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Abstract

We report the first perovskite solar cell incorporating soybean lecithin, a biological plant-based
food additive. When added in small concentration to perovskite precursor inks, it helps to obtain
compact and uniform CsPbBr; thin films. Our devices exhibit very high average visible transmit-
tances (AVTs) (>70%), color rendering index (CRI) up to 84% and neutrality (CIE coordinates
0f 0.38, 0.39). The addition of lecithin almost doubled power conversion efficiency from 0.84% to
1.52%. Such high transparency, although limiting their overall efficiency, can be used in environ-
ments where transparency and color neutrality are important features, such as windows, facades,
lens in smart glasses, and greenhouses. The transparency-efficiency profile fits the trend in per-
formance of emerging photovoltaic devices, with amongst the highest voltages reported at these
transmittances. Furthermore, the stability in ambient air also improved with addition of lecithin,
losing only 25% of efficiency after 1 year versus 50% for devices with no lecithin.

1. Introduction

Perovskite solar cells (PSCs) are a promising photovoltaic (PV) technology because of their high power
conversion efficiency, low-cost materials and simple solution processing methods [1, 2]. However, long-
term stability remains a significant challenge that continues to impede their commercialization [3-5].
Among various perovskite compositions, the CsPbBr; all-inorganic perovskite exhibits superior thermal,
moisture and photo stability compared to its organic-inorganic counterparts, owing to the absence

of volatile organic cations [6]. Its high transmissivity and high CRI make it suitable for use in semi-
transparent and tandem PV [6-8]. Furthermore, CsPbBr;’s wide bandgap (~2.3 eV) and high visible
transmittance make it a promising material for semi-transparent and building-integrated photovoltaic
(BIPV) applications. Recent studies have demonstrated semi-transparent CsPbBr; solar cells with power
conversion efficiencies (PCEs) of up to ~6% and AVT of 55%—60%, achieved through optimized film
morphology and transparent electrodes [9]. When transparency exceeds 70%, most reported perovskite
devices show PCEs ~1% [10, 11].

Obtaining uniform and compact films for CsPbBr; by solution processing is challenging due to the
solubility difference of CsBr and PbBr; in solvents like dimethyl sulfoxide (DMSO), often resulting in
poor film quality. This has limited the development of efficient CsPbBr; solar cells through spin-coating,
without the use of vapor deposition methods [4, 12]. To overcome these challenges, several fabrication
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strategies have been explored to improve film quality and device performance. Multistep deposition is
the most common route to fabricate high-quality CsPbBr; films. In the earliest CsPbBr; device report,
Gupta et al demonstrated ~6% PCE on mesoporous TiO, using solution processing, establishing the
baseline for this all-inorganic absorber [7]. Building on this work, still not focusing on transparency,
Liu et al used a modified multistep spin-coating strategy with interface engineering to achieve 8.79%
in carbon-electrode CsPbBr; cells, highlighting the film-quality advantages of the sequential route [13].
More recently, Zhou et al introduced CsCl-doped SnO; as a buried-interface passivation layer to pro-
mote ordered crystal growth and optimize energy alignment; with a carbon electrode, they reported a
champion 11.16% PCE and V¢ &~ 1.68 V [14].

In parallel, the simplified one-step spin-coating method remains attractive for its scalability and
high throughput, although it is rapid crystallization often produces rougher films and lower device per-
formance compared to multistep routes. Only a few reports are available on one-step spin-coating of
CsPbBrj3; however, film quality and device performance have been notably improved through the incor-
poration of additive compounds and solvent engineering strategies [15, 16]. A wide range of organic and
inorganic additives have been employed to modulate nucleation and crystal growth dynamics, passivate
defects, and enhance film compactness in PSCs. Inorganic additives, such as alkali metal ions (e.g., LiT,
Na™, KT, Cs™, and Rb™) and halide salts (e.g., KI, Nal), have been shown to improve structural and
thermal stability, suppress ion migration, and enhance charge transport [17-21]. Alkali metal ions, in
particular, have been found to reduce ion migration in perovskite materials by mitigating adverse inter-
facial recombination pathways, thereby stabilizing the open-circuit voltage [17]. Organic additives, such
as DMSO, urea, thiourea, alkylammonium salts and fullerenes (e.g., Cg0, PCBM) facilitate controlled per-
ovskite crystallization, resulting in larger grain sizes (especially with Lewis base additives), minimized
pinhole formation, reduced trap-state densities, and enhanced device stability [22-25].

