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ABSTRACT: As a promising substitute for toxic lead-based perovskite, tin (Sn)based halide perovskite has drawn much attention for photovoltaic applications.
However, unsatisﬁed open-circuit voltage (VOC) and ﬁll factor (FF) values of the
available Sn-based perovskite solar cells (PSCs) remain a lingering cloud. In this
work, we report a bilateral interfacial engineering strategy to fabricate 2D−3D
bulk heterojunction Sn-based perovskite solar cells. Speciﬁcally, large cation
PEAI and bifunctional LiF are evaporated at the bilateral interfaces of a FASnI3
ﬁlm. The presence of PEAI improves the VOC and FF of the PSCs via improved
surface coverage and the formed 2D−3D bulk heterojunction structure, while
the bifunctional LiF (i) lowers the work function of PEDOT:PSS and (ii)
facilitates hole extraction at the ITO/PEDOT:PSS interface. This strategy
enabled a power conversion eﬃciency (PCE) of 6.98% with a VOC of 0.47 V and
FF of 0.74. Our ﬁndings will add critical building bricks toward eﬃcient Snbased PSCs.
s a rising star in the ﬁeld of advanced energy materials,
organic−inorganic hybrid metal halide perovskite
semiconductors have been extensively studied as a
“core brain” in many optoelectronic and electronic applications.1 In particular, solar cell devices based on methylammonium lead triiodide (MAPbI3) perovskite material have
proceeded with rapid development, and the latest certiﬁcated
power conversion eﬃciency (PCE) of such perovskite solar cell
(PSCs) has unprecedentedly achieved 22.1% in small cells and
19.7% in 1 cm2 cells.2 Nevertheless, two concerns remain that
hamper the large-scale commercial manufacturing of Pb-based
PSCs: (i) majority use of the toxic element Pb is fatal to the
environment as well as human beings;3 (ii) there is poor longterm stability of Pb-based perovskite material.4 With this in
mind, great eﬀorts have been made to develop alternative
ecofriendly Pb-free perovskite light absorber materials for solar
cell application.
To seek eligible Pb substitution, the intrinsic features of the
substitution should be considered in the ﬁrst place. Many of the
excellent properties of Pb-based perovskites are considered to
originate from the outer 6s2 electronic conﬁguration of Pb,
which is a conﬁguration of ns2 that is possessed by many post-

transition metal elements.5 The ns2 cations in a halide are
believed to lead to more delocalized valence and conduction
band states by enhancing cation−anion hybridization, from
where many superior properties are derived.6 Theoretically, for
photovoltaic application, in addition to the basic optoelectronic
properties (suitable band gap, high optical absorption, low
carrier eﬀective mass, low exciton binding energy, and high
charge mobility), the qualiﬁed candidates of eﬃcient and
defect-tolerance light absorber material should also possess the
properties of a large dielectric constant, small eﬀective masses, a
valence band maximum composed of antibonding states, and
high levels of band dispersion.7 In this scenario, post-transition
metals with an ns2 electronic conﬁguration beyond Pb2+, such
as Sn2+, Ge2+, Sb3+, and Bi3+ cations, possess many of those
properties due to their soft polarizability and large spin−orbit
eﬀects.8 In this scenario, they have been of great interest for
exploiting eﬃcient nontoxic Pb-free PSCs.9 Among these Pbfree metal cations, Sn-based perovskite materials are particularly

A

© XXXX American Chemical Society

Received: January 19, 2018
Accepted: February 19, 2018
Published: February 19, 2018
713

DOI: 10.1021/acsenergylett.8b00085
ACS Energy Lett. 2018, 3, 713−721

Letter

Cite This: ACS Energy Lett. 2018, 3, 713−721

Letter

ACS Energy Letters

Figure 1. (a) Illustration of the ﬁlm fabrication strategy with (route in red arrows) and without (route in blue arrows) PEAI evaporation. SEM
images of (b) FAI, (c) PEAI, (d) FASnI3, and (e) (PEA,FA)SnI3 ﬁlms. Illustration of the composition of (PEA,FA)SnI3 ﬁlms with (f) no PEAI,
(g) a small fraction of PEAI, and (h) a medium−large fraction of PEAI. (i) XRD patterns of (PEA,FA)SnI3 ﬁlms with various evaporated
amounts of PEAI.

