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A Thienothiophene-Based Cation Treatment Allows
Semitransparent Perovskite Solar Cells with Improved

Efficiency and Stability

Ummugulsum Gunes, Esra Bag Celik, Cevahir C. Akgul, Mehmet Koc, Mohsen Ameri,
Bahri E. Uzuner, Milad Ghasemi, Mehmet C. Sahiner, ilker Yildiz, Hava Z. Kaya,

Selcuk Yerci,* and Gorkem Gunbas*

Perovskite surface treatment with additives has been reported to improve
charge extraction, stability, and/or surface passivation. In this study, treatment
of a 3D perovskite ((FAPbIs);_,(MAPbBr;),) layer with a thienothiophene-based
organic cation (TTMAI), synthesized in this work, is investigated. Detailed
analyses reveal that a 2D (n = 1) or quasi-2D layer does not form on the Pbl,-
rich surface 3D perovskite. TTMAI-treated 3D perovskite solar cells (PSCs)
fabricated in this study show improved fill factors, providing an increase in
their power conversion efficiencies (PCEs) from 17% to over 20%. It is demon-
strated that the enhancement is due to better hole extraction by drift-diffusion
simulations. Furthermore, thanks to the hydrophobic nature of the TTMAI,
PSC maintains 82% of its initial PCE under 15% humidity for over 380 h (the
reference retains 38%). Additionally, semitransparent cells are demonstrated
reaching 17.9% PCE with treated 3D perovskite, which is one of the highest
reported efficiencies for double cationic 3D perovskites. Moreover, the semi-
transparent 3D PSC (TTMAI-treated) maintains 87% of its initial efficiency for
six weeks (>1000 h) when kept in the dark at room temperature. These results
clearly show that this study fills a critical void in perovskite research where
highly efficient and stable semitransparent perovskite solar cells are scarce.

such as high absorption coefficient, long
charge carrier diffusion length, and low
exciton binding energy.'>! Although PSCs
demonstrate PCEs comparable to crystal
silicon solar cells (over 25%°)), their insuf-
ficient operational stability due to a wide
range of decomposition patterns related
to moisture,”) oxygen,® UV-light,®! and
heatl!! hinders their upscaled develop-
ment for commercialization. 2D perov-
skites with a wide variety of organic
cations have been shown to improve sta-
bility.™ However, their efficiencies are
still far behind their 3D counterparts due
to their poor charge separation, low trans-
port between large-cation-separated perov-
skite layers, high exciton binding energy,
and large bandgap.'? The modification
of 3D perovskites with a 2D counterpart
(3D/2D) in solar cells has been investi-
gated to increase stability without compro-
mising efficiency. A wide variety of organic
ammonium salts with different struc-
tures have been used to fabricate 3D/2D

1. Introduction

Hybrid perovskite solar cells (PSCs) have attracted great atten-
tion due to their outstanding optical and electrical properties,

cells.l>2% The formation of the 2D layer on 3D perovskite upon
treatment with a large cation is most commonly character-
ized by the existence of a low angle (<10°) peak in X-ray dif-
fraction (XRD).[2122] Recent studies revealed that 2D perovskite
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formation was not observed with the addition of certain cations
or aromatic/aliphatic amines; nevertheless, these treatments
can still drastically improve the performance of the resulting
devices.[>-2%] Recently, researchers have turned their atten-
tion to molecules containing chalcogens, especially sulfur,?”:%]
which provide high polarizability and strong intermolecular
interactions, thus improving charge transport properties./?’!

Here, we theorized that the treatment of 3D perovskite with
a large sulfur-containing cation that is fused and highly con-
jugated should significantly improve hole transport properties
due to strong 77 and intermolecular sulfur-sulfur interac-
tions.39-32 These types of fused, large cations have not been
employed in the treatment of 3D perovskites, and the structural
characteristics of the formed layer and its effect on the perfor-
mance of the resulting devices have not been investigated. In
addition to high efficiencies and stabilities, semitransparent
perovskite solar cells (ST-PSCs) are also of great interest due
to the wide range of applications, including power-generating
windows on buildings or automobiles, flexible wearable elec-
tronics, and tandem structured cells.?334 ST-PSCs are typically
fabricated by replacing the opaque metal back-contact with
a sputtered transparent conductive oxide (TCO),*! such as
indium-doped tin oxide (ITO), indium-doped zinc oxide, and
others. A suitable transition metal oxide is required to protect
the underlying perovskite or organic transport layers from any
damage that may occur during the magnetron sputtering of the
TCO layer.3%¥] For this purpose, molybdenum oxide (MoO,) is
a widely used buffer layer; however, MoO,-containing solar cells
have notorious stability issues, which hinder their use in com-
mercial applications.[38-4]

Herein, a fused thiophene derivative, thieno[3,2-b]thiophen-
2-ylmethanaminium iodide (Scheme S1, Supporting Informa-
tion) (TTMAI), was successfully synthesized and employed as
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the large cation for surface treatment of a 3D perovskite film.
Structural characterizations revealed that TTMAI forms a 2D
perovskite structure (TTMA),Pbl,, n = 1) when coated at lower
concentrations (1.5 mg mL™) and covers the surface in the salt
form at higher concentrations (TTMAI-treated 3D perovskite,
TT3DP). Significant PCE improvement (from 17% to over 20%)
was achieved with TTMAI-treated samples, and the reason for
the enhancement was shown to be related to better hole extrac-
tion properties by drift-diffusion (DD) simulations using solar
cell capacitance simulator (SCAPS).**2l We demonstrated that
the capping layer significantly enhances stability even though
all solar cells fabricated in this work contain a MoO, layer.
TT3DP-based PSC retained 82% of its initial PCE, while the
reference solar cell maintained only 38% of it for 384 h at a
relative humidity below 15%. Since we achieved exceptional
stability with MoO,-containing solar cells, we also fabricated
ST-PSCs with TTMAI-treated perovskite (ST-TT3DP) with an
efficiency of 17.9% PCE, one of the highest efficiencies among
ST-PSCs fabricated with formamidinium methylammonium
(FAMA)-based perovskites.*#] The TTMAI treatment also
enhanced the stability of ST-TT3DP significantly where after
six weeks (>1000 h), the ST-TT3DP retained 87% of its initial
efficiency, while the reference solar cell maintained only 69%
of it. Considering the efficiency and stability aspects together,
the results in this work constitute one of the best-performing
ST-PSCs in the literature (Table S1, Supporting Information).

