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Halide perovskites offer a transformative potential for optoelectronics through tailoring the 31 

light-matter interactions at the nanoscale. However, their susceptibility to environmental factors 32 

and limited compatibility with standard lithography techniques present significant challenges in 33 

precise nanopatterning. This work unveils a nature-inspired breath figures (BFs) approach to 34 

pattern halide perovskites and enhancing their optoelectronic performance. The fabrication of BFs 35 

based on BiI3 allows for changes in nanopore size (ranging from 247 to 423 nm) and their 36 

distribution. Subsequently, these BiI3 BFs are transformed into hybrid halide MA3Bi2I9 BFs using 37 

a vapor-assisted technique while retaining the nanoporous topology of the BiI3 structure. The 38 

resultant MA3Bi2I9 BFs show significantly enhanced light absorption compared to conventional 39 

thin films, attributed to the increased extinction and lower refractive index. The optoelectronic 40 

performance of the MA3Bi2I9 BFs is showcased by constructing a photodetector, which exhibits 41 

three orders of magnitude higher responsivity and detectivity, up to 1 A/W and 1.3×1012 Jones, 42 

respectively, outperforming the photodetectors based on solution-processed A3B2I9 halide 43 

perovskite thin films. The BFs method provides flexibility in tuning nanoscale morphology, 44 

showcasing its potential in advancing lead-free optoelectronics and paving the way for next-45 

generation optoelectronic devices. 46 

Keywords: Breath Figures, Nanopores, Metal Halides, Halide Perovskites, Photodetector, Light-47 

Matter Interaction 48 

1. Introduction 49 

Over the past two decades, the concept of breath figures (BFs) [1,2] has developed into a 50 

versatile and eco-friendly approach for fabricating self-assembled mesoporous polymer structures, 51 

with applications spanning from optoelectronics and biosensors to energy storage devices. [3–7] 52 

This method, influenced by the natural process where water vapor condenses on cold surfaces 53 

under humid conditions, mirroring the way how fog appears on windows after exhalation, forms 54 
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the foundation principle of the BFs approach. [8,9] BFs mimic this natural phenomenon where the 55 

rapid cooling of solvents leads to water droplet condensation, resulting in the organized self-56 

assembly of polymers into mesoporous structures with precise control over topology.[9] This 57 

approach has progressed from small-scale lab experiments to large-scale industrial uses, offering 58 

a simpler alternative to complex lithography methods that often require hazardous chemicals.[10] 59 

However, despite its effectiveness with organic materials,[11] adapting BFs to inorganic materials, 60 

particularly halide perovskites, presents unique challenges. The volatile solvents in BFs often 61 

interact poorly with metal halides, limiting the solvent evaporation rate and the self-assembly 62 

process.[9,12,13] Additionally, the tendency of metal halides to crystallize and aggregate can disrupt 63 

the formation of uniform patterns and hinder self-assembly.[14,15] Furthermore, the potential for 64 

unwanted chemical reactions or phase transformations during solvent evaporation can obscure the 65 

process.[15,16] Despite the inherent complexities of these materials, the successful optoelectronic 66 

applications[17–20] of BFs to certain metal halides can be achieved by selecting appropriate solvents 67 

and modifying the process conditions.  68 

The BFs approach, inspired by the natural process of solvent evaporation and self-69 

assembly, provides a cost-effective, scalable, and precise way to fabricate polymer mesoporous 70 

structures. The BFs allow for controlling vital structural features like pore size (which can range 71 

from micro to nanoscale) and pore spacing, density, and orientation. Such versatility makes the 72 

BFs approach highly adaptable for various applications,  [11,21] utilizing nature-inspired techniques 73 

to craft cutting-edge optoelectronic devices. In this context, polymer BFs serve as sacrificial 74 

templates for fabricating inverse opal structures using materials like ZnO, CdS QDs, and TiO2.[22–75 