In recent years, bio-based additives have gained attention as eco-friendly alternatives to conventional
synthetic additives [26—30]. These include naturally derived compounds such as amino acids, phos-
pholipids, and polysaccharides, which can coordinate with metal cations in the precursor and facilit-
ate film formation, defect passivation, and grain boundary stabilization [22, 26-29]. In conventional
organic-inorganic perovskites, bio-compounds (like succinate and DNA) have been shown to help pas-
sivate defects, making devices more efficient and stable, similarly to organic PV [31-34]. Bio-additives
such as cellulose acetate have been used in CsPbIBr, based PSCs to control the crystallization process
and produce homogeneous, pinhole-free perovskite films [35] Moreover, other organic additives includ-
ing polyethylene glycol, polyvinylpyrrolidone, and isobutyramide have been employed in CsPbBr; solar
cells to enhance film crystallinity by modulating nucleation and crystallization dynamics, while simul-
taneously passivating defects [35, 36]. Lecithin has been used as a surface-capping ligand in the synthesis
of CsPbBr; nanocrystal [37, 38] and to improve the electroluminescence and photoluminescence stabil-
ity of CsPbBr; based LEDs (light-emitting diodes) [39, 40]. Fabricating uniform CsPbBrs thin films is
particularly challenging due to the solubility differences between CsBr and PbBr> in DMSO. To address
this, lecithin was added to the precursor solution to regulate nucleation and crystal growth of the per-
ovskite thin films. Additionally, low-temperature annealing for a short duration was performed to con-
trol the solvent evaporation rate and, consequently, the crystal growth of the perovskite thin films. Here
for the first time, we show that this mass-produced, natural and commercial food product, incorporated
in the bulk of the CsPbBrs3, leads to significant improvement in both efficiency and stability in highly-
transparent neutral-colored solar cells.

2. Experimental details

The architectures of our devices were glass/FTO/c-TiO, (compact TiO,)/m-TiO, (mesoporous
TiO;)/CsPbBr; + lecithin (Lec)/Spiro-OMeTAD/Gold (Au). ITO replaced Au as top contact to make
fully transparent solar cells. Glass/FTO (Pilkington, 12 €2/[J) substrates (patterned by laser ablation,
cut in 2.5 cm X 2.5 cm size) were cleaned in ultrasonic bath with deionized water, ethanol, acetone,
2-propanol, and again ethanol (25 °C, 15 min each). Substrates were exposed to compressed air and
UV-Ozone treatment (15 min). The ¢-TiO, was deposited by spray pyrolysis at 460 °C from a pre-
cursor solution of titanium diisopropoxide bis(acetylacetonate) (75% iPrOH), acetylacetone, and eth-
anol (3:2:45 volume ratio) with 10 spray cycles. The m-TiO, was deposited by spin coating (3000 rpm,
15 s) Dyesol 30 NRD titania nanoparticle paste in ethanol (1:4 mass ratio). Lecinova, a food product
majorly composed of soybean lecithin, was ground into a fine powder using a mortar and then mixed
with DMSO at a concentration of 20 mg ml~!. Overnight stirring and filtering (0.45 ym) occurred
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before mixing the Lec-DMSO solution with CsPbBr; precursor ink (0.22 mmol of CsBr from Sigma-—
Aldrich and 0.2 mmol PbBr, from Tokyo Chemical Industry Co dissolved in 1 ml of DMSO). The
lecithin solution (Lec-DMSO) was added to CsPbBr; precursor ink in different volume percentages of
0% (reference), 1%, 3% and 5%. The solution was stirred followed by filtering, and then the deposition
was carried out in a nitrogen-filled glovebox by spin-coating (100 pl of CsPbBr; + Lec ink, 1500 rpm,
35 s) followed by annealing (90 °C, 3 min). Spiro-OMeTAD solution was prepared by dissolving the
molecules in chlorobenzene (73.42 mg ml~!) and stirred overnight. It was then doped with 16.6 ul ml~
Li-TFSI (Lithium bis(trifluoromethanesulfonyl)imide) stock solution (530 mg ml~! in acetonitrile),
26.77 ul ml~! TBP (Tributyl phosphate) and 7.2 pul ml~! cobalt (III) complex solution, and finally spin-
coated on samples in a nitrogen-filled glovebox (2000 rpm, 20 s). The 100 nm thick Au electrode was
deposited by thermal evaporation (10~° mbar), the first 10 nm at 0.3 A s™!, and the other 90 nm at

