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A B S T R A C T

Perovskite solar cells (PSCs) have emerged as strong contenders for next-generation photovoltaic applications, 
owing to their exceptional optoelectronic characteristics and adjustable bandgaps. Despite these advantages, a 
notable discrepancy persists between the theoretical and experimentally achieved open-circuit voltage (Voc), 
largely attributed to interfacial energy misalignment and non-radiative recombination processes. In this work, 
we propose the introduction of chiral organic compounds into the perovskite precursor solution as a means to 
tailor the electronic structure and interfacial behavior of the absorber layer. Our systematic study reveals that the 
integration of chiral ligands not only promotes improved crystallinity of the perovskite films but also modulates 
lattice microstrain, as evidenced by X-ray diffraction (XRD) and microstrain analysis. Electrochemical impedance 
spectroscopy (EIS) results further indicate a reduction in charge transport resistance and interfacial recombi
nation, confirming a more favorable electronic interface between the perovskite and charge transport layers. 
Importantly, the non-radiative voltage loss is significantly mitigated, decreasing from 354 mV in the control to 
304 mV with chiral additive incorporation, thereby yielding an average Voc of 1.16 V. This study underscores the 
effectiveness of chiral molecular engineering in tuning film quality and interface properties. It also demonstrates 
a scalable strategy for enhancing PSC device efficiency, offering a promising pathway to close the Voc gap and 
advance perovskite-based photovoltaics toward greater performance and long-term operational stability.

1. Introduction

Organic-inorganic hybrid perovskite solar cells (PSCs) have garnered 
significant attention as next-generation photovoltaic devices due to their 
remarkable optoelectronic features. These include strong light absorp
tion, low exciton binding energy, tunable optical bandgaps, and 
extended carrier diffusion lengths [1,2]. Within just a few decades of 
development, PSCs have demonstrated power conversion efficiencies 
(PCEs) exceeding 26 % [3], underscoring their rapid advancement. 
Furthermore, their suitability for large-scale production is supported by 
their low-cost raw materials [4,5], ease of solution-based fabrication, 
compatibility with flexible substrates [6–8], adaptability in tandem 

architectures [9,10], positioning them as a key technology in solar en
ergy research. Among various device configurations, the inverted p-i-n 
architecture is often preferred due to its superior operational stability 
and reduced hysteresis compared to the conventional n-i-p setup 
[11,12]. However, inverted PSCs generally exhibit lower PCEs than their 
regular counterparts. This performance gap is mainly attributed to issues 
such as crystallographic imperfections in the perovskite layer and 
interfacial non-radiative recombination, which impairs efficient charge 
transport [13,14]. One critical limiting factor is non-radiative recom
bination via trap states, which significantly lowers the open-circuit 
voltage (VOC) of the device [14–16]. These trap-induced losses affect 
carrier dynamics, hinder mobility, and disrupt quasi-Fermi level 
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alignment between layers, leading to energy mismatches that further 
compromise VOC. The VOC in PSCs is governed by the energy difference 
between the quasi-Fermi levels of electrons and holes, which are influ
enced by the alignment of the Fermi levels at heterojunction interfaces. 
To mitigate VOC losses, various strategies have been developed, 
including interface engineering [17,18], defect passivation [19], and the 
use of functional additive engineering [20,21]. For example, Liu et al. 
incorporated 1-butyl-3-methylimidazolium tetrafluoroborate ([BMIM] 
BF4) between the SnO2 electron transport layer (ETL) and the perovskite 
film. The Coulomb interaction between BF4

