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Abstract

Minimizing surface defects in perovskite films is crucial for suppressing non-radiative
recombination and enhancing device performance. Herein, we propose the use of N-
bromosuccinimide (NBS), a small molecule containing Lewis base carbonyl groups (C=0),
to improve the quality of RbCsMAFA mixed-cation perovskite films. This surface treatment
effectively reduces non-radiative charge-carrier recombination, in particular through the
passivation of surface defects related to undercoordinated Pb2* ions and halide vacancies,
and significantly accelerates charge extraction from the perovskite into the Spiro-OMeTAD
hole transporter. Consequently, NBS-treated PerSCs achieve a power conversion efficiency
(PCE) of 18.24%, representing an 11% relative increase over the control device (16.48%).
This enhancement is mainly attributed to a V. gain of up to 40 mV and modifications in
the recombination dynamics. Supporting evidence from impedance spectroscopic analyses
further confirms enhanced energy-level alignment and reduced interfacial losses, improved
charge transport as well as prolonged charge lifetimes within the devices. This work
provides a simple yet effective approach to reduce the non-radiative recombination losses
towards more efficient and stable PerSCs.

Keywords: interface engineering; quadruple cation perovskite; N-bromosuccinimide;
defect passivation; non-radiative recombination

1. Introduction

Mixed-cation organolead halide perovskite solar cells (PerSCs) represent a promis-
ing third-generation photovoltaic technology, achieving remarkable progress in power
conversion efficiency (PCE), which has surged from an initial 3.8% to over 26% [1-5].
This advancement is driven by the outstanding optoelectronic properties of perovskite
materials, including tunable direct bandgap, high charge-carrier mobility, long carrier
diffusion length, high absorption coefficient, and good defect tolerance [6-8]. Together
with facile solution processability, flexibility, semi-transparency, and low-cost fabrication,
these features make PerSCs as highly promising and attractive alternatives to conventional
silicon photovoltaics [9]. Notably, interfacial energy loss caused by halide ion migration
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and non-radiative recombination presents a critical bottleneck to further enhancing the
photovoltaic efficiency and long-term stability of PerSCs, which still pose challenges for
industrial commercialization [10-12]. One of the main factors underlying this issue is the
presence of structural defects at the perovskite surface and grain boundaries, which act
as preferential sites for unwanted degradation reactions [13]. In particular, defect states
such as undercoordinated Pb?* ions and halide vacancies can trap free charge carriers in
perovskite films, thereby facilitating non-radiative recombination losses [14,15]. This not
only leads to significant losses in open-circuit voltage (V) and power conversion efficiency
(PCE) but also diminishes carrier lifetimes in the devices. Moreover, such defects form
preferential pathways for moisture and oxygen infiltration, which accelerates the decom-
position of perovskite crystals, and all of this is detrimental to the long-term operational
stability of photovoltaic devices [16]. Therefore, it is important to control the perovskite
interface and adequately passivate the surface defects to reduce charge recombination
and enhance device performance. So far, various materials, including metal oxides [17,18],
polymers [19-21], and small organic molecules [22-25] have been employed as interfacial
layers at the perovskite/hole transport layer (HTL) interface. For example, a series of
organic ammonium halide salts, such as 4-tert-butylbenzylammonium iodide (tBBAI), was
developed by the Gratzel group to effectively passivate surface defects in CsMAFA triple
cation perovskites. Their studies demonstrated that incorporating tBBAI at the perovskite
surface enhances charge extraction into the Spiro-OMeTAD hole transport layer, while
simultaneously suppressing non-radiative recombination of charge carriers [26]. Naveen
et al. systematically investigated the incorporation of two-dimensional metal dichalco-
genides as interfacial materials at the perovskite/HTL interface, demonstrating their ability
to substantially reduce trap density and effectively mitigate interfacial losses [27]. In ad-
dition, Daem et al. used tetracene to simultaneously control the lead-free Cs, AgBiBrg
double perovskite crystallization and suppress non-radiative recombination, leading to an
improved PCE values [28]. Previous reports have established that the molecular additives
containing functional Lewis base groups, such as C=0, can coordinate with uncoordinated
Pb?* in the perovskite, significantly increasing the electron density around lead sites due
to the electron-donating effect of oxygen [29-31]. Inspired by these previous works, we
report here that the use of N-bromosuccinimide (NBS) can passivate surface defects in the
RbCsMAFA quadruple cation perovskite. Low-cost NBS is a chemical reagent commonly
utilized as a bromine source and frequently employed in organic chemistry for various
substitution and bromination reactions, and its two electron-withdrawing carbonyl groups
facilitate the formation of reactive succinimide and bromine radicals [32,33]. In this study,
its effects on the film quality and the device performance of PerSCs were systematically
investigated. NBS molecules not only interact with uncoordinated Pb?* ions on the surface
of RbCsMAFA perovskite film, but also occupy halide vacancies via nitrogen-bromine
bonding. This treatment lowers surface defect density, suppresses non-radiative recombi-
nation, and enhances charge transfer properties, resulting in a PCE increase from 16.48% to
18.24%, along with improved open-circuit voltage (Vo) and fill factor (FF). These results
were supported by the impedance and Mott-Schottky measurements of the devices. Our
work offers a comprehensive analysis of the effect of NBS interfacial molecules on the
optoelectronic properties and charge dynamics in multi-cation PerSCs, as well as their
potential as a protective layer against moisture and oxygen. We established an evident
relation between defect passivation, energy band alignment, photovoltaic (PV) perfor-
mance, and recombination losses in the PerSCs, paving the way for further advancements
in high-efficiency and stable devices.
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2. Materials and Methods