2. Results and Discussion

The corresponding ammonium iodide salt, TTMAI, was
synthesized (Figure 1a) starting from commercially avail-
able thieno[3,2-b]thiophene-2-carbonitrile in two steps with

TTMAI Glass/ ITO
X A (@ s/ :
(1) A I
E 1
—~18F sl
» —— Reference 1342 2| Reference 5 s 200)
£ 16f ——TT3DP I ® |
=l | S 3
&% w1l I {
8 :
X = [ Il TT3DP * .8
> 6} ) 5 % *
@ i i
s T } TTMA,PbI,
£ 2} ATTMAI/glass
o ' 1 1 1 'l 2 2 A
100 200 300 400 500 600 10 20 30 40 50
Binding Energy (eV) j K 20 (d
\_ egree) )

Figure 1. a) Schematics of the thieno[3,2-b]thiophen-2-ylmethanaminium iodide (TTMAI) structure and illustration of the solar cell architecture used in
this study. b) XPS spectra of 3D perovskite and TTMAI-treated perovskite. c) Top-view SEM image of the 3D perovskite and TTMAI-treated perovskite.
d) GIXRD pattern of the reference 3D perovskite, TTMAI-coated glass, TTMA,Pbl,, and perovskite treated with TTMAI (TT3DP). * and & represent

diffraction peaks of Pbl, and 3D perovskite, respectively.
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78% overall yield (Figure S1, Supporting Information). Solar
cells were fabricated by glass/ITO/SnO,/perovskite/2,2",7,7'-
tetrakis[N, N-di(4-methoxyphenyl)amino]-9,9"-spirobifluorene
(Spiro-OMeTAD)/MoO, /Au architecture as shown in Figure 1a.
As the absorber layer, 3D FAMA was used, and TTMALI in iso-
propyl alcohol (IPA) was coated on the reference 3D FAMA
perovskite to form the TT3DP structure.

TT3DP surface contains sulfur, revealing the existence of
the organic capping layer on the 3D film according to X-ray
photoelectron spectroscopy (XPS) (Figure 1b). Moreover, angle-
resolved X-ray photon spectroscopy (ARXPS) measured at 20°,
45°, and 70° (Figure S2, Supporting Information) displayed that
S 2s peak position does not change with take-off angle, indi-
cating the oxidation state of sulfur is uniform near the surface
(up to about 8 nm). Additionally, no metallic Pb was found on
the perovskite surface, which was prepared and transferred
to the XPS chamber in the inert atmosphere (Figure S3, Sup-
porting Information). Scanning electron microscopy (SEM)
top-view images revealed that the surface morphology (i.e., the
grain boundaries mostly vanished) of the 3D film upon treat-
ment with TTMAI is significantly altered (Figure 1c), indi-
cating the formation of a new layer.’" In addition, Atomic force
microscopy (AFM) images showed that the TTMAI treatment
slightly reduces the roughness of the 3D surface (Figure S4,
Supporting Information), which is consistent with the SEM
images.

The grazing incidence X-ray diffraction (GIXRD) showed a
peak below 10°, which is commonly attributed to the forma-
tion of a 2D perovskite layer.’'=>3 The observed peak at 5.10°
for TTMAIl-treated 3D perovskite (Figure 1d) was initially
assigned to TTMA,Pbl, 2D perovskite (n = 1). To support our
claim, 2D perovskite (n = 1) was formed by coating TTMAI
and PbI, (2:1) on SnO,, and GIXRD analysis was performed,
which revealed a peak at 5.60° (Figure 1d). Due to the large
variation in the GIXRD peak, the formation of 2D perovskite
with n =1 was excluded. Next, several thin films were prepared
from solutions of TTMAI, MAI, and Pbl, (2:1:2) and TTMAI,

methylammonium bromide (MABr), formamidinium iodide
(FAI), and Pbl, (for various ratios, see the Supporting Informa-
tion) on SnO, followed by annealing to address the possible
formation of quasi-2D perovskites with or without incorpo-
ration of Br and FA ions. Yet, none of these films displayed
a GIXRD peak around 5.10°. Finally, GIXRD for the TTMAI
(coated on glass) was recorded, and a diffraction peak at 5.10°
was observed, which is consistent with the GIXRD peak of the
capping layer at 5.10° (Figure 1d). In addition, compared to the
3D perovskite film, almost no change was observed in the full
width half maximum (FWHM) of the perovskite (100) peak for
TT3DP, indicating that TTMAI did not incorporate into the
3D bulk (Table S2 and Figure S6, Supporting Information).
GIXRD studies were performed to see the effect of TTMAI
concentration on the surface of the perovskite film. The results
showed that at 1.5 mg mL~! concentration, a diffraction peak at
5.60° was observed (Figure S7, Supporting Information), con-
sistent with the 2D perovskite structure with n =1 (5.60°) as
shown in Figure 1d. However, at higher concentrations, this
peak disappears, and a new peak at 5.10° appear, which cor-
relates with the TTMAI diffraction peak at 5.10° (Figure S7,
Supporting Information). The curious observation of the 2D
perovskite peak disappearance at higher TTMAI concentra-
tions stays unresolved at the moment and will be investigated
in detail.

3D perovskite films were first treated with 2.0 mg mL™ of
TTMAI (IPA), a commonly employed concentration for large
cations, at 500, 1000, and 5000 rpm, to find the ideal spin-
coating conditions for TTMAI, and 1000 rpm was found to be
the optimum (Figure S8, Supporting Information), (Table S3,
Supporting Information). To further optimize the 2D layer,
the 3D perovskite films were treated with four different con-
centrations (1.5, 2.0, 2.5, and 3.0 mg mL™) of TTMAIL The
fill factor (FF) was improved significantly in addition to slight
enhancements in open-circuit voltage (Voc) and short-circuit
current (Jsc) with increased TTMAI concentration, as shown in
Figure 2a—c. The highest PCE of TT3DP and reference PSCs
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Figure 2. a) Vo, b) Jsc, ©) FF, and d) PCE statistics of reference solar cells and solar cells treated with different concentrations of TTMAI. ) J-V curves
and f) EQE spectra of the champion solar cells with different concentrations of TTMAI. The highest PCEs of the champion solar cells with different

concentrations of TTMAI are given in panel (e).
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Figure 3. a) Absorption spectra and b) PL spectra of the reference and TT3DP films. c) Nyquist plot of the reference and TT3DP solar cells.

were obtained as 20.16% (Voc = 111V, Jsc = 22.47 mA cm™?,
and FF = 80.52%) and 1711% (Voc =1.09 V, Jsc = 21.30 mA cm 2,
and FF = 73.78%), respectively (Figure 2e). Although the treat-
ment with 3.0 mg mL™ TTMAI concentration resulted in the
highest average PCE (Figure 2d), a turbid solution was attained
at this concentration compared to others (Figure S9, Sup-
porting Information). Therefore, all studies were conducted
with 2.5 mg mL™ concentration, in which the highest PCE
was achieved as 19.30% (Voc = 1.10 V, Jsc = 21.91 mA cm™,
and FF = 80.27%). It should be noted that a high reproducibility
was obtained for all 3D and TT3DP PSCs (over 20 devices)
(Figure S10, Supporting Information).

The integrated Jsc results calculated by integrating the
external quantum efficiency (EQE) spectra (Table S4, Sup-
porting Information) are consistent with those obtained from
the J-V measurements. EQE studies revealed that the layer
thicknesses chosen for the fabrication of solar cells benefit
from constructive interferences in the 3D perovskite layer, as
revealed by the high EQE around 750 nm.*

It was also demonstrated that the TTMAI treatment at
all concentrations improves the hysteresis index (HI) of the
resulting devices (Table S4, Supporting Information). To further
clarify the origin of the improvement in TT3DP samples, we
measured J-V curves of 3D and TT3DP solar cells for the fast
to slow scan rates of 400, 200, 40, and 13 mV s7! to determine
the effect of the TTMALI treatment on the degree of hysteresis
(Table S5 and Figure S11, Supporting Information). A lower
hysteresis in J-V curves of the TT3DP solar cell indicates well-
stabilized slow response processes. This observation is likely to
be a consequence of the reduction in capacitive charge accumu-
lation caused by the decrease in density of mobile ionic species
at the perovskite interface.!

