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ABSTRACT: To solve the toxic issue for new-generation photovoltaic i ' ' " ' "
applications, tin-based perovskite solar cells are a promising alternative to « 20 Wﬁzmﬁ%
their lead counterparts, but they suffer from poor stability because of their § 8 T—J/

tendency to exhibit tin oxidation. Herein we report a new sequential E15. "\ i FYVVIN
method of deposition based on solution processing using hexafluoro-2- % ':f’js;';?:*"' [ et ,g][?[,’{ﬁ
propanol as a solvent to deposit eight bulky ammonium cations on top of § | 0 ??34,

the 3D layer to form a 3D/quasi-2D layer to protect the tin perovskite % h : 0006

grains from penetration by moisture. The formation of the 2D layer was ¢ .} = )

confirmed with grazing-incidence wide-angle X-ray scattering, scanning 3 First Step Second Step 3D/2D

electron microscopy, conducive atomic force microscopy, photolumines- 3D iy Ohyzsnl ' PhaaShe STl S

cence, and transient absorption spectroscopy measurements. The anilinium %‘o 01 02 03 04 05 06 07
(AN) device showed a remarkable performance with an efficiency of 10.6% Voltage V

and with great stability in ambient air without encapsulation. The AN
device also showed a self-healing effect of performance when it was subjected to a severe environment under continuous light
soaking in one-sun illumination and thermal stress between 20 and 50 °C for 10 cycles.

in-based perovskite solar cells (PSCs) have attracted might not, however, work well because IPA may destroy the tin
considerable attention because of their rapid progress perovskite film in the second step, as mentioned else-
as an alternative to solve the toxic problem of their where.”” > Although there has been one report of tin-based
lead-based analogues.' ™ Their stability, however, becomes an PSCs using a PEABr/IPA treatment in the second step tO
issue for such tin-based PSCs because tin(II) tends to oxidize obtain 7.86% efficiency of power conversion (PCE),”
to form defects of tin vacancies in the crystal, resulting in stability of the tin perovskite film remains an issue to be
nonradiative charge recombination that deteriorates their resolved. In a recent report, 4-(trifluoromethyl)benzyl
device performance.”™” To suppress the Sn>*/Sn** oxidation, ammonium/ chlorggform was used in the second step to obtain
strategies such as additives or co-additives,®™'° co-cati- a PCE of 10.96%.”° However, chloroform is a nonpolar solvent
1,112 mived anions,">** and low-dimensional (LD) hybrid for its hmltatlon to dissolve most organic ammonium cations
structures'>~'” have been developed for tin-based PSCs. easily.””

One solution to prepare the 3D/2D tin perovskite bilayer via
a sequential fabrication approach is to use the vapor deposition
method where no solvent was involved in the second step of
deposition.3’0 However, vapor deposition is an expensive
method in terms of the costs of the equipment and the
starting materials. In the present work, we introduce a
promising sequential solution-processed approach to generate

Among those strategies, the LD perovskite layers with two-
dimensional (2D) or quasi-2D structures play an important
role in protecting the tin perovskite layer from moisture and
thus suppress the oxidation of tin(Il) so as to enhance the
device performance and stability. Most 3D/2D tin-based PSC
devices were fabricated on adding bulky ammonium cations
(BACs), e.g., butylammonium (BA),® phenylethylammonium
(PEA),"”'® and so on, into the formamidinium tin triiodide
(FASnl;) precursor solution according to a one-step procedure Received:  October 31, 2020
so that the growth orientation and the location of the 2D/ Accepted: December 29, 2020
quasi-2D layer were difficult to control. For lead-based PSCs, a

bilayer 3D/2D structure was introduced with a sequential

deposition to grow the 2D layer on top of the 3D layer using a

typical solvent, isopropanol (IPA)."”~*' This two-step method
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Figure 1. Schematic representation of sequential deposition to grow a low-dimensional perovskite phase on the 3D layer (FAy4GA,,Snl;,
abbreviated as E1G20) in the second step using one of eight bulky ammonium cations (BAC, represented by L) as indicated. The top
photographs show the effect of solvents (left, IPA; right, HFP) applied in the second step to dissolve the LI salts.