Materials: Materials used in the experiment include Fluorine-doped tin oxide (FTO)
glass (Greatcell Solar, Queanbeyan, NSW, Australia), Hydrochloric acid (HCI, 37%, VWR,
Leuven, Belgium), Zinc powder (Zn, >98%, Carl Roth, Karlsruhe, Germany), Titanium di-
isopropoxide bis(acetylacetonate) (TAA, 75 wt.% in isopropanol, Sigma-Aldrich, Merck Life
Science BV, Hoeilaart, Belgium), Anhydrous ethanol (EtOH, 99.5%, Acros organics, Geel,
Belgium), Titanium(IV) chloride (TiCly, >97.0%, Merck, Merck Life Science BV, Hoeilaart,
Belgium), TiO, nanoparticle paste 18NR-T (Greatcell Solar), Cesium iodide (CsI, 99.9%, Sigma
Aldrich), Rubidium iodide (RbI, 99.9%, Sigma Aldrich), Lead iodide (Pbl,, 99%, Sigma
Aldrich), Lead (II) bromide (PbBrp, >98%, Sigma Aldrich), Formamidinium iodide (FAL
99.99%, Greatcell Solar), Methylammonium bromide (MABz, 99.99%, Greatcell Solar), N-
Bromosuccinimide (NBS, 99%, Sigma Aldrich), 4-tert-butylpyridine (tBP, 96%, Sigma-Aldrich),
Lithium bis(trifluoromethanesulfonyl)imide (Li-TFSI, 99.95%, Sigma-Aldrich), 2,20,7,70-
Tetrakis[N,N-di(4-methoxyphenyl)amino]-9,90-spirobifluorene (Spiro-OMeTAD, >99.9%, Borun,
Ningbo, Zhejiang, China), NN/ -dimethylformamide (DME, 99.9%, Acros organics), Dimethyl
sulfoxide (DMSO, 99.9%, Sigma Aldrich), Anhydrous chlorobenzene (CB, 99.8%, Sigma
Aldrich), Acetonitrile (ACN, 99.8% Sigma Aldrich), Anhydrous isopropanol (IPA, 99.8%,
Acros organics). All materials were used as received without further purification.