1 A s71. For fully transparent devices fabrication, a 160 nm layer of ITO was deposited instead of Au

by magnetron sputtering (1.1-1073 mBar and 60 W RF power). Silver paste was applied at the edges

for connection to the measurement cables. PV measurements were carried out under ABET class A sun
simulator with steps of 20 mV at scan rate of 100 mV s~! (cells area of 0.09 cm?) [41]. Dark J-V were
measured with Arkeo-Ariadne, Cicci Research. Devices were stored in a box in air for determining sta-
bility after 1 year (ISOS-D-1 protocol, dark storage, ambient air, 23 £ 4 °C). Morphology pictures were
taken by SEM (scanning electron microscopy) SUPRA 35 (Carl Zeiss SMT). An open source software
Image] was used to analyze the SEM images to calculate the grain size distribution and percentage of
surface coverage. Transmittance was measured with a Shimadzu UV-2550 spectrometer equipped with an
integrating sphere. Transient photoluminescence was measured with an Edinburgh Instrument FLS980
spectrometer. PAN analytical empyrean x-ray diffractometer (XRD) analyzer was used at 40 kV with

Cu Kala2radiation (A = 1.5418 A). The transmittance curves used to determine the CIE coordinate
were measured with the UV spectrometer (Shimadzu UV-2550) equipped with integrated sphere and

a combination of deuterium arc lamp (D2) and halogen lamp. The CIE chromaticity coordinates and
CRI were determined under illumination from a combination of deuterium arc lamp (D2) and halogen
lamps. The AVT, CRI, and CIE 1931 chromaticity coordinates were determined following the method-
ology outlined by Yang et al [42]. Specifically, the measured transmittance spectra of our devices were
input into the calculation spreadsheet provided in the supplementary information of that paper, which
implements the standard equations and weighting functions (photopic eye response and AM 1.5 G spec-
trum). The spreadsheet automatically computes AVT, CRI, and CIE chromaticity coordinates from the
input spectra, ensuring consistency with the recommended best-practice protocol [42]. Fourier transform
infrared (FTIR) spectroscopy measurements were performed in ATR (attenuated total reflectance) mode
using a Nicolet iS20 FTIR spectrometer (thermo scientific) equipped with a smart iTX™ accessory. X-
ray photoelectron spectroscopy (XPS) spectra were recorded in a Vacuum Generators VG-450 ultrahigh-
vacuum chamber equipped with an Al K, radiation source. The position of the Fermi level (Er) was
determined with an accuracy of 50 meV by photoemission from the metallic sample holder.

