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Introduction

As one of emerging photovoltaic (PV) materials, organic-inorganic hybrid perovskites have
shown excellent optoelectronic properties, including tuneable bandgaps, high charge carrier mobility,
long charge carrier diffusion lengths, and low exciton binding energies, triggering their rapidly
increased power conversion efficiency (PCE) of PV cells from 3.8% in 2009 to certified 27.3%
recently.[1-2] Due to its facile solution methods and industrially compatible manufacturing,
perovskites have been recognised as desirable candidates for the next-generation low-cost and
high-efficiency thin-film PV technologies. Despite skyrocketing PCEs over the last decade, there
remains a noticeable gap towards the Shockley-Queisser limit efficiency of 31%, where the PV
performance losses mainly stem from non-radiative recombination at interfaces and grain
boundaries.[3]

Owing to the low-temperature crystallisation processes (100-150 °C ) of polycrystalline
perovskite thin films, abundant defects are inevitably formed at their interfaces and internal grain
boundaries, which not only serves as undesirable traps impeding charge carrier transport but also
offers additional ion migration and moisture penetration channels inducing fast PV performance
decay.[4] To address this issue, small molecules decorated with a variety of functional groups (e.g.
amines, carboxylates, basic and acidic agents, aliphatic chains) were employed as precursor
additives to achieve targeted passivation of surface defects and inhibited moisture permeation for
efficient and durable perovskite thin films.[5] Besides, additives containing Lewis acid/base groups
have been recognised as effective surface passivation agents, as their strong chemical interaction
with undercoordinated Pb at the grain boundaries to suppress ion migration under light or thermal
stress.

In this work, we designed two molecules with push-pull electronic structure configuration, based
on 5-chloro-2-hydroxypyridine derivatives with -NH> (HNCLP) and —-F (HFCLP) end groups. The
regulatory effect of electron density distribution on the dipole moment of derivatives enables targeted
passivation for Pb?* and interstitial I3 related defects simultaneously, delivering an increased PCE
of 24.47% in an n-i-p device configuration. The correlation between the electronic structure of
molecules and defect passivation in perovskite also results in prolonged device lifespan retaining
over 94% of the initial PCE after 576 hours in ambient conditions.

Methodology

Preparation of perovskite precursor solutions: 219.3 mg of FAI, 691.5 mg of Pbl,, and 35.77 mg
of MAI were dissolved in a mixed solvent of dimethyl sulfoxide and dimethylformamide with a volume
ratio of 4:1, where the perovskite precursor solutions containing HFCLP and HNCLP molecular
concentration gradients of 0.5, 1.0, and 1.5 mg were prepared, respectively. Through the systematic
evaluation of perovskite film and its device performance, 1.0 mg HFCLP and HNCLP additive was
determined as the optimal concentration and adopted as the target samples for further analysis in
this study.

Results

The electrostatic potential (ESP) distributions of HFCLP and HNCLP indicate that the hydrogen
on the pyridine ring is replaced by F as a strong absorbing electron (Figure 1), reducing the electron
cloud density, while the C—F bond length is short and the high electron density region is pulled to
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both sides. In contrast, the hydrogen at the identical position is occupied by —NH- as a strong electron
donor, increasing the electron cloud density and pushing the high electron density region back
together. Moreover, the aggregated positive potential surface is more electrophile and is easy to
combine with the interstitial I3~ and allows the negative electron density region to gather on pyridine
N, making it preferentially bind to undercoordinated Pb?* ions.
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Figure 1. ESP of HFCLP and HNCLP molecules with push-pull electronic structure
calculated by DFT

The photocurrent density density-voltage (J-V) curves for the control devices and the
HFCLP/HNCLP-treated devices are presented in Figure 2, and the specific PV parameters are
summarized in table 1. When measuring the J-V curves, no additional mask is introduced to fix the
aperture area. The preparation area of 0.3 cm x 0.3 cm is the pixel area, yielding an active area of
0.09 cm? for solar cell devices. A commercial colloidal SnO; solution (xx mg/mL in water) is spin-
coated on FTO glass substrates to form an electron transport layer (xx nm), while Spiro-OMeTAD
doped with LITFSI and TBP is employed as the hole transport layer.
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Figure 2. Typical J-V curves along with key parameters without and with HFCLP and HNCLP
modifications.

Table 1 Photovoltaic parameters for PSCs without and with HFCLP and HNCLP modifications.