- and Sn4+ modulated the 
surface work function of the ETL, resulting in better energy level 
alignment and improved charge extraction efficiency [22]. Similarly, S. 
Liu et al. explored the role of pentafluorobenzene derivatives bearing 
various functional groups such as hydroxyl, amino, and carboxyl in 
modifying the perovskite surface energetics. These groups coordinated 
with Pb atoms to form ordered dipolar layers, thereby adjusting the 
vacuum energy level. Their findings revealed that the unmodified 
perovskite surface exhibited a work function of 4.59 eV. Upon treatment 
with these polar molecules, the work function shifted to 4.27 eV (hy
droxyl), 4.16 eV (amino), and 3.87 eV (carboxyl), respectively. Notably, 
the carboxyl-modified devices achieved a VOC increase from 1.14 V to 
1.19 V [23]. These studies highlight that the strategic incorporation of 
polar molecules to fine-tune energy level alignment between the 
perovskite and charge transport layers offers a promising pathway to 
minimize VOC losses and enhance device efficiency.

Large organic cations, especially those with bulky aromatic or 
aliphatic groups, are inherently hydrophobic and can serve as moisture 
barriers by forming a protective coating over perovskite grains. This 
hydrophobic layer helps to enhance the environmental stability of PSCs 
by mitigating water ingress [24–26]. In one study, Zhao et al. employed 
various aromatic amine-based molecules, such as aniline, benzylamine, 
and phenylethylamine, to passivate the surface of 3D perovskite films 
[27]. Similarly, Lin et al. investigated the influence of 1-naphthylme
thylamine (NMA) as an additive in MAPbI3 perovskites. They observed 
that large cations tend to accumulate at grain boundaries during film 
formation, effectively passivating defect sites at those boundaries. This 
passivation suppressed non-radiative recombination at interfaces, 
resulting in a VOC enhancement from 1.06 V to 1.16 V compared to the 
control [28]. However, such large-sized cations often contain long alkyl 
chains with insulating characteristics, which can impair charge trans
port and overall device performance.

In recent years, chiral materials have attracted growing attention due 
to their unique properties, including optical activity [29], second har
monic generation [30], and ferroelectric behavior [31]. Their structural 
compatibility with perovskite materials has led to widespread applica
tion in areas like optoelectronic sensing [32,33], light-emitting diodes 
[34], biomedical imaging [35], and photovoltaics [36–38]. Gao et al. 
introduced chiral molecules, S-/R-/rac-α-Methylbenzylamine (MBA), 
into FASnI3 perovskite systems. This resulted in the formation of a two- 
dimensional chiral interfacial layer between PEDOT:PSS and the 
perovskite, which facilitated improved hole transport and better energy 
level alignment, attributed to the chiral-induced spin selectivity (CISS) 
effect [39]. In another example, Huang et al. applied chiral β-methyl
phenethyl ammonium iodide (MPAI) to passivate FA1-XMAXPbI3 
perovskite. By controlling the annealing process, they successfully 
constructed 1D@3D and 2D@3D heterostructures. The optimized 
2D@3D devices exhibited a PCE of 22.19 %, and unencapsulated cells 
retained 98 % of their initial efficiency after 1300 h of ambient storage 
(30 % RH, 20 ◦C) [40]. While these results underscore the potential of 
chiral molecules in PSCs, their specific impact on VOC reduction remains 
underexplored. Furthermore, prior approaches frequently employ bulky 
organic cations that readily induce quasi-2D or 2D phases, complicating 
the interpretation of interfacial energetics and limiting scalability 
[41,42]. A clear mechanistic framework linking molecular chirality, 
interfacial dipole formation, quasi-Fermi level splitting, and Voc mod
ulation is notably absent from current literature, particularly for CsFA- 

based perovskite systems used in high-performance inverted devices. 
To address this critical knowledge gap, we propose a small-molecule 
chiral ligand strategy that avoids undesired low-dimensional phase 
formation while enabling precise interfacial dipole engineering.