Device fabrication: FTO glass substrates were initially etched using 2 M hydrochloric
acid (HCI) with metallic zinc powder, followed by sequential ultrasonication in deionized
water, acetone, and isopropanol for 20 min each, and then dried with compressed air.
The FTO substrates were treated by UV-ozone cleaner for 15 min prior to deposition
of the compact titanium dioxide (c-TiO;) layer. The c-TiO; layer was deposited on the
FTO substrates using spin-coating method from a precursor solution containing 0.243 mL
acetylacetone and 0.366 mL titanium diisopropoxide bis(acetylacetonate) dissolved in 5 mL
of extra-dry ethanol. The coated substrates were first annealed at 150 °C for 10 min on a hot
plate in ambient air, followed by calcination at 500 °C for 30 min to form crystalline anatase
TiO,. After cooling to room temperature, the samples underwent an additional 15 min of
UV-ozone treatment. The mesoporous titanium dioxide (mp-TiO,) solution was prepared
by diluting 1 g of TiO, 18NR-T paste in 9.8 g of extra-dry ethanol. This solution was spin-
coated atop the c-TiO; layer at 1500 rpm for 30 s, followed by annealing at 150 °C for 10 min
and calcination at 500 °C for 30 min. Following this, the samples were immersed in a 0.04 M
aqueous TiCly solution for 30 min at 60 °C. rinsed sequentially with deionized water and
ethanol, dried with compressed air, and finally calcined at 450 °C for 30 min. After cooling,
a final 15 min of UV-ozone treatment was applied before transferring the substrates into an
Argon-filled glovebox with controlled oxygen and moisture levels. The quadruple cation
RbCsMAFAPDI;_,Bry perovskite precursor solution (1.5 M) was prepared by dissolving
0.6 g FAI, 2.2 g of Pbly, 0.1 g of MABr, 0.5 g of PbBr,, 0.5 g of Csl, and 0.5 g of Rbl in a
mixed solvent of DMF and DMSO with 4:1 volume ratio. The filtered perovskite solution
was spin-coated onto the substrates at 1000 rpm for 15 s, 4000 rpm for 1 s, and 6000 rpm for
20 s, followed by 120 puL of chlorobenzene dripping in the last 10 s. The films were then
annealed at 100 °C for 30 min to induce perovskite crystallization. For N-bromosuccinimide
(NBS) passivation, solutions of 0.5, 1.0, 2.0, and 3.0 mg/mL in isopropanol were spin-coated
at 3000 rpm for 30 s, followed by annealing at 100 °C for 8 min. The Spiro-OMeTAD
hole transport solution was prepared by dissolving 72.3 mg of Spiro-OMeTAD in 1 mL
chlorobenzene, with 18 pL Li-TFSI (520 mg mL~! in acetonitrile) and 29 uL tBP as additives.
This solution was deposited atop the NBS layer at 3000 rpm for 30 s. Finally, a 100 nm gold
electrode was thermally evaporated under vacuum (8.5 x 10~ mbar).

Characterization of films and devices: UV-Visible absorption spectra were measured
by UV-VIS-NIR spectrophotometry on a Shimadzu (Shimadzu Benelux, s-Hertogenbosch,
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The Netherlands) 3600 Plus instrument with an integrating sphere (ISR1503). X-ray diffrac-
tion (XRD) was collected on a X-ray diffractometer (Bruker D8, Karlsruhe, Germany) with
monochromatic CuK« radiation. The scanning electron microscopy (SEM) images were
obtained with a field-emission gun microscope TESCAN CLARA (Brno, Czech Republic)
under a 15-kV accelerating voltage. The hydrophobicity of the films was assessed by
measuring the contact angle of a water droplet on the film surface by using a contact angle
goniometer (KSV CAM 200, technex bv, Zaanstad, The Netherlands). The X-ray photoelec-
tron spectroscopy (XPS) measurements were performed using a Thermo Scientific (Waltham,
MA, USA) K-Alpha spectrometer with monochromatic AIKe radiation. Photoluminescence
(PL) measurements were conducted using a 520 nm continuous-wave laser (In-saneware),
which was coupled into an integrating sphere via an optical fiber. The laser intensity was
calibrated to a 1 sun equivalent by matching the short-circuit current of a 1 cm? perovskite
solar cell (22.0 mA/cm?). Emission from the samples was collected through a second
optical fiber and directed into an Andor (Belfast, Northern Ireland) SR393iB spectrometer
equipped with a silicon CCD (DU420A-BR-DD, iDus). System calibration was performed
using a halogen lamp with a known spectral irradiance, and a spectral correction factor was
applied to align the detector response with the lamp calibrated output. The spectral photon
density was then obtained by dividing the corrected detector signal (spectral irradiance)
by the photon energy (hv), and the total photon numbers for both excitation and emission
were determined through numerical integration using MATLAB (V R2025a). The current
density—voltage characteristics of the cells were measured by a class A solar simulator
(Newport Spectra Physics, Utrecht, The Netherlands) coupled to a Keithley 2400 (Newport
Spectra Physics, Utrecht, The Netherlands) source meter under AM 1.5 G (100 mW cm™?)
with a 0.0355 cm? aperture black mask. A silicon photodiode was used as the light intensity
calibrator for each measurement. Electrochemical impedance spectroscopy (EIS) measure-
ments were carried out using BioLogic (Seyssinet-Pariset, France) SP-200 Potentiostat using
a sinusoidal potential perturbation of 10 mV, over the frequency range from 3 MHz to
1 mHz, at room temperature. Data were fitted using EC Lab software (V11.62.5).

