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4-Phenylthiosemicarbazide Molecular Additive Engineering
for Wide-Bandgap Sn Halide Perovskite Solar Cells with a

Record Efficiency Over 12.2%

Padmini Pandey, SungWon Cho, Jitendra Bahadur, Saemon Yoon, Chang-Mok Oh,

In-Wook Hwang, Hochan Song, Hyosung Choi, Shuzi Hayase, Jung Sang Cho,*

and Dong-Won Kang*

The utilization of wide bandgap (WBG) tin halide perovskites (Sn-HPs) offers
an environmentally friendly alternative for multi-junction Sn-HP photovoltaics.
Nonetheless, rapid crystallization leads to suboptimal film morphology and
substantial creation of defect states, which undermine device efficiency. This
study introduces 4-Phenylthiosemicarbazide (4PTSC) as an additive to achieve
a densely packed Sn-HP film with fewer imperfections. The strong chemical
coordination between Snl, and the functional groups S=C—N (Sn--S=C—N),
—NH,, and phenyl conjugation enhances solution stability and supports the
delay of perovskite crystallization through adduct formation. This process
yields pinhole-free films with preferred grain growth. 4PTSC acts as a strong
coordination complex and a reducing agent to passivate uncoordinated Sn?*
and halide ions and reduce the formation of Snl,, thereby reducing defect
formation. The z-conjugated phenyl ring in the 4PTSC facilitates the preferred
crystal growth orientation of perovskite grains. Furthermore, the hydrophobic
nature of 4PTSC mitigates Sn** oxidation by repelling moisture, enhancing
stability. The open circuit voltage significantly increased from 0.78 to 0.94 V,
resulting in achieving the champion efficiency of 12.22% (certified 11.70%),
surpassing all previously reported efficiencies for WBG Sn halide perovskite
solar cells. Additionally, the unencapsulated 4PTSC-1.0 device maintained
outstanding stability over 1200 h under ambient atmospheric conditions.

1. Introduction

Solar energy is recognized as the most
copious source of renewable energy, ca-
pable of meeting the technological de-
mands of future generations. To date,
crystalline-silicon (c-Si) single junction
solar cells (SJ-SCs) and various thin film
technologies have dominated the global
solar industry!l The rapidly evolving
perovskite solar cell (PSC) technology
presents an effective alternative, charac-
terized by easy solution processing, a
direct bandgap, tunable bandgap across
a wide spectrum, low exciton binding
energy (BE) (greater than 20 meV),
high absorption coefficient (10° cm™),1%!
long-range carrier mobility,*l and rela-
tively low production costs.’) Remark-
ably, within less than twenty years, PSC
technology has improved from an ini-
tial 3.75% power conversion efficiency
(PCE) to a record 26.1%, nearing the
Shockley-Queisser limit for SJ-SCs.[!
However, SJ-SCs are limited by optical
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response due to thermalization and transmission losses stem-
ming from their singular bandgap. As a remedy, multijunction
solar cells (MJ-SCs) that more efficiently harness photon energy
could surpass SJ-SC limitations.”] Lead (Pb)-based wide bandgap
[WBG (E,~1.65-1.68 €V)] perovskites have become integral in
perovskite/Si MJ-SCs, optimizing light management, and en-
hancing the open circuit voltage (V) of devices.’l To develop
PSC technology as a cost-effective next-generation alternative,
significant strides have been made in both academic and indus-
trial sectors. The unmatched optoelectronic properties and high
efficiency of PSCs are largely due to the presence of Pb** ions,
despite the environmental concerns related to Pb toxicity. Ac-
cordingly, research into alternative materials aims to create envi-
ronmentally friendly technology without compromising perfor-
mance. Among various lead substitutes,®) tin (Sn) halide PSCs
have gained attention for their non-toxic nature, similar ionic
radii of Sn?* (118 pm) with Pb** (119 pm),[*) and compara-
ble physical properties. Devices based on Sn halide PSCs have
achieved over 14% PCE for narrow bandgap configurations,!'!]
with WBG (1.6-1.9 eV) sub-cell variants also contributing to V.
enhancements in MJ-SCs.

However, WBG Sn halide PSCs face challenges related to
V.. deficits, fill factor (FF) loss,!'?l and instability. Developing
WBG Sn halide perovskites (Sn-HPs) deals with mixed halide
systems, where intrinsic defects form in Sn mixed HPs, due
to low solubility and high acidity of Sn precursors!’®! leading
to defects in the crystal growth process, surface issues causing
non-radiative-recombination, deep trap states, moisture sensitiv-
ity, and energy band mismatches. The imperfections (charged
defects) developed at surface and grain boundaries during the
crystal growth process, further drift toward the charge transport
layer (CTL)/perovskite interface that could screen the charge ex-
traction at the interface and majorly influence the V,_ of the
device.l" The mixed HPs suffer from the formation of an iodine-
rich phase (due to phase separation) with a lower bandgap ulti-
mately responsible for V,_ deficit in WBG perovskites. Address-
ing these requires controlling perovskite crystal growth kinet-
ics. Strategies like compositional modification, surface passiva-
tion, and molecular additive engineering have been employed to
mitigate defects.!') For instance, additives that form Lewis acid-
base adducts can regulate crystallization kinetics, exemplified by
using potassium salt of hydroquinone sulfonic acid (KHQSA)
and 2-aminophenol-4-sulfonic acid (APSA) to reduce defects in
FASnI,.[') Though several additive molecules have been used
separately with specific functionalities such as -C=0, -SO;, -OH,
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-NH,, -S-C, and so on,!"”] they could help to regulate the crystal
growth kinetics and passivate defects to an extent. However, ad-
ditives with multifunctionalities can simultaneously regulate the
perovskite crystallization through Lewis acid-base adduct with
preferred orientation, suppress defect states, and improve long-
term stability.

In this work, we endeavored to mitigate the major chal-
lenges of WBG Sn-HPs, by understanding the root cause of
V,. deficit and non-radiative recombination, we selected mul-
tifunctional additives (a bidentate molecule with phenyl conju-
gation) 4-phenyl thiosemicarbazide (4PTSC) as a precursor ad-
ditive that not only act as strong Lewis base to develop adduct
during perovskite processing, control crystal growth kinetics,
suppress non-radiative recombination originates due to mobile
ions at surface/grain boundaries by acting as a strong coordi-
nating molecule and reducing agent. The z-conjugated phenyl
ring within the 4PTSC promotes the preferential crystal growth
orientation of perovskite grains. WBG Sn halide PSCs with ex-
ceptional stability and high-power conversion efficiency (PCE)
developed. The multifunctional nature of 4PTSC its S-donor, -
NH, groups, and phenyl ring coordinates with the Sn-HP pre-
cursor to control crystal growth orientation and improve crys-
tallinity and stability, resulting in dense, pinhole-free films. The
4PTSC-modified devices not only achieved a peak efficiency of
12.22% (certified at 11.70%) with enhanced V. but also exhib-
ited superior long-term stability, retaining ~100% initial PCE af-
ter 500 h and ~80% after 1200 h in ambient conditions. This
contrasts with the marked degradation observed in control de-
vices within the first 300 h. Thus, the 4PTSC additive effectively
addresses rapid crystal growth, defect formation, and instability
in Sn halide PSCs, leading to improved device performance and
durability.