Device FF (%) Voc (V) Jsc (mA/cm?) PCE (%)

Control 79.12 1.118 25.16 22.27
w/ HFCLP 80.91 1.132 25.30 23.18
w/ HNCLP 82.70 1.172 25.24 24.47

To reveal the effect of push-pull electron structure on carrier transport and recombination,
steady-state photoluminescence (PL) and time-resolved PL (TRPL) based on the samples on non-
conductive glass are successively tested. The steady-state PL results present that the peak position
of all samples remain unchanged (Figure 3a), but the intensity of the modified samples remarkably
elevates and presents the order of HNCLP > HFCLP > control, stating that HNCLP effectively
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reduces the density of defect states and suppresses nonradiative recombination. The TRPL curve
is fitted using a double exponential decay equation (Figure 3b). The tae of the film modified by
HNCLP (512.9 ns) is much longer than that of HFCLP-contained (371.4 ns) and the control (102.5
ns) samples as shown in Table 2.
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Figure 3. (a) Steady-state PL spectra, (b) TRPL decay of the films without and with HFCLP and
HNCLP modifications.

Table 2 TRPL fitting parameters for perovskite films without and with HFCLP and HNCLP
modifications.

Sample Tave (NS) 11 (NS) A1 (%) T2 (NS) Az (%)
Control 102.5 66.3 70.08 187.2 29.92
w/ HFCLP 371.4 392.1 203.2 203.2 10.94
w/ HNCLP 512.9 520.3 149.0 149.0 1.98

The phase transition and decomposition states are simultaneously explored by XRD (Figure 4).
Initially, all samples present the a-phase along (110) diffraction peak. After 40 h under humidity
conditions, the Pbl, peak and d-phase appear in the control and HFCLP-added films. However, only
faint &-phase peak appears in the HNCLP-contained film. With prolonged aging periods in ambient
conditions, the perovskite compounds degrade into Pbl, along with more pronounced a-to-d phase
transition, in the cases of the control and HFCLP-contained films. After 80 hours of exposure, the
peak intensity of black perovskite phase in the control and HFCLP-containing films decreases
precipitously, and the Pbl, and &-phase perovskite peaks experience rapid increases and become
predominant crystalline peaks. In contrast, the a-phase perovskite peak still dominates in the
HFCLP-modified sample under the same aging conditions and time intervals, despite slightly
enhanced peak intensities of the Pbl, and yellow perovskite phase.
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Figure 4. Time-dependent XRD patterns of the perovskite samples without and with HFCLP and
HNCLP treatments of the cells as a function of air-storage duration.
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Finally, the air-storage stability of the unencapsulated PSCs is compared and monitored at a
temperature of 25 + 5 °C and a relative humidity of 30 £ 5% (Figure 5). During the whole 576 h
storage period, the efficiency of the control PSC continues to decrease, ultimately maintaining only
76.5% of its initial PCE. For HFCLP-added device, the efficiency decreases rapidly within the first
25 h, then gradually deteriorates, and finally retains 83.9% of its initial value. The HNCLP-
contained device exhibits excellent stability for the first 400 h, then decreases slightly, and
eventually loses about 10% of its original efficiency.
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Figure 5. Normalised PCE distribution of the devices as a function of air-storage duration.

Conclusions:

Here, 5-chloro-2-hydroxypyridine derivatives of HFCLP and HNCLP are proposed to achieve

push-pull electronic configuration, and the structure-activity relationship between their electron cloud
distribution and the performance of perovskite absorber and PSCs is clarified. DFT simulation
reveals that the functional groups directly contribute to the redistribution of the electron density of
the derivatives. HNCLP with the electron-donating end group of -NH» owns a large dipole moment
in comparison with HFCLP. The polarised distribution of high-density electrons in HNCLP enables it
highly effective targeted passivation for Pb?* and interstitial |5 related defects simultaneously, which
is further confirmed by experimental mechanism analysis. With these strong interactions, HNCLP
facilitates controlled crystal growth for high-quality perovskite thin films, leading to enlarged built-in
potential and downward shifted work function for promoted carrier extraction and transfer. The best-
performance HNCLP-incorporated PSC has a PCE up to 24.47%, surpassing 22.27% of control
device and 23.18% of HFCLP-treated device. Meanwhile, the incorporation of HNCLP results in
enhanced humidity resistance of perovskite absorber and device air-storage stability. The study
presents a targeted strategy for the design of push-pull electronic structure additives, which brings
new chemical insights for the future high-efficiency and long-term stable perovskite PVs.
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