Figure 2. 2D GIWAXS patterns of 3D/2D tin perovskite films fabricated with (a) BA, (b) HA, (c) ALA, (d) CHA, (e) PEA, (f) AN, (g) 2F-

PEA, and (h) 2F-AN at incident angle @ = 0.2°.

the 3D/2D tin-perovskite bilayer with great device perform-
ance and superior stability in ambient air without encapsula-
tion, as well as under thermal stress and light-soaking
conditions. As shown in Figure 1, the 3D tin perovskite,
GA(,FA¢Snl;-1% EDAIL, (E1G20; GA represents guanidi-
nium; EDAI, represents ethylenediammonium iodide), was
produced in a one-step method reported elsewhere.'' To grow
the 2D/quasi-2D layer, we used hexafluoro-2-propanol (HFP)
instead of IPA as a solvent in the second step to deposit eight
BACs, such as BA, hexylammonium (HA), allylammonium
(ALA), cyclohexylammonium (CHA), PEA, anilinium (AN),
2-fluoro-PEA (2F-PEA), and 2F-AN, on top of the E1G20
layer. This step introduces a general sequential method under
solution processing to produce a stable 3D/2D bilayer for tin-
based PSC application, for which the AN device attained
remarkable PCE of 10.6% with significantly enhanced open-
circuit voltage (Voc = 0.66 V). Here, the chemistry of the
bulky organic cation was studied systematically.
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The challenge to make a stable 3D/2D bilayered tin
perovskite using sequential deposition is to find a suitable
solvent in the second step that can dissolve the BAC but does
not destroy the 3D perovskite film.”® As mentioned previously,
using solvent IPA in the second step”’ might damage the 3D
tin perovskite film, even during spin-coating, as the photograph
shows in Figure 1. In fact, the tin perovskite film was
completely destroyed when pure IPA was dropped on top of its
surface after 20 s. In contrast, the tin perovskite film remained
in a black phase when the dropped HFP was completely
evaporated in a glovebox, as shown in Figure S1. The images
from scanning electron microscopy (SEM) shown in Figure S2
indicate that the IPA-treated E1G20 film displays pinholes,
whereas the HFP-treated film shows a uniform morphology
free of pinholes. HFP is hence an appropriate solvent to
produce a uniform 3D/2D tin-perovskite film according to the
sequential procedure shown in Figure 1.
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Figure 3. Optical characterization of (a) steady-state absorption and photoluminescent (PL) spectra and (b) PL decay profiles with
excitation at A., = 450 nm and concentration 7.5 mM, and those of (c) PL spectra ps (A, = 450 nm) and (d) fs transient absorption
spectroscopy (TAS) at delay 5 ps (4., = 520 nm) at concentration 30 mM of the LI solution for E1G20, BA, PEA, and AN films as indicated.

HFP has six fluorine atoms attracting electrons to act as an
acid that interacts with BAC to slow the reaction on the surface
of a 3D tin perovskite to form a 2D layer (L,Snl,) and/or a
quasi-2D layer (L,FA,_,Sn,I;,,;, n > 1) on top of the E1G20
layer; L represents one of eight BAC linkers (Figure 1),
classified as aliphatic (BA, HA, ALA, and CHA) and aromatic
(PEA, AN, 2F-PEA, and 2F-AN) groups. To investigate the
LD perovskite phases and crystal orientation, we measured
grazing-incidence wide-angle X-ray scattering (GIWAXS)
results for each cation. The 2D GIWAXS patterns at incident
angle @ = 0.2° shown in Figure 2 represent scattering on the
surface of the films made of eight BACs; the corresponding
GIWAXS patterns at incident angle o = 2° shown in Figure S3
represent the scattering in the bulk. For the 3D E1G20 film,
only Debye—Scherrer rings appear in the GIWAXS (Figure
S4). In contrast, additional incomplete rings or spots along an
out-of-plane direction (q,) at g, < 1 was observed for the films
made of BAC. The GIWAXS data were obtained at
concentration of 30 mM of LI because the 2D/quasi-2D
patterns at 7.5 mM of LI were nearly imperceptible, as the data
of the PEA films show in Figure S5. The plots of integrated
scattering intensities along the g,-direction shown in Figure S6
confirm this feature and provide strong evidence for the
formation of a 2D/quasi-2D layer on top of the 3D layer as a
result of our sequential deposition.

