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ABSTRACT: Stability degradation plagues both regular n-i-p and inverted p-i-n perovskite
solar cells (PSCs), with the organic hole transport layer (HTL) constituting a key restricting
factor. Poly(triarylamine) (PTAA) possesses intrinsic polymer characteristics and excellent
thermal stability, rendering it a competitive candidate for high-performance PSCs applicable to
both device structures. However, challenging p-doping procedures and vulnerability to
humidity restrict its utilization. Herein, we introduced a hydrophobic dilauroyl peroxide (DP)
with oxidation ability and a long-chain alkanes structure into the PTAA. Upon cleavage of the
peroxide bond (−O−O−) of DP, two decanoyl free radicals are generated. These radicals seize
the lone pair of electrons on the N atom of the triarylamine in PTAA, oxidizing PTAA into a
positively charged radical PTAA•+, thereby achieving p-type doping of PTAA. This doping
process enhances the electrical properties and transport characteristics of PTAA. Besides, the
introduction of long-chain alkyl groups enhances the hydrophobicity of the PTAA film,
increasing the water contact angle from 60.18° to 80.39°. As a result, the champion PCE of n-i-
p PSCs increased from 23.49% to 24.82%, while that of p-i-n PSCs increased from 25.26% to 26.04%. Moreover, the humidity
stability and thermal stability of the PSCs are enhanced. As a result, after the PSC aged for approximately 4752 h at 25 °C and 45%
relative humidity, it still maintained 97% of its initial PCE.

In recent years, perovskite solar cells (PSCs) have achieved
rapid development due to their excellent photoelectric

performance, low preparation cost, and simple process flow.
Currently, the regular n-i-p and inverted p-i-n structures
represent the two mainstream technical routes for PSCs.1,2 The
power conversion efficiency (PCE) of PSCs based on both
structures has exceeded 26% and continues to break records.3

Meanwhile, in response to the demands of large-scale and
industrialized applications, the large-scale preparation process
of PSCs has also developed rapidly, laying a solid technological
foundation for their commercial application.4,5 However,
compared with the rapidly advancing PCE and gradually
maturing preparation processes, the insufficient stability of
PSCs remains the core bottleneck restricting their industrial-
ization and practical application.6−9 Among the numerous
factors affecting PSCs’ stability, the degradation induced by
hole transport layer (HTL) materials stands out as a key issue.
This problem is widespread in both n-i-p and p-i-n structures
of PSCs, serving as a common obstacle that limits further
stability improvements in both types of PSCs.10−12 Therefore,
there is an urgent need to develop stable HTL materials and
explore optimization strategies to enhance PSCs’ PCE and
long-term stability simultaneously.

Currently, researchers have conducted extensive studies
from the perspective of the HTL to address the stability issues
of PSCs with different structures, achieving positive progress.
In n-i-p PSCs, research has largely focused on the modification
and optimization of the Spiro-OMeTAD HTL, employing
doping strategies such as metal−organic salts, ionic liquids, and
electrochemical methods to enhance its performance and
stability.13−16 Meanwhile, through chemical modification of
the Spiro-OMeTAD backbone (e.g., introducing alkoxy
groups, fluorinated moieties, or conjugated extension units),
a series of novel spiro-type hole transport materials has been
synthesized,17,18 exhibiting higher stability. In p-i-n PSCs,
research efforts are concentrated on several directions: First, to
address the interfacial recombination and stability issues of the
inorganic HTL of nickel oxide (NiOx) by introducing
strategies such as valence state regulation and interfacial
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passivation layers.19,20 Second, strategies such as anchoring
group design and multicomponent blending are adopted to
address the issues of easy detachment and degradation of the
self-assembled monolayer (SAM), thereby enhancing the
adhesion and chemical stability of SAM.21−24 In addition,
the development of new conjugated polymer hole transport
materials, through strategies such as constructing donor−
acceptor conjugated main chains and introducing functional
side chains, has significantly enhanced the hole mobility and
interfacial compatibility of polymer materials, providing a new
material option for the stability optimization of PSCs.25−27

