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mechanical strength, optical transmit-
tance, and chemical stability of polymeric 
substrates can improve the performance 
of electronic devices such as transistors, 
sensors, organic light-emitting diodes 
(OLEDs), solar cells, and energy genera-
tors.[8–12] Within this scope, synthetic poly-
mers such as poly(ethylene terephthalate) 
(PET), polyimide (PI), polyurethane (PU), 
and poly(dimethylsiloxane) (PDMS) are 
widely used as flexible substrates for inor-
ganic, organic, and perovskite solar cells 
due to the ability to finetune material prop-
erties along with low cost, high flexibility, 
and optical transparency.[13–22]

With growing interest in green tech-
nologies, naturally abundant materials 
such as silk and cellulose have been 
developed as flexible substrates for solar 
cell applications due to their transparent, 
eco-friendly, and biodegradable proper-
ties.[23–25] Specifically, incorporating nano-
structures such as nanofibers and nano-
pores into natural material substrates can 
facilitate high levels of light scattering to 
improve device efficiency. To date, the 
main focus has been on controlling fibril 

and fiber dimensions and packing along with chemical modifi-
cations in order to modulate light–matter interactions and the 
degrees of forward and back scattering. For example, cellulose 
paper consisting of 10 nm diameter nanofibers was  fabricated 
into a transparent substrate with high transmittance (≈90%) 

There is broad interest in developing photonically active substrates from nat-
urally abundant, minimally processed materials that can help to overcome the 
environmental challenges of synthetic plastic substrates while also gaining 
inspiration from biological design principles. To date, most efforts have 
focused on rationally engineering the micro- and nanoscale structural proper-
ties of cellulose-based materials by tuning fibril and fiber dimensions and 
packing along with chemical modifications, while there is largely untapped 
potential to design photonically active substrates from other classes of 
natural materials with distinct morphological features. Herein, the fabrication 
of a flexible pollen-derived substrate is reported, which exhibits high transpar-
ency (>92%) and high haze (>84%) on account of the micro- and nanostruc-
ture properties of constituent pollen particles that are readily obtained from 
nature and require minimal extraction or processing to form the paper-like 
substrate based on colloidal self-assembly. Experiments and simulations con-
firm that the optical properties of the pollen substrate are tunable and arise 
from light–matter interactions with the spiky surface of pollen particles. In a 
proof-of-concept example, the pollen substrate is incorporated into a func-
tional perovskite solar cell while the tunable optical properties of the intrinsi-
cally micro-/nanostructured pollen substrate can be useful for a wide range of 
optoelectronic applications.
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1. Introduction

Polymeric substrates that are affordable, lightweight, and flexible 
have received considerable attention due to ongoing advances 
in the flexible and stretchable electronics field.[1–7] There is a 
growing body of knowledge about how rationally tuning the 
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and high haze (forward light scattering) that was  useful for 
organic solar cell applications.[26] Transparent paper composed 
of wood fibers with ≈90% transmittance and haze has also been 
reported.[24]

Notably, recent findings have suggested that “microscale 
irregularities” within entangled networks of cellulose fibers and 
fibrils play an important role in contributing to desirable optical 
properties,[27] hence motivating the exploration of natural 
materials with distinct morphological features besides fibrous 
networks to modulate light–matter interactions. Moreover, cur-
rently used natural materials such as cellulose require extensive 
processing, including chemical modification in many cases, to 
generate fibrils and fibers with desirable properties and to fabri-
cate entangled networks with suitable nanostructured features 
(Table S1, Supporting Information).[28,29]

Considering these points, pollen grains are a promising 
natural material option because they are sustainably abundant,  
hollow microparticles that have species-specific architectural 
features; for example, sunflower pollen grains have spiky 
appendages, nanoscale pores, and a tripartite structure.[30,31] 
Several material science applications of pollen grains have been 
reported such as drug carriers, 3D scaffolds, pressure sensors,  
and oil-absorbing sponges.[32–37] Recently, simple methods 
based on incubating pollen grains in alkaline solutions and 
that require minimal processing have been developed to trans-
form hard pollen grains into flexible microgel and paper struc-
tures.[30,38] There remains an outstanding need to characterize 
and rationally tune the optical properties of pollen-derived 
materials and to explore their potential suitability as photoni-
cally active substrates with distinct design principles compared 
to existing natural material substrates that are based on entan-
gled network architectures.