The TTMAI layer is transparent and 2D perovskite (n = 1) has
a high band gap (Figure S12, Supporting Information); hence
they did not contribute to the absorption spectra of the TT3DP
PSC (Figure 3a) as expected, which is consistent with the EQE
spectra shown in Figure 2f. A decrease in photoluminescence
(PL) intensity upon TTMAI addition was observed (Figure 3D),
indicating better charge carrier extraction or a higher surface
recombination rate (i.e., increased surface recombination
velocity). Impedance measurements at the open-circuit condi-
tion under moderate illumination of 0.1 suns were performed
on reference and TT3DP solar cells, and impedance spectra
are displayed via Nyquist plots as in Figure 3c. As the open-
circuit—where carrier generation is compensated exactly by
the recombination, and there is no net carrier transport—is
maintained, the resulting high-frequency impedance response
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can be readily analyzed in connection with recombination
processes. In this regard, the shrinkage of the high-frequency
semicircle upon insertion of the TTMAI layer, compared to the
reference (Figure 3c), indicates faster recombination since the
recombination resistance is reduced, which is consistent with
the PL results. As a result, in the absence of notable Jsc and
Voc increase, we associate the PL quenching observed in the
TT3DP samples with better hole transport, consistent with
the notably enhanced fill factors (Figure 2c).°%! However, unlike
most 2D-perovskite layers, neither the surface recombina-
tion nor the trap density was reduced as there is only a slight
increase in Vpc.

The ionization energy of the TTMAI film was measured
as 5.36 eV by ultraviolet photoelectron spectroscopy (UPS)
(Figure 4a). An illustration of the energy band alignment of 3D
perovskite, 2D perovskite, Spiro-OMeTAD, and Au is also dem-
onstrated in Figure 4a. The J-V characteristics of PSC with and
without the TTMAI layer are computed, and obtained results
are compared with measurements in Figure 4b. First, simula-
tion input parameters of the reference solar cell are determined
from measured J-V curves. For this, solar cell parameters
(i-e., series and shunt resistances) are fitted to obtain the max-
imum overlap between the simulated curves and experimental
results. Then, using the deduced parameters (Table S6, Sup-
porting Information), the TTMAI layer is introduced between
perovskite and Spiro-OMeTAD. It should be noted that the
input parameters of the TT3DP are defined in the light of the
spectroscopic ellipsometry (Figures S13 and S14, Supporting
Information) and UPS measurements. As shown in Figure 4b,
simulation and experimental results are in good agreement in
both cell structures. Next, to elucidate the effect of the inter-
face recombination for both cell configurations (reference and
TT3DP), the surface recombination velocities (SRVs) at the
perovskite/Spiro-OMeTAD and perovskite/TTMAI interfaces
are varied. Simulated PCEs as a function of SRV values are pre-
sented in Figure 4c, along with experimentally obtained values
marked with teal (the reference) and purple (TT3DP) dots.
The PCE drop with increased SRV of the TT3DP is substan-
tially lower than that of the reference solar cell. Similar trends
are observed with Vo (Figure 4d), Jsc (Figure 4e), and FF
(Figure 4f). Although it is observed that the perovskite/TTMAI
has relatively higher SRVs compared to the reference structure
(in line with the reduction in PL intensity and the shrinkage
of semicircles in impedance spectroscopy), higher PCEs (espe-
cially FFs) are obtained for the TT3DP thanks to favorable
band alignment and larger hole mobility of the TTMAI layer
compared to Spiro-OMeTAD alone. Figure 4c shows that an

© 2021 Wiley-VCH GmbH
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Figure 4. a) UPS spectrum of the TTMAI film and linear fits to determine the work function and valence band maximum (V.B.M.). A schematic showing
valence band levels of reference, TTMAI, Spiro-OMeTAD, and gold is given in the inset of panel (a). b) J-V results obtained with measurement (solid
line) and simulations (dotted line) of the reference (teal) and TTMAI (purple) configurations. c) PCE, d) Vo, €) Jsc, and f) FF simulations as a function

of surface recombination velocity for 3D (teal) and TT3DP (purple) PSCs.

efficiency above 21% can be achieved with enhanced surface
passivation using the same perovskite.

The steady-state PCE versus time of the reference and TT3DP
unencapsulated solar cells were performed under continuous
illumination (i.e., light soaking) by recording the current den-
sity at the maximum power point voltage at room tempera-
ture and under 25% relative humidity (Figure 5a). While PCE

L(a)

Stabilized PCE: 18.02% @0.943 VTT3DP

Stabilized PCE: 15.83% @0.900 V

6/

Reference

Und?r conti‘nuous.illumin_ation
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dropped from 173% to 15.8% for the reference solar cell, the
TT3DP cell remained almost intact (18.5% — 18.02%) at the
end of the 1000 s, demonstrating its superior photostability.
To further assess the stability of our devices, we performed
long-term stability tests. The reference and TT3DP solar cells
were kept in a dark environment and under <15% relative
humidity for 384 h with intermittent measurements. It was

1.2
59 (b)
w 1
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o 038t
2
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Figure 5. a) PCEs of the reference and TT3DP PSCs measured under continuous light at ambient conditions (i.e., room temperature and 25% relative
humidity). b) Normalized PCEs of the reference and TT3DP PSCs at room temperature and <15% humidity. c) Contact angle images of the reference

(3D only) and TT3DP perovskite using water droplets.
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Figure 6. a) J-V curves of the champion reference and TT3DP ST-PSCs. Vi, Jsc, FF, and PCE values are provided in panel (a). b) Normalized PCE of the
reference and TT3DP ST-PSCs kept under the dark at room temperature with <15% relative humidity for six weeks. The measurements are performed

at room temperature. Inset: Photograph of a TT3DP ST-PSC.

shown that the reference PSC maintained only 38% of its ini-
tial efficiency whereas, TT3DP PSC retained 82% of its initial
PCE (Figure 5b). It is important to highlight here that these
TT3DP solar cells are the first examples of unencapsulated
double cationic perovskite solar cells with MoO, buffer layer
that showed significant stability (over 350 h).’”) It was envi-
sioned that the increased stability was partly due to the more
hydrophobic character of the TTMALI layer, and to support our
claim, the increased hydrophobicity in TT3DP perovskites was
demonstrated with contact angle studies using water droplets
in Figure 5c (3D: 70.2°, TT3DP: 84.4°).