Among various hole transport materials, conjugated polymer
materials have gradually become the research focus of high-
stability PSCs due to their excellent intrinsic stability.28,29

Among them, polyterphenylamine (PTAA) stands out due to
its unique molecular structure and comprehensive perform-
ance. The main chain of PTAA is composed of triarylamine
units alternately connected, featuring excellent conjugation and
structural rigidity, which endows it with outstanding hole
transport capacity and high thermal stability.30 More
importantly, compared with Spiro-OMeTAD, commonly

used in n-i-p structure and SAM and NiOx in p-i-n structure,
PTAA can not only withstand the high temperature and high-
energy particle bombardment during the evaporation process
of the metal electrode in the n-i-p structure, but also endure
the high-temperature annealing process required for the
preparation of perovskite layers in the p-i-n structure. This
unique advantage makes it one of the few hole transport
materials that can simultaneously and perfectly accommodate
the two mainstream structures of PSCs.31,32

Although PTAA has significant comprehensive performance
advantages, there are still two core shortcomings at the present
stage. On the one hand, the doping process of PTAA is quite
challenging, making it difficult to achieve full doping and
resulting in insufficient doping stability.33,34 To address this
issue, various strategies including p-type molecular dopants35

and Lewis acid oxidative dopants34 have been developed to
boost the hole conductivity of PTAA films, yet most existing
systems still face an inherent trade-off among doping efficiency,
long-term doping durability, and process compatibility, which
can eventually cause doping failure and impair the PCE and
long-term stability of PSCs. On the other hand, the commonly

Figure 1. DP oxidation doping strategy and its influence on PTAA film. (a) Mechanism diagram of DP oxidation doping of PTAA and its
application in n-i-p and p-i-n PSCs. (b) The absorption spectra of PTAA and PTAA-DP solutions. (c) The EPR spectra of PTAA and PTAA-DP
solutions. (d) XPS spectra of N 1s peaks of PTAA film and PTAA-DP film. (e) FTIR spectra of DP, PTAA, and PTAA-DP film. (f,g) C-AFM
images of PTAA film and PTAA-DP film. (h) Statistical graph of hole mobility of PTAA and PTAA-DP devices.
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used combination of lithium salts and tBP is sensitive to
environmental humidity and prone to absorbing moisture,
which leads to the formation of holes in the HTL, resulting in
problems such as material degradation and ion migration,
seriously restricting the humidity stability of the PSCs.15,36,37

Though emerging nonionic fluorinated dopants38 and
inorganic dopant39 have mitigated the hygroscopic problem
to some extent, they still struggle to simultaneously achieve
high doping efficiency, excellent environmental stability, and
facile solution processability. Therefore, it is necessary to carry
out targeted research on PTAA regulation, improve its doping
performance and stability, and explore its influence on the
performance of perovskite solar cells with different structures.

Hence, we introduced dilauroyl peroxide (DP) into the
traditional PTAA HTL. By leveraging the strong oxidation
capacity of the peroxide bond (−O−O−) in the DP molecule,
we achieved sufficient and controllable oxidation of PTAA,
significantly improving its electrical properties and transport
characteristics. This has achieved simultaneous improvements

in the PCEs of n-i-p and p-i-n PSCs. The champion PCE of n-
i-p PSCs increased from 23.49% to 24.82%, while that of p-i-n
PSCs increased from 25.26% to 26.04%. At the same time,
based on the hydrophobic property of the long-chain alkyl
group of the DP molecule, the moisture absorption problem of
lithium salts is effectively alleviated, and the humidity stability
and thermal stability of the PSCs are enhanced. As a result,
after the PSC aged for approximately 4752 h at 25 °C and 45%
relative humidity, it still maintained 97% of its initial PCE.
After being aged at 85 °C for 1080 h, it still maintained 85% of
its initial PCE.