24] The resulting nanoporous structures benefit from the high surface area-to-volume ratio of BFs, 76 

enabling significant light scattering and trapping within the active materials. This effect is 77 
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facilitated by multiple internal reflections, thereby increasing photon absorption and extending the 78 

path length of light within the structures. [11,25] 79 

Bismuth (III)-based MA3Bi2I9 has recently gained attention as a promising material, 80 

primarily due to its remarkable intrinsic stability attributed to the stereochemically active lone pair 81 

on Bi³⁺.[26,27] This lone pair is crucial in inhibiting halide ion migration and preventing 82 

decomposition.[28] However, despite these stability advantages, MA3Bi2I9 faces challenges with 83 

optoelectronic performance, primarily due to its inherent 0D crystal structure and high exciton 84 

binding energy (Eb). The 0D nature of the structure limits charge carrier (e-h) diffusion and 85 

transport, which in turn affects device efficiency by limiting exciton dissociation and increasing 86 

recombination losses.[29] To overcome these limitations, we introduce nanoporous structures into 87 

MA3Bi2I9 through the bottom-up BFs method. This innovative strategy aims to improve 88 

optoelectronic performance through a multifaceted approach: (1) Amplified light-matter 89 

interaction: Light absorption efficiency can be maximized by increasing the surface area with a 90 

nanoporous network, leading to enhanced photocurrent generation. (2) Enhanced charge carrier 91 

generation: The nanoporous structure significantly increases e-h pair generation attributed to 92 

enhanced electric fields.[30]  By effectively mitigating the intrinsic limitations of MA3Bi2I9, the 93 

integration of nanoporous structures signifies a transformative step, unlocking the true potential of 94 

MA3Bi2I9 in high-performance light-harvesting devices.                                                                          95 

This work introduces a novel technique for fabricating nanoporous thin films of halide 96 

perovskites inspired by the BFs phenomenon. Initially, BiI3 BFs are fabricated by spin-coating a 97 

precursor in tetrahydrofuran (THF) onto a glass substrate under specific humidity conditions. BiI3 98 

BFs with tunable nanopore radii (ranging from 247 to 423 nm) were obtained by modifying the 99 

precursor concentration and the spin-coating process parameters. The BiI3 BFs, unlike their more 100 
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orderly structured polymer counterparts, exhibit polydispersity and a higher degree of 101 

conformational entropy in the nanopores, owing to the fusion and coagulation of water droplets 102 

during BF formation. The BiI3 BFs serve as a template for transforming into hybrid halide 103 

MA3Bi2I9 BFs. Finite difference time domain (FDTD) simulations demonstrate how the electric 104 

field distribution within MA3Bi2I9 BFs varies with wavelength, highlighting the impact of their 105 

unique geometric structures on enhanced light harvesting. These optical properties of MA3Bi2I9 106 

BFs include increased light absorption and a lower refractive index. A photodetector incorporating 107 

MA3Bi2I9 BFs is fabricated to evaluate optoelectronic performance, outperforming conventional 108 

thin-film photodetectors due to improved light-matter interactions and enhanced light harvesting 109 

properties. These improvements are attributed to the random nanoporous thin film structure 110 

originating from the BiI3 BFs template.  111 

2. Experimental Section  112 

Materials: BiI3 is acquired from Sigma Aldrich, and methylammonium iodide (MAI) is sourced 113 

from Lumtec, Taiwan. Tetrahydrofuran (THF) with 99% purity is obtained from Merck 114 

EMPLURA. 115 

Fabrication of BiI3 and MA3Bi2I9 BFs: To ensure the fabrication of films without pinholes, the 116 

THF solvent is subjected to double filtration using Whatman filter paper with a pore size of 0.5 117 

µm. For the fabrication of BiI3 BFs, a BiI3 solution with a concentration of  84.79 mM is prepared 118 

by dissolving 150 mg of BiI3 in 3 ml of THF, followed by sonicating for 30 minutes at a 119 

temperature < 35 °C. Different concentrations of the BiI3 precursor solutions, ranging from 15 to 120 

35 mg/ml, are then prepared by diluting this stock solution. The BiI3 BFs are fabricated through a 121 

spin-coating process at 2000 rpm for 35 seconds, conducted at room temperature (~25°C) and 122 

under humidity conditions between 60-75%. Additionally, a BiI3 thin film is prepared using a more 123 
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concentrated solution of 100 mg/ml (169.58 mM) and using a modified spinning configuration of 124 

