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ABSTRACT

We deposited a smooth and uniform tin-perovskite layer on a hydrophobic conducting polymer, (bis (4-phenyl) (2,4,6-trimethylphenylamine) (PTAA), on modifi-
cation of the PTAA surface with an organic ammonium salt, phenylethylammonium iodide (PEAI), according to a two-step approach. We found that n-n interaction
between the phenyl rings of PTAA and PEAI plays an important role to modify the hydrophobicity of the PTAA surface and to passivate the crystal surface so as to
form a tin-perovskite film of high quality. The FASnI3 device with PTAA serving as a hole-transport layer (HTL) attained PCE 8.3 % with great stability, becoming the
first example reported for a PTAA-based tin-perovskite solar cell. Our approach is applicable to other prospective HTL materials to match the energy levels between

perovskite and HTL so as to enhance further the performance of the device.

1. Introduction

Perovskite solar cells (PSC) attract much attention due to the rapid
progress of their device performance toward the level of silicon-based
solar cells [1,2], but traditional perovskites contain toxic lead element
that must be removed for their environmentally benign development. A
tin-perovskite solar cell (TPSC) has thus emerged as a prospective
candidate to serve lead-free photovoltaic applications [3]. Recent
progress in the performance of a TPSC has been remarkable; the effi-
ciency of power conversion (PCE) increased from 6.22 % in 2016 up to
14.8 % in 2021 based on an inverted device architecture [4]. Further-
more, almost all high-performance TPSC were fabricated using poly(3,4-
ethylenedioxythiophene):poly(styrene sulfonate) (PEDOT:PSS) as a
hole- transport layer (HTL) according to a one-step deposition method
[3,4,5,6,7,8]. Because the reaction between the precursors (Snl, and
FAIL FA represents formamidinium) is rapid, polar solvent dimethyl
sulfoxide (DMSO) was used in the precursor solution to form interme-
diate adducts with Snl, so that crystallization became effectively
retarded [5,9]. The hydrophilic HTL-like PEDOT:PSS in a p-i-n device
structure [10], enhanced the interaction with the perovskite precursor
solution so as to increase the rate of nucleation and to decrease the rate

of crystallization [3]. PEDOT:PSS is, however, hygroscopic and readily
adsorbs water from the environment to degrade the stability of a device.
To solve this problem, in addition to the modification of PEDOT:PSS
[11,12], one might consider a hydrophobic conducting polymer such as
poly(bis(4-phenyl) (2,4,6- trimethylphenylamine) (PTAA) to replace
PEDOT:PSS in serving as a HTL to improve the stability of the TPSC.
PTAA has been widely applied to serve as a HTL for an inverted lead PSC
[13,14]. The best performance of a lead-based PSC attained PCE 22.3 %
[15]. In contrast, to our best knowledge, there has been no report of
using PTAA as a HTL for TPSC due to the hydrophobic nature of PTAA
and rapid crystallization rate of the tin perovskite, which makes it
difficult for tin perovskite to form a uniform layer on PTAA according to
a traditional one-step deposition approach.

We recently developed a two-step deposition method to fabricate a
smooth and uniform tin-perovskite layer on the surface of PEDOT:PSS
[16], or on a hole-selective self-assembled monolayer (SAM) [17]. In the
two-step approach [9,16,17], precursor Snl, was deposited first; then
another precursor FAI followed. In this way, the nucleation became
controlled by the interaction between Snl, and HTL in the first step; the
crystal growth became controlled via delayed addition of FAI in the
second step. The two-step method has hence the potential to grow a
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uniform tin-perovskite layer on a hydrophobic HTL surface if the first
deposition step can be well managed. In the present work, we demon-
strate for the first time the fabrication of a PTAA-based TPSC using a
two-step method. The key factor is the modification of the hydrophobic
surface of PTAA with a suitable organic ammonium cation, phenyl-
ethylammonium iodide (PEAI), so that the modified PTAA surface be-
comes hydrophilic for feasible deposition of the Snl, precursor in the
first step. As shown in Fig. 1, because the phenyl group is lipophilic, the
phenyl ring of PEAI likely interacts with PTAA through a n-r stacking
effect to adjust the hydrophobicity of the surface. As a result, a uniform
tin-perovskite layer FASnI3 can be produced with no pinhole; the device
performance in an inverted structure attained PCE 8.3 %.