3. Results and Discussion

To investigate the influence of NBS treatment on the RbCsMAFA quadruple cation
perovskite layer, thin films of NBS at varying concentrations (0.5, 1.0, 2.0, and 3.0 mg/mL)
were deposited atop the perovskite. Initially, we conducted UV-Visible absorption spectra
measurements. As shown in Figure 1a, the light absorption intensity of the perovskite
gradually increases with NBS addition, while varying the NBS content does not significantly
affect the optical absorption in the 450-850 nm range for pristine NBS films (Figure S1).
The increase in overall absorption intensity observed in Figure 1a therefore likely reflects
combined effects of improved film morphology and reduced defect-related losses, rather
than a direct optical effect of NBS. Importantly, the absorption edge of the perovskite
redshifts as the NBS concentration increases. The bandgaps of the NBS-treated perovskite
samples were measured using Tauc plot analysis (Figure S2), and we found that the
optical bandgap decreases with increasing NBS concentration. This decrease in bandgap
means that the NBS-treated perovskite can absorb lower-energy photons, generate more
photocarriers, and thereby enhance the photocurrent of PerSCs [7].



Coatings 2025, 15, 1195

50f13

a b
)18 — PVK ) ——PVKINBS (3.0mg) “FTO|
= PVK/NBS (0.5mg) l \ A
PVK/NBS (1.0mg) .
PVK/NBS (2.0mg) = PVK/NBS (2.0mg)
—_ = PVK/NBS (3.0mg) <
5 1.0 4 s f
3 > —~
2 S PVK/NBS (1.0mg)
3 2
0.5 - I —PVK/NBS (0.5mg)
a0 __pvK
(220)
(112) @13) * (400) (330)
0.0 . . . r
500 600 700 800 10 15 40 45

20, n e (@ reet®
Wavelength (nm) eta (degree)

Figure 1. (a) UV-visible absorption spectra, and (b) X-ray diffraction patterns of the pristine RbC-
SMAFA perovskite (PVK) films and with varying NBS concentration (0.5 mg/mL, 1.0 mg/mL,
2.0 mg/mL, and 3.0 mg/mL).