In this study, we report a flexible, paper-like pollen sub-
strate with high transparency (>92%) and high haze (>84%) 
that is enabled by the intrinsic micro- and nanoscale structural  
features of constituent pollen grains that facilitate forward light 
scattering (haze). The pollen-derived substrate is readily fabri-
cated from minimally processed pollen particles using simple 
and environmentally friendly methods and the substrate was 
demonstrated to be practically useful for perovskite solar cell 
applications. Electrodynamic simulations further shed light 
on how the micro- and nanoscale structural features of pollen 
grains comprising the paper-like sheet affect haze and provide 
guidance for how pollen engineering can be useful to create 
naturally sourced substrates with advantageous properties for 
a wide range of optoelectronic applications. Importantly, our 
findings demonstrate a new class of photonically active natural 
material substrates that move beyond fiber-like network archi-
tectures and harness the intrinsically micro-/nanostructural 
features of self-assembled, colloidal-like biological materials 
such as pollen-grain microparticles.

2. Results and Discussion

To fabricate a pollen-derived substrate from discrete, granular 
pollen particles, the fabrication process began with incubating 
pollen particles in a 10% KOH solution at 80 °C for 2 h under 
stirring (Figures 1a,b and Figure S1, Supporting Information 

for detailed process; see also the Experimental Section). After 
washing the pollen particles five times with fresh KOH solution 
using centrifugation (4500  rpm, 5  min), additional incubation 
in KOH solution at 80 °C for 3 h reduced the stiffness of pollen 
particles, which led to particle flattening during the drying pro-
cess and aided substrate preparation (Figure 1c). After washing 
the pollen particles five times more with deionized water using 
a filtration method, the pollen particle solution was poured into 
a square Petri dish (lateral dimensions of 245 mm × 245 mm), 
followed by drying at room temperature (RT) for 5 days to 
generate a paper-like pollen substrate (Figure  1d). The thick-
ness of the pollen substrate was controlled by adjusting the 
amount of pollen particles within the mold. For example, 5, 
10, and 20 g of defatted pollen particles yielded substrates with  
≈13, 22, and 32  µm thicknesses, respectively. Moreover, the 
pollen substrates exhibited high optical transparency and fold-
ability while scanning electron microscopy (SEM) images 
showed that the top surface still had microscale spikes, which 
mirrored the morphological features of sunflower pollen par-
ticle surfaces (Figure  1e). From a processing perspective, it 
was verified that the second KOH incubation step is necessary 
because, in its absence, the constituent pollen particles stayed 
rigid and the pollen substrate in this alternative case readily 
delaminated from the Petri dish after fully drying, while also 
exhibiting a large number of cracks and wrinkles on the surface 
(Figure S2, Supporting Information).

Based on the fabrication scheme, we prepared non-pressed 
and pressed pollen substrates (lateral dimensions = 3 cm × 2 cm)  
that had  distinct morphological properties. The mechanically 
pressed pollen substrate was generated by placing a non-
pressed pollen substrate between two flat metal plates, which 
provided a uniform force distribution across the overall surface, 
followed by pressing at 80 °C for 40  min in a heat-pressing 
machine (Figure S3a, Supporting Information). The pressed 
pollen substrate had  a 10% decrease in total thickness com-
pared to that of the non-pressed pollen substrate (Figure S3b, 
Supporting Information). Moreover, the Young’s modulus 
value of the pollen substrate increased from ≈1.0 ± 0.4 MPa to  
≈1.7 ± 0.1 MPa for non-pressed and pressed substrates, respec-
tively, and this greater mechanical strength is consistent with 
substrate densification due to greater particle–particle cohesion 
and a decrease in void space between the particles (Figure S4, 
Supporting Information). While the pressing process decreased 
the thickness of the pollen substrate and increased mechan-
ical strength, Fourier transform infrared (FTIR) spectroscopic  
analysis confirmed that there was no change in the chem-
ical properties of the pressed pollen substrate (Figure S5,  
Supporting Information).

To directly compare non-pressed and pressed pollen 
substrates, we pressed only half of a pollen substrate and 
observed striking differences in the optical properties of the 
non-pressed and pressed sides (Figure 2a). When the sample 
was placed on top of printed paper, the printed contents on 
the paper were  clearly visible through both regions. How-
ever, when the pollen substrate was placed 3  cm above the 
paper, printed contents could only be clearly seen through 
the pressed region while the contents were hazy and opaque 
through the non-pressed region (Figure S6, Supporting 
Information).