In this study, we hypothesize that the inherent molecular asymmetry 
of chiral ligands induces dipole moments that can favorably influence 
energy level alignment in perovskites. To test this, we formulated a 
precursor solution by combining R-methylbenzylammonium iodide (R- 
MBAI) with lead iodide, creating the compound R-MBPbI3. We then 
incorporated this chiral additive into CsFA-based mixed-halide PSCs at 
various concentrations. These results revealed a consistent improvement 
in open-circuit voltage, with VOC increasing by approximately 
0.03–0.04 V, from 1.13 V to 1.17 V. These findings demonstrate that 
introducing chiral additives offers a simple yet effective strategy to 
modulate surface energetics and reduce VOC losses, thereby enhancing 
the overall photovoltaic performance of PSCs.

2. Methodology

2.1. Materials

The materials used in this study were all utilized without additional 
purification. Nickel acetate tetrahydrate (Ni(CH3COO)2 ⋅4H2O, 99.0 %) 
was obtained from Showa Chemical, Japan. A carboxylated derivative of 
poly(3-hexylthiophene-2,5-diyl) (P3HT–COOH, MW ≈ 90  kDa) was 
provided by Rieke Metals, USA. Ethanolamine (99 %) and ethyl acetate 
(99.8 %) were purchased from Acros Organics, USA. Formamidinium 
halide salts, specifically iodide (FAI, 99.99 %) and bromide (FABr, 
99.99 %), were sourced from Greatcell Solar Materials, Australia. Ce
sium bromide (CsBr, 99.99 %) came from Thermo Fisher Scientific, USA. 
(6,6)-Phenyl-C61-butyric acid methyl ester (PCBM, 99.8 %) was supplied 
by Luminescence Technology Corp. in Taiwan. Other key materials, such 
as cesium iodide (CsI, 99.99 %), lead bromide (PbBr2, 99.999 %), and 
solvents including dimethyl sulfoxide (DMSO, 99.9 %), dime
thylformamide (DMF, ≥99.9 %), chlorobenzene (CB, 99.9 %), iso
propanol (IPA, 99.5 %), and ethanol (EtOH, 99.8 %) were purchased 
from Sigma-Aldrich, USA. Additionally, polyethyleneimine (PEI, 
branched form, average Mn ~ 10,000) was also acquired from the same 
supplier. Lead iodide (PbI2, 99.999 %) was sourced from TCI, Japan.

2.2. Preparation of R-MBAI

To synthesize R-methylbenzylamine (R-MBAI), 10 mL of R-methyl
benzylamine was first dissolved in 15 mL of ethanol and maintained in 
an ice-cooled environment. Under vigorous stirring, 13 mL of hydroiodic 
acid (HI) aqueous solution was slowly added dropwise to the chilled 
mixture. The reaction was allowed to proceed continuously for 10 h. 
After completion, the mixture was concentrated using a rotary evapo
rator equipped with a water bath at 95 ◦C, resulting in the formation of a 
solid residue. The obtained crude solid was rinsed thoroughly with cold 
diethyl ether to remove residual by-products and then subjected to 
vacuum drying. To further purify the product, recrystallization was 
performed using ethanol as the solvent, yielding transparent, colorless 

Fig. 1. The schematic diagram of R-MBAI.
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crystals. The chemical structure of the final compound is illustrated in 
Fig. 1.