2. Results and Discussion

2.1. Effect of 4PTSC Additive on Perovskite Crystallization
Process

The effect of 4PTSC additive on the regulation of perovskite
crystal growth and grain orientation was explored by using
X-ray diffraction (XRD) and field emission scanning elec-
tron microscopy (FESEM) analysis. Here, “control” refers to
PEA,;sFA,,sMA, ;,Snl,Br (without additive), while 4PTSC-0.5,
4PTSC-1.0 and 4PTSC-2.0 denote 0.5%, 1.0%, and 2.0% 4PTSC
additives in PEA,;sFA,,sMA, ;,Snl,Br perovskite, respectively.
The composition of our perovskite layer, which includes the
large organic molecule phenylethylammonium (PEAY) cation, is
PEA, sFA),sMA, ,,Snl,Br, leading to the introduction of a quasi-
2D perovskite phase. We performed X-ray diffraction (XRD) mea-
surements on both FA,,sMA,,;Snl,Br (which lacks the PEA*
cation) and PEA sFA,sMA, ;,Snl,Br films. The XRD patterns,
as shown in Figure Sla (Supporting Information), with an ex-
panded view at lower 20 degrees presented in Figure S1b (Sup-
porting Information), clearly reveal the presence of the quasi-
2D phase in the PEA, sFA,,sMA,,,Snl,Br perovskite. Lattice
parameters calculated for both types of perovskites, detailed in
Table S1 (Supporting Information), show approximately similar
lattice constants for the 3D perovskite phase. According to pre-
vious investigations, the existence of a large n phase (n > 5) in
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Figure 1. X-ray diffraction (XRD) patterns for control and 4PTSC-1.0 films after anti-solvent extraction step a) 0 min of annealing and b) after 8 min
of final annealing. Comparative field emission scanning electron microscopy (FESEM) micrographs for control and 4PTSC-1.0 films after anti-solvent
extraction step c) 0 min of annealing and d) after 8 min of final annealing. e,f) Cross-sectional FESEM views of control and 4PTSC-1.0 perovskite films.
g) Sn 3d X-ray photoelectron spectroscopy (XPS) core spectra for control and 4PTSC-1.0 films.

mixed 2D-3D perovskites is due to inhomogeneity in process-
ing, and insolubility issues, among other factors. Meanwhile,
the formation of a small n-phase is attributed to the presence
of a quasi-2D phase near the substrate, which assists in the pre-
ferred orientation of the 3D structure,'! in the present investi-
gation confirmed with Grazing Incidence Wide Angle X-Ray (GI-
WAXS) as depicted in Figure S2a (Supporting Information). The
XRD results indicate the formation of a distinct quasi-2D phase
(n = 1), suggesting the presence of a 2D phase, although the
dominance of the 3D structure can be readily observed through
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crystallographic analysis. Figures 1 and S2c¢ (Supporting Infor-
mation) illustrate the XRD patterns for the control, 4PTSC-1.0,
and perovskite films with different ratios of 4PTSC additive.
All perovskite films exhibited similar hkl planes at 14.3° and
28.81° corresponding to the (100) and (200) hkl planes. Based
on the XRD analysis, the optimal ratio of 4PTSC was determined
to be 1.0%, as shown in Figure S2c¢ (Supporting Information),
where the perovskite crystallinity improved with an increase in
the additive from 0.5% (4PTSC-0.5) to 1.0% (4PTSC-1.0). How-
ever, a significant reduction in film crystallinity was observed for
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4PTSC-2.0, confirming that a concentration of 1.0% 4PTSC rep-
resents the optimal condition. To investigate the effect of the addi-
tive on perovskite crystal growth kinetics, XRD analysis was con-
ducted on both control and 4PTSC-1.0 films at two stages: first,
after 0 min of annealing post antisolvent treatment (Figure 1a),
and second, after 8 min of final annealing (Figure 1b). The film
fabrication process is detailed in the experimental section. As can
be seen, the black line depicts the XRD pattern of the control
film at 0 min of annealing, which showed a high peak inten-
sity of XRD planes compared to the 4PTSC-1.0 (Figure 1a), in-
dicating faster crystallization of the control perovskite film. This
was further confirmed through FESEM as shown in (Figure 1c).
Notably, when comparing the film morphology just after antisol-
vent treatment (0 min of annealing), the control film displayed a
smooth surface due to fast crystallization, while 4PTSC-1.0 film
morphology depicted an intermediate crystal growth stage, as
confirmed through the XRD analysis. Comparing the XRD pat-
terns after 8 min of final annealing (Figure 1b), the peak in-
tensity of (100) and (200) hkl planes substantially increased for
the 4PTSC-1.0 perovskite film (red line). The peak intensity ratio
of individual peaks I,,,(4PTSC-1.0)/1,o,(control) and I, (4PTSC-
1.0) /1,4, (control) was calculated to be 1.25 and 1.19 respectively,
indicating that the crystallinity of the 4PTSC-1.0 perovskite film
remarkably improved as compared to the control film. The exis-
tence of 4PTSC additive plays a pivotal role in influencing the
preferred crystal growth orientation of perovskite grains. This
phenomenon is further validated by the observed patterns in
GIWAXS (4PTSC-1.0 (Target)) as demonstrated in Figure S2b
(Supporting Information), providing insights into the crystallo-
graphic alignment. The targeted perovskite 2D scattering spec-
trum (Figure S2b, Supporting Information) reveals pronounced
Bragg spots in comparison to the control perovskite film, along
the g, direction at (100) and (200) with g, values of ~—2.0 and
—0.5 A~1, respectively. These Bragg spots indicate the preferred
crystal growth orientation of perovskite when augmented with
the 4PTSC additive, showcasing enhanced crystal orientation.
Notably, the z-conjugated phenyl ring within the additive exhibits
a prominent propensity for rearrangement, particularly at the
surface and in the vicinity of perovskite grain boundaries. The
concrete evidence underscores the significant impact of the z-
conjugated phenyl ring (4PTSC) on guiding and enhancing the
crystalline growth orientation of the perovskite material.