1

3. Results and discussion

We introduced lecithin (Lec)-DMSO volume percentages (0%-5%) in the CsPbBr; perovskite precursor
ink and fabricated glass/FTO/c-TiO,/m-TiO,/CsPbBr; + Lec/Spiro-OMeTAD/Au solar cells. Lecithin
addition increased V¢ and Jsc significantly (table 1, figure 1(a)). 3% lecithin solution led to the largest
improvement with the maximum PCE increasing from 0.84% to 1.52% (box plots are shown in figure
S1). CsPbBrj solar cells fabricated on different TCOs (ITO and FTO) and ETLs (SnO: and TiO2), both
in planar and with mesoporous scaffolds, exhibit a consistent trend. The incorporation of lecithin even
on glass/ITO/SnO,/CsPbBr; + Lec/Spiro-OMeTAD/Au solar cells systematically increases PCE, with the
maximum value (~1.5%) achieved at 3% lecithin concentration, irrespective of the substrate and ETL.
These results confirm the reproducible beneficial effect of lecithin across different device architectures.
Dark J-V curves figure (1(b)), show that leakage currents of cells made with 3% lecithin ink were
~40 times lower compared to the 0% pristine CsPbBr;. Shunt resistances Rsy also improved from
(1.3 £ 0.1)-10°Q2 to (1.7 £ 0.4)-10° . Series resistance Rs decreased from (770 £ 70) € to (580 + 40)
 at concentration 3%.
These improvements in Rs, Rsy and dark recombination currents explain the enhancements in
PV parameters [43, 44] indicating effective passivation of defects by the lecithin additive. It not only
improved PCE (by 72% and 81% for average and best cells respectively) but helped obtain more stable
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Table 1. Average PV parameters with standard deviation of glass/FTO/c-TiO2/m-TiO,/ CsPbBr3 + Lec/Spiro-OMeTAD/electrode solar
cells as a function of volume % of lecithin solution added in the precursor. The Ist column provides lecithin concentration as well as

the top electrode used. Values of the best cells are in brackets.

Electrode/lecithin %

VOC (V)

Jse (MA cm™?)

FF (%)

PCE (%)

Au/0%
Au/1%
Au/3%
Au/5%
ITO/3%

0.66 =+ 0.01 (0.66)
0.70 + 0.03 (0.74)
0.75 + 0.04 (0.79)
0.79 £ 0.01 (0.80)
0.55 =+ 0.09 (0.69)

1.65 4 0.13 (1.77)
2.38 + 0.35 (2.66)
2.42 +0.24 (2.76)
2.34 +0.20 (2.50)
2.12 £ 0.20 (2.40)

70.4 £ 1.7 (72.5)
68.0 £ 1.9 (68.8)
69.0 £ 1.9 (69.7)
68.0 £ 1.0 (69.1)
47.5 + 6.3 (56.6)

0.76 + 0.05 (0.84)
1.21 £ 0.08 (1.35)
1.31 £0.12 (1.52)
1.26 £ 0.10 (1.39)
0.57 + 0.07 (0.67)
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Figure 1. (a) Current density-voltage (J-V') curves of the best CsPbBr; solar cells fabricated with different lecithin solution
volume percentages in the perovskite precursor inks; (b) dark J-V curves of best cells at different lecithin percentages. (c) Ratio
of power conversion efficiencies (full bars) after 1 year compared to fresh (PCE| year/ PCEgesh) together with ratio of series resist-
ances (Rs)1 year/ (R )fresh (dashed bars) for each lecithin percentage.

devices. Figure 1(c) shows that 3% solar cells maintained 75% of initial PCE after ISOS-D-1 shelf-life
tests [45] versus 50% maintained by those without (0% cells). Whereas Rgy after 1 year was in the range
of (1.0 + 0.2)-10° Q for all cells, it was mostly Rs which accompanied degradation in performance (see
ratios in figure 1(c)), with 0% having the largest value of 1.3-10°> 2 compared to 3% with the lowest

at 0.8-10° €. Thus, lecithin addition helps maintain the resistance through the layer and interfaces over
time [46].