2.3. Preparation of precursor Solutions

To prepare the sol–gel-based NiOX solution, 0.124 g of nickel acetate 
tetrahydrate was first dissolved in 1 mL of ethanol and stirred at 60 ◦C 
until a homogeneous and transparent solution formed. Following this, 
30  μL of ethanolamine was introduced into the mixture. The resulting 
solution was then passed through a 0.22  μm poly(1,1,2,2- 
tetrafluoroethylene) (PTFE) membrane filter to eliminate particulates. 
For the P3HT-COOH solution, 0.5 mg of the polymer was completely 
dissolved in 1 mL of dimethylformamide (DMF) to ensure uniformity. 
The perovskite precursor solution was prepared at a concentration of 
1.4  M using a solvent blend of DMF and dimethyl sulfoxide (DMSO) in a 
4:1 vol ratio. To achieve a target optical bandgap of 1.74  eV, the pre
cursor mixture included CsBr, FAI, FABr, and PbI2, combined in a molar 
proportion of 0.4:0.1:0.5:1, respectively. The chiral component R- 
MBAPbI3 was synthesized separately at a concentration of 0.7  M by 
dissolving equimolar amounts of R-MBAI and PbI2 in the same DMF: 
DMSO (4:1) solvent system. For the electron transport layer (ETL), [6,6]- 
Phenyl-C61-butyric acid methyl ester (PCBM) was used and prepared at 
20  mg/mL in chlorobenzene (CB). Lastly, the work function modifica
tion layer (WFL) was formulated using polyethyleneimine (PEI) dis
solved in isopropanol (IPA) at a concentration of 0.1 wt%.

2.4. Device fabrication

The p-i-n type device was constructed using the layer sequence: ITO/ 
NiOX/P3HT-COOH/Perovskite/PCBM/PEI/Ag. Indium tin oxide (ITO)- 
coated glass substrates were first cleaned through ultrasonic treatment 
by immersing them for 15 min each in a detergent solution followed by 
isopropanol. After drying with a nitrogen stream, the substrates under
went ultraviolet–ozone (UV-O3) exposure for 30 min to improve surface 
wettability and remove organic residues. Deposition of the hole trans
port layers (HTLs), NiOX and P3HT–COOH, was carried out in ambient 
air. The NiOX sol–gel solution (60  μL) was applied to the substrate via 
spin-coating at 4000  rpm for 20 s, then subjected to thermal annealing 
at 300 ◦C for 6 min. Afterward, the P3HT–COOH layer was formed by 
spin-coating 50  μL of its solution under the same speed and duration, 
followed by heating at 140 ◦C for 10 min.

The perovskite photoactive layer was deposited inside a nitrogen- 
filled glovebox using a two-step spin-coating protocol with anti- 
solvent treatment. The precursor was first spun at 1000  rpm for 5 s, 
then at 5000  rpm for 30 s. At the 10-second mark of the second spin 
stage, 500  μL of ethyl acetate was swiftly dropped onto the rotating 
substrate to promote rapid crystallization. Subsequently, PCBM and PEI 
layers were deposited sequentially by spin-coating 50  μL of each solu
tion at 1000  rpm and 3000  rpm, respectively, both for 30 s, under inert 
conditions. To complete the device, a 100  nm-thick silver (Ag) electrode 
was thermally evaporated on top. The device’s effective area, defined by 
the Ag contact, measured 0.04  cm2.

2.5. Materials and devices characterization

The photovoltaic device performance was evaluated using a Keithley 
2410 source meter (Keithley Instruments, Solon, OH, USA) under stan
dard AM 1.5G solar simulation, with an irradiance intensity calibrated to 
100 mW cm− 2. Structural characterization was performed through X-ray 
diffraction (XRD) analysis utilizing a Bruker D8 Discover A25 diffrac
tometer (Bruker AXS GmbH, Karlsruhe, Germany), operating with Cu Kα 
radiation (λ = 1.5406 Å). Optical absorbance properties were deter
mined via ultraviolet–visible (UV–Vis) spectroscopy using a V-750 
spectrophotometer (JASCO, Tokyo, Japan). The external electrolumi
nescence quantum efficiency (EL-EQE) was measured using an ELCT- 
3010 system (Enlitech) by applying an external voltage bias. 

Electrochemical impedance spectroscopy (EIS) was carried out on the 
Paios characterization platform (Fluxim AG), a multifunctional system 
designed for the electrical assessment of photovoltaic devices. External 
quantum efficiency (EQE) spectra were obtained using a quantum effi
ciency measurement system (QE-R, Enlitech), based on photon-to- 
electron conversion analysis. Chiroptical characterizations included 
circular dichroism (CD), which was recorded using a JASCO J-1500 
spectropolarimeter, and circularly polarized luminescence (CPL), 
collected with a JASCO CPL-300 instrument. In addition, magnetic field- 
dependent optical measurements were conducted using JASCO PM-491 
permanent magnets at various field strengths, with data acquired at a 
scattering angle fixed at 0◦.

