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ABSTRACT: 2D Ruddlesden−Popper (2DRP) tin (Sn) perovskite
solar cells (PSCs) play an irreplaceable role in advancing the
commercialization of perovskite-based photovoltaic devices due to
their low toxicity and improved stability. However, the eﬃciency of
2DRP Sn PSCs has not made a breakthrough owing to incompletely
oriented crystal growth and poor ﬁlm morphology, which is limited
by a complex and uncontrollable crystallization process. Here, we
ﬁrst introduce the mixed spacer organic cations [n-butylamine (BA)
and phenylethylamine (PEA)] in 2DRP Sn perovskite to control the
crystallization process. We ﬁnd that when the BA+ and PEA+ cowork to form [(BA0.5PEA0.5)2FA3Sn4I13] 2DRP perovskites, the
intermediate phase impeding the homogeneous and ordered
nucleation of the crystal is suppressed eﬀectively, thus enabling a
high-quality ﬁlm morphology and improved crystal orientation.
Beneﬁtting from it, the power conversion eﬃciency (PCE) is improved to 8.82%, which is the highest one among the
2DRP Sn PSCs as far as we known.

O

novel Pb-free perovskite materials. However, the key issue of
high p-type doping caused by oxidation of Sn2+ to Sn4+ in Sn
perovskite, which does great harm to the stability and
performance of devices, still needs to be resolved.18−20 Some
additives with reducibility and hydrophobicity, such as SnF2,21
pyrazine,22 triethylphosphine,23 hydrazinium iodide,24 phenylethylamine,25 Sn powder,26 etc., are commonly selected to act
as antioxidants to restrain the background carriers in Sn
perovskites to enhance the stability and eﬃciency. Apart from
that, solvent engineering containing Lewis adducts27 and

rganic−inorganic hybrid perovskite solar cells
(PSCs) occupy an important position in the ﬁeld
of solar energy conversion and utilization owing to
their impressive photophysical and chemical properties, such as
excellent carrier mobility, high light harvesting, and long carries
diﬀusion lengths, as well as a simple preparation process.1−16
Nowadays, the certiﬁed power conversion eﬃciency (PCE) of
traditional 3D PSCs has reached 24.2%, which can be
compared to crystalline silicon solar cells in the market.17
However, the toxicity and stability issues still delay the pace of
commercialization of PSCs.
For toxicity problems in traditional PSCs (e.g.,
CH3NH3PbI3), tin (Sn) perovskites, which have a broader
light harvesting range and promising eﬃciency, emerge with
great potential to substitute for lead (Pb) among the numerous
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Figure 1. (a) Evolutions of XRD patterns of 2DRP Sn perovskites [(1) BA, (2) PEA, and (3) BA+PEA] depending on the ﬁlm fabrication
process. (b) Schematic illustrations of the crystal growth process in 2DRP Sn perovskites based on (1) BA, (2) PEA, and (3) BA+PEA.

perovskite ﬁlms through mixing ionic liquid methylamine
acetate and dimethyl sulfoxide as the solvent) and realized the
importance of management of crystallization kinetics for the
preparation of high-quality 2DRP Sn perovskite ﬁlms.37
However, the PCEs of 2DRP Sn PSCs have not made a
breakthrough yet compared to 3D or mixed-dimensional Sn
perovskite because of incomplete oriented crystal growth and
poor ﬁlm morphology, which is highly limited by a complex
and uncontrollable crystallization process.
In this work, n-butylamine (BA+) and phenylethylamine
(PEA+) are ﬁrst introduced simultaneously as mixed bulky
organic cations to control the crystallization process of 2DRP
Sn perovskite ﬁlms. We ﬁnd that the co-eﬀect of BA+ and PEA+
has the capability to eﬀectively suppress the formation of the
intermediate phase during crystal growth of the 2DRP Sn
perovskite to make the uniform and ordered crystal nucleation
not be obstructed. Beneﬁtting from this regulated crystallization process, the 2DRP Sn perovskite ﬁlm morphology and
crystal orientation are improved obviously, and trap recombination is suppressed markedly, promoting the eﬃciency up to
8.82%. This is the highest PCE in the reported state-of-the-art
2DRP Sn PSCs and can be comparable to the reported 3D or
mixed-dimensional Sn PSCs in the current paper. These
ﬁndings about intermediate-phase suppression based on cowork of mixed spacer cations may promote the development of
highly eﬃcient and stable 2DRP Sn PSCs in the future.