Furthermore, we examined the influence of #-conjugated
phenyl ring in 4PTSC by comparing the XRD and FESEM of
the 4PTSC-1.0 perovskite film with molecular additive thiosemi-
carbazide (TSC) that lacks a phenyl ring. The XRD patterns
are shown in Figure S3 (Supporting Information) for the TSC-
assisted perovskite film (TSC-1.0, green line) and 4PTSC-1.0 (red
line). The peak intensity significantly improved for 4PTSC-1.0
compared to the TSC-1.0 film. Additionally, the intensity ratio of
the (100) and (200) hkl planes, that is, I, (4PTSC-1.0)/I;4,(TSC-
1.0) and I,(,(4PTSC-1.0) /1,0, (TSC-1.0) was observed to be ~1.20
and 1.17, signifying an improved crystal growth orientation of
the 4PTSC-1.0 perovskite film. As per previously reported stud-
ies, the z-conjugated phenyl ring in the additive promotes the
lateral growth of perovskite grains and rearranges at the surface
and near perovskite grain boundaries, improving hydrophobicity
and thus restricting the absorption of moisture."”]
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The FESEM micrograph of TSC-1.0 is presented in Figure S4
(Supporting Information), in comparison with 4PTSC-1.0. No-
tably, TSC-1.0 exhibits several pinholes on the film surface, in-
dicative of the presence of surface defects. The FESEM micro-
graphs with a cross-sectional view (taken after 8 min of final an-
nealing) are depicted in Figure 1e,f for the control and 4PTSC-
1.0 films. These images reveal uncontrolled crystal growth, the
presence of numerous pinholes, and a rough surface observed
in the control film (Figure 1d,e) after the final annealing step.
This can be attributed to the accelerated growth kinetics, result-
ing in the formation of an inadequate perovskite film. In con-
trast, the perovskite film assisted by 4PTSC additive (4PTSC-1.0)
exhibits a highly compact, pinhole-free structure, along with a
preferred grain orientation and improved crystallinity (Figure 1f).
This is likely attributed to the formation of a Lewis acid-base
adduct between 4PTSC-Sn halide and the conjugated phenyl ring
in 4PTSC.

X-ray Photoelectron Spectroscopy (XPS) analysis was con-
ducted to discern the chemical states and evaluate the inhibi-
tion of the Sn?* state in Sn-HP by incorporating 4PTSC-1.0 as
an additive. Figure 1g illustrates the Sn 3d XPS core spectra for
control (black line) and 4PTSC-1.0 (red line) perovskite films, re-
spectively, calibrated with the BE of ~284.6 eV (C 1s adventitious
peak).2%l Two prominent XPS peaks were identified in the Sn 3d
core spectra at 486.11 and 494.53 eV, corresponding to Sn 3ds),
and Sn 3d;, (Figure 1g), respectively, for the control perovskite.
Additionally, deconvoluted peaks associated with Sn** and Sn?*
oxidation states are indicated. A BE shift of 0.1 eV to ~486.01 eV
(Sn 3ds,) and 494.43 eV (Sn 3d, ;) was observed for the 4PTSC-
1.0 perovskite film. The obtained percentages for both states are
provided in Table S2 (Supporting Information). The ratio of the
Sn**/Sn?* state for the control is ~33%; however, a significant re-
duction to 10.4% in the Sn** oxidation state was observed for the
4PTSC-1.0 film. The susceptibility to oxidation and the presence
of defects on the surface typically arise from uncontrolled growth
and excess grain boundaries during film fabrication. This may be
a likely explanation for the high ratio of the Sn** state and pro-
nounced oxidation observed in the control film. We hypothesize
that the 4PTSC additive initially regulated the crystal growth ki-
netics through the formation of a Lewis acid-base adduct between
Sn halide and S=C—N, resulting in the formation of a highly
crystalline and compact perovskite film with suppressed defect
states. The controlled oxidation rate in the 4PTSC-1.0 film can
be primarily due to the suppression of surface defects. We posit
that S=C—N, -NH, functional groups, along with the conjugation
of the phenyl ring in the additive, play an essential role in passi-
vating defect states and controlling the oxidation rate by donating
electron density to uncoordinated Sn?* ions and inhibiting mois-
ture penetration.

Subsequently, the presence of the 4PTSC additive in the final
perovskite film was substantiated through the thermogravimetric
analysis (TGA). Comparative TGA plots for the control, 4PTSC
powder, and 4PTSC-1.0 perovskite films are depicted in Figure S5
(Supporting Information). The analysis revealed that the 4PTSC
additive coexists with the perovskite at an annealing temperature
of 70 °C, with a gradual decomposition of the molecule observed
at elevated temperatures beyond 180 °C. This experimental
finding confirms the establishment of a Lewis acid-base adduct
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coordination between the additive and perovskite, which plays a
pivotal role in regulating the crystal growth kinetics of perovskite.

2.2. Chemical Coordination and Reducing Effect of 4PTSC with
Sn Precursor and Solution Stability

To ascertain the coordination of Sn halides with the 4PTSC ad-
ditive, comprehensive *C nuclear magnetic resonance (NMR)
studies in the liquid state, alongside Fourier-transform infrared
(FT-IR) measurements, were conducted. The C liquid state
NMR spectroscopy was performed on both 4PTSC and its com-
plex with Snl, (4PTSCeSnl,) in deuterated dimethyl sulfoxide
(DMSO-d;) solution as depicted in Figure 2a. The carbon sites,
labeled 1-4 in the 1*C NMR spectrum, correspond to the chemi-
cal shifts associated with the phenyl ring of the additive. The res-
onance signal at the fifth carbon position, as seen in Figure 2a, is
related to the S=C—N functionality within the 4PTSC structure,
aligning with the spectral data presented in Figure S6 (Support-
ing Information). A high-resolution NMR spectrum targeting the
specific carbon within the S=C—N functional group is presented
in Figure 2b, showcasing a chemical shift at 6 = 179.3 ppm for
free 4PTSC, in agreement with the reported literature.?!! This
shift is observed to change to 6 = 178.4 ppm in the 4PTSCeSnl,
complex (Figure 2b), providing clear evidence of strong chemical
coordination (Sn'S=C—N) between the sulfur (S) atom in the
S=C—N group and the uncoordinated Sn?* ions, where S-donor
with electron lone pair chemically interact with uncoordinated
Sn?* ions. This interaction suggests the formation of an adduct
during the crystal growth phase, which plays a crucial role in pas-
sivating defects and inhibiting Sn oxidation. Considering the -
NH, functionality in 4PTSC as a hydrogen donor site, we further
conducted liquid-state 'H NMR measurements for 4PTSC, and
4PTSCeSnl,, to identify -NH, hydrogen donor site interactions
with iodine (I). The 'H NMR (600 MHz, DMSO) 6 7.647.09 ppm
(t,J=7.4Hz,'H),4.78 ppm (s, 'H), 1.07-1.03 ppm (q, ] = 6.8 Hz,
'H) was observed for 4PTSC, while for 4PTSCeSnl, complex, a
significant chemical shift was observed to '"H NMR (600 MHz,
DMSO) 6 7.56-7.07 ppm (t, ] = 7.3, 1.2 Hz, 'H), 0.95-1.43 ppm
(d, ] =7.1 Hz, 'H), as shown in Figure S7a (Supporting Informa-
tion). We tested 4PTSC hydrogen bonding with another precur-
sor, FAI (Figure S7b, Supporting Information); the 4PTSCeFAI
complex showed a peak shift to 7.62-7.07 ppm (t, ] = 7.4 Hz, 'H),
1.05-1.02 (m, 'H), indicating H--"] interaction in the solution be-
tween -NH, I with different precursors.

