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Introduction

Halide perovskite solar cells (PSCs) have rapidly gained attention as a next-generation
photovoltaic technology, offering a compelling combination of high efficiency, low production cost,
and compositional tunability. Over the past decade, certified efficiencies have surpassed 26.95%,
positioning PSCs as strong competitors to silicon solar cells in both academic and industrial
contexts.[" Despite these advances, the fabrication of high-quality perovskite films has remained
heavily dependent on toxic polar aprotic solvents. Dimethylformamide (DMF), in particular, is
widely used but is classified as a reproductive toxin and a chemical that poses severe risks to
human health.?! Importantly, DMF is subject to strict regulations for industrial use, creating not only
laboratory safety concerns but also significant legal and compliance barriers for large-scale
manufacturing. The presence of such solvents in fabrication protocols makes it difficult to envision
industrial deployment of PSCs without alternative processing strategies.

To meet regulatory requirements and enable industrial scalability, safer solvent systems must be
developed without sacrificing efficiency. y-valerolactone (GVL) has been identified as a promising
candidate because it is non-toxic, biodegradable, and derived from renewable resources, but more
importantly, it is free from the regulatory limitations that constrain DMF-based production.®! While
attractive from a compliance perspective, GVL on its own typically yields perovskite films with
subpar morphology and device performance compared to those made with conventional solvents.
This creates a challenge: how to reconcile regulatory-friendly processing with the need for high
efficiency and reproducibility.

In this study, we introduce a combined approach that integrates GVL with cationic surfactant
additives of systematically varied alkyl chain lengths. Surfactants are hypothesized to modulate
nucleation and growth during crystallization, improve surface coverage, and passivate
undercoordinated ions at grain boundaries. We demonstrate that, with the right chain length,
surfactant-modified GVL inks yield compact, uniform films and high device efficiency. This strategy
provides a clear pathway to high-performance PSCs that are not only effective in the laboratory but
also viable under regulatory and industrial constraints.

Experimental Approach
The perovskite precursor inks were prepared using GVL as the main solvent, combined with lead
halide and organic cation sources in standard stoichiometric ratios. To these inks, quaternary
ammonium surfactants with alkyl chains of different lengths were introduced, specifically
butyltrimethylammonium bromide (BTAB), octyltrimethylammonium bromide (OTAB),
dodecyltrimethylammonium bromide (DTAB), and cetyltrimethylammonium bromide (CTAB). These
surfactants were selected to systematically vary chain length and assess their effect on film
formation and device performance. The role of these surfactants was twofold:

1. To passivate ionic defects at grain boundaries and surfaces.

2. To influence nucleation kinetics and crystal growth through steric and chemical interactions.

Films were deposited by spin-coating with an anti-solvent quench step to induce rapid
crystallization, followed by thermal annealing. The device architecture employed a planar n—i—p
stack on fluorine-doped tin oxide (FTO), with electron transport layers, the perovskite absorber,
hole transport layer and a metallic electrode.

Morphological characterization was performed with scanning electron microscopy (SEM). Current—
voltage characteristics were measured under simulated AM 1.5G solar illumination using a
calibrated system, with multiple devices fabricated for each condition to ensure reproducibility.
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Results and Discussion

Morphology Improvement

Films fabricated from pure GVL inks without surfactant showed incomplete substrate coverage,
small grains, and a high density of pinholes, consistent with poor wetting and uncontrolled
crystallization. The introduction of surfactants markedly altered the growth behavior. In particular,
n-dodecyltrimethylammonium bromide (DTAB) produced dense and compact films with more
uniform grain distribution compared to the control films. Although the average grain sizes were
similar, DTAB-modified films exhibited reduced surface roughness and an absence of pinholes,
indicating that the surfactant molecules effectively modulated the crystallization pathway and
improved film coverage.
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Figure 1. SEM images of perovskite films fabricated using the green solvent system. (Left) Control
film without surfactant shows pinholes and irregular grain boundaries. (Right) Film processed with
DTAB exhibits uniform, compact morphology with larger grains.

Device Performance

The electrical performance of the resulting devices strongly depended on surfactant chain length.
Short chains such as C8 and C10 improved surface passivation but failed to deliver substantial
gains in crystallinity, resulting in moderate efficiency increases. Conversely, excessively long
chains such as C16 introduced insulating barriers that impeded charge transport, leading to lower
fill factors and reduced efficiency. The optimum performance was achieved with C12—-C14
surfactants, which balanced defect passivation and charge transport pathways.
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Figure 2. Current density—voltage (J-V) characteristics of perovskite solar cells fabricated with

different cationic surfactants compared with the control.

The statistical reproducibility of these trends was confirmed by analyzing multiple devices for each
condition. Box plot distributions of key photovoltaic parameters clearly demonstrated that DTAB
produced not only the highest efficiencies but also the narrowest variance across devices,

underscoring improved reliability of the green solvent process.
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Figure 3. Statistical distributions of photovoltaic parameters (Voc, Jsc, FF, and PCE) for devices
prepared with various cationic surfactants.

Table 1. Champion device photovoltaic parameters.

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

Control 0.99 24.08 75.98 18.13
BTAB 0.73 7.50 32.14 1.76
OTAB 0.84 18.9 57.07 9.02
DTAB 1.16 2413 80.00 22.56
CTAB 1.09 23.81 67.43 17.59

Table 2. Average photovoltaic parameters across multiple devices.

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

Control 0.79 15.38 48.68 7.32
BTAB 0.73 7.51 3213 1.75
OTAB 0.76 10.44 34.06 3.14
DTAB 1.11 24.23 76.53 20.61

CTAB 0.95 18.04 52.68 9.56
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Together, these results show that surfactant incorporation transformed the GVL-based solvent
system from a formulation that produced mediocre device performance to one capable of achieving
over 22.56% efficiency. Importantly, the narrow distributions of device metrics further validate that
the process can be reproduced reliably, addressing one of the main challenges associated with
green solvent systems.

Conclusion

We have demonstrated a solvent engineering strategy that combines y-valerolactone with cationic
surfactant additives to fabricate high-performance perovskite solar cells without DMF.
Morphological analysis confirmed that surfactants, especially DTAB, promoted compact and
uniform films, while electrical testing showed efficiency gains exceeding 22.56% with strong
reproducibility.

This work highlights not only the scientific potential of surfactant-modified green solvent systems
but also their regulatory and industrial significance. By avoiding DMF, the approach circumvents
compliance challenges that hinder scale-up, providing a pathway toward industrially viable
fabrication. The results suggest that perovskite solar cells can be advanced beyond laboratory
demonstrations to manufacturing environments that must meet strict safety and environmental
standards.
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