example, for the one-step spin-coating ﬁlm fabrication method,
the introduction of SnF2 additives could eﬃciently reduce the
presence of Sn4+ in the ﬁlm,15 while DMSO16 and pyrazine18
could signiﬁcantly eliminate the aggregation of SnF2 on a
FASnI3 ﬁlm. Using diethyl ether as an antisolvent together with
SnF2 additive, Liao et al. achieved a high PCE of 6.22% on an
inverted FASnI3 PSC architecture consisting of a PEDOT:PSS
hole transport layer (HTM) and C60 electron transport layer
(ETL).17 Ke et al. reported that coating mesoporous TiO2 by a
thin ZnS layer to modify the energy level of the interface can
enhance performance of the FASnI3 PSCs with a open-circuit
voltage (VOC) and PCE of 0.38 V and 5.27%, respectively.19
Song et al. demonstrated an eﬀective process involving the
incorporation of a hydrazine reducing vapor atmosphere to
universally deposit Sn-based perovskite ﬁlms, which can lead to
an increased PCE of Sn-based PSCs.20 Notably, a large
ammonium cation, phenylethylammonium (PEA), has been
incorporated into FA to form low-dimensional perovskite
PEAxFA(1−x)SnI3 via a one-step antisolvent ﬁlm fabrication
process, where the PCE and stability of the PSCs are eﬃciently
improved due to the passivation eﬀect of a large PEA+.25−27
Our group recently developed a novel multichannel interdiﬀusion two-step ﬁlm formation protocol to fabricate a
FASnI3/PEDOT:PSS hybrid active layer with a promising
PCE of 3.98%.28 However, the relatively low VOC so far of the
reported FASnI3-based perovskite solar cells undoubtedly
remains the biggest challenge, and more strategies are desired
to be developed to further boost the PCE of the PSCs.

ideal candidates because both Pb and Sn belong to the same
main group (group 14) in the periodic table and possess
comparable optical and electrical characteristics. What’s more,
Sn-based perovskite materials show an absorption edge located
in the near-infrared region (900−1000 nm) and are expected to
produce higher short-circuit current densities toward higher
PCE performance.10,11 Over the past 3 years, many groups have
successfully fabricated Sn-based Pb-free PSCs using both
regular and inverted device structures, and considerable
progress has been made.12−25 Among those works, FASnI3based PSCs have drawn particular attention due to their
suitable band gap (1.41 eV) and the single stable phase over a
broad temperature range up to 200 °C.15 The highest reported
PCE of FASnI3-based PSCs has reached over 9%.25 However,
the performance (PCE and stability) of the FASnI3-based PSCs
is still low due to the following reasons: (i) Sn2+ can be easily
oxidized into Sn4+ owing to the lack of an inert pair eﬀect as in
Pb2+, which causes obvious device degradation even under trace
amounts of water and oxygen in the glovebox;13 (ii) the low
formation energy of Sn vacancy (VSn) introduces a deep carrier
recombination center, leading to the low ﬁll factor (FF) in
PSCs;15 (iii) the rapid reaction between SnI2 and FAI salts
makes it diﬃcult to control the ﬁlm morphology fabricated via a
one-step spin-coating method; (iv) the mismatch of energy
levels between FASnI3 and charge transport layers could set
energy barriers at the interfaces and lead to unfavorable charge
recombination.
To overcome these problems, researchers have developed a
few valid approaches to deposit high-quality FASnI3 ﬁlm. For
714

DOI: 10.1021/acsenergylett.8b00085
ACS Energy Lett. 2018, 3, 713−721

Letter

ACS Energy Letters

Figure 2. Cross-sectional SEM images of (a,b) FASnI3 and (c,d) (PEA,FA)SnI3 ﬁlm-based PSCs; (b,d) are colored images of (a,c),
respectively. (e) J−V curves of the PSC devices with various evaporated amounts of PEAI and (f) normalized PCE evolution of the device with
and without PEAI during 5 days.