Bulky cations BA, PEA, and AN were considered for further
characterization because they represent ammonium functional
groups with aliphatic (BA), aromatic (PEA), and conjugated
aromatic (AN) side chains attached. Top-view SEM images in
Figure S7 visualize the morphologies of the 3D/2D layers. The
morphology of the AN film is similar to that of the E1G20 film;
the morphologies of BA and PEA films are only slightly altered,
with tiny nanostructures covering the crystal grains at a small
concentration, reflecting the growth of a thin 2D layer on top
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of the 3D layer. In contrast, the polycrystalline feature of the
3D layer was completely covered with an aggregated 2D layer
for the BA and PEA films under the condition of the larger
concentration. For the AN film, the morphology at the larger
concentration is similar to that at the smaller concentration;
that film is smoother than all other films (Figure S8). Our SEM
results are also complementary to explain the GIWAXS data
for the formation of an ultrathin 2D layer scarcely perceptible
for the AN and 2F-AN films, even at a large concentration.
Further analysis was carried out using conducive atomic force
microscopy (c-AFM) under high vacuum to avoid any
oxidation or morphology change on the sample surface. c-
AFM images of the E1G20 and AN samples in low
concentration (7.5 mM) are shown in Figure S8. Topographic
images (Figure S8a,d) show the AN sample is smoother than
the E1G20 sample, which agrees well with the SEM images.
The corresponding current distributions in E1G20 between
grains show an inhomogeneous feature (Figure S8b,c), and the
photocurrents dropped significantly at the grain boundaries. In
contrast, for the AN sample, the photocurrent distributions are
more uniform with little variations between grain boundary
and grain interior regions (Figure S8e,f). These results indicate
that the thin 2D layer was formed to cover the boundaries of
the 3D grains for the enhanced photoconductivities observed
for the AN sample.

We undertook optical measurements to verify the kind of
LD phase formed in those BAC films at low and high
concentrations. Figure 3a shows steady-state UV—visible
absorption and photoluminescence (PL) spectra under
backside excitation (the 2D side) for the E1G20, BA, PEA,
and AN sample at concentration of 7.5 mM; those of other
3D/2D films are shown in Figure S9 for comparison. The
absorption spectra of the BAC films are all similar to each
other, whereas the PL spectra display a slight bathochromic
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Figure 4. (a) Current—voltage characteristics, (b) PCE vs storage period for encapsulated devices kept in a N,-filled glovebox in darkness,
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shift (~10 nm) with the PL intensities showing the trend AN >
PEA > BA > E1G20. The PL decay profiles obtained from the
TCSPC measurements appear in Figure 2b; the corresponding
decay coefficients are listed in Table S1. The E1G20 sample
has an average lifetime of ~5 ns; introducing an additional 2D
layer enhanced significantly the lifetimes to 34 ns (BA), 42 ns
(PEA), and 105 ns (AN), consistent with the trend observed
for the PL intensities shown in Figure 3a. We attribute this
enhancement of the PL intensities and lifetimes of the 3D/2D
samples to suppression of the defect states of the E1G20 film
in the presence of the 2D layer. In addition, passivation of the
grain surface of the E1G20 film might occur via these BACs to
produce lower trap states, which are dark upon excitation while
they are emissive after relaxation, responsible for the red shifts
of the PL spectra observed in Figure 3a.