PTAA features outstanding hole transport capability,
intrinsic thermal stability, and a compatible energy level
structure, and can be simultaneously applied to both n-i-p and
p-i-n structures of PSCs (Figure 1a), demonstrating unique
structural universality. However, in practical applications,
PTAA still faces pain points such as the difficulty of p-type
doping and poor humidity stability caused by the moisture
absorption of dopants. To this end, we have designed and

Figure 2. Effects of DP oxidation doping on the electrical properties of PTAA. (a) KPFM images of PVK/PTAA film and PVK/PTAA-DP film. (b)
Energy level structure diagram of the PTAA film before and after DP oxidation doping. (c) PL spectra of glass/perovskite/PTAA (PTAA-DP)
films. (d) Mott−Schottky curves of n-i-p PSCs with PTAA and PTAA-DP. (e) EIS curves of n-i-p PSCs with PTAA and PTAA-DP. (f) The
simulated energy band structure of PSCs before and after DP oxidation doping. (g) The simulated carrier recombination distribution of PSCs. (h)
The simulated J−V curves of PSCs.
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adopted dopants that simultaneously possess strong oxidation
capacity and hydrophobic properties, such as dilauroyl
peroxide (DP), to address the doping and stability issues
faced by PTAA. DP features a highly symmetrical molecular
structure with a peroxide bond (−O−O−) as the core, flanked
by two lauroyl groups on both sides (Figure 1a). Among them,
the peroxide bond has low bond energy and tends to cleave
easily, which endows DP with strong oxidative activity.
Meanwhile, the long alkyl chains with high hydrophobicity
can effectively reduce the moisture adsorption of the PTAA
HTL.

First, we introduce DP into the PTAA solution. It can be
clearly observed that after adding DP, the solution color
significantly changed from light yellow to deep red, which
directly reflects the oxidation doping phenomenon of DP on
PTAA (Figure 1b). Even when using powder for mixing, a
similar color change occurred (Figure S1). Further, through
the ultraviolet absorption spectrum, it can be observed that in
the range of 500−550 nm, there are clearly new generated
absorption peaks related to PTAA+• (Figure 1b). Similarly,
from the electron paramagnetic resonance (EPR) spectrum, it
can also be observed that a large number of free radicals were
generated in the PTAA film after DP oxidation (Figure 1c).

To further determine the oxidation doping mechanism of
DP on PTAA, first, XPS was used to analyze the chemical
environment of the N atoms in PTAA. The results showed that
after introducing DP, the N 1s peak of PTAA shifted from
399.45 to 399.25 eV, indicating that DP achieved the oxidation
doping of PTAA by seizing the lone pair of electrons on the N
atoms, resulting in PTAA·+ (Figure 1d). On this basis, Fourier
transform infrared (FTIR) spectroscopy was used to further
track the evolution of functional groups of DP molecules
during the doping process (Figure 1e). In the FTIR spectrum
of pristine DP, a characteristic stretching vibration peak of the
peroxide bond is observed at approximately 900 cm−1, along
with a C�O stretching vibration peak of the −COOR group
at around 1800 cm−1. After blending PTAA with DP, both of
the above characteristic peaks disappear completely, while a
new C�O stretching vibration peak assigned to the −COO−

group emerges at approximately 1500 cm−1. Based on the
above characterization results, the complete doping mechanism
can be deduced: the −O−O− at the center of the DP molecule
undergoes homolytic cleavage to generate two decanoyl free
radicals; these radicals abstract the lone-pair electrons from the
nitrogen atoms of the triarylamine units in PTAA and oxidize
neutral PTAA into PTAA·+ radical cations, thus accomplishing
the oxidative doping process (Figure 1a and Figure S2).

After confirming the effective oxidation doping of DP on
PTAA, we conducted Conductive AFM (C-AFM) tests on the
films before and after doping. The results show that the
average surface current of the PTAA film is 11.92 nA, while the
overall average current of the PTAA-DP film has increased to
14.24 nA, which is consistent with the test results of the films’
conductivity (Figures 1f and 1g and Figure S3). Moreover, the
hole mobility of the 9 samples after oxidation doping by DP
also increased from an average of 3.03 × 10−5 to 5.39 × 10−5

cm−2V−1s−1 (Figure 1h), indicating that the large number of
PTAA free radical cations generated after oxidation doping
enhanced the conductivity and hole migration ability of the
material, providing a good foundation for the overall PCE
improvement of the PSCs.