We first demonstrate the effect of PEAI applied for fabrication of tin-
perovskite films using either a traditional one-step [18], or our newly
developed two-step method [16,17]. As the photographic images of the
films show in Figure S1a, the one-step process of tin perovskite on PTAA
cannot form a perovskite layer because the non-polar anti-solvent would
easily wash away the spin-coated precursor. The two-step process
improved the film formation but many pinholes were also produced
(Figure S1b). When the PTAA surface was modified with PEAI, the one-
step process produced a black tin-perovskite phase but also pinholes
(Figure S1c). When the two-step process was applied on the PEAI-
modified PTAA surface, a smooth and pinhole-free tin perovskite film
was produced (Figure S1d). Figures S2a and b show side-view SEM
images of the tin- perovskite films produced via the two-step deposition
method without and with a PEAI modification, respectively. The film
generated without PEAI pretreatment shows great roughness with film
thickness ~ 100 nm (Figure S2a). In contrast, with PEAI pretreatment,
the film thickness was significantly enhanced to ~ 250 nm (Figure S2b)
with a film quality much improved relative to that without a PEAI
pretreatment.

PTAA has a symmetrical polymer structure with one N atom con-
nected with three phenyl rings. As shown in Fig. 1, the phenyl rings of
PTAA interact with that of PEAI through a n-r interaction, which mod-
ifies the hydrophobic surface of PTAA and helps to regulate the large
surface tension of PTAA. Fig. 2a and b show atomic-force microscope
(AFM) images of PTAA and PEAI-modified PTAA films, respectively.
These results show that the PTAA film was evenly distributed on the ITO
substrate (Fig. 2a). After spin-coating of a thin layer of PEAI on PTAA,
the PTAA surface was, however, only partially covered with PEAI as
some smooth areas of PEAI are clearly visible in the AFM image in
Fig. 2b. For the PEAI to cover the entire PTAA surface is unnecessary
because the purpose of functionalization of the PTAA surface with PEAIL
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is to make a hydrophilic surface with diminished surface tension for
feasible deposition of a tin perovskite layer. When the PTAA surface
becomes hydrophilic, the Snl,/DMSO solution can spread smoothly on
the PTAA surface ready for rapid nucleation of perovskite nanocrystals
to proceed. This effect is visible in the plots of contact angles [19]; the
contact angle of the Snl,/DMSO droplet on pristine PTAA is 42.42°
(Fig. 2¢) whereas it decreased significantly to 5.97° when the Snly/
DMSO precursor solution was dropped onto the PTAA-PEAI surface
(Fig. 2d). In addition, the ammonium cationic terminal of PEAI inter-
acted with the Snly and FAI precursors to grow the perovskite crystals
smoothly and to stabilize the perovskite phase when the FAI/co-solvent
precursor was spin-coated in the second step [10]. As a result, the two-
step method without PEAI pretreatment produced a blurred tin-
perovskite film containing some pinholes on the pristine PTAA layer
(Fig. 2e), whereas uniform and close-packed tin perovskite crystals were
unambiguously produced on the PEAI-modified PTAA surface (Fig. 2f).
Film roughness is also an important issue to be considered. Figures S3a
and b show AFM images for tin-perovskite films produced without and
with PEAI pretreatment, respectively. It can be seen that the perovskite
film grown on the pristine PTAA surface without PEAI modification
displays great roughness (~45 nm), whereas the roughness of the PEAI-
modified perovskite film became significantly decreased (~33 nm). The
results from analysis of the AFM data of the two samples are summarized
in Table S1. We noticed also that the size of the crystal grains of the
PEAI-treated tin-perovskite film became significantly enhanced to an
average value 570 nm, which is much greater than that (240 nm)
fabricated without PEAI pretreatment; plots of their corresponding size
distributions appear in Figure S4.