To confirm the phases of the 2D layer, we performed steady-
state PL and transient absorption spectral (TAS)” measure-
ments for the three samples at concentration of 30 mM, for
which aggregated 2D structures were formed in larger amounts
on BA and PEA samples. The PL (Figures 3c and S10) and
TAS (Figures 3d and S11) spectra of the PEA sample show the
formation of the 2D (n = 1) and quasi-2D (n = 2) phases,
whereas those of the BA sample show only a formation of the
quasi-2D (n = 2) phase. The same phenomenon was observed
for the PL spectra of HA (vs BA) and 2F-PEA (vs PEA) shown
in Figure S10. Panels a and b of Figure S12 show the PL and
TAS spectra, respectively, to compare the spectral feature of
the BA sample with those of the pure BA,Snl, (n = 1) and
BA,FASn,I, (n = 2) films. The n = 2 peaks of the PL and TAS
spectra of the BA sample show a blue-shifted feature with
respect to those of the pure BA,FASn,l, sample due to the
involvement of the GA cation that increases the bandgap
energy as reported elsewhere.'' We hence propose the
following chemical equations for the formation of phases n =
1 and n = 2 via the reaction of LI with E1G20:

2LI + FA(4GA,SnL(E1G20) — L,Snl,(n = 1) + 0.8AI
+ 0.2GAI (1)
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2L1 + 2FA,,GA,,Snl,(E1G20) — L,FASn,I (n = 2)
@)

in which L represents BAC, except for films AN and 2F-AN of
which the 2D structural features were nearly imperceptible in
the PL, TAS, SEM, and GIWAXS results. Phase n = 2 is the
most favorable quasi-2D structure according to our sequential
deposition because it is an equimolar reaction (eq 2) between
LI and E1G20, as shown in the BA and HA samples. A large
concentration of BAC might induce, however, the formation of
phase n = 1, as shown in the PEA and 2F-PEA samples. There
is a slight hypsochromic shift for the 3D signals in PL and TAS
spectra for both BA and PEA samples at the larger
concentration, indicating the formation of quasi-2D phases at
orders n > 2. In contrast, Figure 3a shows a slight
bathochromic shift for the PL spectra of the 3D/2D samples
taken at lower BAC concentration, because of the afore-
mentioned effect of surface passivation.

The 3D/2D PSC were fabricated according to our
sequential deposition based on device architecture ITO/
PEDOT:PSS/perovskite (3D/2D)/C60/BCP/Ag reported
previously."" We have characterized device performance for
all eight BACs and optimized the performance of the AN
device at varied concentrations; the best device was found at
concentration 7.5 mM (Figure S13). The current—voltage (J-
V) characteristics of E1G20, BA, PEA, and AN are shown in
Figure 4a; the corresponding IPCE spectra are shown in Figure
S14. The J—V characteristics of HA, CHA, ALA, 2F-PEA, and
2F-AN are shown in Figure S15. The best performance of a
fresh E1G20 device that served as a standard cell was obtained
with PCE of 8.7%; those of the BA (9.1%), PEA (9.6%), AN
(10.4%), ALA (9.3%), and 2F-AN (8.9%) are superior to that
of the standard cell, but those of HA (8.4%), CHA (7.8%), and
2F-PEA (8.3%) are slightly poorer (Table S2). We notice that
the V. of the AN device was enhanced significantly compared
to other devices. Electrochemical impedance spectroscopy
(EIS) measurements were carried out to examine the effect of
V.. enhancement of the AN device; the corresponding results
are shown in Figure S16. The EIS results indicate that the

+ 0.6FAI + 0.4GAI
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charge recombination resistances of the AN device are much
greater than those of the E1G20 device, confirming that the
enhanced V. of the former is due to the passivation effect of
thin 2D layer on perovskite surface. The box plots (Figure S17;
the corresponding raw data are in Tables S3—S11) show
satisfactory reproducibility of these devices. The device
performance in relation to their molecular structures and
optical properties are discussed as three points in what follows.