Further substantiating these findings, liquid-state FT-IR spec-
troscopy was employed. The complete FT-IR spectrum is
available in Figure S8 (Supporting Information). Figure 2c,d
exhibit comparative FT-IR scans of DMSO, DMSOeSnl,,
DMSOe4PTSC, and DMSOe4PTSCeSnl,. The spectra demon-
strate the absence of any discernible FT-IR signals in samples of
DMSO and DMSOeSnl, (Figure 2c), whereas distinct peaks at
1275-1280 cm~! and 1212 cm™! are observed in DMSOQe4PTSC,
corresponding to the S=C stretching vibration (vgc) and -NH,
vibrational mode (vyyy,), respectively.l?!l The addition of Snl, to
DMSOe4PTSC, forming DMSOe4PTSCeSnl,, results in a pro-
nounced redshift of these vibrational modes to approximately
vgc = 1244-1250 cm™ and vy, = 1175 em™! (Figure 2c), cor-
roborating the formation of a substantial Lewis acid-base adduct,
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4PTSCeSnl,. This adduct is likely attributed to the coordination
of the S=C—N moiety with Sn?* at the S electron donor site
(Sn**-S=C—N) and possible hydrogen bonding of the -NH, group
with halide ions (I~ /Br~).['5¢17>22] Additionally, the C—C stretch-
ing vibration arising from the phenyl ring conjugation system
observed at 1535 cm™! for DMSOe4PTSC (Figure 2d), shifts to
1527 cm™! upon the addition of Snl,, further confirming the
chemical interaction between the phenyl ring of the 4PTSC addi-
tive and the Snl, precursor.

The Sn?* and X~ ions (I~ in this case) are prone to oxida-
tion to Sn** and I, within a mixed halide system through elec-
tron loss.?3] Antioxidant properties, acting as reducing agents,
have been established for semicarbazide and thiosemicarbazide
derivatives in prior studies.[?* The coordination of 4PTSC with
Snl, was identified via NMR and FT-IR analyses. To further as-
sess the reducing efficacy of the 4PTSC additive, cyclic voltam-
metry (CV) measurement was conducted. These measurements
were performed in a solvent mixture of DMF:DMSO (4:1), with
the experimental setup and analysis details provided in the Sup-
porting Information. A comparative CV profile for Snl, and
4PTSCeSnl, is illustrated in Figure S9 (Supporting Informa-
tion), showing that Snl, exhibits an anodic peak potential (E,,)
at —0.82 V (vs Ag/Ag*) and a cathodic peak potential (E, ) at
—1.20V (vs Ag/Ag"), indicative of a quasi-reversible process with
a midpoint potential (E, ;) of —=1.01 V. In the Snl, solution, a ca-
thodic peak at —0.76 V (vs Ag/Ag") suggests the E,_ for Snl,.
Furthermore, the CV profile of 4PTSCeSnl, reveals an E, , peak
at —0.72 V (vs Ag/Ag*) and an E, at —1.20 V (vs Ag/Ag"), with
an E, , of —0.97 V. The anodic potential range of —0.75--1.0 V
(vs Ag/Ag™) is deemed suitable for an additive to act as a reducing
agent, facilitating the conversion of Snl, to Snl,.[?*! In Snl,, both
Sn** and I~ are susceptible to oxidation through electron loss.[2°]
The 4PTSC additive, featuring an S=C electron donor system,
interacts with uncoordinated Sn?* ions, while its -NH, acts as a
hydrogen donor site, potentially serving as a sacrificial reductant.
An additive processing of an NH-NH, hydrogen donor is capable
of donating electrons, thus preventing the oxidation of I~ ions.?”]
Notably, the CV analysis of 4PTSCeSnl, did not display a cathodic
peak for Snl, (Figure S9, Supporting Information), implying that
4PTSC also serves as a reducing agent for Sn-HP.

The stability of the solutions, comprising bare Snl, in a DMF:
DMSO mixture and those containing varying mole percentages
of the 4PTSC additive was monitored. A visual comparison of the
solution stability of Snl, with different concentrations of 4PTSC
is presented in Figures 2e and S10 (Supporting Information),
wherein the color transformation of the bare Snl, solution from
pale to dark yellow within 40 h, proceeding to a brown hue
over 100 h, is indicative of the oxidative interaction of Sn?* ions
with atmospheric oxygen. A schematic representation detailing
the potential degradation pathways in Snl, and the chemical
coordination between the 4PTSC additive and Snl,, as well as
the reductive behavior of 4PTSC, is delineated in Figure 2f,g.
Figure 2f depicts the oxidation process of Snl,, leading to the
conversion of Sn?* to Sn** and 21~ to I,. This conversion, result-
ing in the formation of uncoordinated Sn?* and halide ions, leads
to non-radiative recombination losses, distorting the perovskite
structure and diminishing its stability. Figure 2g demonstrates
the chemical coordination and reductive behavior of the 4PTSC
additive upon interacting with Snl,. The 4PTSC consists of