The crystal structure of tin perovskite fabricated with the two-step
method without and with PEAI pretreatment was investigated using X-
ray diffraction (XRD) and grazing-incidence wide-angle X-ray scattering
(GIWAXS) techniques. Figure S5 shows XRD patterns for films made of
FASnI3 on PTAA and FASnI3 on PTAA-PEAL PEAI is typically added to
the tin-perovskite precursor solution to form a 3D/2D hybrid structure
[20], but in our case the characteristic XRD signals for both tin-
perovskite films are similar and no 2D phase in the region of small
diffraction angles was found for the PTAA-PEAI film. The GIWAXS im-
ages which was taken at the beamline TLS 23A1 in National Synchrotron
Radiation Research Center (NSRRC), Taiwan, for films made of PTAA
only, PTAA-PEAIL FASnI3 on PTAA and FASnlI3 on PTAA-PEAI are shown
in Figures S6a-d, respectively. The incident angle is 0.2°and the exci-
tation energy is 10.0 keV. We found that there were apparent 2D pat-
terns corresponding to facets (001) and (002) for the PTAA-PEAI film

Snl,

Fig. 1. Schematic demonstration of n-t stacking effect in the interface between PTAA and PEAL
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Fig. 2. AFM images of (a) PTAA and (b) PTAA-PEAI films; plots of contact angle of Snl,/DMSO solution dropped onto (c) PTAA and (d) PTAA-PEAI surfaces; SEM
images of FASnI; fabricated with a two-step method on (e) PTAA and (f) PTAA-PEAI surfaces; GIWAXS of FASnI; fabricated on (g) PTAA and (h) PTAA-PEAI surfaces;

TOF-SIMS of FASnI; fabricated on (i) PTAA and (j) PTAA-PEAI surfaces.

(Figure S6b). When we grew tin perovskite on the pristine PTAA surface,
there appeared some random signals corresponding to both a-phase and
d-phase (Figure S6c¢). In contrast, when perovskite was grown on the
PTAA-PEAI film, only stable a-phase (1 00) was observed (Figure S6d).

Furthermore, the GIWAXS images were obtained at a higher energy
(12.37 keV) and a lower incident angle (0.01°) at the beamline TPS
25A1 in NSRRC. The footprint of the X-ray beam on the samples was
only a few mm in TPS 25A1. Due to the low incident angle and the small
footprint, the diffraction from the sample was significantly enhanced. By
measuring at incident angle 0.01°, we were able to observe the struc-
tural feature exclusively on the top surface of the crystal. As the dotted
patterns shown in Fig. 2g, the orientation of perovskite surface on PTAA
is random and disperse [21,22]. In contrast, as dashed patterns shown in
Fig. 2h, the perovskite produced on the PTAA-PEAI surface shows well-
organized crystal feature with large grain size and high crystallinity.
This is consistent with the SEM image showing larger and well packed
crystals for the latter than for the former. Both XRD and GIWAXS results
confirmed that there was no 2D perovskite crystal structure produced on
the 3D perovskite surface.

In order to further find out the role of PEAI and validate the
completeness of the Snl, and FAI reaction after the PEAI pretreatment,
we carried out time-of-flight secondary-ion mass spectroscopy (TOF-
SIMS) analysis to reveal the spatial distribution of each component. The
distributions of each cation species for the tin perovskite made on PTAA
only and PEAI treated PTAA films are shown in Fig. 2i and j, respec-
tively. PEA™ was found on the top surface of perovskite of the PTAA-
PEALI film as shown in the TOF-SIMS depth profile (inset of Fig. 2j). It
suggests that PEAI provided =n-n interaction with PTAA and then
dispersed to the bulk region and finally moved to the top surface of
perovskite through diffusion, consistent with the small-angle GIWAXS
results showing the effect of PEAI passivation to form larger crystals.
Judging from the TOF-SIMS results, when making perovskite on the
PTAA surface in two steps, excessive Snly could remain in the bottom
due to incomplete reaction between Snl; and FAL As shown in Fig. 2i,
the signal of FAT of perovskite film without PEAI was sharp and
cumulated on the top surface of perovskite while the signal of sn?t
increased as the signal of FA' decreased, an indication of incomplete
reaction. After treating with PEAI (Fig. 4j), both signals of FA* and Sn?*
become smooth and broad to confirm the complete reaction between FAI
and Snl.