In the overall structure of PSCs, the performance of HTL
not only depends on its electrical conductivity and mobility,

but also its energy level structure is equally crucial. Interface
energy level matching is the key to regulating the carrier
behavior at the interface with perovskite layers, which
determines the separation efficiency and transport rate of
interface carriers. We first used Kelvin probe force microscopy
(KPFM) to test the surface potential of PTAA films before and
after oxidation doping. The results show that the average
surface potential of the PTAA-DP film is significantly higher
than that of the PTAA film, indicating that the Fermi level (EF)
has moved closer to the valence band top (Figure 2a).
Furthermore, we conducted tests and analyses on the two films
by combining ultraviolet photoelectron spectroscopy (UPS)
and UV absorption spectroscopy to determine the energy level
structure of the films (Figure 2b, Figures S4 and S5). The
oxidation doping effect of DP causes the Fermi level of the
original PTAA film to shift downward, and the conductive type
of the film becomes more p-type, which is consistent with the
KPFM results.

We further employed photoluminescence spectroscopy
(PL), Mott−Schottky (MS), and electrochemical impedance
spectroscopy (EIS) to conduct comprehensive tests, thereby
verifying the optimization effect of DP oxidation doping on the
charge transfer efficiency at the PTAA/perovskite interface.
First, in contrast, the photoluminescence spectra of samples
spin-coated with PTAA-DP on the surface of the perovskite
film exhibited a more significant quenching compared to those
of samples spin-coated with PTAA, indicating that the DP-
doped oxidized PTAA HTL can more efficiently extract the
photogenerated holes from the perovskite active layer (Figure
2c). Further analysis of the fitting results of the TRPL data
indicates that, compared with the PTAA sample, the rapid
decay lifetime of the PTAA-DP sample has significantly
decreased from 63.76 to 30.98 ns (Figure S6). At the same
time, the average carrier lifetime after DP doping has decreased
from 1838 to 1176 ns, which suggests that DP doping
effectively accelerates the extraction of carriers at the PTAA/
perovskite interface and optimizes the transport behavior of
interface carriers. Meanwhile, the Mott−Schottky curve test
results indicate that the built-in electric field (Vbi) of the
PTAA-DP device is 0.96 V, which is higher than that of the
PTAA device (0.90 V) (Figure 2d). A larger Vbi is more
conducive to the separation driving force of photogenerated
electron−hole pairs and transport of charge carriers. The EIS
test results (Figure 2e) further confirm this conclusion.
Compared with the PTAA device, the charge transfer
impedance (Rct) of the PTAA-DP device has significantly
decreased, which indicates that the resistance of charge
transmission at the interface has been effectively reduced.

Based on the energy level structure obtained from the
experiments, we further utilized the “Solar Cell capacitor
Simulator-One Dimension” software to explore the impact of
DP oxidation doping on carrier transport and PSCs’ perform-
ance from a simulation perspective. The results show that after
DP doping, the doping concentration increases, reducing the
energy level offset and optimizing the interface energy level
matching (Figure 2f). The carrier recombination distribution
indicates that after DP oxidation doping, the carrier
recombination at the PTAA and perovskite interfaces has
been effectively suppressed (Figure 2g). Finally, we simulated
and calculated the J−V curves of PTAA and PTAA-DP-based
PSCs. It can be seen that due to the optimization of the energy
level structure and the suppression of carrier recombination,
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the PCE of the PSC has been improved accordingly after DP
doping (Figure 2h).