© 2024 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH
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Figure 2. a,b) Comparative '*C NMR spectra of 4PTSC additive and the 4PTSCeSnl, complex in deuterated DMSO (DMSO-dg). c,d) Fourier-transform
infrared (FT-IR) spectroscopy comparative analysis depicting the spectral regions corresponding to -NH, and S = C stretching modes c) and C-C
stretching resonances d), for DMSO, DMSQOeSnl,, DMSOe4PTSC, and DMSOe4PTSCeSnl,. e) Graphical depiction of the temporal stability of Snl, in
the presence of ambient air for a period of 100 h; for DMF:DMSQeSnl, (denoted as ‘0') and DMF:DMSOe4PTSCeSnl, (denoted as ‘1.0’). f) Schematic
illustration detailing Snl, oxidation. and g) Schematic illustration detailing the chemical coordination interactions and reducing property of 4PTSC
additive with Snl,.
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multifunctional groups including a phenyl ring, S=C—N link-
age, and -NH, nucleophiles. The S=C—N moiety engages with
the uncoordinated Sn?* ions (Sn'*S=C—N), preventing oxygen
from interacting with the perovskite surface and reducing the
likelihood of deep trap state formation. Experimental evidence
supports strong chemical coordination between Snl, and the
Lewis base functionalities of 4PTSC (Figure 2g). The resultant
Lewis acid-base adduct between 4PTSC and Snl, is conjectured
to modulate the crystal growth kinetics favorably, ultimately
leading to the development of a highly compact and crystalline
perovskite film, as shown in Figure 1 for the sample with 1.0
mole% 4PTSC (denoted as 4PTSC-1.0). As clearly visible in
Figure 2e, the incorporation of the 4PTSC-1.0 additive enhances
the stability of the Snl, precursor solution. The oxidation of
I~ to I, poses another stability challenge for Snl,. The 4PTSC
molecule contains another nucleophilic site, -NH,, which could
mitigate the oxidation of Snl, and inhibit ion migration through
forming hydrogen bonds (NH,-"I), as shown in Figure 2g, or
act as a reducing agent by donating electrons to revert Snl, back
to the Snl, state,['°?728] thereby improving the stability of Snl,.
These observations suggest that the multifunctional nature of
the 4PTSC additive coordinates with Snl, to form a robust Lewis
acid-base adduct. The electron-donating group (-NH,) in 4PTSC
donates electrons to stabilize Snl, in the solution, functioning as
a reducing agent, while the conjugated phenyl groups enhance
the solution’s overall stability.

To corroborate the dual role of the phenyl conjugation in not
only enhancing crystallinity and grain orientation (as evidenced
in Figure 1) but also in inhibiting the oxidation of Sn®* ions
(as seen in Figures 1 and 2), an open-air solution stability assay
was conducted. Snl, (0), Snl,eTSC (TSC-1.0), and Snl,e4PTSC
(4PTSC-1.0) were subjected to stability testing in a DMF: DMSO
matrix under ambient conditions with a relative humidity of 40%,
as demonstrated in Figure S11 and Video S1 (Supporting In-
formation). It was observed that while clear oxidation occurred
within 2 min for the solutions without 4PTSC additive, the inclu-
sion of 4PTSC (4PTSC-1.0) significantly mitigated the impact of
air and moisture up to a duration of 4 min. The 4PTSC is com-
prised of multifunctional attachments. The C-H in the phenyl
ring has a relatively small electronegativity difference, hence the
electrons in the bonds are shared equally between C and H and
there is zero electronegativity difference between C-C. Hence
there is no charge separation and polarity on the aromatic phenyl
ring. This non-polar behavior makes it hydrophobic and could
retard moisture diffusion in perovskite.[?! The enhanced stabil-
ity in the presence of the 4PTSC additive underlines the protec-
tive effect afforded by the superior hydrophobic nature of the aro-
matic rings.

2.3. Defect Passivation and Plausible Mechanism

The density of defect states within HPs critically influences
charge carrier dynamics and the overall performance of PSCs.
To elucidate the effect of 4PTSC additives on the light absorp-
tion properties and charge carrier dynamics within the per-
ovskite structure, a series of optical characterizations were con-
ducted. These included UV-vis absorbance, steady-state (SS) and
time-resolved photoluminescence (TRPL), and transient absorp-
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tion spectroscopy (TAS). The absorption spectra of control and
4PTSC-1.0-incorporated perovskite films are shown in Figure
S12a (Supporting Information), where no discernible shift in the
absorption edge between the films was observed, indicating that
the inclusion of 4PTSC-1.0 does not alter the bandgap of the per-
ovskite (E, = 1.65 eV as calculated from the Tauc plot in Figure
S12b, Supporting Information). Ultraviolet photoelectron spec-
troscopy (UPS) was employed to determine the effect of addi-
tive engineering on the valence band maxima (VBM) positions
and band alignments, with results presented in Figure 3a. Work
function “¢” values, determined using Equation S1 (Supporting
Information)*®! were found to be ~—4.47 €V for the control and
—4.39 eV for the 4PTSC-1.0 sample. Moreover, the calculated po-
sitions of the VBM and conduction band minima (CBM) for the
control perovskite were —5.93 eV (—4.28 eV), and for the 4PTSC-
1.0-modified perovskite were —5.35 eV (—3.70 eV), with band en-
ergy level alignments presented in Figure 3b. The VBM for the
control sample is at ~#—5.93 eV, and the lowering of VBM in Sn-
HPs to —5.9-6.0 eV is ascribed to the dominant Sn** states.*"]
This indicates severe oxidation of the perovskite surface and
dominance of the Sn** oxidation state, in agreement with the
XPS results (Figure 1g control) as stated above. The VBM up-
shifted to —5.35 eV in 4PTSC-1.0, which signifies a suppressed
oxidation rate of Sn?*, which is in good agreement with the XPS
analysis (reduction in Sn** ratio in 4PTSC-1.0 film). The elec-
tron lone pair at S=C—N could help in reducing the oxidation
rate by localizing the density of electrons around Sn ions, chemi-
cally coordinating with the uncoordinated Sn?*. The -NH, donor
site could help in reducing the ion migration by forming H--I
bond and suppressing the formation of Snl, by acting as a reduc-
tant. This helps in controlling the oxidation rate and simultane-
ously adjusting the band energy levels for efficient charge trans-
port. Additionally, the phenyl ring in 4PTSC could passivate the
grain boundaries, thus reducing extended defects (mobile ions)
and improving perovskite stability.??!

The SSPL spectrum at an excitation wavelength (A.) of
470 nm, shown in Figure 3c, reveals an augmented PL inten-
sity for the 4PTSC-1.0 film compared to the control, indicating
successful defect passivation, and diminished non-radiative re-
combination through additive engineering. A clear blue shift in
the PL emission peak (A,,, = 750 nm) was observed for 4PTSC-
1.0, which indicates the passivation of defect states within the
bandgap of perovskite, by influencing the crystal growth kinetics
leading to the formation of highly compact perovskite film with
suppressed non-radiative recombination losses.[32¢33] The TRPL
(Figure 3d) analysis of the films deposited on glass substrates re-
vealed a prolongation of the average carrier lifetime from 22.5 ns
for the control to 39.6 ns for the 4PTSC-1.0 film, indicative of a
substantial reduction in defect states within the perovskite matrix
due to the 4PTSC additive.