The surface morphology of perovskite thin films with varying lecithin concentrations (0%—-5%) is
presented in figure 2. The SEM images clearly indicate that increasing lecithin concentration leads to
the enhanced surface coverage and film compactness, likely due to better loading of perovskite in meso-
porous TiO,. With lecithin additive the perovskite film envelopes the mesoporous TiO: layer more uni-
formly as illustrated in cross-sectional SEM images (figure 3). To improve the visualization of the layer
stacking and thickness uniformity, an additional cross-sectional SEM image with a larger field of view
has been included in the supporting information (figure S2). Furthermore, the grains become more well-
defined with the incorporation of soyabean lecithin. This improved morphology leads to reduce charge
recombination [44], thereby enhancing power conversion efficiency of the devices.

A previous study on LEDs has shown that crystallite size reduction, compactness and smoothness of
CsPbBr; is due to lecithin coordinating with Cs* and Pb** cations in the precursor solution [39]. The
domains with higher brightness in figure 2(c) appear to result from localized differences in film thick-
ness and/or crystallinity. High resolution SEM images and grain size distribution plots, provided in the
supplementary information file (figures S3 and S4), further confirm that the incorporation of soyabean
lecithin leads to the formation of compact and well-covered films with well-defined grains. The surface
coverage increases from 31% for the pristine film to 52% for the 3% lecithin and slightly decreases to
45% for the 5% lecithin. The addition of soybean lecithin enhances film morphology by promoting bet-
ter domain organization and closer grain packing, likely due to a more controlled nucleation process.
These morphological improvements are critical for achieving consistent device performance, particularly
in devices with high AVT. To investigate why the devices operate effectively even when the perovskite
films are not highly uniform, we fabricated control diodes (FTO/c—TiO,/m-TiO,/Spiro/Au) without any
perovskite layer. As shown in figure S5, these diodes exhibit clear rectifying J-V characteristics under
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Figure 2. Top-view SEM images of CsPbBrj3 thin film with different concentration of lecithin with the following stack:
glass/FTO/c-TiO2/m-TiO,/ CsPbBrs + Lec.

H-mTiO,/PVK

5% Lecithin
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Figure 3. Cross-sectional SEM images of CsPbBr3 thin films with different concentration of lecithin with the following stack:
glass/FTO/c-TiO,/m-TiO,/ CsPbBr3 + Lec.
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Figure 4. (a) X-ray spectra, (b) FTIR spectra and (c) time-resolved photoluminescence spectra with calculated lifetimes (tau) of
CsPbBr3 films with optimized concentration (3%) of lecithin and without (0%) lecithin.

one-sun illumination with an open circuit voltage as high as 0.6 V. The latter confirming that the c—
TiO,/m-TiO, multilayer transport stacks are of sufficient high quality to stop any possibile signific-
ant shunting occurring between the Spiro-OMeTAD/Au top layers and the bottom transparent TCO
electrode.

The elevated series resistance (Rs) observed in our devices is primarily attributed to inefficient infilt-
ration and incomplete loading of CsPbBr; within the mesoporous TiO, scaffold, which limits inter-
particle connectivity and hinders efficient electron percolation through the TiO, network. In contrast,
non-uniform surface coverage generally reduces the shunt resistance (Rsy) by introducing leakage path-
ways rather than increasing Rg. Similar behavior has been previously reported in mesoscopic perovskite
architectures, where insufficient pore filling and discontinuous perovskite coverage impede charge extrac-
tion and increase Rg [47-49] In addition, poor interface quality and contact resistance at both the
perovskite/TiO, and perovskite/hole transport interfaces can contribute significantly to resistive losses
within the device stack [14, 50].

The incorporation of soybean lecithin improves perovskite film morphology and infiltration uniform-
ity (figures 2(b)—(d)), resulting in a more continuous and conformal perovskite layer that envelopes the
mesoporous TiO; layer (figure 3) and improves interfacial contact. Organic additive molecules (lecithin
belonging to this definition [39]) are known to regulate surface energy, slow crystallization, and enhance
precursor wetting, thereby promoting uniform perovskite nucleation and improved charge-transport
pathways [23-25, 39, 51]. Consequently, lecithin addition reduces both bulk and interfacial series res-
istances, leading to enhanced carrier extraction and improved overall device performance.