10,000 rpm for 20 seconds. 125 

Using a vapor-assisted conversion approach, BiI3 transforms into MA3Bi2I9. MAI powder 126 

is heated to 210°C inside a chamber, and BiI3 BFs substrates are placed 30 cm away from the MAI 127 

powder. The chamber is purged with nitrogen gas at ~5 psi during the deposition of MAI for 120 128 

minutes, ensuring the completion of the solid-state reaction between MAI and BiI3. Afterward, the 129 

chamber is allowed to cool down naturally to room temperature. 130 

Characterization of BiI3 BFs, MA3Bi2I9 BFs, and Thin Film: Morphological characterization 131 

uses an optical microscope (OLYMPUS, BX53M, Japan) and field emission scanning electron 132 

microscope (ZEISS Sigma-300, Germany). Structural characterization employs an X-ray 133 

diffractometer (Rigaku ultima 40kV, 40 mA, Cu Kα radiation, Japan). Thickness measurements 134 

are performed with atomic force microscopy (Oxford instruments, U.K.). UV-Vis absorbance and 135 

reflectance spectra are collected using a UV-visible spectrophotometer (Agilent, Cary-5000, U.S.). 136 

Photoluminescence (PL) study utilizes a HORIBA FluroMAX3 instrument with an excitation 137 

wavelength of 425 nm. Raman spectroscopy and X-ray photoelectron spectroscopy measurements 138 

are conducted using Jobin-Yvon T64000 and SCIENTA OMICRON SPHERA, respectively. EDS 139 

(Energy-dispersive X-ray spectroscopy) measurements are obtained using field emission scanning 140 

electron microscopy (JEOL, JSM-7500F, Japan). 141 

Photodetector Device Fabrication and Characterization: Photodetectors are fabricated on 142 

etched/patterned ITO-coated glass substrates. The effective active areas of MA3Bi2I9 BFs and thin 143 

film-based photodetectors measure 2.73×10-4 cm2 and 1.34×10-3 cm2, respectively. For 144 

photocurrent measurement, a Lakeshore probe station (Model: TTPS 100, U.S.) is used in 145 

conjunction with a source-measure unit (Keithley 2634B, U.S.). The spectral response of the 146 
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devices is assessed using a high throughput F4 spectral illumination system (Holmarc-India). 147 

Transient photoresponse is carried out by modulating commercially available LEDs connected to 148 

a function generator (Scientific Instruments, SM5070). 149 

FDTD Simulations: To analyze the EM field distributions in MA3Bi2I9 BFs, 3D FDTD 150 

simulations are performed using the Lumerical FDTD Solutions. A realistic 3D model of MA3Bi2I9 151 

BFs is reconstructed based on FE-SEM images and imported into the Lumerical with appropriate 152 

material properties. Unpolarized light at specific wavelengths (400 and 600 nm) is introduced for 153 

the simulations. The electric field distribution analysis employs a combination of perfectly 154 

matched layer (PML) absorbing boundary conditions and frequency domain field profile monitors. 155 

In the simulations, air is used as the background dielectric medium. 156 

3. Result and discussions 157 

A detailed description of the process for fabricating MA3Bi2I9 BFs using the BiI3 158 

templating method is illustrated in Figure 1a-1c. The process begins by dropping a BiI3 precursor 159 

dissolved in THF onto a pristine glass surface, with the ambient humidity at 60% (Figure 1a). The 160 

rapid cooling resulting from solvent evaporation leads to the formation of the BFs. This initiates 161 

heterogeneous nucleation centers and promotes water adsorption and condensation. [1,31,32] During 162 

spin-coating, continuous THF evaporation transforms the BiI3 precursor into a thin film while 163 

leaving behind residual water droplets. Eventually, these droplets evaporate, forming the BiI3 BFs, 164 

as shown in Figure 1b. The dimensions and distribution of the nanopores within these BFs are 165 

tailored by varying the precursor concentration and optimizing the spin-coating parameters. 166 

Subsequently, as detailed in Figure S1 and the experimental section, the BiI3 BFs are exposed to 167 

MAI vapors. This exposure triggers a selective solid-state reaction, specifically with the BiI3 BFs, 168 

resulting in the fabrication of the MA3Bi2I9 BFs, Figure 1c. Therefore, the nature-inspired BFs 169 
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method enabled the formation of the BiI3 template, which in turn plays a crucial role in the 170 

fabrication of MA3Bi2I9 BFs.  171 

The morphological features of the freshly synthesized BiI3 and MA3Bi2I9 BFs are 172 

investigated using optical and electron microscopy, Figures 1d-1e and Figure S2. The 173 

micrographs reveal a uniform and continuous distribution of nanoporous structures in BiI3 and 174 