Femtosecond-TAS (fs-TAS) was further employed to substan-
tiate the defect passivation in 4PTSC-1.0. Figure 3e depicts the
fs-TAS profiles at a 650 nm photoexcitation and a pump in-
fluence of 1 pJ cm™2, captured at time delays ranging from 1
to 1000 ps. A pronounced ground-state bleach signal within
the 730-750 nm region, identified as a photoinduced transient
bleach (PIB) state, correlates with the E, of perovskite as verified
in Figure S12b (Supporting Information). The PIB spectral in-
tensity in the 4PTSC-1.0 modified film diminishes more slowly
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Figure 3. a) Ultraviolet Photoelectron Spectroscopy (UPS) spectra for control and 4PTSC-1.0 with assigned high binding energy (HBE) cutoff and
valance band region. b) Band energy alignment illustration for control and 4PTSC-1.0 with respect to the hole transport layer (HTL). c) Steady-state
photoluminescence (SSPL), d) time-resolved (TRPL) spectroscopy, and e) Femtosecond-transient absorption spectroscopy (fs-TAS) AOD as a function
of wavelength at several time delays at photoexcitation wavelength of 650 nm (pump fluence of 1 cm~2) analysis of control and 4PTSC-1.0 perovskite

films.

than in the control, indicating fewer defects in the former.?*l At
a 1 ps optical delay, the PIB signal emerged at 724.8 nm for both
control and 4PTSC-1.0 films. However, as the optical delay pro-
gressed, the PIB signal for the control film displayed a redshift,
the initial band at 724.8 nm exhibited a red shift to 727.2 nm.
The early-stage band shift suggests a renormalization of E,, in
the control film, the shift in the band edge is possibly attributed
to defect states within the bandgap. Specifically, upon photoex-
citation, excited carriers populate trap states, resulting in a red-
shift of the photoinduced transient bleach (PIB) signal as a func-
tion of delay time. Notably, for the target 4PTSC-1.0 perovskite
film, renormalization is observed at the initial stage, with a con-
stant peak position maintained across various time delays. This
evidence suggests that enhanced coordination between additive
functionalities and perovskite mitigated the defect states in the
4PTSC-1.0 perovskite film.

The experimental evidence leads us to propose a plausible
schematic for the crystallization mechanism and defect passi-
vation. The intricate fabrication of WBG Sn-HPs involves com-
plexities within mixed halide systems, where intrinsic defects
manifest due to the low solubility and high acidic characteristics
in Sn precursors. This interplay culminates in detrimental
defects during the crystal growth process, worsening issues such
as crystal growth imperfections, uncoordinated Sn?*, and halide

Adv. Energy Mater. 2024, 2401188 2401188 (8 of 14)

ions leading to surface-related non-radiative recombination,
deep trap states, sensitivity to moisture-induced degradation,
and so on (Figure 4a). However, upon meticulous examination
of the challenges associated with WBG Sn-HP, our present study
adopts a distinctive approach. The wet perovskite film before
antisolvent treatment, as depicted in Figure 4b, demonstrates
the chemical coordination of Sn halide with the 4PTSC additive
(4PTSC-1.0). The incorporation of 4PTSC results in S=C—N and
-NH, groups chemically coordinating with Sn halide, forming a
strong Lewis acid-base adduct. Antisolvent treatment applied to
the wet films induced a supersaturated state, initiating perovskite
nucleation. Subsequently, the adduct (4PTSCeSnX,/PEAFAMA)
stabilized the intermediate perovskite phase and regulated the
rate of crystal growth. Conversely, the control films (Figure 4a)
experienced rapid crystallization upon antisolvent treatment, a
consequence of the strong Lewis acidity of Sn halide precursors,
which ultimately yielded films of inferior quality. During the final
annealing at 70 °C for 8 min, the controlled films exhibited de-
fects such as surface non-uniformity, random orientation, point
defects, and oxidation due to unregulated crystal growth kinetics.
Conversely, the 4PTSC-1.0 film displayed a dense and uniform
crystal grain growth upon final annealing. Our findings confirm
the presence of the 4PTSC additive in the annealed perovskite
film, which effectively passivates defects, thereby mitigating

© 2024 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH
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(ToF-SIMS). 4PTSC molecule additive effectively passivates surface and grain

non-radiative recombination. Beyond its role as a potent Lewis
base coordinating adduct formation, 4PTSC unveils additional
properties by serving as a reducing agent and regulating the
kinetics of perovskite crystallization. Its molecular architecture
boasts a rich collection of functionalities, including an S=C—N
linkage, -NH, nucleophiles, and phenyl ring conjugation. In the
current investigation, we deliberately employed a multifaceted
molecule, demonstrating exceptional efficacy as a Sn precursor
additive. Profound chemical coordination develops between SnI,
and the Lewis base functionalities of 4PTSC. The S=C—N moiety
actively engages with uncoordinated Sn>* ions (Sn'*S=C—N)
via electrostatic interactions, effectively shielding the perovskite
surface from oxygen interaction and thereby attenuating the
propensity for deep trap state formation. Our investigation also
addresses the challenge of halide oxidation (I” to L,), a substan-
tial concern for Snl,. Here, the -NH, nucleophilic site within
4PTSC emerges as a strategic solution, suppressing the oxida-
tion of Snl, and impeding ion migration through the formation
of hydrogen bonds (-NH, I). Simultaneously, it operates as a
potent reducing agent, donating electrons to reverse Snl, to the
Snl, state, thereby sustaining the stability of Snl, and potentially
passivating negatively charged defects. While the z-conjugated

Adv. Energy Mater. 2024, 2401188 2401188 (9 of 14)

boundaries and regulates the crystal growth orientation.

phenyl ring within the additive undergoes rearrangement at
the surface and in proximity to perovskite grain boundaries as
depicted in Figure 4b ToF-SIMS image, facilitates the preferred
crystal growth orientation of perovskite grains (as shown in
XRD (Figure 1b) and GIWAXS (Figure S2b, Supporting In-
formation). The non-polar characteristics of this phenyl ring
render it hydrophobic, persistently limiting moisture absorp-
tion. Consequently, the multifunctional attributes of the 4PTSC
additive compose the establishment of a strong Lewis acid-base
adduct with Snl,. The electron-donating ability of the (-NH,)
group within 4PTSC actively stabilizes Snl, in the solution,
operating as an effective reducing agent, collectively suppressing
non-radiative defect formation. Simultaneously, the conjugated
phenyl ring promotes a preferred crystal growth orientation,
thereby improving the overall stability of the perovskite system.