Last, due to enhanced stabilities achieved with MoO,-con-
taining opaque solar cells, we turned our attention to the fab-
rication of semitransparent perovskite solar cells with glass/
ITO/SnO,/perovskite/Spiro-OMeTAD/MoO, /ITO  configura-
tion. PCE of 16.16% (Voc = 1.04 V, Jsc = 20.85 mA cm2, and
FF =74.73%) (Figure 6a) and PCE of 1790% (Voc =1.06 V, Jsc =
21.74 mA cm™2, and FF = 7744%), which is the highest PCE
obtained for FAMA perovskites, were achieved by the reference
and TT3DP structured PSCs, respectively. Integrated Jsc values
from the EQE spectra were consistent with the short-circuit cur-
rent density obtained from the J-V measurements (Figure S15,
Supporting Information). Stability measurements of the 3D
and TT3DP ST-PSCs were performed at ambient conditions
upon storing them below 15% relative humidity at dark. After
six weeks, the reference solar cell only maintained 69% of its
initial PCE, while the TT3DP ST-PSC retained 87% (Figure Gb).

3. Conclusion

A significant increase in PCEs (from 17% to 20%) was achieved,
mainly through improved FF, by deposition of thienothio-
phene-based salt (TTMAI) on double cationic perovskite. It
was demonstrated that the enhanced FF is due to better hole
extraction using impedance spectroscopy, ultraviolet photoelec-
tron spectroscopy, and drift-diffusion modeling. In addition
to improvement in PCE, the hydrophobic nature of the low-
dimensional perovskite layer enabled improved stability. The
unencapsulated TT3DP perovskite solar cell maintained 82% of
its initial efficiency (stored in the dark and below 15% relative

Adv. Funct. Mater. 2021, 2103130
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humidity), while the reference solar cell maintained only 38%
after 384 h. Moreover, semitransparent perovskite solar cells
were realized by utilizing evaporated MoO,, and sputtered ITO
with one of the highest reported PCEs (179%) for the FAMA-
based solar cells. The TT3DP ST-PSC maintained 87% of its
initial efficiency over six weeks (>1000 h). The results in this
work constitute one of the best performing semitransparent
perovskite solar cells in the literature when the efficiency and
stability aspects are taken into consideration.

4. Experimental Section

Materials: SnO, colloid solution (tin (IV) oxide, 15% in H,O colloidal
dispersion) was purchased from Alfa Aesar. FAl and MABr were
purchased from Greatcell Solar. Lead iodide (Pbl,) was purchased
from Tokyo Chemical Company (TCl). MACI was purchased from
Lumtec. IPA,  Spiro-OMeTAD, molybdenum trioxide (MoO;),
bis(trifluoromethane)sulfonimide  lithium  salt  (Li-TFSI),  4-tert-
butylpyridine (TBP), and chlorobenzene (CB) were provided from Sigma-
Aldrich. Dimethylformamide (99.9%) (DMF) and dimethyl sulfoxide
(99.9%) (DMSO) were purchased from Acros Organics. Solution for
2D perovskite (n = 1) film was prepared by dissolving TTMAI and Pbl,
(2:1) in the DMF:DMSO (95:5) (v:v) mixture. The precursor solution was
coated at 3000 rpm, 30 s, and annealed at 100 °C for 10 min. Precursor
solutions for FA and/or MABr incorporated quasi-2D perovskites were
prepared by dissolving TTMAI, MAI, Pbl, (2:1:2), TTMAI, FAI, Pbl, (2:1:2),
TTMAI, MABr, Pbl, (2:1:2), and TTMAI:MABr:FAI:Pbl, (2:0.5:0.5:2) in
DMF:DMSO (95:5) (v:v) mixture. All solutions were coated at 3000 rpm,
30 s, and followed by thermal annealing at 100 °C for 10 min.

Solar Cell Fabrication: The glass substrates coated with ITO
(13 ohms sq7') were etched with zinc powder and 3 m HCl. Then, ITO
samples were washed with Hellmanex, deionized (DI) water, acetone,
and IPA for 10 min, respectively. The cleaning procedure was followed
by the UV-ozone treatment of substrates for 10 min. The diluted
SnO, solution (2.14% in deionized water) was coated on the cleaned
substrates at 4000 rpm, for 30 s, and annealed at 150 °C for 30 min.
After cooling, the samples were treated with UV-ozone for 10 min and
transferred into the N,-filled glovebox. Pbl, solution was prepared by
dissolving 1.3 M in DMF:DMSO (95:5) (v/v) mixture. To prepare the
FAMA solution, FA:MACI:MABr (60:6:6 mg) was dissolved in 1 mL of
IPA and stirred. The coating was performed by a sequential method.
First, the Pbl, solution was coated at 1500 rpm and annealed at 70 °C
for 1 min. After cooling the substrates, the FAMA precursor solution was
coated at 1500 rpm, 30 s, and annealed at 150 °C for 15 min. Different
concentrations of TTMAI salt were dissolved in 1 mL of IPA and coated

© 2021 Wiley-VCH GmbH
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at 1000 rpm, 30 s, followed by thermal annealing at 100 °C for 5 min.
For the preparation of Spiro-OMeTAD solution, 72.3 mg Spiro-OMeTAD
was dissolved in 1 mL chlorobenzene and 17.5 pL Li-TFSI (520 mg mL™
in acetonitrile), 28.8 uL TBP was added in it. The solution was coated at
3000 rpm, 20 s. Finally, 20 nm MoOj3; and 60 nm gold were evaporated
on the substrates under a high vacuum consecutively. Fabrication of
the ST-PSCs was identical to those of opaque solar cells up to the back-
contact deposition. ITO bottom electrode was deposited by magnetron
sputtering, which was carried out at a power density of 2.2 W cm™2 with
a deposition pressure of 2 mTorr. Last, to lower the sheet resistance of
ITO film (30 ohms sq7"), a 60 nm of current-collecting gold film was
deposited by thermal evaporation.

Solar Cell Characterization: The J-V characterizations of all solar cells
were measured by Keithley 2400 under a solar simulator (Pico G2V LED
Solar Simulator) at AM1.5G with 100 mW cm™2 illumination intensity
with a scan rate of 100 mV s™\. For defining the active area of the metal
bottom-contact cells, laser-cut silicon shadow masks with 3 mm?
rectangular openings, and for the semitransparent cells, the shadow
masks with 3.14 mm? circular openings were used. EQE, reflection (R),
and transmission (T) measurements were done by a PV characterization
system equipped with a BaSO4-covered integrating sphere (Bentham
Instruments, PVE300). Absorption (A) spectra of the films were
then calculated using A =1 — R — T. Impedance measurements were
performed using MFIA Impedance Analyzer (Zurich Instruments)
in the frequency range from 10 Hz to 1 MHz with an oscillation peak
amplitude of 15 mV. The cell was operated under the open-circuit
condition at all times using a DC blocking capacitor connected to
the signal output of the impedance analyzer while the true oscillation
voltage across the cell was sensed via 4-terminal measurement mode.
The cells were illuminated with a 625 nm red LED (Thorlabs M625L4),
which was calibrated by the short-circuit photocurrent of a sample cell,
corresponding to an equivalent of 0.1 suns AM1.5G.