MA3Bi2I9 BFs. The nanopores are randomly distributed yet distinctly separate, predominantly 175 

exhibiting a circular form. The radius of these nanopores typically ranges from 247 to 423 nm, 176 

while the mean distance between individual nanopores is around 1.1 µm. BFs exhibit corrugated 177 

nanopore edges in BiI3 in contrast to the smooth edges in MA3Bi2I9, Figures 1e and 1f, consistent 178 

with polymer BFs elsewhere.[21] Additionally, to demonstrate the versatility of the BFs self-179 

assembly process to various metal halides, SbI3 BFs were also investigated (Figure S3, Supporting 180 

Information). This highlights the flexibility and usability of the nature-inspired BFs technique for 181 

other metal halides and inorganic materials. 182 

To evaluate the randomness and dispersity within the nanoporous structure of the BiI3 BFs, 183 

a Voronoi polygon analysis was performed on the FESEM image (Figure 1d). This reveals that the 184 

BiI3 BFs display a polydispersity in the nanopore arrangement, with the number of nearest 185 

neighbors for each pore ranging between 3 to 7, as indicated in Figure 2a. For each pore, the 186 

probabilities of having a specific number of nearest neighbors yielding P3=0.09, P4=0.18, P5=0.42, 187 

P6=0.20, and P7=0.17, as summarized in Figure 2b and Table-1. Alternatively, the polymer BFs 188 

typically exhibit a more uniform mesoporous structure with hexagonal packing (P6), indicating a 189 

monodispersed arrangement.[32] Furthermore, the conformational entropy (S) of the nanopores, 190 

calculated using the equation S=-Pi ∑ln(Pi), revealed values of 1.35 and 0.41 for BiI3 and polymer 191 

BFs, respectively.[32] The higher conformational entropy in BiI3 BFs is attributed to the 192 
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polydispersity of the nanopores. This polydispersity arises from the coagulation and merging of 193 

water droplets, which possess high surface curvature during the formation of BiI3 BFs, owing to 194 

the low viscosity of the precursor solution compared to the polymer precursor solution.[9] 195 

The geometric morphology of BiI3 BFs is tuned by varying the concentration of the 196 

precursor, between 15-35 mg/ml. At concentrations below 15 mg/ml, the precursor leads in 197 

sparsely distributed mesopores, whereas at concentrations above 35 mg/ml, it forms a uniform thin 198 

film. A clear correlation is observed where an increase in precursor concentration corresponds to 199 

a decrease in pore size and an increase in pore density, as shown in Figures 2c-2g. The key 200 

geometric parameters of the BiI3 BFs, such as fill factor, pore radius, pore density, and average 201 

pore distance, are quantified through a detailed statistical analysis of FESEM micrographs 202 

(processed using ImageJ software, Figure S4 in the Supporting Information).[33]  These geometric 203 

parameters are depicted in Figures 2h-2i and detailed in Supporting Information Table S1. As the 204 

precursor concentration is increased from 15 to 35 mg/ml, there is a notable decrease in the pore 205 

radius (from 423 to 247 nm) and the average pore distance (from 1.7 to 0.8 µm). A higher 206 

concentration of precursor during the BFs formation reduces the effects of evaporative cooling, 207 

which limits the growth of water droplets and leads to smaller pores and lower porosity.[9] In 208 

contrast, pore density and fill factor progressively increase with the rise in precursor concentration, 209 

from 15 to 35 mg/ml (Figure 2g). A higher precursor concentration reduces the temperature 210 

gradient at the solution interface, which minimizes water condensation and inhibits water droplet 211 

coalescence, resulting in a higher fill factor and average pore distance. Therefore, BiI3 BFs provide 212 

an adaptable approach to tailor the size and distribution of nanopores precisely by adjusting the 213 

precursor concentration. 214 
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The potential of the BiI3 BFs template is explored by transforming it to halide perovskite 215 