Adv. Mater. 2021, 2100566



© 2021 Wiley-VCH GmbH2100566 (3 of 9)

www.advmat.dewww.advancedsciencenews.com

We proceeded to measure the total and diffuse transmit-
tance of pollen substrates with various thicknesses by UV–vis 
spectroscopy measurements (Figures  2b,c). Total transmit-
tance includes directly transmitted and scattered light, which 
passed through the pollen substrate. While the pressed pollen 
substrates were  thinner, the non-pressed pollen substrates 
had higher total transmittance than that of the pressed pollen 
substrate. For example, the non-pressed pollen substrates 
had  79.0% (32  µm), 89.3% (22  µm), and 92.3% (11  µm) total 
transmittance at 600  nm wavelength, whereas the pressed 
pollen substrates had 79.1% (29 µm), 87.4% (19 µm), and 85.8% 
(9 µm) total transmittance. Regarding direct transmittance, the 
pressed pollen substrates of 20 and 10 µm thickness showed 
82.8% and 83.2% transmittance values at 600 nm wavelength, 
respectively, which are about ten times higher than the 8% and 

9% transmittance values of 23 and 13  µm-thick, non-pressed 
pollen substrates, respectively (Figure S7, Supporting Infor-
mation). This result supports that the low reflectivity and high 
degree of light scattering caused by the surface morphology 
contribute to high total transmittance.

We also measured the haze, which is an important para-
meter for optoelectronic devices. The non-pressed pollen sub-
strates had high haze compared to pressed pollen substrates 
in the visible-light range around 350 to 780  nm (Figure  2d). 
The haze of the non-pressed pollen substrate was 18-times 
higher than that of the pressed one. Interestingly, as the thick-
ness of the non-pressed pollen substrate decreased, the haze 
increased gradually: 64.8%, 83.3%, and 84.0% for 32, 22, and 
11 µm-thick substrates, respectively (Figure 2e). As further evi-
dence of light scattering effects, we also observed significant 
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Figure 1. a) SEM images of defatted pollen particles collected from sunflower plants, focusing on microscale spikes and nanoscale apertures. The 
image of the sunflowers is by Ulleo on Pixabay (CC0). b–d) Schematic illustrations of defatted (b), KOH-treated (c), and dried (d) sunflower pollen 
particles. e) Photograph of a pollen-derived substrate after drying. The blue and red boxes correspond to magnified SEM images of the selected areas, 
indicating spike and nanohole features.
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diffusion of laser light (beam diameter = 0.2  cm, wavelength 
= 522–542  nm) after passing through the non-pressed pollen 
substrate (Figure S8, Supporting Information). The observed 
high haze of the non-pressed pollen substrate could be useful 
for optoelectronic devices, such as potentially enhancing light 
absorption within the active layer in a solar cell by extending 
the light path and collecting light from various angles. Fur-
thermore, the low haze of the pressed pollen substrates, for 
example, 4.5%, 4.9%, and 6.8% for 29, 19, and 9 µm-thick sub-

strates, respectively, can potentially be useful for display appli-
cations such as OLEDs.

To characterize the pollen substrate morphology, we measured 
the surface roughness of the non-pressed and pressed pollen 
substrates (thickness = 30 µm, lateral dimensions = 1 cm × 1 cm)  
by using atomic force microscopy (AFM) (Figures  3a,b). The 
bottom side of the non-pressed pollen substrate had a root-
mean-square (RMS) surface roughness of 9.2 nm, while the top 
side had an RMS surface roughness of 230 nm (Figure 3c). AFM 
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Figure 2. Optical characterization of pollen substrates. a) Left: Photograph of non-pressed and pressed pollen substrates directly on top of printed 
paper. Right: Photograph of non-pressed and pressed pollen substrate 3 cm on top of printed paper. Note that the thicknesses of the non-pressed and 
pressed regions were 21 and 19 µm, respectively. b,c) Total transmittance of non-pressed (b) and pressed (c) pollen substrates as a function of substrate 
thickness. d) Haze of pollen substrates as a function of light wavelength. e) Change in haze property of the pollen substrates before and after pressing.
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images clearly showed the spike structure with 2.0  ± 0.2  µm  
diameter and 4.2 ± 0.4 µm height features on top of the non-
pressed pollen substrate, while there were no observable 
structures on the bottom of the non-pressed pollen substrate 
(Figure  3d). In marked contrast, both sides of the pressed 
pollen substrate had low RMS surface roughness values  
(top = 11.3 nm and bottom = 9.4 nm) that were similar to the 
bottom surface of the non-pressed pollen substrate. In corre-
sponding SEM images, it was verified that the top and bottom 
surfaces of the pressed pollen substrate exhibited a compressed, 
smooth morphology, while the top and bottom surfaces of the 
non-pressed pollen substrate had distinct morphologies and 
degrees of surface roughness (Figure S9, Supporting Informa-
tion). These findings support that the low stiffness of the pollen 
particles induced by KOH treatment led to the successful fabri-
cation of pollen substrates with distinct surface morphologies 
on the top and bottom sides, while mechanical pressing could 
further adjust substrate morphology.