To confirm the n-n stacking effect between PTAA and PEAI, we

recorded Raman spectra of films made of (i) pure PTAA, (ii) pure PEAIL
and (iii) PTAA + PEAI the results appear in Fig. 3a. The grey Raman
spectrum of (iv) was obtained on subtracting curves of (i) PTAA and (ii)
PEAI from (iii) PTAA + PEAI the black solid trace in (iv) is the result of
curve smoothing. The Raman line of PTAA at 1609 cm ™ is assignable to
the stretching mode of the phenyl rings and the C-N bonds, the line at
1321 cm™! to the C-N and C-C stretching modes [23,24]. In subtracted
trace (iv), reversed first-derivative patterns appear for the Raman lines
about 1610 cm ™! and 1325 cm ™, indicating a spectral shift toward
decreased wavenumber when PTAA interacts with PEAI The red shifts
of these skeletal Raman modes provide evidence that PTAA undergoes
some structural changes through the n-n interaction with the phenyl ring
of PEAI to decrease the vibrational wavenumbers of the Raman-active
modes. The tensile strain [25], of the PTAA surface hence became
softened by the decreased hydrophobicity induced by PEAI so as to give
a red shift of the Raman lines. Fig. 3b shows FTIR spectra of pristine
PTAA and the PTAA-PEAI films. The C = C stretching vibrational mode
of the aromatic group (phenyl ring) appears in spectral range
1650-1450 cm ™!, which is related to the molecular symmetry and the
difference of adjacent groups [26]. For PTAA, there are two character-
istic IR absorption signals at 1600 and 1500 cm ™. Due to the strong & —
n interaction between PTAA and PEAI, the FTIR spectrum of the PTAA-
PEAI film shows a clear red shift at the absorbance line about 1500
with enhanced intensity, a spectral feature similar to what we observed
in the Raman spectra.

We measured soft X-ray absorption spectroscopy (XAS) in the
beamline TLS 20A1 at NSRRC. Fig. 3c shows XAS of carbon spectra for
the films made of only PTAA and PEAI treated PTAA, with the major
signal of the carbon sp2 n* peak located at 285.20 eV [27,28,29].
Compared with PTAA, the sp? n* peak of PTAA-PEAI is sharp and
intense, indicating that n-m stacking effect contributes more for the latter
than for the former.

Other evidence for the n-n stacking effect was found from X-ray
photoelectron spectra (XPS) using varied excitation energies, recorded
in beamline TLS 24A1 in NSRRC, Taiwan. In this way, bonding infor-
mation on a nanometer scale was obtained for the PTAA-PEAI film.
Fig. 3d shows carbon spectra of PTAA-PEAI with excitation energy of
750 eV, each PEAI molecule contains one phenyl ring, C-C and C-N
single bonds that can be resolved from XPS with binding energies 284.9,
285.5 and 286.1 eV corresponding to characteristic XPS signals for sp%(C
=Q), sp3(C—C) and sp3(C-N), respectively. As shown in Figure S7, we also
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Fig. 3. (a) Raman spectra of (i) pure PTAA, (ii) pure PEAI and (iii) PTAA + PEAI films; grey trace (iv) shows spectrum with (iii) subtracted from (i) and (ii); the black
solid trace shows the spectrum after curve smoothing. (b) FTIR spectra of pure PTAA (purple curve) and stacked PTAA + PEAI (blue curve). (c) K-edge XAS spectra of
pure PTAA (blue curve) and PEAI treated PTAA (red curve) films. (d) XPS of the PTAA-PEAI film on carbon characteristic bands with excitation energy 750 eV; the
XPS bands corresponding to C = C, C-C and C-N bonding are shown as green, red and blue curves, respectively.

recorded the carbon spectra of PTAA-PEAI with excitation energy from
550 eV to 700 eV in step 50 eV. We observed that the intensities of the
sp*(C = C) bands decreased systematically upon increasing the excita-
tion energies toward deeper profile of the film, indicating that the PEAI
molecules are aligned in the same direction on the surface to interact
with PTAA through a interaction.