In this work, on the basis of the multichannel interdiﬀusion
two-step ﬁlm fabrication protocol that we developed previously,
we improve the PCE of the FASnI3 PSCs (especially VOC and
FF) via a bilateral interfacial engineering strategy. Inspired by
the works using PEAI to lower the dimensionality and enhance
the stability of the perovskite ﬁlm,25−27 in this work, the PEAI
molecule is ﬁrst evaporated on top of the FAI ﬁlm to form a
PEAI/FAI mixture. After evaporation of SnI2, a novel 2D−3D
(PEA,FA)SnI3 bulk heterojunction ﬁlm can be obtained. It was
found that this ﬁlm structure can successfully improve the
performance and stability of the PSC device. Sequentially, an
ultrathin bifunctional LiF insulating layer, which could (i) lower
the work function of PEDOT:PSS and (ii) improve the hole
extraction at the ITO/PEDOT:PSS interface, is evaporated at
the ITO/PEDOT:PSS interface. This bifunctional LiF layer
further improves the VOC and FF of the PSC device. The
critical advantage of the bilateral interfacial engineering strategy
is that (i) the thermal evaporation of PEAI and SnI2 under high
vacuum could eﬀectively avoid oxidation of the Sn2+ and (ii)
the use of reductant additive, such as SnF2 and hydrazine, is
able to be debarred. The resulting p−i−n planar heterojunction
Pb-free PSCs using the strategy developed here yield a
champion eﬃciency of 6.98%.
We ﬁrst improve the surface coverage and stability of the
FASnI3 ﬁlm by the introduction of PEAI. As demonstrated in
Figure 1a, the original ﬁlm fabrication process that we
developed previously involves the spin-coating of a FAI/
PEDOT:PSS aqueous solution (60 mg/mL), evaporation of
SnI2, and postannealing processes to form the FASnI3 ﬁlm
(route with red arrows). The FAI ﬁlm showed the morphology
of well-monodispersed discrete FAI particles (Figures 1b and
S1a), which is due to the nucleation of a FAI molecule induced
by the active groups on the PEDOT:PSS polymer chains.28