Film  Characterization: SEM measurements were operated at
30.00 kV with a resolution of 1.2 nm (QUANTA 400F Field Emission).
AFM measurements were carried out by Park System, PSIA XE100.
GIXRD patterns were obtained (Rigaku Ultima-IV X-Ray diffractometer)
with Cu K radiation at 30 kV and 40 mA operation conditions and a
grazing angle of 0.5° at a scan rate of 2° min~". XPS, ARXPS, and UPS
experiments were carried out (Physical Electronics (PHI), VersaProbe
5000) under high vacuum with a base pressure of 1 x 10~ mbar. X-ray
energy of 23.4 W, pass energy of 58.70 eV, energy step of 0.1 eV, and X-ray
spot size of 100 um were used for all three angles (20°, 45°, and 70°) for
the ARXPS measurement. The He discharge lamp (21.22 eV) was used
as the light source in UPS measurements. The positions of the valence
band maxima were determined using linear extrapolation of the leading
edge of the valence band emissions, and work function was determined
from the linear extrapolation with the baseline of the secondary electron
onset. Photoluminescence spectroscopy measurements (Horiba Jobin
Yvon, Fluorolog 3) were done from the glass side with an excitation
wavelength at 495 nm (the films were coated on the glass substrates).
Contact angle measurements were conducted using a tensiometer (the
Attension Theta Lite), and water was used as the solvent.
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from the author.

Acknowledgements
This work was funded by TUBITAK (Grant No. 118M061)

Conflict of Interest

The authors declare no conflict of interest.

Adv. Funct. Mater. 2021, 2103130

2103130 (7 of 8)

Data Availability Statement

The data that supports the findings of this study are available in the
supplementary material of this article.

Keywords

hole extraction, novel organic capping layers, semitransparent perovskite
solar cells, stability, surface-treated perovskite solar cells

Received: March 31, 2021
Revised: June 9, 2021
Published online:

[1] M. A. Green, A. Ho-Baillie, H. J. Snaith, Nat. Photonics 2014, 8, 506.

[2] N. G. Park, Mater. Today 2015, 18, 65.

[3] G. Xing, N. Mathews, S. Sun, S. S. Lim, Y. M. Lam, M. Gratzel,
S. Mhaisalkar, T. C. Sum, Science 2013, 342, 344.

[4] H.S.Jung, N.-G. Park, Small 2015, 11, 10.

[5] A. Miyata, A. Mitioglu, P. Plochocka, O. Portugall, J. T. W. Wang,
S. D. Stranks, H. J. Snaith, R. J. Nicholas, Nat. Phys. 2015, 11, 582.

[6] M. A. Green, E. D. Dunlop, J. Hohl-Ebinger, M. Yoshita,
N. Kopidakis, X. Hao, Prog. Photovoltaics 2020, 28, 629.

[7] ). You, L. Meng, T. Bin Song, T. F. Guo, W. H. Chang, Z. Hong,
H. Chen, H. Zhou, Q. Chen, Y. Liu, N. De Marco, Y. Yang, Nat.
Nanotechnol. 2016, 11, 75.

[8] M. I. Asghar, ). Zhang, H. Wang, P. D. Lund, Renewable Sustainable
Energy Rev. 2017, 77, 131.
[9] Y. Rong, Y. Hu, A. Mei, H. Tan, M. I. Saidaminov, S. Il Seok,

M. D. Mcgehee, E. H. Sargent, H. Han, Science 2018, 361,
eaat8235.

[10] B. Conings, ). Drijkoningen, N. Gauquelin, A. Babayigit, |. D’Haen,
L. D'Olieslaeger, A. Ethirajan, J. Verbeeck, J. Manca, E. Mosconi,
F. De Angelis, H.-G. Boyen, Adv. Energy Mater. 2015, 5, 1500477.

[11] C.  Ortiz-Cervantes, P. Carmona-Monroy, D. Solis-Ibarra,
ChemSusChem 2019, 12, 1560.

[12] T. Ishihara, ). Takahashi, T. Goto, Solid State Commun. 1989, 69, 933.

[13] K. Tanaka, T. Kondo, Sci. Technol. Adv. Mater. 2003, 4, 599.

[14] S. Shao, M. A. Loi, Adv. Energy Mater. 2021, 11, 2003907.

5] Y. Liu, S. Akin, L. Pan, R. Uchida, N. Arora, ). V. Mili¢,
A. Hinderhofer, F. Schreiber, A. R. Uhl, S. M. Zakeeruddin,
A. Hagfeldt, M. I. Dar, M. Gritzel, Sci. Adv. 2019, 5, eaaw2543.

[16] M. Wei, K. Xiao, G. Walters, R. Lin, Y. Zhao, M. I. Saidaminoy,
P. Todorovi¢, A. Johnston, Z. Huang, H. Chen, A. Li, ). Zhu, Z. Yang,
Y. Wang, A. H. Proppe, S. O. Kelley, Y. Hou, O. Voznyy, H. Tan,
E. H. Sargent, Adv. Mater. 2020, 32, 1907058.

17] C. Liu, ). Sun, W. L. Tan, J. Lu, T. R. Gengenbach, C. R. McNeill,
Z. Ge, Y. B. Cheng, U. Bach, Nano Lett. 2020, 20, 1240.

18] Y. Ly, X. Song, Y. Yin, Y. Feng, H. Ma, C. Hao, S. Jin, Y. Shi, ACS
Appl. Mater. Interfaces 2020, 12, 698.

[19] Q. Yao, Q. Xue, Z. Li, K. Zhang, T. Zhang, N. Li, S. Yang,
C. ). Brabec, H. Yip, Y. Cao, Adv. Mater. 2020, 32, 2000571.

[20] S. Jin, Y. Wei, B. Rong, Y. Fang, Y. Zhao, Q. Guo, Y. Huang, L. Fan,
J. Wu, J. Power Sources 2020, 450, 227623.

[21] C. R. Kagan, D. B. Mitzi, C. D. Dimitrakopoulos, Science 1999, 286, 945.

[22] A. H. Proppe, M. Wei, B. Chen, R. Quintero-Bermudez, S. O. Kelley,
E. H. Sargent, J. Am. Chem. Soc. 2019, 141, 14180.

[23] Q. Jiang, Y. Zhao, X. Zhang, X. Yang, Y. Chen, Z. Chu, Q. Ye, X. Li,
Z.Yin, J. You, Nat. Photonics 2019, 13, 460.

[24] H. Zhu, Y. Liu, F. T. Eickemeyer, L. Pan, D. Ren, M. A. Ruiz-
Preciado, B. Carlsen, B. Yang, X. Dong, Z. Wang, H. Liu, S. Wang,
S. M. Zakeeruddin, A. Hagfeldt, M. I. Dar, X. Li, M. Gritzel, Adv.
Mater. 2020, 32, 1907757.

© 2021 Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

[25] S. Rahmany, L. Etgar, Mater. Adv. 2021, 2, 2617.

[26] E. A. Alharbi, A. Y. Alyamani, D. J. Kubicki, A. R. Uhl, B. J. Walder,
A. Q. Alanazi, ). Luo, A. Burgos-Caminal, A. Albadri, H. Albrithen,
M. H. Alotaibi, J. E. Moser, S. M. Zakeeruddin, F. Giordano,
L. Emsley, M. Grétzel, Nat. Commun. 2019, 10, 3008.

[27] A. A. Sutanto, N. Drigo, V. I. E. Queloz, I. Garcia-Benito,
A. R. Kirmani, L. J. Richter, P. A. Schouwink, K. T. Cho, S. Paek,
M. K. Nazeeruddin, G. Grancini, J. Mater. Chem. A 2020, 8, 2343.