BFs. Using a 20 mg/ml BiI3 precursor solution, BiI3 BFs are fabricated and then exposed to MAI 216 

vapor, forming perovskite-inspired MA3Bi2I9 BFs. This specific concentration is crucial for 217 

successfully transforming MA3Bi2I9 BFs, offering an optimal combination of porosity, pore 218 

density, and uniform pore size (Figure S5, Supporting Information). Note that BiI3 BFs fabricated 219 

with concentrations exceeding 20 mg/ml tend to form smaller pores (~ 260 nm), which essentially 220 

seal off the nano-porosity during the conversion to MA3Bi2I9. On the other hand, BFs fabricated 221 

with concentrations less than 15 mg/ml of BiI3 show irregular pore sizes and reduced pore density, 222 

making them less suitable for this conversion. The X-ray diffraction (XRD) patterns presented in 223 

Figure 3a validate the existence of BiI3 and confirm the synthesis of perovskite-inspired MA3Bi2I9. 224 

The reflexes in the XRD pattern correspond to the orthorhombic phase of BiI3 BFs, transforming 225 

into the hexagonal phase (space group P63/mmc) of MA3Bi2I9 after MAI vapor exposure.[34–36] 226 

This is indicated by a downward shift in the (006) peak and disappearance of precursor (MAI and 227 

BiI3) material reflections. The MA3Bi2I9 BFs, compared to pristine BiI3 BFs, exhibit smaller 228 

nanopores and reduced grain size, Figure S6. The AFM image in Figure S7 shows an increased 229 

thickness for MA3Bi2I9 BFs (254 nm) compared to BiI3 BFs (180 nm), suggesting the integration 230 

of MAI molecules. 231 

 Geometric parameters of BiI3 BFs and the corresponding MA3Bi2I9 BFs are presented in 232 

the histograms shown in Figure 3b. MA3Bi2I9 BFs show an increase in the thickness (Δt = 74 nm) 233 

and fill factor (ΔFF = 3.7%) but a decrease in average pore radius (from 369 to 260 nm). Even 234 

after transformation, the average pore distance remains consistent, Figure 3c, indicating the 235 

robustness of the BiI3 BFs template under MAI vapor exposure. Additionally, smoother pore edges 236 

in MA3Bi2I9  BFs are observed in Figures S6b and S6c, attributed to volume expansion and grain 237 
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size increase. The presence of specific bonding states of carbon I, nitrogen (N), iodine (I), and 238 

bismuth (Bi) in MA3Bi2I9 BFs are confirmed by EDS mapping and XPS spectra (Figures S8 and 239 

S9).[37,38]   A shift in the valence band spectra is observed, from 1.14 eV (BiI3) to 1.35 eV 240 

(MA3Bi2I9), Figure S9f, indicating a change in the band structure.[37] The Raman spectrum of 241 

MA3Bi2I9 BFs, Figure S10a, displays peaks at 109 and 144 cm-1, corresponding to Bi-I stretching 242 

modes of [BiI6]3-.[39] Therefore, the XRD, XPS, EDS, and Raman spectra confirm the formation 243 

of perovskite-inspired MA3Bi2I9 BFs.  244 

The optical properties of MA3Bi2I9 BFs are compared to a MA3Bi2I9 thin film, with 245 

absorption spectra indicating different band gaps of 2.07 eV and 2.19 eV for MA3Bi2I9 BFs and 246 

thin film, respectively (Figure S10b and S10c, Supporting Information).[40] The extinction 247 

coefficient (k) for MA3Bi2I9 BFs and thin film is determined using the following equation 1.[41] 248 

𝑘𝑘 = 𝛼𝛼𝛼𝛼
4𝜋𝜋

 where,𝛼𝛼 = 1
𝑑𝑑

ln �(1−𝑅𝑅)2

2𝑇𝑇
+ �(1−𝑅𝑅)4

4𝑇𝑇2
+ 𝑅𝑅2�                                                                                           (1) 249 

Here, T, R, d, and α denote transmittance, reflectance, thickness, and absorption coefficient, 250 

respectively. The extinction spectra reveal a characteristic exciton peak at 507 nm for MA3Bi2I9 251 