Although the volume of the FAI molecule would be expanded
during the interdiﬀusion reaction between FAI and SnI2, the
resultant FASnI3 ﬁlm after SnI2 evaporation still showed
noticeable holes on the ﬁlm (Figure 1d). It is due to the
relatively large spaces between the FAI particles (Figure 1f). In
this case, decreasing the spaces between FAI particles can
rationally eliminate the holes in the FASnI3 ﬁlm. One
reasonable strategy is to increase the concentration of the
FAI/PEDOT:PSS aqueous solution. However, we found that
the concentration of FAI in a PEDOT:PSS aqueous solution
was unable to further increase because a higher concentration
(>60 mg/mL) would lead to sedimentation of the FAI/
PEDOT:PSS solvend in aqueous solution, which would result
in a nonuniform FAI ﬁlm after spin-coating and an undulating
FASnI3 ﬁlm surface (Figure S2). To improve the surface
coverage of the perovskite ﬁlm, we ameliorated the ﬁlm
fabrication process by interfacial modiﬁcation of the FAI ﬁlm
via PEAI evaporation on the top and then evaporation of SnI2
to form a (PEA,FA)SnI3 bulk heterojunction ﬁlm (route with
blue arrows in Figure 1a). Here, we used the formula
(PEA,FA)SnI3 because the (PEA,FA)SnI3 ﬁlm after introduction of PEAI is composed of multiple phases, as demonstrated
in Figure 1g,h. For example, the introduction of a small fraction
of PEAI would lead to four possible phases, such as SnI2,
FASnI3, (PEA)2(FA)n−1SnnI3n+1, and PEA2SnI4 (Figure 1g).
The formula (PEA)2(FA)n−1SnnI3n+1 represents the mixed FA−
PEA Sn perovskite, where n represents the number of tin iodide
octahedron layers in the 2D structural unit.27 In the solutionprocessed (PEA)2(FA)n−1SnnI3n+1 ﬁlm, n could be readily
conﬁrmed by controlling the stoichiometric ratio of every raw
material. Because the thermal evaporation technique was used
in this study, the evaporated PEAI could be attached both on
and between FAI particles. Thus, it is diﬃcult to estimate the
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precise value of n because the local stoichiometric ratio of PEA
and FA is unknown. After further increasing the PEAI amount,
medium−large fraction PEAI could yield a 2D−3D bulk
heterojunction (PEA,FA)SnI3 ﬁlm composed of FASnI3,
(PEA)2(FA)n−1SnnI3n+1, and PEA2SnI4 (Figure 1h) with high
surface coverage. It can be observed that both the FAI and
FASnI3 ﬁlms showed higher surface coverage after incorporation of PEAI (Figure 1c,e).
The evolution of the composition change after evaporating
various amounts of PEAI was monitored by X-ray diﬀraction
(XRD), as shown in Figure 1i. For the FAI ﬁlm without PEAI
(0 mg of PEAI), the corresponding FASnI3 ﬁlm showed the
typical diﬀraction peaks at 14.1 and 28.2°, assigned to (001)
and (002) planes in orthorhombic patterns of FASnI3
perovskite crystal.29 Besides, the peak emerging at 12.7° is
assigned to the presence of residual SnI2, which is caused by the
spaces between FAI particles (Figure 1f). As the amount of
PEAI increases, the diﬀraction peak of SnI2 is signiﬁcantly
weakened, which indicates the consumption of excess SnI2 by
the presented PEAI (Figure 1g). Notably, medium−large
fraction PEAI (i.e., 75 mg) leads to complete elimination of the
SnI2 diﬀraction peak, and the emerging diﬀraction peak at 7.0°
is assigned to the (020) facet of a 2D (PEA)2SnI4 perovskite
crystal,27 which is on account of the reaction between mass
PEAI and SnI2 (Figure 1h). The presence of (PEA)2SnI4 is
further observed in the SEM images of the (PEA,FA)SnI3 ﬁlm
with 100 mg of PEAI evaporation showing clear plate-like
agglomerates (Figure S3). The UV−vis spectra of FASnI3 and
(PEA,FA)SnI3 ﬁlms are presented in Figure S4a. It can be
observed that both ﬁlms show a typical band-edge located at
around 900 nm for 3D FASnI3 structure, where the
(PEA,FA)SnI3 ﬁlm shows a stronger absorption intensity in
the range of 300−700 nm, which is the typical absorption range
of lower-dimensional perovskite material, demonstrating the
formation of the low-dimensional perovskite phase.27 Besides,
the estimated band gap of the (PEA,FA)SnI3 ﬁlm (1.38 eV) is
slightly higher than that of the FASnI3 ﬁlm (1.37 eV)
monitored by Tauc plots derived from UV−vis spectra (Figure
S4b). The lowered band gap originates from the band gap
enlargement eﬀect of the dimensionality reduction of perovskite materials.30,31 These characterizations of the as-prepared
perovskite ﬁlm demonstrate that the interfacial modiﬁcation
protocol can produce a high-quality 2D−3D hybrid (PEA,FA)SnI3 bulk heterojunction ﬁlm.
We fabricated a group of PSC devices with p−i−n
conﬁguration to evaluate the photovoltaic performances of
the deposited (PEA,FA)SnI3 ﬁlm with the device structure of
ITO/PEDOT:PSS/(PEA,FA)SnI3/C 60 /2,9-dimethyl-4,7-diphenyl-1,10-phenanthroline(BCP)/Ag. The cross-sectional
SEM images of the device are shown in Figure 2a−d, where
the prominent diﬀerence of the devices with and without PEAI
evaporation can be observed. For the protocol without PEAI
evaporation, the FASnI3 covered by C60/BCP/Ag layers shows
the waved cross-sectional topography (Figure 2a,b) with
apparent holes and electrode connection, which is in agreement
with the surface SEM image (Figure 1d) of the FASnI3 ﬁlm that
shows low surface coverage with noticeable holes. However, for
the interfacial modiﬁcation protocol with PEAI evaporation, the
(PEA,FA)SnI3 device shows much smoother morphology with
a ﬁlm thickness of around 260 nm (Figure 2c,d). Therefore, it is
expected that the direct connection between the PEDOT:PSS
layer and the C60 layer could be largely eliminated and the
performance (PCE and stability) of the PSC device could be