The synergistic improvement of the characteristics of the
HTL itself and the interface transport through DP oxidation
doping provides an important foundation for the subsequent
improvement of the PCE of the two structures of PSCs.
Therefore, in order to assess the impact of DP oxidation
doping on performance, we first constructed n-i-p PSCs
(FTO/TiO2/PVK/PTAA or PTAA-DP/Au) for testing. As
shown in Figure 3a, the n-i-p PSCs with PTAA-DP obtain a
champion PCE of 24.82% (short-circuit current density [JSC] =
25.88 mA/cm2, VOC = 1.161 V, and fill factor [FF] = 82.63%),
which was significantly higher than the champion PCE of
23.49% for the PTAA-based PSC, especially in terms of VOC
(1.131 V) and FF (80.08%) (Figure S7). The obtained
integrated current values from external quantum efficiency
(EQE) are 25.48 mA/cm2 (PTAA) and 25.63 mA/cm2

(PTAA-DP), respectively, which are not significantly different
from the current values obtained from the J−V test (Figure
3b). We conducted a statistical analysis of the photovoltaic

parameters of each group of 35 PSCs, as shown in Figure 3c.
The average PCE of the PTAA-DP-based PSCs was 24.30%,
significantly higher than that of the PTAA-based PSCs
(22.99%), and exhibited a more concentrated distribution.
Similar results were observed for VOC, FF, and JSC (Figure S8).
We also conducted steady-state power output measurements
on the PTAA-DP-based PSCs. The results showed that after
300 s, the stable output efficiency of the PTAA-DP-based PSC
was 24.40%, indicating good output stability (Figure 3d).

We further carried out variable light intensity tests and dark
current tests to deeply explore the influence of DP oxidation
doping on the carrier transport and recombination mechanism
of the PSCs. The results of the variable light intensity test show
that the ideal factor of the PTAA PSC is 1.81 KBT/q, while
that of the PTAA-DP-based PSC drops to 1.64 KBT/q (Figure
3e). Meanwhile, the actual measured FF of the PTAA-DP-
based PSC is significantly higher than that of the PTAA PSC,
and the difference from the maximum FF calculated without
considering charge transport loss is significantly smaller
(Figure 3f). The dark current of the PTAA-DP PSCs was

Figure 3. Photovoltaic performance of n-i-p and p-i-n PSCs with PTAA and PTAA-DP. (a) Reverse J−V curves of champion n-i-p PSCs with
PTAA and PTAA-DP. (b) EQE curves of n-i-p PSCs with PTAA and PTAA-DP. (c) Statistical results of PCEs of n-i-p PSCs with PTAA and
PTAA-DP. (d) Monitoring of PTAA-DP-based n-i-p PSCs steady-state output efficiency. (e) Light-intensity dependence of VOC of n-i-p PSCs with
PTAA and PTAA-DP. (f) VOC loss diagram of n-i-p PSCs with PTAA and PTAA-DP. (g) Dark J−V curves of n-i-p PSCs with PTAA and PTAA-
DP. (h) Reverse J−V curves of champion p-i-n PSCs with PTAA and PTAA-DP. (i) Statistical results of PCEs of p-i-n PSCs with PTAA and
PTAA-DP.
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significantly reduced, which also indicates that the internal
leakage current and the nonradiative recombination process
were effectively suppressed in the PSCs (Figure 3g). The test
results of variable light intensity and dark current are cross-
verified with the characterization results of electrical perform-
ance, energy level structure, and interface characteristics in the
previous text, indicating that DP oxidation doping optimizes
the performance of the PTAA HTL from multiple aspects,
providing strong support for the improvement of PSCs’ PCE
and stability.

After completing the mechanism analysis of the improve-
ment of PTAA transport characteristics and the enhancement
of PSCs performance by DP oxidation doping, we further
applied the PTAA-DP HTL to the p-i-n PSCs to verify its
structural universality. The transmission spectra of the films
indicates that both the PTAA and PTAA-DP films have high
transmittance within the range of 450−800 nm (Figure S9).
Figure 3h shows the J−V curve of the champion device of the
p-i-n structure PSCs (FTO/PTAA or PTAA-DP/SAM/PVK/
BCP/C60/Ag). In comparison, the p-i-n PSCs with PTAA-DP
obtain a champion PCE of 26.04% (VOC = 1.174 V, JSC = 25.96
mA/cm2, and FF = 85.44%), which was significantly higher
than the champion PCE of 25.26% for the PTAA-based p-i-n
PSC, especially in terms of VOC (1.161 V) and FF (84.15%)