We first compare the device performance for the aliphatic
group, with the performance trend of ALA > BA > HA > CHA.
The 2D structures of BA have been widely investigated;** ™
only phase n = 2 (together with uncertain minor high-order
phases) was produced on the bulk E1G20 layer. The GIWAXS
data (Figure 2) show that the quasi-2D layers of BA and CHA
were randomly oriented; as CHA has a much stronger surface-
scattering signal than BA, the CHA film is too thick to obtain a
satisfactory performance. In contrast, the 2D GIWAXS
patterns were scarcely perceptible for the ALA film; this
thin-layer feature endowed the ALA device with a performance
slightly better than the BA device. With a longer alkyl chain in
HA, a stronger GIWAXS signal was observed, showing the
growth direction of the 2D crystal to be parallel to the
substrate plane on top of the 3D layer. Both CHA (randomly
orientated) and HA (horizontally oriented) films are thus so
thick that they form a blocking layer to degrade the device
performance.

Second, we compare the device performance for the
aromatic group, for which the trend of performance is AN >
PEA > 2F-AN > 2F-PEA. An additional fluorine atom was
added in 2F-PEA and 2F-AN to increase the hydrophobicity of
the 2D layer for the purpose of enhanced stability. The fluorine
substitution results in worse performance than their non-
substituted counterparts; crystallographic disorder might be
introduced by the fluorine atom.” PEA has been broadly
applied in a one-step approach to grow the 2D and quasi-2D
layer perpendicular to the substrate plane because 7-electrons
can decrease the barrier between the inorganic and organic
frames and enhance the charge transport.**™*’ This 7—x
interaction thus plays an important role to form a well-oriented
2D layer.”® " In our case, the post-treatment of PEA in the
second step produced phases both n = 1 and n = 2 (with minor
high-order phases) parallel to the substrate plane that can
improve the device performance from PCE of 8.7% (E1G20)
to 9.6%. In the AN case, a thin 2D layer of phase n = 1 was
produced to passivate grain boundaries of the E1G20 film and
reduce iodide and tin vacancies on the surface, which give
remarkable overall performance, PCE of 10.4%. The XPS
spectra of the AN and E1G20 films are shown in Figure S18,
for which both tin and iodine atomic ratios significantly
increased for the AN film in comparison that for the E1G20
film.

Third, CHA has size and rigidity similar to AN, but its
device performance is much poorer.”" In addition to the 7—z
interaction of the aromatic groups, the acidity must be
considered for the superior performance of the AN device.*>*
Because the ammonium group is directly attached to the
phenyl ring, the 7-conjugation of the electrons in the N atom
of the AN cation with those in the phenyl ring leads to
delocalization of the charges and thus decreased the charge
density at the N atom to make the cation AN a strong acid
(pK, = 4.6 vs 9.8 for PEA).* In contrast, the deprotonated
HFP with six fluorine atoms make it a strong base. AN and
deprotonated HFP might thus form a stable Lewis acid—base
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complex to retard the crystal growth of LD phases so as to
form a thinner layer and not to impede the charge transport
among the crystal grains. To prove the interaction of AN with
HFP, NMR experiments for AN dissolved in IPA and HFP
were undertaken; the results and interpretation appear in
Figure S19.

We tested the performance stability of the devices under five
conditions: dark storage (i) in a N, environment and (ii) in
ambient air for E1G20, BA, PEA, and AN; (iii) light soaking at
maximum power point (Vmp) for E1G20 and AN; thermal
stress (iv) in darkness and (v) under one-sun illumination for
E1G20 and AN; the corresponding results are shown in Figure
4b—f. The encapsulated devices were stable over 2000 h when
they were stored in darkness in a glovebox (Figure 4b); the
effect of slow passivation is perceptible for the E1G20 device as
reported previously.” To leave the devices in air (RH = 40%, T
= 20 °C) without encapsulation is, however, a challenging task.
E1G20, BA, and AN devices retained their original perform-
ance unencapsulated in air for over 150 h and then began to
degrade, whereas the PEA device deteriorated rapidly in the
first 70 h (Figure 4c). This observed degradation of
performance might be due to the 2D layer of PEA containing
phases both n = 1 and n = 2 and destroying the 3D/2D
interface so that water and oxygen penetrate into the hybrid
structure. In contrast, a formation of a pure and thin 2D layer
in BA (n = 2) and AN (n = 1) protects the device from
moisture penetration and shows excellent stability, like lead-
based PSC. For the AN device, we found a slight improvement
of the device performance during the first few days when an
unencapsulated device was stored in air (Figure $20). Voc
increased upon storage period from 0 h (~0.6 V) to 200 h
(~0.7 V); both short-circuit current density (Jsc) and fill factor
(FF) first increased but then decreased after 50 h. As a result,
the best performance of the AN device was obtained at the
storage period ~80 h, for which PCE 10.6% was obtained.
These results indicate that slow passivation also occurred in air
without encapsulation, and water and oxygen can assist surface
passivation for an AN device for a few days.