accordingly enhanced. We have demonstrated that the bulk
heterojunction of the perovskite layer incorporated by suitable
heterogeneous material could eﬃciently improve the performance of the PSC device,32 and the 2D−3D (PEA,FA)SnI3 bulk
heterojunction structure obtained here could be also of great
beneﬁt to the PSC device.
Figure 2e shows the typical photocurrent density−voltage
(J−V) curves for the planar heterojunction (PHJ) devices
prepared with various amounts of PEAI, and the corresponding
photovoltaic parameters are summarized in Table 1. The
Table 1. Performance Parameters of FASnI3 PSCs with
Diﬀerent Evaporation Amounts of PEAIa
PEAI
amount
(mg)
0
25
50
75

VOC (V)
0.30
0.32
0.37
0.35

±
±
±
±

0.1
0.2
0.1
0.1

JSC (mA/cm2)
17.25
18.26
19.45
16.68

±
±
±
±

0.28
0.25
0.20
0.34

FF
0.66
0.67
0.70
0.54

±
±
±
±

PCE (%)
0.02
0.01
0.01
0.02

3.69
4.06
4.89
3.15

±
±
±
±

0.21
0.19
0.15
0.23

a

Average and standard deviation values were obtained based on eight
cells.

FASnI3 device with 0 mg of PEAI evaporation shows a PCE of
3.85% with a short-circuit current density (Jsc) of 18.36 mA/
cm2, an open-circuit voltage (Voc) of 0.31 V, and a ﬁll factor
(FF) of 67.6%, which is consistent with our previous work.28
Surprisingly, upon increasing the amount of evaporated PEAI,
the PSC device shows improved JSC and VOC, leading to an
improved overall PCE. The highest PCE with an optimized
PEAI evaporation amount (50 mg) yielded a champion device
showing a PCE of 5.28% with a JSC of 19.96 mA/cm2, a VOC of
0.38 V, and a FF of 69.6%. However, an excess of PEAI (75
mg) shows decreased photovoltaic performance, though the
presence of free SnI2 is eliminated compared to the trace
presence of SnI2 in a 50 mg PEAI device. On the one hand, it
originates from the mass presence of the 2D (PEA)2SnI4 phase,
which is due to its appreciably reduced charge mobility and
lower lifetime.33 On the other hand, this could be explained by
the fact that a small amount of SnI2 phase in the ﬁlm may play a
key role as a defect passivator that could improve the
photovoltaic performance of the ﬁlm.34 Moreover, the presence
of excess Sn halides is reported to be valid in reducing the
oxidation of Sn(II) to Sn(IV) due to the reduction eﬀect and
the Sn compensation eﬀect.35 Therefore, a suitable amount of
SnI2 excess could be beneﬁcial to the device performance,
which explains the highest performance at 50 mg of PEAI (SnI2
is still presented as shown in Figure 1i). The stability test of the
unencapsulated device stored in a N2 atmosphere demonstrated
the remarkably enhanced stability of a (PEA,FA)SnI3-based
PSC device compared to its counterpart of a pure FASnI3-based
device (Figures 2f and S5). In addition, the calculated trap
density of the ﬁlm with PEAI (1.95 × 1015 cm−3) was obviously
decreased compared to the ﬁlm without PEAI (2.97 × 1015
cm−3) (see Figure S6 and Experimental Section for details). It
should be ascribed to the enhanced thermodynamic stability of
a 2D PEAI-containing perovskite material with eﬃciently
suppressed formation of Sn4+-related defects as identiﬁed
previously.26,27 Our recent work has identiﬁed that the
construction of a dense and smooth Pb-free perovskite ﬁlm is
crucial for a solar cell device to achieve improved VOC, JSC, and
PCE.36 Besides, the introduction of a 2D perovskite into a 3D
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Figure 3. (a) Plots of the work function of a ITO/LiF/PEDOT:PSS ﬁlm with the function of LiF thickness. (b) J−V curves of the PSC devices
with various thicknesses of the LiF layer; the inset shows the device architecture of the PSCs. Band alignment diagram of the PSC device (c)
without and (d) with the ultrathin LiF layer.