(Figure S10). The corresponding EQE spectrum is shown in
Figure S11. The statistical results of 20 PSCs in each group
show that the average PCE of the PTAA-based PSCs is
24.70%, significantly lower than the average PCE of PTAA-DP
PSCs (25.43%) (Figure 3i). Moreover, after DP oxidation
doping, the average VOC and FF were significantly improved,
with the VOC increasing from an average of 1.159 to 1.167 V
and the FF increasing from an average of 83.35% to 85.01%
(Figure S12). By effectively oxidizing the PTAA HTL through
DP molecular doping and improving the energy levels and
interface carrier transport, the PTAA HTL has been effectively
promoted to be widely applicable in n-i-p and p-i-n structure
PSCs and to enhance the PCE of both structure PSCs.

The DP molecule not only possesses the peroxide bonds
that can effectively oxidize and regulate HTL, but also has two
long-chain hydrophobic alkanes. This will help prevent the
intrusion of external moisture and enhance the stability of the
PSCs, especially in terms of humidity and heat stability. Figure
4a shows the water contact Angle test results of PTAA and
PTAA-DP films, respectively, spin-coated on the perovskite
surface. It can be clearly seen that after the addition of DP, the
water contact Angle of the films has increased from 60.18° to
80.39°. In addition, a large number of white particles appeared
on the surface of the PTAA film after air exposure and aging

Figure 4. Humidity and heat stability of PSCs with PTAA and PTAA-DP. (a) The water contact angle test results of PTAA and PTAA-DP films.
(b) SEM images of PTAA and PTAA-DP films after air exposure and aging. (c) The changes in the intensity of the nonphotoactive δ-FAPbI3 in the
perovskite/PTAA and perovskite/PTAA-DP films. (d) The TOF-SIMS spectra of n-i-p PSC with PTAA. (e) The TOF-SIMS spectra of n-i-p PSC
with PTAA-DP. (f,g) The corresponding 3D rendering of the Li+ distribution of n-i-p PSCs with PTAA-DP and PTAA-DP. (h) The humidity
stability of unencapsulated n-i-p PSCs with PTAA and PTAA-DP. (i) The thermal stability of unencapsulated n-i-p PSCs with PTAA and PTAA-
DP.
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(Figure 4b). This might be related to the agglomeration and
porosity caused by the moisture absorption of lithium salts in
the film. Furthermore, the aging test on the conductivity of the
films also validate the enhanced air stability after incorporating
of DP (Figure S13). As for the stability of perovskite film, we
utilized XRD to monitor the changes in the intensity of the
nonphotoactive δ phase perovskite in the perovskite/PTAA
and perovskite/PTAA-DP films under high humidity aging
conditions, and fitted the trend of these changes (Figure 4c).
In contrast, the fitting slope of the perovskite/PTAA-DP film
was significantly reduced, indicating that the water-induced
phase transformation process of the PTAA-DP-coated perov-
skite film was slower. This confirmed that DP can effectively
prevent water vapor penetration by enhancing hydrophobicity
and effectively inhibiting the decomposition of the perovskite
active layer.

Further, we adopted TOF-SIMS to explore the situation of
Li+ inside the PSCs. It can be seen that Li+ in the PTAA-based
PSCs has significantly migrated to the bottom interface of the
perovskite film and accumulated at the interface (Figure 4d).
In contrast, the degree of Li+ migration in PTAA-DP-based
PSCs is relatively low, and it is still mainly distributed in the
HTL and the upper surface of perovskite, with a significantly
lower content at the bottom interface of perovskite (Figure
4e). The 3D rendering of the Li+ distribution can more clearly
show this distribution difference (Figures 4f and 4g). Finally,
we conducted humidity stability and thermal stability tests,
taking the n-i-p structure PSCs as an example. As shown in
Figure 4h, after approximately 4752 h of aging at 25 °C and
45%RH, the PTAA-DP-based PSC still maintained 97% of its
initial PCE, while the PTAA-based PSC ultimately only
maintained 89% of its initial PCE. Meanwhile, Figure 4i shows
the performance changes of the PSCs when it is placed and
aged in a dry nitrogen environment at 85 °C. Among them, the
PCE of the PTAA-based PSCs has declined to 65% of the
initial PCE after 1080 h of aging, while the PTAA-DP-based
PSCs still maintain 85% of the initial PCE.