[28] A. A. Sutanto, P. Caprioglio, N. Drigo, Y. J. Hofstetter, |. Garcia,
V. I. E. Queloz, D. Neher, M. K. Nazeeruddin, Y. Vaynzof,
G. Grancini, Chem 2021, in press, https://www.sciencedirect.com/
science/article/abs/pii/S2451929421002035.

[29] J. Youn, P-Y. Huang, Y.-W. Huang, M.-C. Chen, Y.-J. Lin, H. Huang,
R. P. Ortiz, C. Stern, M.-C. Chung, C.Y. Feng, L.-H. Chen,
A. Facchetti, T. J. Marks, Adv. Funct. Mater. 2012, 22, 48.

[30] E. A. Marseglia, F. Grepioni, E. Tedesco, D. Braga, Mol. Cryst. Lig.
Cryst. Sci. Technol., Sect. A 2000, 348, 137.

[31] W. Wu, Y. Liu, D. Zhu, Chem. Soc. Rev. 2010, 39, 1489.

[32] Y. Liu, Y. Liu, X. Zhan, Macromol. Chem. Phys. 2011, 212, 428.

[33] M. Vasiliev, M. Nur-E-Alam, K. Alameh, Energies 2019, 12, 1080.

[34] B. Shi, L. Duan, Y. Zhao, ). Luo, X. Zhang, Adv. Mater. 2020, 32,
1806474.

[35] E. Lamanna, F. Matteocci, E. Calabrd, L. Serenelli, E. Salza,
L. Martini, F. Menchini, M. Izzi, A. Agresti, S. Pescetelli, S. Bellani,
A. E. Del Rio Castillo, F. Bonaccorso, M. Tucci, A. Di Carlo, Joule
2020, 4, 865.

[36] F. Fu, T. Feurer, T. Jager, E. Avancini, B. Bissig, S. Yoon, S. Buecheler,
A. N. Tiwari, Nat. Commun. 2015, 6, 8932.

[37] Y. Liu, Z. Hong, Q. Chen, H. Chen, W.-H. Chang, Y. M. Yang,
T.-B. Song, Y. Yang, Adv. Mater. 2016, 28, 440.

[38] K. A. Bush, C. D. Bailie, Y. Chen, A. R. Bowring, W. Wang, W. Ma,
T. Leijtens, F. Moghadam, M. D. McGehee, Adv. Mater. 2016, 28, 3937.

[39] H. H. Park, Electron. Mater. Lett. 2021, 17, 18.

[40] E. M. Sanehira, B. ). Tremolet De Villers, P. Schulz, M. O. Reese,
S. Ferrere, K. Zhu, L. Y. Lin, J. ). Berry, ). M. Luther, ACS Energy Lett.
2016, 1, 38.

[41] M. Burgelman, P. Nollet, S. Degrave, Thin Solid Films 2000, 361, 527.

[42] M. Ameri, M. Ghaffarkani, R. T. Ghahrizjani, N. Safari,
E. Mohajerani, Sol. Energy Mater. Sol. Cells 2020, 205, 110251.

[43] B. Chen, S. W. Baek, Y. Hou, E. Aydin, M. De Bastiani, B. Scheffel,
A. Proppe, Z. Huang, M. Wei, Y. K. Wang, E. H. Jung, T. G. Allen,
E. Van Kerschaver, F. P. Garcia de Arquer, M. I|. Saidaminoy,
S. Hoogland, S. De Wolf, E. H. Sargent, Nat. Commun. 2020, 11, 1257.

Adv. Funct. Mater. 2021, 2103130

2103130 (8 of 8)

[44] H. H. Park, J. Kim, G. Kim, H. Jung, S. Kim, C. S. Moon, S. . Lee,
S. S. Shin, X. Hao, J. S. Yun, M. A. Green, A. W. Y. Ho-Baillie,
N. J. Jeon, T. Yang, J. Seo, Small Methods 2020, 4, 2000074.

[45] Z. Wang, X. Zhu, S. Zuo, M. Chen, C. Zhang, C. Wang, X. Ren,
Z. Yang, Z. Liu, X. Xu, Q. Chang, S. Yang, F. Meng, Z. Liu, N. Yuan,
J. Ding, S. (Frank) Liu, D. Yang, Adv. Funct. Mater. 2020, 30,
1908298.

[46] L. Yuan, Z. Wang, R. Duan, P. Huang, K. Zhang, Q. Chen,
N. K. Allam, Y. Zhou, B. Song, Y. Li, J. Mater. Chem. A 2018, 6,
19696.

[47] T. Duong, H. Pham, T. C. Kho, P. Phang, K. C. Fong, D. Yan,
Y. Yin, J. Peng, M. A. Mahmud, S. Gharibzadeh, B. A. Nejand,
I. M. Hossain, M. R. Khan, N. Mozaffari, Y. L. Wu, H. Shen,
J. Zheng, H. Mai, W. Liang, C. Samundsett, M. Stocks, K. McIntosh,
G. G. Andersson, U. Lemmer, B. S. Richards, U. W. Paetzold,
A. Ho-Ballie, Y. Liu, D. Macdonald, A. Blakers, J. Wong-Leung,
T. White, K. Weber, K. Catchpole, Adv. Energy Mater. 2020, 10, 2002139.

[48] M. De Bastiani, A. J. Mirabelli, Y. Hou, F. Gota, E. Aydin,
T. G. Allen, J. Troughton, A. S. Subbiah, F. H. Isikgor, . Liu, L. Xu,
B. Chen, E. Van Kerschaver, D. Baran, B. Fraboni, M. F. Salvador,
U. W. Paetzold, E. H. Sargent, S. De Wolf, Nat. Energy 2021, 6,
167.

[49] C. O. Ramirez Quiroz, Y. Shen, M. Salvador, K. Forberich,
N. Schrenker, G. D. Spyropoulos, T. Heumiiller, B. Wilkinson,
T. Kirchartz, E. Spiecker, P. J. Verlinden, X. Zhang, M. A. Green,
A. Ho-Baillie, C. |. Brabec, J. Mater. Chem. A 2018, 6, 3583.

[50] H. Kim, M. Pei, Y. Lee, A. A. Sutanto, S. Paek, V. I. E. Queloz,
A. J. Huckaba, K. T. Cho, H. J. Yun, H. Yang, M. K. Nazeeruddin,
Adv. Funct. Mater. 2020, 30, 1910620.

[51] L. N. Quan, M. Yuan, R. Comin, O. Voznyy, E. M. Beauregard,
S. Hoogland, A. Buin, A. R. Kirmani, K. Zhao, A. Amassian,
D. H. Kim, E. H. Sargent, J. Am. Chem. Soc. 2016, 138, 2649.

[52] J. Zhou, Z. Ye, ). Hou, J. Wu, Y. Z. Zheng, X. Tao, J. Mater. Chem. A
2018, 6, 22626.

[53] F. Han, W. Yang, H. Li, L. Zhu, Nanoscale Res. Lett. 2020, 15, 194.