To understand the chemical interaction between lecithin and the perovskite precursor components,
FTIR spectroscopy of CsPbBrs precursor solution in DMSO with and without lecithin is presented as
figure 4(b). The characteristic peak at ~ 1020 cm™! corresponds to the S=O stretching vibration of
DMSO, when in coordination with metal ions such as Cs+ and Pb2+ [39, 52]. Upon the addition of
lecithin, a slight increase in transmittance at this wavenumber is observed, suggesting that the S=0O

6
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bond vibrations are increasingly restricted. This increased transmittance can be interpreted as a sign that
lecithin molecules compete with DMSO for coordinating with the metal cations, effectively displacing
DMSO from its binding sites. As a result, fewer DMSO molecules are involved in metal-oxygen interac-
tions, leading to weaker S=O vibrational signals.

This competitive coordination mechanism facilitates controlled nucleation during the film formation
process. The strong interaction between lecithin and CsPbBr; promotes uniform crystallization, resulting
in compact thin films with reduced defects and improved film quality.

The XRD spectra shows (see figure 4(a)) that lecithin is not altering CsPbBr; lattice, but mainly loc-
ates at grain boundaries [53] thus contributing to the passivation of defects [37]. Peaks located at 15.1°,
21.5°, 30.5° belong to (101), (121), (200) planes of orthorhombic CsPbBr; crystal [54]. Full width half
maximum of these peaks increased from 0% to 3% (respectively from 0.22 to 0.32, from 0.25 to 0.29,
from 0.25 to 0.27) confirming the smaller crystallites size at 3%, according the Scherrer equation [55].
Peaks at 26.5° and 37.7° are from the mesoporous TiO, [56]. In our study, although lecithin addition
results in a modest decrease in average crystallite size (as determined from XRD), we observe a marked
improvement in surface coverage figures (2(a) and (b)). We propose that these morphological improve-
ments offset the negative impact of smaller grain size by effectively reducing shunting pathways and
interfacial recombination centers.

Time-resolved photoluminescence (TRPL) spectra of the CsPbBr; thin film with optimized lecithin
concentration is presented in figure 4(c). The TRPL decay curves were analyzed using a biexponen-
tial fitting model I(f) = I+ Aje=(=%)/T! 4 A,e=(=%)/72 which is used here as a phenomenological
approach to compare relative carrier recombination dynamics among different samples [57-59]. The
fast component (7;) is generally attributed to surface or interfacial non-radiative recombination, while
the slower component (7,) reflects bulk or trap-assisted recombination processes. This model does not
represent the full physical recombination kinetics but provides a practical means to assess the influence
of lecithin on recombination suppression and carrier lifetime extension [59]. The increased recombin-
ation lifetime (7;,) from 0.24 ns to 4.62 ns confirms the defect passivation by lecithin molecules. While
lecithin reduces the perovskite grain size, it improves surface coverage which enhances the shunt resist-
ance, thereby increasing the carrier lifetime. As a result, despite smaller grains, the TRPL data still indic-
ate longer carrier lifetimes.

From dark J-V, shunt resistance, TRPL, XRD and SEM analyses, the primary role of lecithin is to
improve the uniformity and compactness of the very thin CsPbBr; films. The shunt resistance increased
from (1.3 &+ 0.1) x10° Q to (1.7 £ 0.4) x 10° €2, while the leakage current in devices fabricated with
3% lecithin precursor solution was approximately 40 times lower than that of pristine CsPbBr; cells.
These improvements are consistent with more homogeneous and defect-suppressed films. Additionally,
previous studies on perovskite LEDs have also suggested that lecithin interacts with CsPbBr; and passiv-
ates grain boundaries, providing evidence through FTIR, Tyndall effect, and photoluminescence analyses
[39]. In our present work, we extend this understanding by providing complementary XPS analysis
(absent in the previous LED study) which further supports the grain-boundary passivation mechanism.