In addition, X-ray diffraction (XRD) measurements were performed to further inves-
tigate the crystallinity effect of NBS on the quadruple cation perovskite films (Figure 1b).
The XRD patterns of perovskite films with and without NBS revealed similar diffraction
peaks, with the characteristic peaks at 14.06°, 19.97°, 28.35°, and 31.84° corresponding to
the (110), (112), (220), and (213) planes of the RoCsMAFA perovskite structure, consistent
with previous reports [3,34]. We found that NBS treatment increases the XRD peak inten-
sity, reaching a maximum for the sample prepared with 2.0 mg/mL NBS, suggesting that
optimal NBS incorporation promotes superior crystallinity and improved structural coher-
ence in the perovskite films. Simultaneously, the diffraction peaks shift toward higher 20
values, indicative of lattice contraction due to Br™ ions partially occupying halide vacancies.
Such peak shifts are commonly observed in bromide-modified perovskites and have been
associated with lattice stabilization and reduced ion migration in previous studies [35,36].
The surface morphologies of perovskite films, both untreated and treated with NBS, were
examined using scanning electron microscopy (SEM). The perovskite films treated with
NBS exhibit smoother and more compact morphology surface with fewer grain boundaries
compared to the control sample (Figure S3). In addition, with the NBS treatment, the water
contact angle of the perovskite film increases from 59.23° to over 74° (Figure S4), which is
beneficial to the moisture resistance of the perovskite layer for the improvement of device
stability. This is attributed to the hydrophobic nature of the NBS molecules. Moreover,
the photoluminescence (PL) spectra in Figure S5 show that the NBS-treated perovskite
film exhibits significantly higher emission than the untreated film. This PL enhancement
indicates reduced non-radiative recombination losses and, consequently, a lower defect
density in the NBS-treated perovskite. In perovskite solar cells, trap states at surfaces
and grain boundaries in the perovskite significantly contribute to non-radiative losses.
By Passivating these traps, NBS-treated films allow excited carriers to persist longer and
recombine radiatively, increasing the PL signal. Similar observations have been reported
in previous studies [37,38], where interfacial engineering led to stronger PL emission and
improved device performance.

The enhanced structural and morphological quality of RbCsMAFA perovskite films
can be directly attributed to the effective passivation of surface defects. To unveil the impact
of NBS treatment on the surface chemical composition, X-ray photoelectron spectroscopy
(XPS) analysis was conducted. The survey and high-resolution XPS spectra of the perovskite
samples treated with different concentrations of NBS are shown in Figures S6 and S7.
Figure 2a—g illustrate the core-levels XPS spectra of the pristine perovskite and perovskite
treated with 2.0 mg/mL NBS. Figure 2a presents the C 1s spectra, where the pristine
perovskite exhibits two XPS peaks at 284 eV (attributed to C-C bonds) and 287 eV (assigned
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to C=0 bonds). However, after being covered with NBS layer, the intensities of these
signals increase, confirming the presence of NBS on the perovskite surface [39]. The N 1s
spectra are shown in Figure 2b, where the pristine sample shows a single peak at 400.20 eV,
assigned for -NH, groups, which is shifted by 0.2 eV to higher binding energy upon NBS
treatment. This observed shift confirms the stronger hydrogen bond accepting ability of
NBS [39,40]. Moreover, as depicted in Figure 2¢, the main Pb 4f5,, and Pb 4f;,, peaks
shift from 142.94 eV to 143.14 eV and from 138.08 eV to 138.28 eV, respectively, upon NBS
treatment. This shift toward higher binding energies indicates an interaction between
the functional carbonyl group (C=0) in the NBS molecule and undercoordinated Pb?*
ions through a coordination effect, effectively passivating these defect sites. Consequently,
the density of trap states on the perovskite film surface is reduced, enhancing both the
structural integrity of the [PbXg]*~ octahedral framework and the overall stability of the 3D
perovskite lattice [27,39]. Overall, the [Pb(I/ Br)g]*~ framework interacts with A-site cations
through hydrogen bonding (—NH3" groups), stabilizing the 3D perovskite structure [41].
The corresponding I 3d spectra (Figure 2d) exhibit a similar shift, with the main I 3d3,, and
13d5,, peaks moving from 630.44 eV and 618.98 eV in the pristine perovskite to higher
binding energies of 630.65 eV and 619.76 eV, respectively, for the NBS-treated perovskite.
This shift suggests that NBS could modify the anionic defects (I-/Br-), and anti-sites. The
nitrogen-bound bromine (N-Br) can release Br~ ions, which may fill halide vacancies and
further contribute to defect passivation. Thus, NBS is capable of passivating both cationic
and anionic defect sites in the perovskite [42]. Furthermore, the O 1s signal (Figure 2e) of
the pristine perovskite shows a peak at 532.14 eV, which significantly decreases in intensity
after NBS addition. This reduction implies that the NBS layer effectively mitigates moisture
and oxygen infiltration, thereby preventing oxidation pathways that typically initiate
perovskite degradation. These findings are corroborated by contact angle measurements,
which demonstrate enhanced surface hydrophobicity and reinforce the protective role of
the NBS molecules. Furthermore, the increase in Br 3d peak intensity with increasing NBS
concentration reflects an enrichment of surface bromide content (Figure 2f), likely arising
from partial substitution of iodide by Br™ released from NBS and the filling of halide
vacancies [43,44].