Figure 4. Surface AFM and wettability measurements of LiF ﬁlms with diﬀerent evaporation thicknesses on the Si wafer and ITO glass,
respectively.
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evaporated LiF would not be dissolved by PEDOT:PSS
solution.
It has been well-established that the maximum VOC of a
speciﬁc light absorber material in solar cell device is determined
by the diﬀerentials between the highest occupied molecular
orbital (HOMO) of the HTL and the lowest unoccupied
molecular orbital (LUMO) of ETL.41,42 Thus, strategies that
lower the HOMO of the HTL material43−45 and elevate the
LUMO of the ETL46,47 to match the band edges of the light
absorber material are proved to be eﬀective for V OC
improvement. Therefore, it is expected that the work function
tuning of PEDOT:PSS could improve the VOC of the PSCs. We
fabricated the solar cell device with an ultrathin evaporated LiF
insulating layer, and the device structure can be found in the
inset of Figure 3b. The corresponding photovoltaic parameters
of the devices with diﬀerent LiF thicknesses are summarized in
Table 2. It can be observed that as the thickness of LiF

perovskite layer to form a hybrid perovskite/perovskite
heterojunction has been proved to be valid in reducing the
charge recombination rates and stability of the perovskite
ﬁlm.37 Therefore, the improved surface coverage and the
formation of a 2D−3D bulk heterojunction after PEAI
introduction rationally improve the performance and stability
of the PSCs.
We then attempted to further improve the VOC and FF of the
device by interfacial modiﬁcation at the other side of the
perovskite ﬁlm, that is, the PEDOT:PSS HTL. By inserting an
ultrathin layer of LiF between ITO and PEDOT:PSS, we
surprisingly found that the work function of the PEDOT:PSS
HTL was able to be readily tuned with increasing thickness of
the LiF layer. The atmospheric ultraviolet photoelectron
spectroscopy measurements (Figure S7) of ITO/LiF/PEDOT:PSS ﬁlms with various LiF thicknesses show that the
work function of PEDOT:PSS deepened from 4.72 down to
4.79 eV as the thickness of LiF increased from 0 to 5 nm
(Figure 3a). It should be noted that the work function of
PEDOT:PSS obtained in this work (4.72 eV) is very close to
that of ITO (4.7 eV) and lower than the reported value (∼5.0
eV). It may be attributed to the thin PEDOT:PSS ﬁlm made
from the diluted PEDOT:PSS aqueous solution (PEDOT:PSS/
deionized water, v/v = 1/3). To reveal the mechanism of the
tunable work function of PEDOT:PSS by the LiF layer, we
measured the wettability of the LiF layer with diﬀerent
thicknesses. It is observed that the contact angles of the
ITO/LiF substrates gradually decreased as the LiF thickness
increased from 0 to 5 nm, while further increasing the LiF
thickness to 8 nm resulted in comparable wettability with the 5
nm LiF sample (Figure 4). It has been established that the
wettability of a ﬁlm is largely determined by its surface
morphology,38 and we infer that the wettability variation is
attribute to the disparate ﬁlm morphology of thin LiF (<3 nm).
Because ITO on glass is relatively rough, the surface
morphology of LiF (1 nm) evaporated on ITO is diﬃcult to
distinguish from that of ITO (Figure S8). Alternatively, we
verify this conjecture by measuring the surface AFM of the
evaporated LiF ﬁlm on a silicon wafer (with a RMS roughness
of 0.467 nm) to give a clear observation of the LiF morphology
evolution (Figure 4). It is observed that the morphology of a 1
nm LiF layer shows “isolated island” particles instead of a
continuous ﬁlm, while a 3 nm LiF layer shows the morphology
of denser LiF particles but still not a continuous ﬁlm. A further
increase of the thickness of LiF up to 5 nm begins to form a
consecutive LiF ﬁlm consisting of LiF nanoparticles, while 8 nm
LiF shows a similar morphology as the 5 nm one. These
observations are in agreement with the trend of lowering the
contact angle from 0 to 5 nm LiF and the almost unchanged
contact angle of 5 and 8 nm LiF (Figure 4). These results
suggest that the variation of the wettability of the LiF layers is
indeed caused by the diﬀerent ﬁlm morphology of evaporated
LiF layers with diﬀerent thickness. The higher wettability of the
LiF layer indicates that the PEDOT:PSS aqueous solution can
be better spread before spin-coating, which could aﬀect the
molecule arrangement of the resultant PEDOT:PSS ﬁlm. It has
been reported that the molecular arrangement of PEDOT:PSS
is considered to have an impact on its work function.39
Therefore, we speculated that the ITO/LiF substrate with
various wettability might change the molecular orientation of
the spin-coated PEDOT:PSS ﬁlm, and thus the work function
could be accordingly changed.40 In addition, we found that the