diﬀerent antisolvents28 and composition regulation including
mixed cations29,30 are developed to fabricate high-quality ﬁlms
with high coverage and ﬂatness. Moreover, novel structures
involving a “hierarchy structure”31 and SnCl2-additive complex
layer32 are also designed to encapsulate Sn perovskite for
improved stability and performance.
Recently, 2D Ruddlesden−Popper (2DRP) Sn perovskites
having a multiple-quantum-well structure have attracted
intensive attention. Beneﬁtting from the quantum conﬁnement
eﬀect in this structure, 2DRP Sn perovskites have a restrained
self-doping eﬀect and suppressed ion migration. These merits
allow the contribution to ameliorate moisture, oxygen, and
thermal stability and promote eﬃciency.33,34 Kanatzidis et al.23
for the ﬁrst time investigated the 2DRP BA2MAn−1SnnI3n+1
perovskite ﬁlm with n = 3 and 4, which illustrated that diﬀerent
solvents and temperature have great inﬂuence on the crystal
growth orientation and ﬁlm morphology, and obtained a PCE
of 2.5%. PEA+ was also introduced alone by Ning et al.35 in
FA-based Sn perovskite to form the PEA2FA8Sn9I28 2DRP
perovskite with a broadly deﬁned oriented crystal and PCE of
5.94%. Ammonium chloride (NH4Cl) was also reported to
have the capability to improve the crystal orientation of 2DRP
Sn perovskite ﬁlms.36 Independently, in our previous work, we
demonstrated that 2DRP BA2MA3Sn4I13 perovskite ﬁlms with
an ultralarge crystal domain and promising stability utilized the
“L−I” process (combine the Lewis adduct formation process
and ion exchange process to control crystallization of 2DRP Sn
1514
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Figure 2. Top-view SEM images of 2DRP Sn perovskite ﬁlms: (a) BA, (b) PEA, and (c) BA+PEA. AFM images of 2DRP Sn perovskite ﬁlms:
(d) BA, (e) PEA, and (f) BA+PEA. XPS spectra of 2DRP Sn perovskite ﬁlms: (g) BA, (h) PEA, and (i) BA+PEA.

correspond to (0k0) planes, Figure S1a,b),23,37 which are
orthogonal to the crystal growth direction of RP phases. They
existed in a form similar to a “cover”, which can impede the
growth of main the RP phases signiﬁcantly, resulting in
unwanted crystallization with uneven nucleation and disordered orientation (Figure 1b). On the contrary, in the BA
+PEA system (Figure 1a,b), there are no 2D intermediate
phases being observed during the whole crystallization process,
demonstrating that the intermediate phases were suppressed
eﬀectively through the co-work of mixed spacer cations, and
the RP phase perovskites are able to grow vertically with
almost no obstruction. Accordingly, the diﬀraction peaks
corresponding to (111) and (202) planes of fabricated 2DRP
Sn perovskite ﬁlms based on BA+PEA exhibited higher
intensity and a narrower fwhm (full width at half-maximum)
than those of the individual BA or PEA systems, explaining the
improved crystallinity (Figure S2a,c,d), which has the
capability of restraining the light-induced phase segregation
in mixed perovskites.42 This is a necessary condition for highquality 2DRP Sn perovskite ﬁlms and highly eﬃcient PSCs.
Interestingly, 2θ of diﬀraction peaks of BA+PEA had a slight
increase compared to BA or PEA (Figure S2b), which
demonstrated crystal shrinkage (reduced interplanar spacing)
in the mixed system.43 The crystal shrinkage may be attributed
to the weak interaction existing in the mixed system, which can