2.4. WBG Sn Halide Perovskite Solar Cell Device Study
The photovoltaic devices were constructed using an inverted p-

i-n device architecture, consisting of ITO/PEDOT:PSS/WBG Sn-
HP/PCBM/BCP/Ag layers, with detailed fabrication procedures

© 2024 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH
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Figure 5. Current density versus voltage (J-V) curves of a) control device, b) 4PTSC-1.0 champion device in forward and reverse scans c) Statistical
distributions and comparative graphs of various device parameters extracted from J—V characteristic curves for control and 4PTSC-1.0 devices.

outlined in the experimental section. Figure 5a,b illustrate the
current density (J) versus voltage (V) characteristics of the 4PTSC-
1.0-based devices compared to the control PSCs, measured in
both forward and reverse scans under AM 1.5 illumination. The
associated solar device parameters are presented in Table S3
(Supporting Information). The current-voltage (J-V) character-
istic curves of the WBG Sn halide PSCs with varying concen-
trations of the additive are depicted in Figure S13 (Supporting
Information). The control PSC exhibited a PCE of 8.68%, with
a J, of 16.05 mA cm=2 and a V,_ of 0.78 V, alongside notice-
able hysteresis. The ionic mobility in halide perovskites, which
can encourage photoinduced phase segregation, ion migration,
and instability,®®! is exacerbated by morphological imperfections
in the control perovskite film (see Figure 1c,d), leading to de-
fect mobilization under an electric field and resultant hystere-
sis. In contrast, the 4PTSC-1.0 WBG Sn halide device show-
cased remarkable performance, achieving an exceptional PCE of
12.22% for the champion device with a V. of #0.94 V, a J. of
16.73 mA cm~2, and an FF of 77.61%, representing the high-
est reported PCE for WBG Sn halide PSCs to date, with a cer-
tified performance of 11.7% (refer to Figure S14, Supporting In-
formation). Furthermore, Figure S15 (Supporting Information)
showcases the PCE versus bandgap and the yearly distribution
of PCE for WBG Sn halide PSCs. Additionally, a comparative
analysis of the current record efficiency with prior studies is
presented in Table S4 (Supporting Information). The lower V.
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observed in the control PSC can likely be attributed to defect
states associated with the Sn** condition, while the reduced V,,
deficit and enhanced FF in the 4PTSC-1.0 device indicate a sig-
nificant suppression of non-radiative recombination, improved
surface morphology, enhanced crystallinity, and reduced oxida-
tion of Sn?* within the perovskite structure. Notably, the 4PTSC-
1.0 PSC demonstrated negligible hysteresis, indicating inhibited
ion migration. Contrary to the control perovskite, the -NH, func-
tional groups in 4PTSC-1.0, interacting with halide ions through
hydrogen bonding, appear to effectively mitigate photoinduced
ion migration. It is understood that this additive, namely 4PTSC,
serves dual functions as both a coordination complex and a re-
ducing agent, effectively addressing the issues of non-radiative
recombination, uncoordinated Sn?* and halide ions, and the ox-
idation of perovskite. We are confident that such strategic uti-
lization of specific multifunctional additives with selective func-
tionalities can significantly enhance the V,. of WBG Sn-HPs.
Most importantly, this additive strategy preserves the bandgap
of WBG Sn-HPs, offering great promise for the future advance-
ment of WBG Sn halide PSCs. In essence, by maintaining the
desired WBG, we are able to counteract non-radiative recombi-
nation caused by mobile ions at the surface and grain bound-
aries. The multifunctional additives act not only as strong Lewis
bases, promoting adduct formation during perovskite process-
ing and influencing crystal growth kinetics, but also as sacrificial
reductants.

© 2024 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH
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Figure 6. a) External quantum efficiency (EQE) spectrum with integrated J., b) dark J-V curves, c) Mott-Schottky (M-S) curves, d) Electrochemical
Impedance Spectroscopy (EIS) Nyquist plots for control (black line) and 4PTSC-1.0 (red line) device respectively. e,f) Transient photovoltage (TPV) and
transient photocurrent (TPC) graphs for control and 4PTSC-1.0 devices. g) Stabilized power output (SPO), h) Ambient air stability graph at 30%-40%
relative humidity (RH) for control, and 4PTSC-1.0 device without any encapsulation.

To verify the consistency of device performance, statistical
data were collected for a set of 15 devices for both the control
and 4PTSC-1.0 configurations, as illustrated in Figure 5c. Addi-
tional statistical data for the 4PTSC-0.5 and 4PTSC-2.0 variants
are presented in Figure S16 (Supporting Information). The J .
values were corroborated through external quantum efficiency
(EQE) analysis (Figure 6a), with the integrated ], measuring
15.48 mA cm™? for the control and 16.47 mA cm~ for the 4PTSC-
1.0 PSC, matching well with the J . values derived from the J-V
curves. The EQE spectrum indicates a marginal enhancement in
light harvesting for the 4PTSC-1.0 device, suggesting that the in-
clusion of the 4PTSC additive positively impacts charge carrier
generation within the perovskite structure.

To further assess the impact of 4PTSC additive on charge
transfer dynamics, dark J-V characteristics, and electrochemical
impedance spectroscopy (EIS) were conducted, as shown in
Figure 6. The dark J-V analysis revealed a lower saturation
current for the 4PTSC-1.0 variant (Figure 6b), which correlates
with an increase in the device’s V. when compared to the control

Adv. Energy Mater. 2024, 2401188 2401188 (11 of 14)

PSC. This reduced saturation current, indicative of decreased de-
fect states within the 4PTSC-1.0 perovskite, leads to a diminished
V, deficit.®®) This decrease in defect density is further elucidated
through Mott—Schottky (M-S) analysis using capacitance—voltage
(C-V) measurements (Figure 6¢), with defect density (Ny) cal-
culated using Equation S2 (Supplementary Information).’”] N,
values derived from the M-S data exhibit a marked decline from
2.39 x 1012 cm™ for the control to 6.75 x 10 cm™ for the
4PTSC-1.0, substantiating the role of the 4PTSC additive in effec-
tively mitigating defect states within the perovskite. EIS measure-
ments were performed to evaluate the recombination processes
within the devices, as depicted in Figure 6d. The recombination
resistance (R,..) for the control device was found to be 627 Q,
which increased to ~1554 Q for the 4PTSC-1.0 device, indi-
cating minimized defect-assisted trap states that could impede
charge carrier recombination. Charge carrier recombination and
transport properties were further examined through transient
photovoltage (TPV) and photocurrent (TPC) measurements, as
illustrated in Figure 6e,f. An extended recombination lifetime

© 2024 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH
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(Trec) of 107.56 us for 4PTSC-1.0, compared to 13.26 us for the
control, was observed in Figure 6e. This finding is consistent with
the significant reduction in defect state density and aligns with
results from optical analysis and EIS. Charge carrier lifetime (z,)
was estimated to be &1.32 ps for the control perovskite, while a
faster decay was observed for 4PTSC-1.0 (r, = 0.53 ps), as shown
in Figure 6f, confirming efficient charge extraction and transport
for photo-generated carriers.[?>3] Thus, the 4PTSC-1.0 per-
ovskite device demonstrates enhanced charge dynamics and sup-
pressed non-radiative recombination, leading to improved V.
and FF.