To investigate the origin of the light scattering-related 
haze properties, we performed finite-difference time-domain 

(FDTD) simulations and examined how the distinct surface 
morphologies of pressed and non-pressed pollen substrates 
affect light–matter interactions. The bulk material properties 
of the pollen substrates were characterized using ellipsometric 
measurements, from which wavelength-dependent refractive 
index (n) and extinction coefficient (k) values were obtained, 
while the nanoscale surface roughness features of the top sur-
face of the pollen substrates were modeled based on the AFM 
data (Figures S10 and S11, Supporting Information).
Figure 4 shows the schematic of the simulation conditions 

and distribution of the light intensity in the non-pressed and 
pressed pollen substrates at various incident light angles. In the 
case of a 90° incident light angle, the non-pressed pollen sub-
strate showed a similar light-intensity pattern compared to that 
of the pressed pollen substrate, but the light intensity in the 
B line (1 µm above the bottom surface, black dotted lines) was 
higher than that of the pressed one (Figures 4a,b). Interestingly, 
upon reducing the light angle from 60° to 30°, the decrease 
in light intensity of the non-pressed pollen substrate was 
appreciably smaller than that of the pressed pollen substrate  

Adv. Mater. 2021, 2100566

Figure 3. a,b) Surface morphology of the top and the bottom sides of the non-pressed (a) and pressed (b) pollen substrates based on AFM meas-
urements. c) RMS surface roughness of the non-pressed and pressed pollen substrates (n = 3). d) Spike dimensions on the outer surface of pollen 
particles (n = 6).
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(Figures  4c–f). For example, in the 30° incident angle case, 
strong light intensity was observed at the interface between air 
and the pressed pollen substrate, while there was negligible 
light intensity inside the substrate. By contrast, relatively strong 
light intensity occurred inside the non-pressed pollen substrate. 
This result indicates that haze-related light scattering arises 
from micro/nano structures within the pollen substrates that 
can increase light penetration by reducing light reflection, and 
hence emphasizes the importance of the pollen architecture in 
contributing to the optical properties of the substrate.

To demonstrate practical utility in a proof-of-concept 
example, we evaluated the performance of a perovskite solar 
cell on the pollen substrate (Figure 5a). The process began with 
the deposition of ZnO (100 nm) as a buffer layer on the pollen 
substrate (11  µm), which was attached to a glass substrate  
(see the Experimental Section for the detailed process and 
Figure S12, Supporting Information). Indium tin oxide (ITO) 
(500  nm) was sputter-deposited as a transparent electrode, 
followed by ZnO deposition (100 nm),  which is an electron 
transport layer (ETL) and hole blocking layer. Next, perovskite 

Adv. Mater. 2021, 2100566

Figure 4. FDTD simulations for modeling haze properties of pollen substrates in air. a) Setup of the FDTD simulation conditions and light intensity 
distribution maps for non-pressed (thickness = 11 µm) and pressed (thickness = 9 µm) pollen substrates at an incident light angle of 90°. The two 
dashed white lines in the maps correspond to the top and bottom surfaces of the pollen substrates. The red and black lines labeled with A and B 
indicate 1 µm distances beneath the top surface and above the bottom surface, respectively. b) Cross-sectional profiles of light intensity at an incident 
light angle of 90°. c–f) Corresponding simulation results are presented for incident light angles of 60° (c,d) and 30° (e,f), respectively. The dashed 
white and red lines represent the top surface and a 1 µm distance beneath the top surface, respectively.
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(600 nm) and Spiro-OMeTAD (300 m) layers were coated on the 
ZnO layer by spin coating, which functions as an active layer 
and as a hole transport layer (HTL), respectively. Finally, deposi-
tion of an Ag electrode (100 nm) with rectangular shape via a 
stencil mask was performed and formed an electrical contact 
on the top surface. Figures  5b,c show the energy band align-
ment between the layers in the device and the final structure of 
the flexible perovskite solar cell. The performance of this device 
indicates a power conversion efficiency (PCE) of 4.38% with an 
open-circuit voltage (Voc) of 1.044  V, short-circuit current (Jsc) 
of 8.92  Ma cm−2, and fill factor of 47.1%. The PCE is among 
the highest values reported for a perovskite solar cell on a bio-
logically derived material substrate.[39–43] These results indicate 
that the pollen substrate is compatible with perovskite solar 
cell function, while the operating performance could be fur-
ther improved in future work by reducing the thickness of the 
perovskite and Spiro-OMeTAD layers and/or by optimizing the 
electrode/ETL layers to enhance charge extraction and series 
resistance among various design possibilities.