In the meantime, the valence band spectra were determined by XPS, as shown in
Figure 2g, from which we can derive the valence band maximum (VBM) of pristine per-
ovskite and NBS-treated perovskite to be 0.76 eV and 0.63 eV below the Fermi level,
respectively. This upward shift implies that the NBS treatment slightly modifies the band
edge structure of the perovskite and reduces the energetic mismatch between the per-
ovskite and Spiro-OMeTAD transport states. By lowering the hole extraction barrier at the
HTL/perovskite interface (Figure 2h), NBS facilitates more efficient hole transfer, which can
enhance interfacial charge separation and ultimately improve the photovoltaic performance
of the device.

We then evaluated NBS as an interfacial layer in n-i-p perovskite solar cells with
the following device architecture: FTO glass/c-TiO, /mp-TiO, /RbCsMAFA /NBS/Spiro-
OMeTAD/ Au (Figure 3a). The cross-sectional SEM image of the PerSC with NBS (Figure S8)
reveals the thicknesses of the blocking and mesoporous TiO, layers (~180 nm), the per-
ovskite layer (~300 nm), and the NBS interfacial and Spiro-OMeTAD hole transport layers
(~200 nm). The typical current density-voltage (J-V) curves under standard AM 1.5 G
illumination for the PerSCs with varying NBS concentrations are presented in Figure 3b,
with their corresponding PV parameters summarized in Table 1 (average on 8 devices
for each NBS concentration). The statistical distribution of photovoltaic parameters (V.,
Jse, PCE, and FF) of PerSCs, with and without NBS, are illustrated in Figure S10. We
established an optimal NBS concentration of 2.0 mg/mL, at which the PCE reached 18.24%
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with Vg of 1.041 V, short-circuit current (Js.) of 24.29 mA cm 2, and FF of 71.31, while the
NBS-untreated device has PCE of 16.48% (Vo of 1.004 V, Jg of 23.67 mA cm ™2, and FF of
69.30). It can be deduced that the NBS interfacial layer boosts the photovoltaic performance
of PerSCs, mainly due to improved V,. and FF. Meanwhile, lower hysteresis can also
be observed in the NBS-treated PerSC (Figure S9), which is ascribed to the suppression
of charge accumulation due to the reduction in surface defect states, and the promotion
of energy level alignment (as demonstrated above). The reduction in the energy offset
between the valence band maximum of RbCsMAFA perovskite and the highest occupied
molecular orbital (HOMO) level of the HTL facilitates faster hole extraction and minimizes
non-radiative recombination, which is also consistent with previous studies [45,46].
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Figure 2. High-resolution X-ray photoelectron spectroscopy (XPS): (a) C 1s, (b) N 1s, (c) Pb 4f,
(d)I3d, (e) O 1s, (f) Br 3d core levels, and (g) valence band XPS spectra of the pristine perovskite and
perovskite treated with 2.0 mg/mL NBS. (h) Schematic energy levels of perovskite vs. HTL, with and
without NBS.

Table 1. Photovoltaic parameters of the PerSCs without and with NBS from varying NBS concentra-
tion: 0.5 mg/mL, 1.0 mg/mL, 2.0 mg/mL, and 3.0 mg/mL. Average values across 8 devices for each
NBS concentration. Statistical distribution available in Figure S10.

PerSC Voc (V) Jsc (mAcm—2) FF (%) PCE (%)
w/o NBS 1.004 23.67 69.30 16.48
with NBS (0.5 mg) 1.021 23.57 70.66 16.99
with NBS (1.0 mg) 1.032 24.16 70.77 17.79
with NBS (2.0 mg) 1.041 24.29 71.31 18.24

with NBS (3.0 mg) 1.041 23.96 71.22 18.17
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Figure 3. (a) n-i-p device architecture of the studied PerSCs, and (b) current density—voltage (J-V)
curves of the corresponding PerSCs with and without NBS treatment.