Table 2. Performance Parameters of FASnI3 PSCs with
Diﬀerent LiF Thicknessesa
LiF
thickness
(nm)
0
3
5
8

VOC (V)
0.37
0.41
0.46
0.44

±
±
±
±

0.1
0.2
0.1
0.1

JSC (mA/cm2)
19.45
19.58
19.64
16.32

±
±
±
±

0.20
0.25
0.36
0.34

FF
0.70
0.71
0.72
0.63

±
±
±
±

PCE (%)
0.01
0.02
0.01
0.02

4.89
5.78
6.55
4.52

±
±
±
±

0.15
0.18
0.22
0.19

a

Average and standard deviation values were obtained based on 20
cells for 5 nm LiF and 8 cells for others.

increased from 0 to 5 nm, the VOC and FF both notably
improved. The improvement of VOC from 0.38 to 0.47 V
(increased by 0.09 V) agrees well with the lowered work
function of PEDOT:PSS (∼0.07 eV). The conversion between
volts and electronvolts follows the equation V = E/q, where E is
the energy level in electronvolts and q is the elemental charge.
However, the improvement of FF from 67.5 up to 74.0% is
attributed to the tunneling eﬀect of an ultrathin LiF insulating
layer,48 which lowers the energy barrier at the ITO/
PEDOT:PSS interface. This process allows the collected
holes in the PEDOT:PSS HTL to be rapidly extracted by
ITO crossing LiF. In this process, the charge recombination at
the PEDOT:PSS/perovskite interface can be eﬃciently suppressed by the presence of the ultrathin insulating layer to
achieve a high JSC and FF of the device.44 Another possibility in
addition to tunneling is that the conduction occurs through
holes/cracks in the ultrathin LiF, in other words, the area of the
PEDOT:PSS/perovskite interface is greatly reduced. This will
also suppress recombination at this interface. However, further
increase of the thickness of LiF to 8 nm leads to the decreased
PCE of the solar cell device, where VOC, JSC, and FF all reduce,
which is due to the weakened tunneling eﬀect of the thicker LiF
that blocks the eﬃcient hole extraction by ITO.48 Figure 3c,d
illustrates the energy diagram of each layer in the devices with
and without the LiF layer. It has been reported that the HOMO
of a fresh-made FASnI3 ﬁlm was ∼4.9 eV; thus, the LUMO is
estimated to be ∼3.5 eV according to the band gap and HOMO
values of FASnI3. The much lower HOMO of FASnI3 (∼6.0
eV) reported in other literature is owed to the lowering of the
ionization energy by the oxidation of Sn2+ into Sn4+.49 The
HOMO and LUMO of the evaporated nanothin C60 layer is
reported to be 6.4 and 4.1 eV,50 respectively, where the LUMO
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Figure 5. (a) J−V curves and (b) IPCE spectra and integrated JSC for the best-performing device. (c) Statistics of the PCE distribution based
on 20 PSC devices. (d) Steady-state photocurrent and output power of the best-performing device over a period of 400 s at a bias of 0.38 V
under standard test conditions.