3. Conclusion

We have developed a pollen-derived flexible substrate with high 
transparency and high haze for optoelectronic applications and 
demonstrate its utility within a perovskite solar cell as an appli-
cation example. Importantly, the intrinsic micro- and nanoscale 

structural features of pollen particles were shown to be critical 
for modulating light–matter interactions, including reduced 
light reflectance and increased forward light scattering. In addi-
tion, the flat bottom surface of the pollen substrate was useful 
for material fabrication within complex devices. While other 
types of natural materials have been used as photonically active 
substrates in past studies, a unique feature of pollen-based 
materials is that they possess micro- and nanoscale structural 
properties stemming from constituent pollen particles, which 
form the paper-like substrates through colloidal self-assembly 
as opposed to the conventional case of entangled networks 
of fibers and/or fibrils, and these structural features of the 
pollen substrate enable versatile and tunable optical properties 
without the need for extensive processing. Hence, intrinsically 
micro-/nanostructured pollen substrates are excellent candi-
dates to replace synthetic plastic substrates and could lead to 
a new class of environmentally friendly optoelectronic device 
components.

4. Experimental Section
Preparation of Pollen Substrate: 20  g of defatted sunflower pollen 

(Helianthus annuus L, Greer Laboratories Inc., Lenoir, NC, USA) was 
mixed with 10 w/v% KOH (40 mL) under stirring at 80 °C for 2 h in a 
fume hood. The suspension was then centrifuged at 4500 rpm for 5 min 
to remove the supernatant. The sample was washed five times with 
fresh 10 w/v% KOH, followed by centrifugation at 4500 rpm for 5 min. 

Figure 5. a) Schematic illustration of the perovskite solar cell on the non-pressed pollen substrate. b) Energy band diagram of the device. c) Cross-
sectional SEM image of layer stacking in the device. Inset shows a photograph of the flexible device. d) Current density–voltage (J–V) curve of a repre-
sentative perovskite solar cell on the non-pressed solar cell under AM 1.5G illumination.
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To decrease the stiffness of the pollen particles, the sample was topped 
up to a total volume of 40  mL with fresh KOH solution, followed by 
incubation at 80 °C for 3 h in an oven. After removing the supernatant by 
centrifugation at 4500 rpm for 5 min, the pollen particles were collected 
using a filter mesh with 10 µm pore size and then rinsed with deionized 
water until the solution pH reached a value of 7. The resulting pollen 
particles constituted a microgel, which was poured into a square Petri 
dish with lateral dimensions of 245 mm × 245 mm, followed by drying 
under ambient conditions for 5 days. The pressed pollen substrate 
was prepared by placing the pollen microgel substrate between 
four PET films (thickness = 100  µm) and two stainless steel plates  
(thickness = 1 mm, lateral dimensions = 300 mm × 300 mm) at 80 °C for 
40  min using a heat pressing machine. The as-prepared samples were 
stored in a dry box at a humidity level around 15%.