3. Results and discussion

Although chiral molecules exist as two enantiomeric forms (R and S), 
our preliminary screening experiments revealed that R-MBAI produced 
more stable film formation and more reproducible device improvements 
compared with its S-configured counterpart. Devices incorporating S- 
MBAI showed comparable or slightly inferior performance relative to R- 
MBAI and did not exhibit clear concentration-dependent trends, making 
it difficult to draw meaningful or statistically supported conclusions. 
Relevant data for S-MBAI, which was not pursued in depth, are provided 
in Supplementary Information (Fig. S1). Given the lack of clear, repro
ducible trends for S-MBAI, this study focuses on R-MBAI as the more 
effective chiral ligand, while acknowledging that a systematic compar
ison of R/S enantiomers will be an important direction for future work to 
further elucidate chirality-dependent interfacial modulation. To inves
tigate the effect of chiral additives, we incorporated varying concen
trations of R-MBAPbI3 (1 mol%, 3 mol%, and 5 mol%) into the 
perovskite precursor solution and systematically compared the photo
voltaic performance of devices with and without the additive. The de
vices followed a p-i-n configuration of ITO/NiOX/P3HT-COOH/ 
perovskite/PCBM/PEI/Ag. Device performance metrics are summarized 
in Fig. 2, and detailed photovoltaic parameters are listed in Table 1. The 
reference device, fabricated without R-MBAPbI3, showed an initial VOC 
of 1.14 V. Upon the addition of 1 mol% R-MBAPbI3, VOC increased to 
1.17 V, while Jsc and FF remained largely unchanged. When the con
centration of the chiral additive was raised to 3 mol% and 5 mol%, the 
average Jsc exhibited a slight decline to 17.79 mA/cm2 and 17.89 mA/ 
cm2, respectively. However, the FF showed a marked decrease, dropping 
to 55.21 % and 46.84 %, respectively. During the initial optimization 
process, a broader concentration range of the chiral ligand was exam
ined (Fig. S2). Extremely low concentrations resulted in negligible 
changes in the perovskite layer, whereas overly high concentrations led 
to unstable crystallization and pronounced formation of low- 
dimensional perovskite phases, causing significant statistical vari
ability. Therefore, the four representative concentrations (0, 1, 3, and 5 
mol%) were selected for detailed investigation, as they consistently 
produced meaningful and reproducible trends. According to the J–V 
curves presented in Fig. S3, the reduction in FF at higher additive con
centrations can be attributed to increased parallel resistance, likely 
caused by the excessive incorporation of R-MBAPbI3. Interestingly, the 
device group with 1 mol% additive demonstrated a noticeably narrower 
PCE distribution compared to the additive-free devices, suggesting 
improved film uniformity and better process reproducibility when the 
chiral additive is used at optimized levels.

To elucidate the influence of chiral additives on the structural 
properties of perovskite films, XRD measurements were conducted 
across a range of additive concentrations. Particular attention was given 
to the primary (110) diffraction peak of the perovskite phase, which 
exhibited a progressive shift as the chiral additive concentration 
increased. As illustrated in Fig. 3a, the (110) peak positions for additive 
concentrations of 0, 1, 3, and 5 mol% appeared at 14.32◦, 14.29◦, 
14.28◦, and 14.26◦, respectively. This gradual shift toward lower angles 
indicates a lattice expansion. Concurrently, an increase in the intensity 
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of the PbI2-related peaks was observed with higher additive content. 
This angular shift is attributed to the incorporation of the relatively 
bulky chiral cation into the A-site of the perovskite lattice, which slightly 
distorts the crystal structure. Using Bragg’s law, the corresponding 
interplanar spacings were determined to be 6.38 Å (0 mol%), 6.39 Å (1 
mol%), 6.40 Å (3 mol%), and 6.41 Å (5 mol%), confirming a subtle 
expansion of the lattice with increasing additive content. Furthermore, 
at higher concentrations of the chiral additive, diffraction patterns 
suggest the emergence of quasi-two-dimensional (2D) perovskite pha
ses, as depicted in Figs. 3b and 3c. This structural transformation implies 