To elucidate how the NBS interfacial layer influences charge transport dynamics in
the devices, we performed electrochemical impedance spectroscopy (EIS) measurements
under dark conditions. The Nyquist plots of the control and NBS-treated PerSCs (Figure 4a)
exhibit two distinct semicircular arcs. The high-frequency arc corresponds to interfacial
charge transfer, while the low-frequency arc reflects charge recombination within the de-
vice. They were fitted using the equivalent electrical circuit given in Figure 4a, which
includes three resistances and two constant phase elements (CPEs) associated with carrier
diffusion. In this model, Ry represents the series resistance from wires and contacts, Ry
denotes the charge transfer resistance, and Ry is the charge recombination resistance. The
associated capacitances include Cyp, which reflects the geometrical capacitance related to
the intrinsic dielectric relaxation of the perovskite absorber, and Cy p, which originates from
ionic accumulation at the perovskite/transport layer interfaces. These capacitances were
extracted from the constant phase elements (CPEs) by applying Brug’s protocol [47-49],
and the corresponding values are summarized in Table S1. Analysis of the EIS param-
eters reveals that devices incorporating NBS exhibit lower Ry, values compared to the
control devices (Figure 4b), indicating more efficient interfacial charge transfer from the
perovskite to the HTL. At the same time, as shown in Figure 4c, NBS-treated devices display
significantly higher Rye. across different applied bias voltages, suggesting that the NBS
layer effectively suppresses non-radiative recombination. This dual effect is attributed to
the passivation of interfacial defects by NBS molecules, which simultaneously coordinate
with undercoordinated Pb?* centers and compensate halide vacancies. Such passivation
minimizes electronic trap states at the perovskite/HTL interface, thereby suppressing
non-radiative recombination losses and promoting smoother charge transport. The EIS
results confirm that the NBS interlayer facilitates faster charge transfer and enhances re-
combination resistance, consistent with the J-V data and responsible for the improved Voc
and PCE. The charge carrier lifetime (1) was evaluated from the Bode plots (Figure S11)
through the relation: T = ﬁ, where f), represents the peak frequency associated with the
charge transfer process at the perovskite/selective contacts interfaces [50]. The optimized
device incorporating 2.0 mg/mL of NBS demonstrated an extended charge carrier lifetime
of 1.82 ps, compared to 1.75 us for the control device. This enhancement in carrier lifetime
also indicates that NBS treatment effectively suppresses interfacial charge accumulation
and minimizes non-radiative recombination pathways. Notably, the obtained value is
consistent with those reported in previous interfacial engineering studies [51].
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Figure 4. (a) Nyquist plots of the devices with and without NBS under dark conditions (the insert
shows the equivalent circuit); applied bias-dependent (b) charge transfer resistance, and (c) charge
recombination resistance extracted from EIS plots.

The Mott-Schottky (M-S) measurements are commonly employed in optoelectronic
devices to evaluate the charge density profile of semiconductor junctions [52-55]. This
analysis involves measuring the depletion layer capacitance, which arises from the change
in charge occupation at the edge of the depletion zone of width (W). M-S measurements of
the devices were conducted under dark conditions, and the results are shown in Figure 5.
The M-S relationship is expressed by the equation [56,57]:

1 2

C2 ™ ege,qN A2 (Vei = V)

where C is the capacitance, V},; is the built-in potential, V is the applied voltage, g is the
elementary charge (1.6 x 107 Q), g is the vacuum permittivity (8.85 x 10712 Fm™1), ¢,
is the relative permittivity (26.13), and N represents the doping density of immobile ions
at depletion region (determined from the slope of the linear region). The built-in voltage
can be determined from the x-axis intercept in the linear region and is found to be higher
for the optimized device (1.02 V) compared to the control device without NBS (0.96 V),
which follows the V. trend. This shows that NBS enhances the internal driving force for
efficient charge carrier separation and transport. In general, the increased V}; not only
accelerates the dissociation of photo-generated carriers, but also favors the formation of
an extended depletion region, thus reducing interfacial charge accumulation [58]. The
depletion width (W) of the active layer was estimated using the equation W =/ %
The results show that the depletion width increased from 63.12 nm in the control device
without NBS to 74.85 nm in the device incorporating the NBS interfacial layer. This
enlarged depletion region facilitates more efficient charge separation and suppresses non-
radiative recombination losses, thereby contributing to the enhanced PV performance of
the devices. Similarly to other succinimide-derived materials, NBS effectively passivates
interfacial defects and suppresses non-radiative losses, demonstrating its strong potential
for interfacial engineering in PerSCs [59,60].
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Figure 5. Mott-Schottky plot for the PerSCs with and without NBS.
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4. Conclusions