[54] M. Kog, W. Soltanpoor, G. Bektas, H. . Bolink, S. Yerci, Adv. Opt.
Mater. 2019, 7, 1900944.

[55] S. Van Reenen, M. Kemerink, H. J. Snaith, J. Phys. Chem. Lett. 2015,
6, 3808.

[56] B. Zhao, X. Yan, T. Zhang, X. Ma, C. Liu, H. Liu, K. Yan, Y. Chen,
X. Li, ACS Appl. Mater. Interfaces 2020, 12, 9300.

[57] T. Zhou, H. Lai, T. Liu, D. Lu, X. Wan, X. Zhang, Y. Liu, Y. Chen, Adv.
Mater. 2019, 31, 1901242.

© 2021 Wiley-VCH GmbH


https://www.sciencedirect.com/science/article/abs/pii/S2451929421002035
https://www.sciencedirect.com/science/article/abs/pii/S2451929421002035

© 2021 Wiley-VCH GmbH

Supporting Information

for Adv. Funct. Mater., DOI: 10.1002/adfm.202103130

A Thienothiophene-Based Cation Treatment Allows

Semitransparent Perovskite Solar Cells with Improved
Efficiency and Stability

Ummugulsum Gunes, Esra Bag Celik, Cevahir C. Akgul,
Mehmet Koc, Mohsen Ameri, Bahri E. Uzuner, Milad
Ghasemi, Mehmet C. Sahiner, llker Yildiz, Hava Z. Kaya,
Selcuk Yerci,* and Gorkem Gunbas™



Supporting Information

for

A Thienothiophene-based Cation Treatment
Allows Semi-Transparent Perovskite Solar
Cells with Improved Efficiency and Stability

Ummugulsum Gunes, Esra Bag Celik, Cevahir C. Akgul, Mehmet Koc, Mohsen
Ameri, Bahri E. Uzuner, Milad Ghasemi, Mehmet C. Sahiner, llker Yildiz, Hava Z.
Kaya, Selcuk Yerci*, Gorkem Gunbas*™

1.Experimental Details

1.1. Synthesis

S LiAIH,, dry THF S
Lo : I
S 0 °C — 50 °C, 24h, 98% s NH

1 2

2

S B HI, EtOH
\ 0°C — tt, 3h, 80%

.\
S NHg
TTMAI

Figure S1. Synthesis of TTMAIL.

Thieno[3,2-b]thiophen-2-ylmethanamine (2): The synthesis of the target compound
was performed according to the literature.l'! The commercially available
thienothiophene carbonitrile (1) (0.50 g, 3.03 mmol) was dissolved in dry THF (10 mL)
in a reaction flask under an argon atmosphere. In another reaction flask, LiAlH4 (0.345
g, 9.09 mmol) was dissolved in dry THF (10 mL). The LiAlHs solution was added
dropwise to the reaction flask containing starting material at 0 °C. After the addition,
the solution was heated to 50 °C and stirred for 24 hours. The reaction cooled down to
0 °C, and the reaction mixture was diluted with diethyl ether (10 mL). Distilled water
(5mL), 5% NaOH solution (10 mL), and MgSO4 were added at 0°C. The reaction was
warmed to room temperature and stirred for 30 minutes. The resultant mixture was
fitered and washed with diethyl ether (100 mL). The collected filtrates were
concentrated under low pressure to yield the title compound as a white solid (0.503 g,
98% yield). '"H NMR (400 MHz, CDCls) 6 7.24 (d, J = 5.2 Hz, 1H), 7.15 (d, J = 5.2 Hz,
1H), 7.03 (s, 1H), 4.04 (s, 2H) ppm. '3C NMR (100 MHz, CDCls) & 149.01, 137.63,
137.02, 125.08, 118.58, 114.86, 41.44 ppm.



Thieno[3,2-b]thiophen-2-ylmethanaminium iodide (TTMAI): The synthesis of the
target compound was performed according to the literature with small modifications."!
Thieno[3,2-b]thiophene-2-methylamine (2) (0.20 g, 1.18 mmol) was dissolved in
ethanol (10 mL). HI (0.2 mL) was added to this solution at 0 °C, and the mixture was
stirred for 3 hours. The excess solvent was evaporated under low pressure to give a
dark brown solid, which was recrystallized from diethyl ether. The material was further
washed with excess diethyl ether and dried to give the title compound as a cream-
colored solid (0.16 g, 80% yield). '"H NMR (400 MHz, DMSO-ds) d 8.23 (s, 3H), 7.73
(d, J =5.3 Hz, 1H), 7.56 (s, 1H), 7.47 (d, J = 5.2 Hz, 1H), 3.37 (s, 2H). '3C NMR (100
MHz, DMSO-de) © 139.93, 138.36, 137.58, 129.37, 122.16, 120.39, 38.34.

2. Material Characterization

Table S1. Solar cell parameters and stability information of the best performing (i.e., PCE>17%) semitransparent
perovskite cells reported in the literature and this work. N2 and air storage environments of solar cells are denoted
as * and *, respectively.

Jsc FF PCE Active
Device Structure Voc (V) (mAlc o o Area Stability Ref.
2 (%) (%) 2
m?) (mm?)
Glass/ITO/SnO 2/Cs o.0sFA Storage in dark* for 60
0.95Pbla/Spiro- 1.14 21.9 79.7 19.8 100 days (2]
OMeTAD/Cr/Au/MgF2 Retained PCE: ~80%

Glass/IZrO/SnO2/
Cs0.0sFA0.s1MAo.14Pbl2.55Bro.45
/Spiro-
OMeTAD/MoO,/IZO/MgF2/Ag

MPPT under continuous
1.12 22.3 77.7 19.4 4.90 illumination* for 100h (3]
Retained PCE: 75%

FTO/bl-TiO2/m-TiO2/(FAPbI3). MPPT under continuous
AMAPDbBr3)./PTAA/WO,/NbO,  1.02 23.5 78.8 18.9 7.00 illumination* for 100h [4]
-AR/ITO/Au fingers Retained PCE: 90%

Storage in the dark* for
1.16 19.8 79.9 18.3 9.60 172 h [5]
Retained PCE: 95%

Glass/ITO/TiO2/MAPbI3/Spiro
-OMeTAD/MoO3/Au/MoOs

ITO/Ceo/MAPDI3-,Bryx /Spiro- 6
OMeTAD/MOOAMOOS 1.07 22.4 73.0 17.5 7.57 N/A [6]
Quartz/ITO/c-TiO2/m- MPPT under continuous
TiO2/Rbo.05CS0.005MA0.1425F Ao.71 illumination* for over 7
2sPbl;Br /n-BABr/Spiro- 1.21 180 789 A7 210 100h 7
OMeTAD/Mo0,/IZO Retained PCE: 94%
ITO/NiOx/4-bromobenzoin e
acid/ Perovskite 115 19.99 787 1804 103 MPP: 40 °C 500 h 8]

ILiFIC60/SnOX/IZO Thermal: 85 °C ~1000h

ITO/CuSCN/CH:NH3Pbls/PCeo 9
BM /np.ZnO-Al nps. JAGNW 1.10 21.00  74.1 17.1 100 N/A [l
ITO/SnO2/(FAPbI3)1. Storage in the dark* for This
«(MAPbBr:3),/ TTMAI/Spiro- 1.06 21.7 77.4 17.9 3.14 1000 h,

OMeTAD/MoO,/ITO Retained PCE: 87% work
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Figure S2. Normalized ARXPS spectra for Pb 4f and S 2s signals of the TT3DP film at different take-off angles.