Material Characterization of Pollen Substrate: Optical transmittance 
was measured by a UV–vis spectrometer (UV-2700, Shimadzu, Kyoto, 
Japan) and a UV–vis-NIR spectrophotometer with integrating sphere 
(Lambda 950, PerkinElmer, Waltham, MA, USA). SEM images were 
obtained by a JSM-7600F Schottky field-emission scanning electron 
microscope (JEOL, Tokyo, Japan) at an accelerating voltage of 5.00 kV.  
Chemical analysis was performed by FTIR spectroscopic analysis 
(Frontier, PerkinElmer) with a diamond cell attenuated total reflection 
accessory module. AFM images and surface roughness measurements 
were obtained using an NX-10 instrument (non-contact mode, scan 
area = 20 µm × 20 µm, scan rate = 0.2–0.5 Hz, Park Systems, Suwon, 
Republic of Korea) with an aluminum-reflex-coated silicon cantilever 
(PPP-NCHR, spring constant of ≈42 N m−1, Nanosensors, Neuchatel, 
Switzerland). The wavelength-dependent refractive index (n) and 
extinction coefficient (k) values of pollen substrates were determined 
by ellipsometry measurements (M-2000 ellipsometer, J.A. Woollam, 
Lincoln, NE, USA). Tensile mechanical testing was performed using 
a Dynamic Mechanical Analyzer (DMA Q800, TA Instruments, New 
Castle, Delaware, USA) and the experiments were conducted at RT with 
rectangular-shaped samples (20  mm × 5  mm × 0.025  mm) under a 
tensile rate of 1 N min−1 until failure. All data were processed with the 
Universal Analysis 2000 software package (TA Instruments, New Castle, 
Delaware, USA).

FDTD Simulations: The distribution of light intensity in both non-
pressed (thickness: 11  µm) and pressed (thickness: 9  µm) pollen 
substrates was simulated by the FDTD method to characterize the 
effects of pollen substrates on light scattering at various incident angles 
ranging from 30° to 90°. Light–matter interactions due to pollen spikes, 
composed of micro/nano structures with a surface roughness of greater 
than 50 nm, or correlation length of less than 100 nm, and extra width 
of 1  µm were mimicked by perfectly matched layer (PML) boundary 
conditions and irradiation of the plane-wave light source and the n 
and k values of the pollen substrates were obtained using ellipsometric 
measurements.

Fabrication of Perovskite Solar Cell on Pollen Substrate: The bottom 
electrode and ETL consisting of 700  nm of zinc oxide/ITO/zinc oxide 
(ZnO/ITO/ZnO) were deposited on the pollen substrates by DC and RF 
sputtering. The perovskite layer deposition step involved 1.2 m of a triple 
cation precursor solution comprising Cs0.05(MA0.17FA0.83)0.95Pb(I0.83Br0.17)3.  
A solution was prepared by mixing PbI2 (1.1  × 10−3 m), FAI (1  × 10−3 m),  
PbBr2 (0.22 × 10−3 m), and MABr (0.2 × 10−3 m) in 1 mL of a DMF-DMSO 
(4:1) mixture. Another separate solution of CsI was prepared by mixing  
1.5 m CsI in 1 mL of DMSO. Both solutions were heated on a hot plate 
at 70 °C for a few hours until the solutions were transparent. Next, 
42.4  µL of a 1.5  × 10−3 m CsI solution was added to the 1  mL volume 
of MA-FA (1.2 m) containing the precursor solution. The perovskite 
solution was spin-coated on the pollen substrate at 3000  rpm for 30 s. 
A 120 µL volume of chlorobenzene (antisolvent) was dispensed onto 
the substrate 5 s before the spin cycle stopped. The substrates were 
then immediately transferred to a hot plate followed by annealing at 
100 °C for 30  min. For the hole transfer layer, 50  mg of Spiro-OMeTAD 
was added in 700  µL of chlorobenzene. 12.4  µL of lithium salt (26  mg 
lithium bis-(trifluoromethylsulfonyl) imide in 50 µL acetonitrile), 28 µL of 
cobalt salt (8.5  mg tris (2-(1H-pyrazol-1-yl)-4-tert-butylpyridine)-cobalt(III)  

tris(bis(trifluoromethylsulfonyl) imide in 28  µL acetonitrile), and 20  µL 
of 4-tert-Butylpyridine were added to the as-prepared Spiro solution. The 
solution was heated on a hot plate at 70 °C for 30 min. The Spiro solution 
was spin-coated onto a perovskite film at 2000  rpm for 30  s. Finally, 
≈100 nm of a Ag metal electrode was thermally evaporated on top of the 
hole transporting material (HTM) layer to complete the device fabrication.

Perovskite Solar Cell Evaluation: The photovoltaic device performance 
was measured using a Keithley 2401 source meter (Keithley Instruments, 
Cleveland, OH, USA) with one-sun illumination (XES-40S2 Solar 
Simulator, San-Ei Electric Co., Ltd., Osaka, Japan).
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