In summary, we demonstrated an effective strategy to mitigate surface defects
and control interfacial recombination through perovskite interface engineering with N-
bromosuccinimide molecules. The effect of NBS concentration on the optoelectronic prop-
erties of quadruple cation perovskite films was systematically investigated, identifying
2.0 mg/mL as the optimal concentration. The carbonyl group in NBS passivates undercoor-
dinated Pb?* ions, while nitrogen-bromine bonds can inactivate defects related to halide
vacancies through electrostatic interactions. This dual passivation reduces the defect states
density on the perovskite film surface, resulting in greatly depressed non-radiative recombi-
nation losses and enhanced interfacial charge transfer between the RoCsMAFA perovskite
and Spiro-OMeTAD. As a result, the PCE of the assembled devices increased from 16.48%
for the control to 18.24% for the NBS-treated PerSCs, accompanied by a V. improvement
from 1.004 V to 1.041 V. The charge dynamic properties of the devices were comprehensively
investigated using electrochemical impedance spectroscopy. NBS treatment was found to
reduce charge transfer resistance, increase recombination resistance, and prolong carrier
lifetimes in the devices. Mott-Schottky analysis further showed that the depletion width
increases from 63.12 nm to 74.85 nm, indicating enhanced interfacial quality and more
efficient charge separation. In addition, the succinimide ring also provides a hydrophobic
character, protecting the perovskite film from interaction with ambient moisture. Our study
therefore provides deeper insight into defect passivation and perovskite/HTL interface
engineering for the development of more efficient and stable PerSCs.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/coatings15101195/s1, Figure S1: UV-visible absorption spectra of
N-bromosuccinimide (NBS) thin films coated on FTO glass substrates. Figure S2: Tauc plot of the
RbCsMAFA perovskite films with and without NBS. Figure S3: SEM images of (a) pristine perovskite
and (b) NBS-treated perovskite. Figure S4: Contact angle measurement on (a) pristine perovskite
(PVK), (b) PVK/NBS (0.5 mg/mL), (c) PVK/NBS (1.0 mg/mL), (d) PVK/NBS (2.0 mg/mL), and
(e) PVK/NBS (3.0 mg/mL). Figure S5: Photoluminescence spectra for untreated and NBS-treated
perovskite films (2.0 mg/mL). Figure S6: X-ray photoelectron spectroscopy survey spectra of the
perovskite films treated with different concentration of NBS. Figure S7: High-resolution X-ray
photoelectron spectroscopy spectra of pristine PVK and NBS-treated PVK: (a) C 1s, (b) N 1s, (c) Pb 4f,
(d)I3d, (e) O1s, (f) Br 3d, (g) Rb3d, and (h) Cs3d core levels. Figure S8: Cross-sectional SEM image
of the fabricated PerSC with NBS. Figure S9: Reverse and forward scan I-V curves for the PerSC,
(a) without NBS, (b) treated with NBS 0.5mg/mL, (c) 1.0 mg/mL, (d) 2.0 mg/mL, and (e) 3.0 mg/mL.
Figure S10: Statistical distribution of Voc, Jsc, PCE and FF, calculated on 8 PerSCs for each NBS
concentration. Figure S11: Impedance spectroscopy Bode plots of the PerSCs with and without NBS.
Table S1: Fitting parameters of the equivalent circuit model for different applied voltage for the PerSC
(a) w/0 NBS, and (b) with NBS (2.0 mg/mL).
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