that excessive additive loading leads to disordered quasi-2D configura
tions, which hinder efficient charge transport and ultimately contrib
uting to reduced JSC and FF values [41]. As the quasi-2D domains 
become more pronounced with increasing R-MBAPbI3 content, their 
quantum-well-like layered arrangement introduces additional barriers 
for vertical carrier transport and increases interfacial resistance [43]. In 
contrast, when a small amount of R-MBAPbI3 is introduced (1 mol%), 
the structural perturbation remains minimal, and the chiral ligand pri
marily acts at the interface, where it passivates shallow trap states and 
induces a favorable interfacial dipole. Such interfacial modification 
suppresses non-radiative recombination and can account for the in
crease in VOC observed at low R-MBAPbI3 loading, consistent with the 
photovoltaic characteristics of the devices described earlier. To assess 
whether the chiral additives introduce lattice distortion or internal 
stress, we analyzed the broadening of the XRD peaks through full width 
at half maximum (FWHM) values and constructed Williamson-Hall (W- 
H) plots for each condition. The slope of these plots allowed estimation 
of the microstrain present in the perovskite films, as shown in 
Figs. 3d–3h. According to Fig. 3h, the microstrain in the film without 
any additive was calculated as 7.01 × 10− 4. Upon incorporating 1 mol% 
R-MBAPbI3, the microstrain increased substantially to 1.16 × 10− 3, 
indicating notable lattice distortion. Interestingly, when the additive 
concentration was further raised to 3 mol% and 5 mol%, the strain levels 
began to decline, suggesting possible relaxation or structural reorgani
zation. In addition, a slight deviation is observed in the W-H plots near 
the 1.2 region of 4sinθ (Figs. 3d-3g). This feature arises from partial 
overlap between the perovskite (310) diffraction peak and a weak PbI2- 
related shoulder at higher diffraction angles, which broadens the peak 
profile and produces an upward bending in the W-H plot. Such behavior 

Fig. 2. Distribution of VOC, JSC, FF, and PCE of the PSCs fabricated from the perovskite precursor with different R-MBAPbI3 concentrations.

Table 1 
Photovoltaic characteristics of the PSCs fabricated from the perovskite precursor 
with different R-MBAPbI3 concentrations. These values correspond to the 
champion PCEs, while the averages from 10 devices are provided in parentheses.

Concentration 
(mol%)

VOC 

(V)
JSC 

(mA/cm2)
FF 
(%)

PCE 
(%)

0 1.14 
(1.13 ±
0.01)

18.84 
(18.86 ±
0.21)

76.65 
(72.70 ±
3.74)

16.40 
(15.48 ±
0.84)

1 1.17 
(1.16 ±
0.01)

18.96 
(18.92 ±
0.07)

73.74 
(71.26 ±
1.64)

16.37 
(15.62 ±
0.48)

3 1.15 
(1.15 ±
0.01)

18.12 
(17.79 ±
0.31)

56.54 
(55.21 ±
2.11)

11.79 
(11.31 ±
0.49)

5 1.12 
(1.12 ±
0.01)

18.20 
(17.89 ±
0.19)

53.66 
(46.84 ±
3.87)

10.97 
(9.41 ± 0.89)
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has been reported in strained or compositionally nonuniform perovskite 
systems [44]. Importantly, this angular region is excluded from the 
linear fitting used to extract the lattice microstrain and crystallite size, 
ensuring that the derived structural parameters remain accurate and 
representative of the intrinsic perovskite lattice. To deepen the analysis, 
we focus the subsequent discussion on two key samples: one without the 
chiral additive (w/o R-MBAPbI3) and another with 1 mol% loading (w/ 
R-MBAPbI3), where the structural and performance differences are most 
pronounced.