In summary, by introducing DP into the PTAA HTL, we
modulate its electrical properties via oxidative doping and
enhance its stability through increased hydrophobicity, which
synergistic effect ultimately delivers simultaneous improve-
ments in both the photovoltaic performance and stability of
PSCs. As a result, the PCE of n-i-p PSCs increased from
23.49% to 24.82%, while that of p-i-n PSCs increased from
25.26% to 26.04%. Besides, after the n-i-p PSC was aged for
approximately 4752 h at 25 °C and 45% relative humidity, it
still maintained 97% of its initial PCE. After being aged at 85
°C for 1080 h, it still maintained 85% of its initial PCE. Our
work provides a feasible technical approach to simultaneously
address the doping performance and long-term stability issues
of PTAA HTL, and offers an important technical reference for
the universal application of PTAA HTL in PSCs with various
device structures.

■ EXPERIMENTAL METHODS

Materals

FTO glass (∼15 Ω) was purchased from Youxuan New Energy
Technology Co. Ltd.; TiCl4 (99.9%) was purchased from
Aladdin; lead iodide (PbI2, 99.999%), N,N-dimethylformamide
(DMF, 99.9%), dimethyl sulfoxide (DMSO, 99.9%), and
chlorobenzene (CB, 99.9%) were purchased from Sigma-
Aldrich; formamidinium iodide (FAI, 99.8%), methylamine

iodide (MAI, 99.9%), cesium iodide (CsI, 99.98%), 4-
methoxyphenylethylamine hydroiodide (Meo-PEAI, 99.8%),
methylammonium chloride (MACl, 99.99%), tert-butylpyr-
idine (tBP) and lithium bis (trifluoromethylsulfonyl) imide
(LiTFSI, 99%) were purchased from Xi’an Polymer Light
Technology Corp; dilauroyl peroxide (DP), poly[bis(4-
phenyl)(2,4,6-trimethylphenyl)amine] (PTAA, 99.8%), me-
thoxy-phenethylammonium iodide (MeO-PEAI), isopropanol
(IPA, 99.99%) and acetonitrile (ACN, 99.99%) were
purchased from Beijing InnoChem Science & Technology
Co., Ltd. All chemicals were employed as received without
further modifications after purchase.
Device Fabrication