First of all, we show the XRD patterns with normalized
intensity on 2DRP Sn perovskite ﬁlms at diﬀerent time points
during crystal growth to investigate the eﬀect of mixed spacer
cations during the crystallization process. The BA2FA3Sn4I13,
PEA2FA3Sn4I13, and (BA0.5PEA0.5)2FA3Sn4I13 systems are
simpliﬁed to BA, PEA, and BA+PEA, respectively. As can be
seen from Figure 1a, we ﬁnd that the diﬀraction peaks at about
2θ ≈ 14.12 and 28.32° in the three systems (BA, PEA, and BA
+PEA), which correspond to (111) and (202) planes of 2DRP
Sn perovskite, emerged immediately when the antisolvent was
dipped at about time point of 5 s and had almost no change
during subsequent crystallization. This demonstrates that the
main RP perovskite phases grow out of the plane (broadly
deﬁned perpendicular growth) during the whole crystal growth
process.23,37−39 Moreover, the appearance of diﬀraction peaks
at about 2θ ≈ 9.14, 18.16, and 27.34° in the BA system (blue
gradient columns in Figure 1a) indicate the existence of
intermediate phases during crystal growth until annealing
treatment, which are further conﬁrmed as the 2D Sn perovskite
(BA2SnI4, n = 1) in previous reports37,40 and also in our Figure
S1a. Similarly, the 2D intermediate phases PEA2SnI4 (Figure
S1b, 2θ ≈ 7.7, 15.4, and 27.0°, blue gradient columns in Figure
1a) were generated when only the individual PEA+ was used as
a spacer cation.41 These 2D Sn perovskite (n = 1) intermediate
phases grow parallel to the substrate (the diﬀraction peaks
1515
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Figure 3. Dark currents of (a) electron-only and (b) hole-only devices based on BA, PEA, and BA+PEA 2DRP Sn perovskite ﬁlms. (c)
Calculation and statistics of the electron trap density (Nt(e)), hole trap density (Nt(h)), electron mobility (μe), and hole mobility (μh) based
on diﬀerent 2DRP Sn perovskite ﬁlms. (d) Time-resolved PL (TRPL) spectrum of 2DRP Sn perovskite ﬁlms (BA, PEA, and BA+PEA).

perovskite ﬁlms easily, resulting in serious oxidation of Sn2+.
The highest intensity of Sn2+/Sn4+ of BA+PEA (Figure S4),
analyzed from XPS spectra (Figure 2g−i), explains that the
oxidation of Sn2+ is obviously inhibited, attributed to the highquality 2DRP Sn perovskite ﬁlms fabricated from a controllable
crystallization process with 2D intermediate phase suppression
through the co-eﬀect of mixed spacer cations. These more
active ingredients (Sn2+) are the basis for the outstanding
photoelectric characteristics that enabled eﬃcient and stable
Sn PSCs.
Furthermore, we fabricated electron-only devices with the
structure of ITO/SnO2 (∼40 nm)/perovskite (130−160 nm)/
PCBM (∼80 nm)/LiF (1 nm)/Al (100 nm) and hole-only
devices with the structure of ITO/PEDOT:PSS (∼40 nm)/
perovskite (130−160 nm)/TFB (80 nm)/MoO3 (12 nm)/Au
(100 nm) to calculate the electron- and hole-trap state
densities through the trap-ﬁlled limit voltage using the
following equation46 (VTFL values based on diﬀerent systems
are summarized in Table S1):

also be proved by Fourier transform infrared spectroscopy
(FTIR) in Figure S3. However, we cannot conﬁrm what this
weak interaction is; investigation is under way. We speculated
that this weak interaction in the mixed system may induce
nucleation of the 2DRP Sn perovskite, thus suppressing the 2D
intermediate phase.44,45
Film morphology is one of the key factors aﬀecting the
stability and performance of devices. To explore the co-eﬀect
of mixed spacer cations during crystal growth on the
morphology of 2DRP Sn perovskite ﬁlms, top-view scanning
electron microscope (SEM) and atomic force microscope
(AFM) images are shown in Figure 2a−f. It is clear that
numerous pinholes and protrusions appear on the surface of
BA (red box in Figure 2a) and PEA (Figure 2b) based ﬁlms,
leading to direct contact between hole and electron transport
layers and inadequate contact between the perovskite layer and
transport layer. They may evolve to the recombination centers
to block eﬃcient carrier transport and extraction and cause a
large number of leakage currents and, thus, decreased device
performance. The terrible ﬁlm morphology is greatly aﬀected
by obstruction of RP phase growth caused by the 2D
intermediate phase, as in the above discussion, which reduces
the crystal nucleus. However, in the BA+PEA system, owing to
the contribution of 2D intermediate phase suppression through
the co-eﬀect of mixed spacer cations, the pinholes begin to be
gradually ﬁlled and the protrusions are reduced by degrees
(Figure 2c). These results are in good agreement with the
AFM images (Figure 2d−f), which illustrate that the surface
roughness is reduced from 18.757 nm (27.719 nm) in
individual BA (PEA) to 7.689 nm in BA+PEA. Poor ﬁlm
morphology not only causes leakage current in devices but also
leads to poor ﬁlm stability due to the fact that the pinholes and
voids may make the water and oxygen contact the inside