To explore the influence of the chiral additive R-MBAPbI3 on the 
chiroptical behavior of perovskite films, measurements were performed 
on samples with and without the additive under varying magnetic field 
conditions. The digital pictures of the testing parameters for circular 
dichroism (CD) and circularly polarized luminescence (CPL) measure
ments are added in Fig. S4. The results, including CD, absorption (A) and 
gabs spectra are presented in Fig. 4a–c and Supplementary Fig. S5. The 
dissymmetry factor for absorption gabs was computed using the equa
tion: gabs = ΔA

A =
CD(mdeg)
32980×A. As illustrated in Fig. 4a, negligible CD signals 

were detected when no magnetic field was applied (0 T), which is likely 
due to the low loading (1 mol%) of the chiral component in the film. 
However, upon application of external magnetic fields at + 1.6 T and 
–1.6 T, derivative-like CD features emerged near the band-edge ab
sorption, as shown in Fig. S5. This spectral change is attributed to 

Zeeman splitting, where the external magnetic field lifts the degeneracy 
of the electronic states, resulting in multiple discrete energy levels that 
depend on the field strength and direction. In addition, the CPL, PL and 
glum were analyzed and are shown in Fig. 4d–f and Fig. S6. The glum 
values were calculated using the following expression: glum =

0.000069913× ellipticity(mdeg)/DC(V), where the DC voltage repre
sents the intensity of the non-polarized PL signal. Similar to the CD re
sults, the CPL spectra under zero magnetic field exhibited no distinct 
chiroptical activity. However, under + 1.6 T and –1.6 T fields, mirror- 
symmetric CPL features were observed in the wavelength range of 
650–850 nm, indicating magnetic-field-induced chiral emission 
behavior. Taken together, these observations suggest that in the absence 
of a magnetic field, both CD and CPL responses are minimal, likely due 
to the low concentration of R-MBAPbI3. Therefore, the improvements in 
device performance associated with the additive are unlikely to stem 
from its intrinsic chiroptical effects under standard operating 
conditions.

It has been previously reported that the electronic band structure of 
perovskite materials is mainly determined by the orbital interactions of 
their constituent atoms. Specifically, the conduction band minimum 
(CBM) is predominantly governed by the hybridization of B-p orbitals 
and X-s orbitals, while the valence band maximum (VBM) is largely 
influenced by B-s orbitals and X-p orbitals. When strain is introduced 

Fig. 3. (a) XRD pattern of different concentrations on perovskite film. XRD patterns of perovskite with 5 mol% R-MBAPbI3 at (b) 25.63̊and (c) 38.83̊. (d)-(g) 
Williamson-Hall plot and (g) microstrain at different R-MBAPbI3 concentrations in perovskite.
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into the perovskite lattice, it results in distortion of the crystal frame
work, leading to changes in interatomic distances and, consequently, 
shifts in the energy levels [42,45]. As illustrated in Fig. 5a, incorporation 
of the chiral additive R-MBAPbI3 into the perovskite film results in a 
notable reduction in the work function. This suggests that lattice strain 
induced by the bulky chiral cation modifies the material’s electronic 
structure by altering its band alignment. To further explore the impli
cations of this structural modulation on interfacial charge transport, 
electrochemical impedance spectroscopy (EIS) measurements were 
conducted under dark conditions with an external bias, spanning a fre
quency range from 1 MHz to 10 Hz (Fig. 5b). The impedance results 
indicate that devices incorporating R-MBAPbI3 possess a higher 
recombination resistance (Rrec) relative to control devices without the 
additive, implying more suppressed carrier recombination. In parallel, 
EQE measurements (Fig. 5c) revealed enhanced photoresponse in the R- 
MBAPbI3-based devices, which we attribute to improved energy level 
alignment at the interface between the perovskite and adjacent charge 
transport layers. This optimized alignment effectively minimizes inter
facial energy barriers, thereby facilitating more efficient charge 
extraction and transport, which ultimately contributing to the observed 
performance enhancement in the device.