XPS analysis of the Pb 4f region shows the characteristic Pb>" doublet at ~138.30/143.20 eV for the
pristine CsPbBr; film and ~138.31/143.15 eV for the lecithin-doped film (figure S6). The small binding-
energy shift (<0.06 eV) confirms that Pb remains predominantly Pb?* in both cases, indicating no
change in lattice composition which is consistent with our XRD results too. In the control spectrum, a
low-binding-energy shoulder at ~136.9/141.8 eV corresponds to metallic Pb° species, typically associated
with under-coordinated Pb at surfaces or grain boundaries [60]. This Pb® component becomes weak or
non-resolvable in the lecithin-doped film, while the main Pb?* peaks broaden slightly (FWHM 4 f;,:
1.46 to 1.59 eV) and total Pb 4f area decreases by ~20%. These features indicate that lecithin coordin-
ates with under-coordinated Pb, suppressing metallic-Pb sites at or near grain boundaries. A faint high-
binding-energy shoulder (~138.7-138.9 eV) emerges, consistent with Pb?>" in a more ionic or ligand-
bound environment (e.g., Pb-phosphate coordination) [23, 61]. Together, these results add confirmation
that lecithin interacts primarily at surface/grain-boundary regions, passivating Pb-related defects without
altering the perovskite lattice structure as shown also in previous literature relating to CsPbBrs; based
LEDs and nanocrystals [37, 39].

The (95 4+ 25) nm thickness of the CsPbBr; films makes our stacks very transparent to the visible
region (figure 3) with AVT of 72.9% and CRI of 76.4%, calculated from equations [42], although lim-
iting its light-harvesting capabilities and overall efficiencies [62]. We also produced fully transparent 3%
lecithin solar cells replacing gold contacts with ITO (figure 5(e)). For these cells, AVT was 70.9% and
CRI 83.5% (with a maximum PCE of 0.67%) (Table I). The lower PCE of ITO devices compared to



10P Publishing

Nanotechnology 37 (2026) 055401

D Thakur et al

20+
Ao koA : b)
m
1.0p * 3% ITO CdTe < CGs < CzZTs O PSCs
1510 @ 05\@ @ DSSCs a-SiH < sbs
- @ ® O
Sosl@ OOOQo@ e 2 % e
8 O 10+ < 0
> a
4 @83 o W a0 @ 0
ogf << ) 7
® o
<& : @ @
0.4} % ol ( .
0 2 50 750 50 75 100
AVT (%) AVT (%)
Bl © ®
?QE ®
| *
TS g o
G (¢4 < 60} @
<5 @ ry 0 o
£ ca% t
o} t o © *
O @ 40 04 *
Sk
c) " d)
oL s . . 200 s s s
0 25 50 75 100 0 25 50 75 100
AVT (%) AVT (%)
Figure 5. Best performing transparent and semitransparent PVs in literature adapted from [11]. The stars correspond to our
best solar cells with 3% lecithin incorporation in precursor ink: the light blue stars for the device with ITO cathode and the dark
blue stars for the one with gold (in this case AVT does not consider Au contribution). (a) Open circuit voltage, (b) power con-
version efficiency, (c) short-circuit current density, (d) fill factor as a function of average visible transmittance. (e) Photograph
of glass/FTO/c—TiO,/m-TiO,/CsPbBr3; + lecithin/Spiro-OMeTAD/ITO solar cell. [11] John Wiley & Sons. © 2022 The Authors.
Advanced Energy Materials published by Wiley-VCH GmbH.

opaque ones is related to the destructive process of the ITO sputtering. We estimate that replacing the
sputtering procedure with a lower-energy alternative as well as inserting buffer layer such as MoOx or
other suitable protective interlayers prior to ITO deposition [63—65] it would be possible to obtain PCEs
within 10% in relative terms to those with metallic contacts.