Nt =

2ε0εrVTFL
qL2

As can be seen from Figure 3a−c, the electron- (hole-) trap
state density decreases from 8.51 × 1016 cm−3 (1.70 × 1017
cm−3) for the BA system to 5.89 × 1016 cm−3 (5.24 × 1016
cm−3) for the PEA system and then to 1.03 × 1016 cm−3 (2.95
× 1016 cm−3) for the mixed BA+PEA system. The calculation
results agree with the above discussion about perovskite
crystallinity, ﬁlm morphology, and XPS spectrum and are
reasonable compared to the results in previous works.37 This
proves again that the reduction of the trap state density in
2DRP Sn perovskite ﬁlms is attributed to intermediate-phase
suppression through the co-eﬀect of mixed spacer cations. The
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Figure 4. GIWAXS patterns of 2DRP Sn perovskite ﬁlms: (a) BA, (b) PEA, and (c) BA+PEA. The pole ﬁgures (d) showing the diﬀerences in
broadness of the azimuth angle and intensity at azimuth angles of about (e) 90 and (f) 1−5°. Schematic illustrations of more precise crystal
orientation of 2DRP Sn perovskite ﬁlms: (g) BA, (h) PEA, and (i) BA+PEA.

low traps in BA+PEA-based 2DRP Sn perovskite ﬁlms are also
certiﬁed by the lower dark current and smaller light ideal
factor, which explain the reduced trap-assisted recombination,
demonstrated in Figure S5a,b.39 Furthermore, the values of α
from Jsc vs light (Figure S5c) in the three systems all approach
1, illustrating that monomolecular recombination is dominant
in our three systems.47 Besides, α increases from 0.971 based
on BA to 0.974 based on PEA and then to 0.982 based on BA
+PEA, indicating the reduced nongeminate recombination in
the mixed spacer cation system.48 Apart from it, the highest α
in BA+PEA also illustrates the weakest space charge eﬀect
corresponding to the reduced carrier accumulation.49 This
facilitates eﬀective carrier transport, which was conﬁrmed again
by the impedance spectra (Figure S5d), demonstrating the
highest recombination resistance (Rrec) in the mixed BA+PEA
system.28,43
In addition, we utilize the Mott−Gurney law46
JD =

of obtaining longer carrier lifetimes of 2DRP Sn perovskite
ﬁlms. It can be found that the carrier lifetime improved from
1.57 ns in the BA system to 2.74 ns in the PEA system and
then to 6.63 ns in the mixed BA+PEA system (Figure 3d),
which is in good agreement with the above discussions. The
longer carrier lifetime has the potential to obtain a higher
photocurrent in devices.
Apart from the bulk defects and surface traps, crystal
orientation is another important factor to have great inﬂuence
on carrier mobility and lifetime. We therefore performed a
grazing-incidence wide-angle X-ray scattering (GIWAXS)
measurement to investigate the detailed crystal orientation of
2DRP Sn perovskite ﬁlms fabricated from diﬀerent systems
(Figure 4). It can be clearly seen that all ﬁlms express discrete
and sharp Bragg spots at qz = 10 and ∼0 nm−1 (yellow box in
Figure 4a−c) instead of isotropic Debye−Scherrer rings,
indicating that all ﬁlms are oriented rather than random. It is
in accordance with the initial judgment from XRD in Figure
S2a and is similar to previous reports.35,38 However, we cannot
know the speciﬁc degree and angle of orientation just from
Figure 4a−c. In order to further investigate the crystal
orientation based on diﬀerent systems, the pole ﬁgures of the
azimuth angle are exhibited in Figure 4d. Apparently, the ﬁlms
of the three systems all show the crystal orientation at around
angles of 90 (wanted, blue box) and 1−5° (unwanted, orange
box). Furthermore, we ﬁnd that the intensity at an azimuth
angle of 90° increases from individual BA and PEA to BA
+PEA, whereas the intensity at an azimuth angle of 1−5°
decreases from BA and PEA to BA+PEA (Figure 4e,f). This is

9εε0μVb 2
8L3

to evaluate the carrier mobility of diﬀerent systems. The trend
of change in carrier mobility is opposite to the trap state
density, which demonstrates that the electron (hole) mobility
improves from 5.22 × 10−5 cm2 V−1 s−1 (6.08 × 10−5 cm2 V−1
s−1) in BA to 1.56 × 10−4 cm2 V−1 s−1 (9.26 × 10−5 cm2 V−1
s−1) in PEA and then to 5.42 × 10−4 cm2 V−1 s−1 (2.60 × 10−4
cm2 V−1 s−1) in BA+PEA. These impressive improvements in
carrier mobility, which beneﬁt from low traps as a result of
high-quality ﬁlms with oxidation of Sn2+, give a better chance
1517
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Figure 5. (a) Cross-sectional SEM image of the 2DRP Sn PSC. (b) J−V curves of 2DRP Sn perovskite devices based on BA, PEA, and BA
+PEA. (c) Hysteresis eﬀect test of the 2DRP Sn perovskite device based on BA+PEA. (d) Stable output of BA+PEA-based 2DRP Sn PSCs at
Vbis = 0.46 V for 120 s. (e) Histogram of PCEs from BA-based, PEA-based, and BA+PEA-based 2DRP Sn PSCs. (f) Stability test of 2DRP
(BA, PEA, and BA+PEA) and 3D Sn perovskite devices in a N2 atmosphere.

