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Eco-Friendly Slot-Die Coating with Gamma-Valerolactone-Based Green Solvents for
Perovskite Solar Cells

Introduction

Perovskite solar cells (PSCs) have emerged as one of the most dynamic photovoltaic (PV)
technologies in the past decade, with record efficiencies rapidly advancing from approximately 3%
in 2009 [1] to over 26% today [2]. This dramatic rise in performance has established PSCs as serious
contenders against conventional silicon photovoltaics, offering advantages such as low-cost
fabrication, tunable optoelectronic properties, and compatibility with flexible and lightweight
substrates. Despite this promise, the translation of laboratory-scale successes to industrially scalable
and environmentally sustainable production remains challenging [3]. One of the most pressing
barriers to commercialisation lies in the reliance on toxic polar aprotic solvents such as N,N-
dimethylformamide (DMF) [4] and 2-methoxyethanol [5], which, although highly effective in
dissolving perovskite precursors, are hazardous to human health and the environment. Alongside
solvent toxicity, the scalability of conventional fabrication techniques [6] —particularly spin-coating—
limits the transition to industrial module manufacturing, as these approaches suffer from high
material wastage and poor compatibility with large-area roll-to-roll processes.

In this work, we address both the environmental and scalability bottlenecks in PSC development by
demonstrating, for the first time, the use of gamma-valerolactone (GVL)—a biodegradable, biomass-
derived solvent—as the central component of an optimised green solvent system for slot-die coating,
a technique inherently suited for large-area, roll-to-roll fabrication. GVL is classified as non-toxic and
environmentally benign under the Globally Harmonized System of Classification and Labelling of
Chemicals (GHS), distinguishing it from conventional solvents that restrict safe industrial adoption
[7]. However, GVL alone presents challenges due to its low vapor pressure, high viscosity, and weak
coordination with Pb?* ions, resulting in poor perovskite precursor solubility and limited processability.
To overcome these issues, we formulated a four-component solvent mixture combining GVL with
acetonitrile (ACN), ethanol (EtOH), and dimethyl sulfoxide (DMSO). Each solvent contributes
synergistic properties: ACN and EtOH reduce viscosity and improve volatility; DMSO, with a high
donor number, forms stable intermediate complexes with Pbl,; and GVL provides eco-friendly
processability and enhances stability of organic cations. By carefully balancing these components,
particularly the GVL fraction, we achieved inks with desirable solubility, wettability, and controlled
crystallization dynamics.

Results and discussion
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Figure 1. (a) Solubility test with varying amounts of GVL. From the left GVL0, GVL100, GVL300
and GVL500. (b) Wettability test results of GVL300 precursor (left) and GVL500 precursor
(right), with contact angles shown for each sample.

The effect of GVL concentration on film formation was systematically investigated using four
precursor formulations (GVLO, GVL100, GVL300, and GVL500). Solubility tests revealed that
precursor dissolution was insufficient in GVLO and GVL100 mixtures, while GVL300 and GVL500
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enabled full dissolution in Figure 1 1a. Contact angle measurements demonstrated superior
wettability for GVL300 (19-20°) compared with GVL500 (26—29°) (Figure 1b), reflecting differences
in viscosity and surface interaction. Slot-die deposition followed by thermal annealing produced
markedly different film morphologies, in Figure 2, field-emission scanning electron microscopy (FE-
SEM) showed that GVL300 yielded uniform, pinhole-free films, whereas GVL500 resulted in thicker
(~1.2 pm) but defect-rich layers. X-ray diffraction (XRD) confirmed complete crystallization of
formamidinium lead iodide (FAPDbI;) perovskite in GVL300, while residual Pbl, peaks persisted in
GVL500, evidencing incomplete crystallization.
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Figure 2. FE-SEM surface images of PSCs, scale bar represents 4 ym. (a) GVL300. (b) GVL500.
(c) FE-SEM cross-section images of GVL300 (above) and GVL500 (below) PSCs. The scale
bar represents 2 um. (d) The XRD spectra of GVL300 and GVL500 perovskite films

