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Surfactant-assisted colloidal size and charge control in perovskite solutions for
high-performance and stable solar cells
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Organic—inorganic halide perovskites have attracted tremendous attention for photovoltaic
applications due to their unique optoelectronic properties and facile fabrication. Especially,
perovskite solar cells have shown remarkable increases in power conversion efficiency over the
past decade. However, the colloidal characteristics of the perovskite precursor solution, which
strongly influence the crystallinity, defect concentration, grain growth, and surface morphology of
the resulting films, remain underexplored. The precursor solution can be regarded as a colloid
rather than a true solution because the precursor species exceed the light scattering size and do
not dissolve below 1 nm. In this work, we present a systematic investigation of the colloidal
properties of perovskite precursor solutions for high-performance solar cells. Since the colloidal
behaviour varies depending on precursor concentration or solvent [1], MAPbI; precursor solutions
with identical molar concentrations (1.2 M) were used for analysis.
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Figure 1. Change of perovskite colloids characteristics in precursor solution according to
surfactant concentration. a) size distribution and b) zeta potential of the perovskite colloids
with different concentrations of surfactants.

Figure 1a shows dynamic light scattering (DLS) results of perovskite precursor solutions with
varied surfactant concentrations. The reference sample exhibited a colloidal size of ~1 ym,
consistent with previous reports [2—4]. With the addition of only 1 ppm surfactant, the colloidal size
decreased rapidly, reaching ~10 nm at 5 ppm. Since perovskite colloids exist in negatively charged
polyiodide forms (Pbl;~, Pbl,2~, Pbls®", Pblg*7) in precursor solutions [5], positively charged surfactant
molecules electrostatically interact to fragment these colloids. Zeta potential measurements (Figure
1b) confirmed this interaction: the reference colloid showed —23 mV, which increased with surfactant
addition until saturation. Most importantly, we demonstrate for the first time that the correlation
between colloidal surface charge and the substrate surface charge governs nucleation behaviour
and buried interface quality, enabling slower crystallisation kinetics, suppression of residual Pbl,,
and the formation of larger grains with lower trap densities.
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Figure 2. 2D GIWAXS maps of the a) control, b) critical point, and c) excess perovskite films
under incident angles (ai) of 0.45°.

To explore the impact of surfactant-modified colloids on solid-state films, grazing incidence
wide-angle X-ray scattering (GIWAXS) was conducted. Figure 2a—c shows 2D GIWAXS mappings
for control, critical, and excess conditions, each displaying planes of tetragonal MAPbI; perovskite.
Peaks at q=0.96 A" and 0.86 A~" correspond to MAPbl; (110) and residual Pbl, (100), respectively.
The intensity and position of the MAPbI; (110) peak were nearly identical across all conditions,
confirming that surfactant molecules do not permeate into the lattice to induce phase transitions.
Instead, the results highlight that colloid—substrate charge matching is the decisive factor in
determining nucleation pathways and buried interface quality.

Devices fabricated from MAPDbI; precursor solutions with optimised surfactant concentration
(5 ppm) and an n—i—p structure (FTO/SnO,/perovskite/spiro-OMeTAD/Au) showed significant
performance improvements. The average PCE reached 18.75% (Voc 1.120 V, Jsc 21.47 mA cm™,
FF 80.69%) compared with 17.33% (Voc 1.085V, Jsc 20.92 mA cm™2, FF 79.15%) for control devices.
Under low-light conditions (1000 lux), PCE improved from 21.46% (control) to 25.48%, mainly due
to Voc enhancement (0.831 to 0.871 V) and FF enhancement (69.13% to 77.60%). Extending this
strategy to other compositions demonstrated its universality: FAPbIl;-based devices achieved a PCE
of 24.50% under 1 SUN, while wide-bandgap perovskites delivered an indoor efficiency of 39.01%
under 1000 lux LED illumination with the lowest reported open-circuit voltage deficit (0.60 V) for
wide-bandgap NIP perovskite solar cells. Furthermore, DTAB incorporation enhanced device
stability, with devices retaining over 80% of their initial performance after 300 h without encapsulation.

In summary, this study reveals that surfactant-mediated control of colloidal charge in
perovskite precursor solutions, and its correlation with substrate surface charge, is a universal and
scalable strategy for advancing perovskite photovoltaics. By tuning nucleation pathways and buried
interface quality through charge matching, we achieve high crystallinity, suppressed defect formation,
and superior device performance under both 1 SUN and low-light conditions. These findings
establish colloidal charge engineering as a powerful route towards efficient, stable, and commercially
viable perovskite solar cells across diverse compositions and applications [1-5].
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