nm, which is consistent with the band gap of FASnI3 (∼1.4 eV).
Besides, the IPCE value in the 300−800 nm range remains high
(above 50% with a maximum of 65%), and the integrated JSC
value for the IPCE curve agrees well with the high JSC obtained
from J−V scanning (∼20 mA/cm2). The statistics of PCE
distribution based on 20 devices shown in Figures 5c and S11
indicates the reliability and repeatability of our ﬁlm fabrication
process. Moreover, the steady-state photocurrent and output
power of the best-performing device are measured over a
period of 400 s at a bias of 0.38 V under AM 1.5G, 100 mW/
cm2 irradiation (Figure 5d), where a steady photocurrent of
∼17.5 mA/cm2 and corresponding output power of ∼6.6% can
be yielded. These results indicate that bilateral interfacial
modiﬁcation through the thermal evaporation protocol
eﬃciently improves the photovoltaic performance and stability
of the Sn-based PSC device. The device shows the highest FF
among the state-of-the-art literature based on tin perovskite
light absorber (Table S1).
In conclusion, we developed a bilateral interfacial engineering
strategy to fabricate eﬃcient Sn-based Pb-free PSCs, showing
the most promising PCE of 6.98% with good reproducibility.
Speciﬁcally, a large ammonium cation, PEA+, is introduced to
produce a 2D−3D hybrid (PEA,FA)SnI3 bulk heterojunction
ﬁlm with higher surface coverage, smoother morphology, and
enhanced stability compared to that of a pure FASnI3 ﬁlm,
resulting in the enhanced PCE and stability of PSCs. While a
bifunctional ultrathin LiF insulating layer is thereafter
cooperated, it is found to be valid in lowering the work
function of the PEDOT:PSS HTL layer and in reducing the
charge recombination at the ITO/PDOT:PSS interface, leading

level does not match well with the LUMO level of FASnI3,
keeping an open mind for further optimization in ETL material.
Through interfacial modiﬁcation by inserting an ultrathin layer
of LiF (Figure 3d), the work function of PEDOT:PSS downshifts from −4.72 to −4.79 eV, and the latter is closer to the
HOMO level of the FASnI3 layer. In addition, it has been
reported that the introduction of a thin insulating layer is
equivalent to reduction of the potential barriers promoting the
carriers tunneling through and thus enhances the tunneling
current.48 As a result, the ultrathin LiF layer could favor (i)
more matching between the HOMO of PEDOT:PSS and
perovskite and (ii) more eﬃcient hole transfer, proving the
improved VOC and FF of the PSC devices.
The 2D−3D (PEA,FA)SnI3 bulk heterojunction structure
together with a bifunctional LiF layer dramatically boosted the
performance of the Sn-based Pb-free PSCs up to 6.98% with a
JSC of 20.07 mA/cm2, VOC of 0.47 V, and FF of 74% (Figure
5a). Negligible hysteresis can be observed in both forward and
reverse scan directions (Figure S9). To measure the carrier
diﬀusion property in the eﬃcient PSC device, the PL decay
spectra of the (PEA,FA)SnI3 ﬁlm with and without an
interfacial layer are measured, as shown in Figure S10. The
carrier lifetimes ﬁtted by a single-exponential function are 0.92,
0.67, and 0.52 ns for bare (PEA,FA)SnI3, (PEA,FA)SnI3/
PEDOT:PSS, and (PEA,FA)SnI3/C60, respectively. On the
basis of this, the diﬀusion lengths (LD) for the electron and hole
are calculated to be 205 and 143 nm, respectively (see the
Experimental Section for details). The incident photon-tocurrent eﬃciency (IPCE) spectra of the device (Figure 5b)
show a relatively wide range of photocurrents starting from 900
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