The AN and E1G20 devices were chosen for further tests of
stability under conditions of light soaking and thermal stress.
Each device was encapsulated and measured under ambient air
conditions. Figure 4d shows the stabilized current density
under one-sun illumination at the V,,, point. Under these
conditions, the E1G20 device was stable for 1 h before the
current began to decrease. In contrast, the AN device retained
its original performance for more than 100 min. We notice that
the temperature increased substantially during light soaking for
1 h, and this led to oxidation of the silver electrode for further
extending the stability period at the V;,, condition. The great
stability of AN enabled us to perform strict tests on the effect
of thermal stress. To our knowledge, the thermal stress has not
been tested for tin-based PSCs. Here, 10 cycles of heating
(50—55 °C) and cooling (20 °C) were imposed on the
encapsulated AN and E1G20 devices under ambient air either
in darkness (Figure 4¢) or under one-sun illumination (Figure
4f). Even though the E1G20 device showed stability
comparable with that of the AN device under a thermal stress
in darkness, the performance degradation was more significant
for the former than for the latter under one-sun illumination.
Under conditions of both thermal stress and light soaking, the
device performance of AN at first degraded to 80% of its initial
PCE and then recovered to almost 95% after 10 cycles. This
phenomenon reflects not only the superior stability of the AN
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device but also a self-healing ability. The effect of self-healing is
unclear; we speculate that it might come from surface
passivation of the crystal grains in a combined light-soaking
and thermal stress condition. In other words, the defects of tin
perovskite crystals were initially created by light irradiation
(one sun) under high temperature (50 °C) and then the cool—
hot cycles made the ANI salt decompose and generate HI to
passivate the grain surface of E1G20 crystal. The formation of
a thin 2D layer on the 3D grain boundaries thus plays a key
role in improving the stability and enhancing the performance
of the 3D/2D devices fabricated using our sequential
deposition.

In conclusion, we developed a sequential method of solution
processing to fabricate hybrid 3D/2D tin-based perovskite
solar cells with great device performance and stability. The
FA/GA co-cationic 3D film (E1G20) was prepared according
to a one-step procedure reported elsewhere.'' The 2D layer
was deposited on top of the 3D layer via spin-coating of varied
BAC:s dissolved in HFP rather than the traditional solvent IPA,
which could destroy the tin perovskite film as reported
elsewhere.”® Using HFP as a solvent in the second step of
deposition would induce a strong interaction between BAC
and HFP to slow the reaction of BAC with the E1G20 film and
to produce a thin layer of a 2D (n = 1) phase or a quasi-2D
phase, confirmed with investigations of GIWAXS, c-AFM,
SEM, PL, and TAS. Among all eight BACs under investigation,
anilinium (AN) was found to form an ultrathin 2D (n = 1)
layer on the surface and between the grain boundaries to
protect the tin perovskite layer from moisture penetration so as
to enhance the device performance to attain PCE of 10.6%.
The unencapsulated AN device is stable under ambient air
(RH 40%, T = 20 °C) over 150 h; a self-healing effect on
performance was found for the encapsulated AN cell under
continuous one-sun illumination and thermal stress between
20 and 50 °C for 10 cycles. The present work thus provides a
new route for the development of lead-free perovskite solar
cells using a sequential procedure for future commercialization.
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