been proved by Figure 2g−i.51 The BA+PEA-based device also
had an ignorable hysteresis eﬀect (Figure 5c), which proved
again the low bulk defects, surface traps, and suppressed ion
migration in our high-quality 2DRP Sn perovskite ﬁlms.52 The
stable output at Vbis = 0.46 V for 120 s (Figure 5d), the
external quantum eﬃciency (EQE) (Figure S6), and the
histogram of PCEs further illustrated that our device
performances are trustworthy and repeatable. Most importantly, the 2DRP Sn PSCs based on BA+PEA also maintain
∼60% of initial eﬃciency after 24 days in a N2 atmosphere,
whereas the BA- (PEA-) based 2DRP devices have only about
50% (59%) of the original eﬃciency after 8 days and 3D Sn
devices only have ∼20% after 8 days (Figure 5f). The
improved stability in BA+PEA-based 2DRP Sn PSCs is in good
agreement with the results in the above discussions. Moreover,
the eﬃciency of 8.82% is the highest among the 2DRP Sn
PSCs until now and is comparable to the reported 3D or
mixed-dimensional Sn PSCs (Table S3). Furthermore, we
found that the BA+BZA (benzylamine) and PEA+BZA mixed
systems can still suppress the 2D intermediate phase (Figure
S7). Moreover, some mixed spacer cations are also introduced
in Pb-based perovskite to obtain high-quality ﬁlms, which have
been reported in the literature.45,53 It can be found that the
mixed spacer cations may promote the development of lowdimensional perovskite photovoltaics in the future.
In conclusion, mixed spacer cations (BA+PEA) are ﬁrst
introduced in 2DRP Sn perovskite systems to play an
important role as a 2D intermediate phase inhibitor. This
allows the 2DRP Sn perovskite ﬁlms to be smooth, highly
oriented, and to have low bulk defects and surface traps,
leading to the highest eﬃciency of 8.82% so far with improved
stability. The 2D intermediate phase suppression through cowork of mixed spacer cations during crystal growth may

powerful evidence to demonstrate that the crystal orientation
at an azimuth angle of 90° is supported and other unnecessary
orientations (such as 1−5°) are restrained eﬀectively, which
are attributed to the regulated crystallization process including
2D intermediate phase suppression (co-eﬀect of mixed spacer
cations).50 Almost all crystals that grow perpendicular to the
substrate in BA+PEA system can eﬀectively improve carrier
transport and extraction for further high eﬃciency of devices
(Figure 4i vs Figure 4g,h). This is also a better explanation of
the signiﬁcant increase in carrier mobility and lifetime of mixed
BA+PEA systems compared to those of individual BA and PEA
systems, corresponding to the results in Figure 3.
Finally, devices with a structure of ITO/PEDOT:PSS (∼40
nm)/2DRP Sn perovskite (∼150 nm)/C60 (30 nm)/LiF (1
nm)/Al (100 nm) (Figure 5a) were fabricated to research the
inﬂuence of a controllable crystal growth process on photoelectric performance. The speciﬁc optimization processes are
summarized in the Supporting Information (Table S2). As
shown in Figure 5b, the BA+PEA-based devices had an
eﬃciency of 8.82% with Voc of 0.60 V, Jsc of 21.82 mA cm−2,
and FF of 66.73%, whereas the individual BA- (PEA-) based
device exhibited an eﬃciency of 5.55% (6.42%) with Voc of
0.55 V (0.58 V), Jsc of 16.92 mA cm−2 (16.57 mA cm−2), and
FF of 59.57% (66.56%). The signiﬁcant improvements in all
parameters are mainly attributed to the regulated crystallization process based on mixed spacer cations suppressing the
2D intermediate phase during the whole crystal growth
process, which makes the high-quality 2DRP Sn perovskite
ﬁlms with few pinholes, low bulk defects and traps, uniﬁed
vertical orientation, and increased carrier mobility possible. It
was worth noting that the higher Voc values in the mixed
system are not only attributed to the eﬀective surface contact
and lower surface defects and bulk traps but also to lower pdoping as a result of suppressed oxidation of Sn2+, which has
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