BFs and thin film (see Figure 4a). The extinction coefficients for MA3Bi2I9 BFs (0.3) and thin 252 

film (0.22) are comparable to reported values, such as 0.15 for MA3Bi2I9 and 0.5 for MAPbI3 at 253 

the same wavelength of 510 nm.[39,42,43] Notably, MA3Bi2I9 BFs exhibit enhanced extinction 254 

compared to the thin film, owing to multiple scattering and photon reabsorption.[25] The high 255 

surface-to-volume ratio of MA3Bi2I9 BFs contributes to superior light absorption, enhancing 256 

overall light harvesting. Photoluminescence (PL) analysis in Figure 4a demonstrates a narrower 257 

emission spectrum and a blue shift (of 13 nm) for MA3Bi2I9 BFs, compared to the thin film, 258 

suggesting a reduced trap density and photon reabsorption at the nanopores. Furthermore, the 259 

observed blue shift (of 13 nm) and narrower PL emission in MA3Bi2I9 BFs are attributed to the 260 



12 
 

absence of self-trap emission (STE) and the enhancement of direct emission (see Figure S11a-b), 261 

both of which are crucial for optoelectronic devices.[29,44,45] The refractive index is measured 262 

through spectral reflectance using the formula 𝑛𝑛 = 1+√𝑅𝑅
1−√𝑅𝑅

   where n>>k[41] is lower in MA3Bi2I9 BFs 263 

in the 300-600 nm wavelength range (Figure 4b), which is attributed to a higher air volume fraction 264 

in nanopores. This is in contrast to the thin film (Figure S10d), which shows interference fringes 265 

due to light reflection at the top and bottom surfaces of the thin film. An abrupt change in refractive 266 

index near 650 nm in MA3Bi2I9 BFs is due to strong optical scattering at nanopores. 267 

3D-FDTD simulations are performed using a reconstructed model of the MA3Bi2I9 BFs 268 

unit cell (Figure S12). Figures 5a-5d depict the simulated electric field distribution for MA3Bi2I9 269 

BFs, closely emulating their optical properties. Notably, EM radiation with a 400 nm wavelength 270 

exhibits a significantly enhanced electric field compared to a 600 nm wavelength. With nanopores 271 

measuring 269 nm in size in MA3Bi2I9 BFs, the 400 nm wavelength light is reflected off the walls 272 

of the nanopores and confined at their centers, Figure 5b.[46] In the case of the 600 nm wavelength, 273 

as depicted in Figures 5c and d, the observed light confinement within the pores suggests the 274 

potential for light-matter interaction beyond the band gap of MA3Bi2I9 BFs. The results of the 3D-275 

FDTD simulations emphasize the wavelength-dependent confinement behavior of light within the 276 

nanoporous MA3Bi2I9 BFs, emphasizing the crucial interplay between nanopore size and incident 277 

wavelength in determining the EM field distribution.[46] 278 

The potential of MA3Bi2I9 BFs for optoelectric applications is investigated by fabricating 279 

a photodetector on a patterned ITO-coated substrate (Figure S13). The photocurrent response of 280 

the detector is tested under varying white light intensities (ranging from 1.6 to 3310 µW/cm2) and 281 

a voltage sweep from -1 to 1V, Figure 6a. The device exhibits consistent photoresponse even at 282 

low light intensities (1.6 µW/cm2). The spectral responsivity (Rλ = Iph/Pin), which is defined as the 283 
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photocurrent density (Iph) per unit light intensity (Pin), is plotted in Figure 6b for MA3Bi2I9 BFs 284 

and thin film photodetectors.[47] MA3Bi2I9 BFs exhibit the highest Rλ value of 0.44 A/W at 400 285 

nm, significantly outperforming the thin film counterpart by three orders of magnitude. This 286 

enhanced performance spans a broad spectral range from 400 to 740 nm, indicating MA3Bi2I9 BFs 287 

enhanced light detection capability. In terms of broadband detectivity (Dλ = (Rλ/2qJd)1/2), the 288 

MA3Bi2I9 BFs-based photodetector demonstrates a highest value of 1.28×1012 Jones (Figure 289 

6c).[47] Additionally, the external quantum efficiency (EQE) of MA3Bi2I9 BFs, analogous to Rλ and 290 