Figure 6g presents the stabilized power output (SPO) profiles
for the control and 4PTSC-1.0 devices at the maximum power
point (MPP), under continuous illumination for 1000 s at 1 Sun.
The SPO for the control device registered at 7.07%, whereas the
4PTSC-1.0 device achieved 10.1%, indicating that a strategic re-
duction of defects can significantly augment SPO during pro-
longed exposure. The durability of the unencapsulated control
and 4PTSC-1.0 devices was documented under ambient condi-
tions with 30% relative humidity, as shown in Figure 6h. The con-
trol device exhibited rapid degradation within 300 h under high
humidity conditions, whereas the 4PTSC-1.0 device maintained
near-total PCE retention for over 500 h. After 1200 h, the 4PTSC-
1.0 device sustained ~80% of its initial performance, demonstrat-
ing its exceptional stability.

3. Conclusion

In conclusion, the study presents an additive engineering ap-
proach that facilitates the formation of adducts in the precursor
solution, augments solution stability, modulates the dynamics of
crystal growth, mitigates defect states, and interacts chemically
with uncoordinated Sn* ions to prevent their oxidation, thereby
enhancing the performance and operational stability of the de-
vice while minimizing V,_ losses. The 4PTSC additive demon-
strates effective governance over the kinetics of Sn-HP crystal-
lization and solution stability. This governance is attributed to the
strong chemical coordination of Snl, with S=C—N, -NH, func-
tional groups, and the phenyl ring structure of 4PTSC, which
collectively directs the crystal growth directionality, fostering the
formation of a highly compact perovskite layer. Concurrently, de-
layed crystallization serves to curtail imperfections. The study
elucidates that the 4PTSC additive curbs the generation of defect
states through chemical interactions with uncoordinated Sn?*
ions, arresting Sn oxidation and substantially diminishing non-
radiative recombination, thereby enhancing carrier lifetime and
extraction. The -NH, hydrogen donor site assists in lowering the
ion migration by forming H-**I bond and suppressing the gener-
ation of the Snl, state by acting as a reducing agent. The phenyl
ring conjugation of the 4PTSC additive actively contributes to re-
inforcing the establishment of the preferred crystal growth orien-
tation in perovskite grains. The hydrophobic nature of the 4PTSC
additive acts as a barrier to further oxidation of Sn?*, preclud-
ing moisture ingress and thus bolstering the stability of the per-
ovskite. Leveraging the multifaceted advantages of the 4PTSC
additive, which adeptly controls defect states and the kinetics of
crystal growth within Sn-HP, the technology achieves a notable
device efficiency of 12.22% (with a certified PCE of 11.70%), an
improved V,. of 0.94 V, and an almost imperceptible hystere-

C
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sis, surpassing the control device PCE of 8.68%. The premier
4PTSC-1.0 PSC has demonstrated superior stability, exceeding
1200 h in ambient air conditions with 30% relative humidity,
without the need for encapsulation. Hence, the strategic inclu-
sion of this potent defect passivation technique, endowed with
selective functionalities, is advantageous for the elimination of
non-radiative recombination pathways, thereby regulating per-
ovskite crystal growth and substantially improving the device’s
performance and V. in WBG Sn halide PSCs.

4. Experimental Section

Materials: Indium tin oxide (ITO)-coated glass substrates (AMG,
10 Q sq7'), acetone (~99%) and isopropanol (IPA, £99.5%) (For sub-
strate cleaning), DMF (99.5%), DMSO (99.8%) (perovskite precursor
solvents), Toluene (99.8%) (antisolvent), Dichlorobenzene (99.0%) pur-
chased from Samchun Chemical and chlorobenzene (99% — GR grade,
Wako) were used as ETL solvents. Precursor salts, that is, Formami-
dinium bromide (FABr), Methylammonium bromide (MABr), Phenylethyl
ammonium bromide (PEABr) purchased from greatcellsolar, Tin (Il) lo-
dide (Snl,, sigma-Aldrich) and Tin (Il) fluoride (SnF,, Sigma-Aldrich), 4-
Phenylthiosemicarbazide (4PTSC) and thiosemicarbazide (TSC) additive
procured from Sigma—Aldrich used without further purification. Poly(3,4-
ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS, Heraeus
Germany) was used as hole transport layer (HTL), Phenyl-C61-butyric acid
methyl ester (PCBM, 99.5%, Organic Semiconductor Materials, Republic
of Korea) and Bathocuproine (BCP, 99.9%, Alfa Aesar) were used as elec-
tron transport layers (ETL). DMF (99.5%, Samchun Chemical) and DMSO
(99.8%, Samchun Chemical), toluene (99.8%, Samchun Chemical), and
chlorobenzene (CB, 99% — GR grade, Wako) and Dichlorobenzene (Di-
CBZ 99.0%, Samchun Chemical) were used as solvents.

Perovskite Precursor Solution Preparation: The perovskite solution was
prepared by the mixture of PEABr, FABr, MABr, Snl,, SnF,, and Sn in the
molar ratio of 0.15: 0.75: 0.70: 1: 0.1: 0.1, and then dissolving in 1 mL of
DMF and DMSO mixed solvent (4/1, v/v), followed by stirring at 60 °C
for 2 h. For the preparation of the additive-containing precursor solution,
0.5%, 1%, 2% of 4PTSC, and 1% of TSC was added during solution prepa-
ration. PCBM solution was prepared with 20 mg mL~" dissolved in CB:
DCB mixed solvent in a 1:1 ratio and kept for overnight stirring at room
temperature (RT).

Perovskite Solar Cell Fabrication Procedure: 1TO-substrates were
cleaned with acetone in the ultrasonic bath for 15 min followed by clean-
ing substrates in acetone and IPA. Substrates were dried in the oven for
10 min at 95 °C to evaporate solvents. Cleaned ITO substrates were UV-
Ozone treated for 30 min. In the initial step, PEDOT: PSS (HTL) was coated
on substrates at 5000 rpm for 30 s in ambient atmospheric conditions
and annealed at 150 °C (20 min) on the hotplate. Later, HTL-coated sub-
strates were transferred inside an N,-filled glove box prior to perovskite
coating. The perovskite films were prepared by spin coating filtered per-
ovskite precursor solution at 8000 rpm for 30 s, followed by antisolvent
dripping (200 uL Toluene) at 10th s on perovskite film. These perovskite
films were further annealed at 70 °C for 8 min on the hot plate for per-
ovskite crystallization. In the next step electron transport layer (ETL) PCBM
spin-coated onto the perovskite film at 1500 rpm for 30 sec and annealed
at 70 °C for 5 min, followed by BCP solution coating with 0.5 mg mL™" in
IPA solution coated dynamically over PCBM layer at 6000 rpm for 30 s
annealed for 10 min at 70 °C on the hot plate. Ag electrodes were de-
posited through the thermal evaporator under a high vacuum condition
(=3 x 107 Torr).

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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