Preparation of n-i-p structure PSCs: FTO glass substrate
preparation: The FTO glass substrate was cleaned with
deionized water, ethanol, and deionized water using ultrasonic
cleaning for 15 min each. After drying with high-purity N2, the
substrate was processed under ultraviolet ozone (UVO) for 15
min to achieve a hydrophilic surface. TiO2 ETL preparation: A
mixture of TiCl4 (4 mL) and deionized water (200 mL) was
stirred to obtain a TiO2 precursor. The FTO substrate was
then immersed in the precursor and placed in a water bath at
70 °C for 40 min to form a compact TiO2 electron transport
l a y e r . P r e p a r a t i o n o f p e r o v s k i t e : T h e 1 . 5 4 M
FA0.85MA0.1Cs0.05PbI3 (DMF: DMSO, 4:1 volume/volume)
precursor was spin-coated on FTO/TiO2 substrate at 3800
rpm for 20 s, 970 μL diethyl ether as antisolvent was dripped at
14 s before the end of spin-coating. Then, the film was
transferred to air for annealing at 110 °C for 10 min. The Meo-
PEAI solution was prepared by mixing 4.5 mg Meo-PEAI in 1
mL of isopropanol. The Meo-PEAI layer was spin-coated at
4000 rpm for 30 s above the perovskite. Preparation of HTLs:
The PTAA solution was prepared by mixing 30 mg PTAA in 1
mL chlorobenzene with 18 μL tBP, 8 μL Li-TFSI salt (520
mg/mL in ACN). The PTAA-DP solution was prepared by
adding 0.7 mg/mL of dilauroyl peroxide to the PTAA solution.
The PTAA and PTAA-DP HTLs were spin-coated at 4000
rpm for 30 s above the perovskite layer, then transferred to a
hot plate for annealing at 100 °C for 5 min. Preparation of
electrode: An Au electrode (60 nm) was deposited by thermal
evaporation to obtain PSCs. Preparation of p-i−n structure
PSCs: Hole transport layer (HTL) preparation: The PTAA or
PTAA−DP solution used in a regular structured device was
diluted to 0.5 mg/mL and spin-coated on a cleaned FTO
substrate at 4000 rpm for 30 seconds, followed by annealing at
100° C for 5 minutes. Then, the MeO−PACz solution (0.4
mg/mL in IPA) was spin-coated on PTAA at 3000 rpm for 30
seconds, followed by annealing at 100°C for 10 minutes.
Perovskite film preparation: 1.5 M perovskite solution
(FA0.85MA0.1Cs0.05PbI3 in a mixed solvent of DMF: DMSO
with volume/volume of 4:1) was spin-coated on HTL at 1000
rpm for 10 seconds and 5000 rpm for 30 seconds, 200 μL CB
was dripped onto the center of the film at 5 seconds before the
end of spin-coating. The deposited perovskite film was then
annealed at 100°C for 30 minutes. Then, PEACl solution (1
mg/mL in IPA) was spin−coated on the perovskite film at
4000 rpm for 30 seconds, followed by annealing at 100°C for 3
minutes. Electron transport layer (ETL) preparation: C60 and
BCP were deposited on top of passivated perovskite by
thermal evaporation with thicknesses of 15 nm and 7 nm,
respectively. Ag electrode preparation: An Ag electrode (100
nm) was deposited by thermal evaporation on top of ETL.
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Characterization

The device efficiency was measured using a Keithley 2400
source meter with a scan rate of 13 mV s−1 under simulated
AM 1.5G illumination (100 mW cm−2) provided by a 150 W
Class AAA solar simulator (XES-40S1, SAN-EI). The light
intensity of the solar simulator was calibrated using a National
Institute of Metrology certified silicon solar. The external
quantum efficiency and integrating current of perovskite solar
cells were measured using QE-R systems (Enli Tech) under
AC pattern conditions. Cold field-emission scanning electron
microscopy (SEM) using a HITACHI SU8010 instrument was
used to analyze the surface morphology of the samples. Fourier
transform infrared spectroscopy (FTIR) using a Bruker
instrument with a scanned region from 4000 to 600 cm−1

wavenumber. Ultraviolet photoelectron spectroscopy (UPS)
was performed using an ESCALAB 250Xi system to analyze
the surface composition and electronic structure of the
samples. Ultraviolet−visible (UV−vis) spectra were recorded
using a SHIMADZU UV-2600 spectrophotometer. Steady-
state photoluminescence (PL) was employed to study the
carrier behavior of the samples. The excitation wavelength
used for these measurements was 470 nm. Atomic force
microscopy (AFM) using an FMNanoview 1000 instrument
was used to characterize the surface morphology of the
samples. Kelvin probe force microscopy (KPFM) and
conducting atomic force microscopy (C-AFM) were utilized
to measure the surface potential and contact current of the
films. The electron paramagnetic resonance (EPR) was
performed on Bruker EMX PLUS instrument. To characterize
the existence and its migration, Time-of-flight secondary ion
mass spectrometry (TOF-SIMS 5-100, IONTOF GmbH) was
performed.
SCAPS-1D Introduction

Solar Cell Capacitance Simulator-one Dimension (SCAPS-1D)
version 3.3.11 was used in this work to build a perovskite solar
cell model, validating the effectiveness of the doping strategies
employed. SCAPS-1D was developed by Marc Burgelman and
his colleagues at the University of Ghent, Belgium.
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