Figures S8a and b show XPS of tin element of FASnI3 fabricated with
the two-step method with perovskite films deposited on PTAA without
and with PEAI pretreatment, respectively. With the help of PEAI pre-
treatment, the content of Sn?* increased relative to that without PEAI
pretreatment, indicating fewer tin(IV) defects being produced for the
perovskite crystals made of the PTAA-PEAI film. The UV-vis and PL
spectra shown in Figure S9 display no difference between these two
samples, but the defects produced in the perovskite film without PEAI
modification might cause defect-induced charge recombination so as to
decrease the PL lifetime. As the results in Figure S10 show, we measured
the PL lifetimes of these two samples using the time-correlated single-
photon-counting (TCSPC) technique. The PL temporal profiles exhibit a
double-exponential decay feature; the fitted results are summarized in
Table S2. The tin perovskite deposited on pristine PTAA shows a lifetime
(18 ns) smaller than that of the PTAA-PEAI film (20 ns), confirming that
the latter contains fewer defects to inhibit non-radiative recombination
than for the former.

The potential-energy levels of each layer in TPSC are important
factors to affect the device performance. Accordingly, we measured ul-
traviolet photoelectron spectra (UPS) of perovskites fabricated on PTAA

only and on PTAA-PEAI films; the UPS raw data are presented in
Figure S11 for comparison. We found that the relative energies of the
valence-band maximum (VBM) and the conduction-band minimum
(CBM) for tin perovskite on pristine PTAA layer are —6.2 eV and —4.8
eV, respectively. After PEAI pretreatment, the VBM and CBM of FASnI3
increased to —5.2 eV and —3.8 eV, respectively. The VBM level of tin
perovskite with PEAI pretreatment (-5.2 eV) matches well with the
HOMO of PTAA (-5.1 eV), feasible for solar-cell applications.

The device configuration and the corresponding potential-energy
level diagram are shown in Fig. 4a and b, respectively. In addition to
the surface passivation with PEAI, three other organic ammonium iodide
salts, butylammonium iodide (BAI) [20], allylammonium iodide (ALAI)
[20], and phenylhydrazinium thiocyanate (PHSCN) [4], (Fig. 4c), were
applied to modify the surface of PTAA. Figure S12 shows plots of the
contact angle of the Snl,/DMSO precursor solution dropped onto the
surfaces of PTAA pretreated with BAI, ALAI and PHSCN, for which the
contact angles were 15.67°, 16.65° and 11.87°, respectively. The contact
angle was only 5.97° for the PTAA-PEAI film. As a result, we obtained a
systematic trend of device performance (Fig. 4d) showing PCE of PEAI
(8.3 %) > PHSCN (5.4 %) > ALAI (4.2 %) > BAI (2.7 %) > no treatment
(1.5 %), with values of Voc showing the same trend. Note that the
performance of the PEAI device has significantly enhanced by a factor of
6.8 in comparison with that without PEAI pretreatment (8.3 vs. 1.5 %).
This performance trend is consistent with the trend of the contact angles
and reveals a significant role for the n-r interaction between PTAA and
organic ammonium salts. For BAI, as no bond is involved, the device
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Fig. 4. (a) Inverted TPSC device configuration, (b) potential-energy level diagram for each layer in the device, (c) molecular structures of BAI, ALAI, PHSCN and
PEAL (d) J-V characteristic of TPSC fabricated on pristine PTAA, PTAA-BAI, PTAA-ALAIL, PTAA-PHSCN and PTAA-PEAI films with corresponding efficiencies as
indicated, (e) IPCE spectrum and integrated current density of the PTAA-PEAI device and (f) enduring stability of the TPSC devices made of pristine PTAA and PTAA-