Dλ, has a maximum value of 132% at 400 nm (Figure 6c), consistent with the electric field 291 

enhancement observed in the FDTD simulations (Figure 5a-5d).[48] High EQE values positively 292 

correlate with the extraction of carriers under light illumination while inversely relating to injecting 293 

photon-excited carriers into trap states.[49] The linear dynamic range (LDR) of the MA3Bi2I9 BFs-294 

based photodetector achieves a significant value of 62.4 dB (Figure S14). This improved 295 

performance is ascribed to the multiple scattering of photons trapped near the nanopores, 296 

consistent with the increased extinction coefficients (Figure 4a) and supported by the findings from 297 

FDTD simulations (Figure 5a-5d). The response time of the photodetector is determined by fitting 298 

exponential rise and decay curves to a single on/off cycle at a frequency of 0.25 Hz, revealing rise 299 

(τres) and fall (τrec) times of 145 and 180 ms, respectively (Figure S15). The photodetector 300 

demonstrated excellent durability by consistent photocurrent response over 1150 switching cycles 301 

and maintained a stable photoresponse for five weeks under atmospheric conditions, highlighting 302 

the light-soaking and environmental stability of MA3Bi2I9 BFs (see Figure S16). These results 303 

highlight the practicality and reliability of the MA3Bi2I9 BFs-based photodetector for various 304 

optoelectronic applications. Figure 7a depicts the photocurrent (Iph) and responsivity (R) under 305 

various white light intensities. The photocurrent follows a sublinear relationship, fitting the power 306 
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equation,  𝐼𝐼𝑝𝑝ℎ 𝛼𝛼 𝑃𝑃𝑖𝑖𝑖𝑖𝛼𝛼 , where α = 0.35. This sublinearity is attributed to surface traps within the 307 

device.[50]  Moreover, the MA3Bi2I9 thin films demonstrated a power exponent value one order less 308 

than BFs (see Figure S17), indicating the presence of sub-bandgap trap states consistent with PL 309 

spectra. The responsivity of the MA3Bi2I9 BFs photodetector reaches up to 1.01 A/W under a white 310 

light intensity of 1.6 µW/cm2. Compared to solution-processed A3B2I9 (A=Cs, MA, and B=Bi, Sb) 311 

thin film-based photodetectors (Figure 7b and Table S3), the MA3Bi2I9 BFs exhibit a remarkably 312 

higher responsivity and detectivity.[39,51–59] This sets a new standard for photoresponse 313 

performance among thin film A3B2I9-based photodetectors.  314 

4. Conclusions  315 

This work presents a solution-based and nature-inspired BFs approach to fabricate halide 316 

perovskite nanoporous thin films. By adjusting the BiI3 precursor concentration, precise control 317 

over the geometric features of the BiI3 BFs is obtained (varying the nanopore radius from 423 to 318 

247 nm). Unlike polymer BFs, BiI3 BFs exhibit a polydisperse nanopore structure with higher 319 

conformational entropy. The BiI3 BFs act as templates that, undergoing a solid-state reaction with 320 

MAI vapors, are transformed into halide perovskite MA3Bi2I9 BFs. The resultant MA3Bi2I9 BFs 321 

exhibit enhanced light extinction and a lower refractive index than their thin film counterparts, 322 

which is due to the increased air volume fraction within the nanopores. Additionally, 3D-FDTD 323 

simulations reveal that light confinement within the MA3Bi2I9 BFs, facilitates electric field 324 

distribution. The fabricated photodetector based on MA3Bi2I9 BFs exhibits three orders of 325 

magnitude higher responsivity than their thin-film counterpart, with a responsivity reaching up to 326 

1 A/W, significantly surpasses that of solution-processed A3B2I9 thin film photodetectors. This 327 

enhanced performance is primarily due to the multiple scattering of photons trapped near the 328 

nanopores. Inspired by natural dewetting phenomenon, the BFs method enables complex 329 
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nanopatterning across various halide perovskites, offering a precise control over light-matter 330 

interactions, laying the groundwork for cutting-edge advancements in optoelectronics. 331 
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BiI3 in THF BiI3 BFs (c)(a) (b)

Glass substrate          BiI3 Water droplet           MA3Bi2I9 

MA3Bi2I9 BFs

(d) (f)(e)