Figure 5 is added in the manuscript to compare our device performance with values reported in the
literature. Our photovoltaic (PV) parameters, including PCE, align well with those reported in a com-
prehensive literature survey covering various PV technologies [11] for highly transparent cells with AVT
greater than 70%. When transparency exceeds 70%, most reported devices show PCEs ~ 1% [10, 11].
In this context, our device achieves an AVT of 73% and a PCE of 1.52%, reflecting the intrinsic trade-
off between transparency and light harvesting performance. Although PCEs are limited considerably by
transparency (resulting in low photo-currents), Voc are amongst the highest reported (> 0.7 V) at these
AVT levels [11] (figure 5(a)). This makes our devices particularly promising for low-energy applications
such as powering internet of things devices [66].

Figure 6 shows the CIE 1931 chromaticity coordinates of our transparent ITO device stack show-
ing very good color neutrality (with chromaticity coordinates of x = 0.38, y = 0.39). Color neutrality
is a sought property for semitransparent applications that do not want to tint with color the visual sen-
sation. The CRI of 84% is considered good color rendering, above the one required by the European
standard EN 12 464-1 for workplaces ensuring adequate color fidelity for visual tasks [67]. The high
AVT (>70%) and color neutrality makes our CsPbBr; solar cells suited for diverse applications that
require low power, including lenses for smart glasses [68] (able at the same time to provide energy as
well as blocking great part of UV and blue light [8] which is hazardous to eye health [69]), windows
and building fagades for BIPV [70], and greenhouses since wavelengths at ~440 nm and 620-700 nm
are the ones that contribute mostly to photosynthesis [71]. Furthermore, soy lecithin is naturally derived
and considered non-toxic (here we used the readily available food product), environmentally friendly,
and biodegradable, making it an additive of choice for photovoltaic bioelectronics [30, 72], and transient
electronics applications [73].
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Figure 6. Photograph of glass/FTO/c—TiO2/m-TiO,/CsPbBr3 + lecithin/Spiro-OMeTAD/ITO perovskite solar cell with top ITO
electrode showing good color neutrality and a color rendering index of 84% (top right). The C.LE. chromaticity diagram (main
image) with the light blue star symbol indicating the chromaticity coordinates of the same cell at 0.38, 0.39.

4. Conclusions

We introduced soybean lecithin, a biological plant-based food additive, in the precursor ink that enabled
to obtain higher quality of these very thin films CsPbBr; compared to those without. Solar cells fabric-
ated for the first time with these films containing lecithin additive delivered PCEs of 1.52% compared
to 0.84% those without. The stability in ambient air also improved with addition of lecithin, losing only
25% of efficiency after 1 year versus 50% for devices with no lecithin. The transparency of these films
were high with AVTs (>70%) which limited photocurrents and thus efficiencies but consistent with lit-
erature results of highly transparent devices. Open circuit voltages were high (~ 0.8 V). The properties
associated with CRI of 84% and neutrality (CIE coordinates of 0.38, 0.39) can enable the use in future
applications where transparency and color neutrality are important features, such as windows, facades,
lens in smart glasses, and greenhouses.

Note: during preparation of the second revised version of this manuscript, a study utilizing lecithin
as a precursor additive was published showing improvement of the coverage of perovskite films on
hydrophobic hole transport films in p—i—n architectures showing that it is effective when used with
conventional organic-inorganic lead halide perovskites, delivering efficiencies of over 20% [74]. Our
present work, submitted previously, demonstrates that the use of soybean lecithin food product is effect-
ive as an additive in n—i—p architectures and with fully inorganic CsPbBr; (semi-transparent) PSCs
.Thus, the findings of this work and that of [74] combined, reveal soybean lecithin as an additive with
more general effectiveness, delivering improvements over different perovskite formulations and device
architectures.
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