To conclude our investigation, we quantified the VOC losses in the 
fabricated devices, as depicted in Fig. 5d, with corresponding numerical 
values summarized in Table 2. Based on the Shockley–Queisser (S-Q) 
theoretical framework, the total VOC loss in photovoltaic devices can be 
categorized into three distinct components, as outlined below [46,47]: 

qΔV = Eg − qVOC 

=
(
Eg − qVSQ

OC
)
+
(
qVSQ

OC − qVrad
OC

)
+
(
qVrad

OC − qVOC
)

=
(
Eg − qVSQ

OC +ΔqVSC
OC
)
+ΔqVrad

OC +ΔqVnon− rad
OC 

= q(ΔV1 +ΔV2 +ΔV3)

In this analysis, q denotes the elementary charge, ΔV represents the total 
VOC loss, Eg refers to the perovskite’s optical bandgap, VSQ

OC corresponds 

to the theoretical maximum VOC as defined by the Shockley–Queisser 
limit, qVrad

OC accounts for VOC under purely radiative recombination, and 
Vnon− rad

OC includes contributions from both radiative and non-radiative 
recombination. Among the total voltage loss, ΔV1 signifies the funda
mental thermodynamic limitation, which is fixed at 284 mV for both 
reference and R-MBAPbI3-modified devices due to intrinsic material 
properties. The second component, ΔV2, is associated with charge car
rier recombination losses during transport. Calculations revealed that 
ΔV2 was 139 mV for the control device, while it decreased to 122 mV in 
the R-MBAPbI3-incorporated device, indicating improved carrier 
extraction. The third component, ΔV3, arises from non-radiative 
recombination processes. Devices without the chiral additive exhibited 
a ΔV3 of 354 mV, which was significantly reduced to 304 mV upon 
incorporation of R-MBAPbI3. These findings strongly suggest that the 
inclusion of the chiral additive facilitates better energy level alignment 
and enhances charge transport efficiency, while simultaneously sup
pressing non-radiative losses, thereby contributing to the overall 
improvement in device performance.

4. Conclusion

This work presents a comprehensive investigation into the impact of 
incorporating the chiral ligand R-MBAPbI3 into perovskite solar cells, 
with a particular focus on its influence on the Voc. By systematically 
varying the concentration of the chiral additive, we identified an 
optimal composition that enabled the device to reach a Voc of 1.17 V. 
Structural analysis via XRD confirmed that the integration of the chiral 
ligand introduced microstrain into the perovskite lattice, which played a 
crucial role in modifying the energy band structure. Such band structure 
modulation resulted in more favorable energy level alignment between 
the perovskite absorber and adjacent charge transport layers, enhancing 
charge carrier extraction while reducing recombination losses. EIS 
further supported this improvement, showing a marked decrease in non- 
radiative voltage loss from 354 mV in control devices to 304 mV in those 
containing R-MBAPbI3. These results highlight the potential of chiral 
molecular engineering as an effective strategy for improving perovskite 
film uniformity and boosting device efficiency. Moreover, this approach 

Fig. 4. (a)-(c) CD spectra and (d)-(f) CPL spectra of samples with and without R-MBAPbI3 additive under various magnetic fields.
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offers a promising and scalable pathway for narrowing the VOC deficit, 
thus advancing perovskite photovoltaics toward their theoretical per
formance ceiling.
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