Evaporation 
of MAI in N2

Figure 1: Illustration depicting the fabrication process of MA3Bi2I9 Breath Figures (BFs). (a) 
Application of BiI3 solution via spin-coating on a substrate induces water droplet condensation at 
interfaces, (b) leading to the formation of BiI3 BFs. (c) MAI evaporation in an inert N2 atmosphere 
is employed for MA3Bi2I9 BFs fabrication. FESEM micrographs of BiI3 BFs at different 
magnifications (d)-(e), and magnified view of the converted MA3Bi2I9 BFs (c). (Scale bars denoted 
as (d) 5 µm, (e) and (f) 500 nm). 
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 450 

 451 

 452 

  453 

Figure 2: (a) Voronoi polygon analysis of BiI3 BFs in (figure1d), and (b) corresponding 
coordination probabilities for polygons with three sides (P3), four sides (P4), five sides (P5), six 
sides (P6), and seven sides (P7) presented as a colored histogram, compared with polymer BFs data 
from literature (black histogram). (c)-(g) FESEM micrographs (flase colored) illustrating BiI3 BFs 
at varying BiI3 precursor concentrations (15 to 35 mg/ml), with a scale bar of 2 µm. (h) Graph 
depicting pore size and pore-to-pore distance, and (i) graph illustrating porosity and pore density 
for distinct concentrations of BiI3. 

(c)

(h) (i)

  

(b)
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 456 

 457 

 458 

 459 

Figure 3: (a) X-ray diffraction patterns of BiI3 BFs in red and MA3Bi2I9 BFs in blue. (b) 
Comparative statistical analysis of thickness, pore radius, fill factor, and average pore distance 
between BiI3 BFs and MA3Bi2I9 BFs. 

Figure 4: (a) Optical extinction spectra (solid line) and Photoluminescence (PL) spectra (scatter 
point) of MA3Bi2I9 BFs and thin film at room temperature, (b) wavelength-dependent variation of 
the refractive index for the MA3Bi2I9 BFs and thin film. The MA3Bi2I9 BFs and thin film data are 
represented in red and blue colors.   

(b)

(b)(a)
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Figure 5: FDTD simulation illustrating the electromagnetic (EM) field distribution (top view) of 
MA3Bi2I9 BFs under illumination with (a) 400 nm and (c) 600 nm peak wavelengths. 
Corresponding cross-sectional EM distribution within a single pore for the (b) 400 nm and (d) 600 
nm wavelength. The propagation direction of light is in the Z direction. 
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 473 

 474 

 475 

 476 

Figure 6: MA3Bi2I9 BFs-based photodetector, (a) Photocurrent at different white light intensities 
as a function under applied voltage sweep from -1 to 1 V. (b) Comparison of the spectral 
responsivity plot between MA3Bi2I9 BFs and thin film-based devices. (c) Plot of detectivity and 
external quantum efficiency (EQE) for the MA3Bi2I9 BFs. (d) Calculation of rise and fall times 
using exponential fit. 

(d)
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 479 

Table 1: The Voronoi polygon analysis of BiI3 BFs (Total number of polygons is 464) 480 

S. 
No. 

Number 
of nearest 
neighbors  

Number of 
polygons 

Probability 
of polygon 

Pi 

ln Pi S=-Pi ∑ ln Pi 

1. 3 4 0.009 -4.710 1.346 

2. 4 84 0.181 -1.709 

3. 5 199 0.429 -0.846 

4. 6 95 0.205 -1.585 

5. 7 82 0.177 -1.732 

 481 

 482 

 483 

 484 

 485 

(b)(a)

Figure 7: (a) Responsivity and photocurrent as functions of light intensity for the MA3Bi2I9 BFs 
extracted from (figure1d). (b) Comparison of responsivity and detectivity with solution-processed 
A3B2I9 (A= MA, Cs, and B=Bi, Sb) thin film-based photodetectors. 
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 486 

Table 2: Comparison of photodetector performance for the MA3Bi2I9 RNT and thin film-based 487 
devices. 488 

S. 
No. 

Surface type *R 

(A/W) 

*D 

(Jones) 

EQE 

(%) 

τr and τf 

(ms) 

LDR 

(dB) 

1. MA3Bi2I9 BFs 1.01 1.28× 1012 132 145 and 180 62.43 

2. MA3Bi2I9 Thin 
Film 

7.0× 10-4 7.54× 109 0.217 170 and 182 36.62 

 489 

*R: responsivity, *D: detectivity 490 

 491 
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