimized energy band alignment as well as the stronger interfa-
cial electronic coupling facilitate interfacial electron extraction.
The champion device delivers a promising PCE value of 18.62%,
representing one of the highest levels in the field of inorganic
C-PSCs.

It should be noted that TiO2 can play multiple roles in electron
collection. On the one hand, defects are important for intrinsic
electron extraction and transport. On the other hand, defects can
also trap electrons and facilitate recombination loss. The rate of
recombination is dictated by the concentration and the energy
level position of defect states. Therefore, the defects within TiO2
should be manipulated. In our case, since the overall device effi-
ciency is enhanced, the concentration of introduced defects (ox-
ygen vacancies and Ti3+) has been optimized experimentally, so
the benefits surpass the drawbacks. Conventional buried interface
engineering strategies often claim the passivation of TiO2 surface
[55]. This can be true due to the interaction of modifiers with
defects, yet the outcome of defect passivation should be evaluated.
We hypothesize that in buried interface engineering, the bottom
surface of perovskite can also be passivated, which seems to be
predominant and plays a major role in efficiency enhancement.
Therefore, the drawbacks in intrinsic defects of TiO2 could be
overestimated in some cases, and device efficiency can be less
sensitive to intrinsic defects within TiO2, at least to some extent.
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