PEAI films.

performance is poor; ALAI has one bond but the zn-r interaction is too
weak to promote much the efficiency. PHSCN was shown to be an effi-
cient surface passivator [4]; it has a phenyl ring to interact with PTAA.
As the PH cation has no ammonium cationic terminal, its interaction
with the perovskite precursors limited the device performance to be
worse than that of the PEAI device. PEAI was found the best reagent to
modify the surface of PTAA to make a PTAA-based TPSC with the per-
formance (8.3 %) outperforming that made of PEDOT:PSS as a HTL by
either a one-step (7.4 %) [18], or a two-step (6.8 %) [16], approach
without considering additional surface passivator for tin perovskite or a
3D/2D device configuration.

Space-charge limited current (SCLC) measurements were exploited

to characterize hole mobility of the tin perovskite deposited on PTAA
and PTAA-PEAI films. Hole-only devices of ITO/PTAA/FASnls/Al and
ITO/PTAA/PEAI/FASnl3/Al were utilized to measure the hole mobility.
As shown in Figure S13, the PTAA and PTAA-PEAI devices exhibit hole
mobilities of 4.46 x 102 em?Vs™! and 7.36 x 102 cm?vls!,
respectively. Apparently, the hole mobility of the device made of PEAI-
treated PTAA outperforms that made of only PTAA. The integration of
the IPCE spectrum of the PEAI device (Fig. 4e) with solar-flux fluence
gave current density ~ 21 mA cm ™2, agreeing well with that obtained
from the J-V scan shown in Fig. 4d. Great reproducibility of the PEAIL
device is shown in the statistical plots of photovoltaic parameters in
Figure S14. We found that no effect of hysteresis was found for the best
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performing device (Figure S15). The PEAI device stored in a glovebox
for 2000 h shows excellent stable performance and retained over 87 % of
its initial efficiency, as shown in Fig. 4f. Humidity stability of the PTAA-
PEAI device was measured in ambient air condition (RH ~ 50%) to
compare with the PEDOT:PSS device, the corresponding results are
shown in Figure S16, which indicated that TPSC made of PTAA is more
stable than that of PEDOT:PSS in moist environment. Although the
surface of PTAA is hydrophobic, using our two-step approach together
with surface modification via an effective organic ammonium salt, we
for the first time fabricated a workable TPSC device with great device
performance. The present work not only provides an example of a hy-
drophobic hole-selective polymer PTAA to work for TPSC, but also opens
a new door to enhance the device performance and stability for TPSC
using many other potential p-type materials as HTL to match the energy
levels between tin perovskite and the HTL.

In conclusion, a tin-perovskite solar cell is a prospective candidate to
serve lead-free photovoltaic applications. The best TPSC attained PCE ~
15 % [7], which is far below its theoretical limit, ~33 % [30]. In
addition to the problem of Sn®'/Sn*" oxidation [3,28,30,31], the
matching of energy levels between perovskite and charge-transport
layers is an issue to be addressed. The traditional high-performance
inverted TPSC were fabricated based on a hydrophilic PEDOT:PSS
HTL using a one-step antisolvent approach, for which the hygroscopic
PEDOT:PSS with poor environmental stability limits its further devel-
opment. Herein we report the first successful example to grow a tin-
perovskite layer on a hydrophobic PTAA surface. We found that modi-
fication of the PTAA surface with a suitable bulky organic ammonium
salt is an important step to make a hydrophilic surface for feasible
deposition of a tin-perovskite layer via a two-step approach. Through an
effective n-n interaction with PTAA, the surface modification with the
PEAI salt enabled the TPSC to attain PCE 8.3 % with great stability upon
storage in darkness. In addition to PTAA, many other HTL materials can
be tested with tin perovskites of varied types for the purpose of energy-
level alignment between perovskite and HTL to enhance their device
performance and stability. Work is in progress along this direction.
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