Optoelectronic characterization further highlighted the superiority of the GVL300 films. Ultraviolet-
visible spectroscopy (UV-Vis) indicated higher absorbance despite thinner film thickness, a
consequence of improved crystallinity and reduced defects (Figure 3a). Photoluminescence (PL)
intensity was stronger and blue-shifted in GVL300 relative to GVL500 (Figure 3b), consistent with
lower trap density. Time-resolved PL (TRPL) measurements quantified longer average carrier
lifetimes in GVL300 (Tayg = 792 ns) compared with GVL500 (Tayg = 536 ns), confirming suppressed
non-radiative recombination (Figure 3c). In Figure 4a and 4b, transient photocurrent (TPC) and
transient photovoltage (TPV) analyses corroborated these findings: GVL300-based devices
displayed faster charge extraction and slower voltage decay, indicative of efficient transport and
prolonged carrier retention.
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Figure 3. (a) UV-vis spectra of perovskite films of GVL300 and GVL500 films. (b) PL spectra
of perovskite films of GVL300 and GVL500 on FTO glass. (c) TRPL spectra of perovskite films
of GVL300 and GVL500 on FTO glass.
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Figure 4. (a) TPC spectra. (b) TPV spectra of GVL300 and GVL500 PSCs. (c) The champion
PSC devices J-V curve of GVL300 and GVL500, and (d) EQE spectra of the GVL300 and
GVL500 PSCs.

Device-level evaluation was performed using the standard FTO/SnO,/perovskite/Spiro-OMeTAD/Au
architecture. Average photovoltaic parameters for GVL300 devices included Voc of 0.99 V, Jsc 0f 22.1
mA/cm?, fill factor (FF) of 53.9%, and PCE of 11.8%, outperforming GVL500 devices across all
metrics (Voc 0.66 V, Jsc 20.9 mA/cm?, FF 31.9%, PCE 4.6%). The champion GVL300 device achieved
16.19% efficiency, with Voc of 1.03 V, Jsc of 22.5 mA/cm?, and FF of 69.8%. To our knowledge, this
represents the highest power conversion efficiency yet reported for slot-die coated PSCs using a
GVL-based green solvent system. External quantum efficiency (EQE) spectra confirmed strong
photocurrent generation across the visible range with close agreement to Jsc values obtained under
AM 1.5G illumination (Figure 4d).

Table 1. Photovoltaic parameters of champion GVL300 PSC

Ve (V) Jee (MAlcm?) FF (%) PCE (%)

GVL300 1.03 22.54 69.77 16.19

Conclusion

This study provides several significant contributions to the field of perovskite photovoltaics. First, it
demonstrates the practical feasibility of employing GVL, an eco-friendly solvent, within an industrially
scalable coating process, bridging a crucial gap between laboratory research and commercial
application. Second, it establishes a solvent-engineering strategy wherein complementary properties
of multiple green solvents compensate for the limitations of any single component. This formulation
strategy not only replaces toxic DMF but also achieves film quality and device performance that rival
conventional systems. Third, the detailed structure—property relationships uncovered here—linking
solvent ratios, wettability, crystallization kinetics, film morphology, and optoelectronic properties—
offer a roadmap for future solvent and process optimization.

Nonetheless, challenges remain before GVL-based PSCs can achieve parity with the highest-
performing devices fabricated using conventional solvents. The maximum efficiency of 16.19% lags
behind state-of-the-art small-area spin-coated devices, which exceed 25%, and tandem
architectures, which have surpassed 30%. Further optimisation of solvent ratios, additive
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engineering, and interface modification will be required to elevate both efficiency and stability. In
particular, addressing moisture sensitivity, long-term operational stability, and large-area module
uniformity will be critical next steps. Additionally, scaling from small-area devices to modules will
require process refinements, such as roll-to-roll printing with real-time in-line monitoring and drying
control.

In conclusion, this work reports the first successful integration of gamma-valerolactone as a green
solvent in slot-die coated PSC fabrication, delivering record-high efficiency for this class of devices
while simultaneously advancing environmental sustainability and industrial scalability. Our results
validate the potential of green solvent engineering to overcome longstanding challenges in PSC
commercialization, aligning the technology with global imperatives for renewable and eco-friendly
energy solutions. The findings herein contribute both a practical methodology for near-term scale-
up and a conceptual framework for broader adoption of sustainable materials in next-generation
photovoltaic manufacturing.
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