Figure S3. Image of the XPS holder used to transfer perovskite samples from the glovebox to the XPS chamber.
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Figure S4. AFM topography images of the reference and TT3DP films. The root-square mean value for the
reference sample was calculated as 27.6 nm and for the TT3DP sample as 26.6 nm, respectively.



Table S2. d spacing, full width at half maximum (FWHM), and crystallite size parameters obtained from the
GIXRD measurements for the reference, TT3DP, and TTMAI films.

d spacing | d spacing of FWHM of Crystallite
d spacing of of the the <100> the <100> Size 3D-
Samples | the 2D layer TTMAI 3D- 3D- Perovskite
(A) layer (A) = perovskite | perovskite (nm)
(A) ()
Reference - - 6.27 0.344 24.3
TT3DP - 17.33 6.26 0.353 23.7
2D (n=1) 15.52 - - - -
TTMAI - 17.33 - - -
D
C

Figure S5. GIXRD patterns of quasi 2D perovskite films prepared from solutions A (TTMAI, MAI, Pblz | 2:1:2), B
(TTMAI, MABr, Pbl2| 2:1:2) C (TTMAI, MABr, FAI, Pbl2| 2:0.5:0.5:2) and D (TTMAI, FAI, Pbl2| 2:1:2) letters denote
the various composition the of perovskites. The dotted line denotes the position of the diffraction peak of TTMAI on

Intensity
vy}

the 3D perovskite (TT3DP).

20 (degree)
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Figure S6. GIXRD pattern of the TT3DP film at different grazing angles. Inset: Schematics of information depth
versus incidence angle of TTMAI-coated 3D perovskite.
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Figure S7. GIXRD patterns of 3D perovskite film treated with different concentrations of TTMAI.
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Figure S8. (a) Voc, (b) Jsc, (c) FF, and (d) PCE statistics of reference solar cells and solar cells treated with
different spin speeds of TTMAI. e) J-V curves of the champion solar cells. f) EQE spectra of the champion PSCs.
Jsc values calculated by integrating EQE spectra are given in (f).

Table S3. Average and the champion device parameters of the reference cell and cells coated with TTMAI at
different spin rates.

Devices Voc (V) Jsc (MA/cm?) FF (%) PCE %
Average 1.08 £ 0.01 22.05+0.44 67.30 + 16.03 £ 0.77
Reference
Highest 1.07 22.65 3.12 17.34
71.48
Average 1.07 £ 0.01 21.96 £ 0.66 75.46 17.75£0.79
TTMAI, 500 rpm 1.45
Highest 1.08 22.47 19.15
78.92
Average 1.08 £ 0.02 22.51 £ 0.47 74.29 18.00 + 1.27
TTMAI, 1000 rpm 3.40
Highest 1.1 22.80 19.37
76.20
Average 1.09 £ 0.01 22.52+0.49 72.66 17.81 £ 0.71
TTMAI, 5000 rpm 263
Highest 1.10 23.11 18.72

73.83




Figure S9. Images of the solutions of TTMAI in IPA with different concentrations (From left to right: 3.0 mg/mL,
2.5 mg/mL, and 2.0 mg/mL).
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Figure $10. Scattering graph of the reference and TT3DP solar cells (out of 20 devices). Solid curves are to
guide the eye.

HI of the PSCs were calculated by the following equation (equation 1), and the results were given in Table S4 and
Table S5.

_ PCERs—PCEps
~ PCEgs

HI (S1)
Table S4. Integrated Jsc values of reference cells and devices containing TTMAI layer with different concentrations

obtained from external quantum efficiency spectra. Hysteresis Index (%) results of the TMMAI layer with different
concentrations.

Samples Integrated Jsc values (mA/cm2) Hysteresis (HI, %)
Reference 22.01 12.43
1.5 mg/mL 22.25 6.63
2.0 mg/mL 21.81 5.87
2.5 mg/mL 21.86 7.44
3.0 mg/mL 21.83 7.60




Table S5. Hysteresis Index (%) calculations of the reference and the champion TT3DP perovskite solar cells at

different scan rates.

Devices / Scan

Rates (mVi) 400 200 40 13
Reference 10.03 +2.53 2é8§7* 250+144  559+354
TT3DP 6.73 + 5.42 3613?; 244+078  1.81+1.04
15
—o= Reference
=0=TT3DP

—
o

Abs. Hysteresis Index (%)
(3,}

0 100 200 300

1)
400
Scan rate (mV/s)

Figure S11. Hysteresis index vs. scan rate for the reference and TT3DP solar cells.
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Figure $12. Transmission spectra of TTMAI and TTMA2Pbls (2D perovskite, n=1).
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Figure $13. Measured and fitted tan @ and cos A spectra of materials used in this study, including ITO on Glass
(a, b), SnO2/ITO/Glass (c, d), 3D perovskite (e, f), and TTMAI (g, h).

Table S6. Simulation input parameters. All thicknesses are obtained from either ellipsometry or SEM. Electron
affinity of TTMAI was measured by UPS, Energy bandgap of perovskite and TTMAI were obtained from absorption
spectra. The other parameters are adapted from the literature used for theoretical performance analysis.[10-20

Unit Device Layers
Properties
ITO Sn0: Perovskite TTMAI Spiro-OMeTAD
Thickness nm 150* 17* 700* 8* 170*
Energy band gap eV 3.72 3.24110 1.55%8 4.03* 2.91[11.12]
Electron Affinity eV 470010 4.300101 3.89!1% 133 2.20011.12]
Energy
VBeffective density /03 4 ox10101  4.0x10%00  20x10%01  1.0x100 2.2 x10%(1)
of states
CBeffective density /05 1 9x101900  1.0x10%00  2.0x10%011 1.0 X101 2.2 x1018011]
of states
Dielectric 33010 10004 9.40 2.16° 3,0111518
Permittivity
Acceptor 1/em? . - 1.3x106011 1.0 x10% 1.3 x1018019)
Concentration
Donor 1/ecm3  5.0x102*  1.0x1020001 1.3 x106l11] - -
Concentration
Hole Mobility cm?V.s  0.025010 0.025!101 201 1 1.0 x10-4201
Electron Mobility cm?/V.s 25[10] 1010] 2011 1 1.0 x104[20

*, 1, §, and § indicated values obtained/adapted by the spectroscopic ellipsometry, UPS, absorption, and PL
measurements, respectively.
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Figure S14. Refractive index (solid lines) and extinction coefficient (dashed lines) spectra of materials used in this
study extracted from the spectroscopic ellipsometry measurements.
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Figure S15. EQE spectra of the reference and TT3DP ST-PSCs
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Figure $16. "H-NMR Spectrum of Compound 2.
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Figure S17. '*C-NMR Spectrum of Compound 2.
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Figure $19. '*C-NMR Spectrum of TTMAL.
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