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ABSTRACT: Alcohol-based bifunctional ammonium cations, 2-
hydroxyethylammonium (HEA+), HO(CH2)2NH3

+, were introduced
into formamidinium (FA+) tin-based perovskites (HEAxFA1−xSnI3; x
= 0−1) to absorb light in carbon-based mesoscopic solar cells. We
found that HEA+ cations play a key role to control the crystal
structures, the lattice structures altered from orthorhombic (x = 0)
to rhombohedral (x = 0.2−0.4) with greater symmetry. When x was
increased to 0.6−1.0, tin and iodide vacancies were formed to
generate 3D-vacant perovskites (HEAxFA1−xSn0.67I2.33, x ≥ 0.6) with
a tetragonal structure. Tin-based perovskites in this series were
fabricated into mesoporous solar cells using one-step drop-cast
(DC), two-step solvent-extraction (SE), and SE + 3% ethyl-
enediammonium diiodide (EDAI2) as an additive. After optimization
of device performance with the SE + 3% EDAI2 approach, the
HEA0.4FA0.6SnI3 (HEAI = 40%) device gave the best photovoltaic performance with JSC = 18.52 mA cm−2, VOC = 371 mV,
FF = 0.562, and overall efficiency η = 3.9% after the device was stored for a period of 340 h.

All-solid-state organic−inorganic lead-halide perovskite
solar cells (PSCs) have emerged as the most promising
next-generation photovoltaic (PV) devices because the

efficiencies of power conversion (PCE) of those devices have
rapidly increased beyond 22%.1 PSCs have the advantages of
cheap fabrication,2 versatile configuration, and excellent
optoelectronic properties,3−5 which distinguish PSCs in PV
research.6 Concern arises, however, about conventional
perovskite materials containing toxic element lead.7 As a
result, development of lead-free PSCs has become an
important issue for future commercialization of PSCs.
According to the Shockley−Queisser efficiency limit, the
maximum PCE of a single p−n junction PV device under AM
1.5G irradiation can be 33% with a bandgap of ∼1.3 eV of the
absorber,8,9 which makes tin-based PSCs a promising
candidate for lead-free PSCs. In 2014, Hayase and co-workers
applied alloyed Sn/Pb perovskites as light absorbers to partially
replace the lead within the perovskite structure and attained a

PCE of 4.2% at a ratio of Sn:Pb = 50:50.10 Two reports
concurrently appeared about methylammonium tin triiodide
(MASnI3) PSCs, one from Kanatzidis and co-workers11 and
another from Snaith and co-workers.12 They showed MASnI3
cells with PCE ≈ 6% and an open-circuit voltage VOC up to
∼0.8 V, but the reproducibility of the device performance was
poor.12 There was consequently no report of a mesoscopic
regular MASnI3 device with such great device performance
until 2017.13

The poor reproducibility of a tin-based PSC is attributable
to the greater potential levels of the perovskite valence band
maximum (VBM)10,14−17 and the tendency for Sn2+ to oxidize
to Sn4+,16,18−20 which might result in poor alignment of energy
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levels with a hole-transporting material (HTM) and create
massive centers of electron−hole recombination, respectively.
W e h a v e i n v e s t i g a t e d t i n - r i c h p e r o v s k i t e s
(MASn0.75Pb0.25I3−xClx)

15 and trihalide pure tin perovskites
(MASnIBr1.8Cl0.2)

21 with a mesoscopic carbon-based device
structure that resulted in device performances of 5.115 and
3.1%21 for the former and the latter devices, respectively. In
previous work, we modified the energy levels of a typical ABX3
perovskite by varying the B and X components to improve the
performance and the stability of the device.15,21 According to
literature reports,22−27 candidates for component A applied to
tin-based PSCs were based mostly on Cs+, MA+, and FA+. In
2004, Mercier et al.28 applied an alcohol-based bifunctional
ammonium cation, HO(CH2)2NH3

+ (2-hydroxyethylammo-
nium; HEA+), to stabilize a two-dimensional (2D) perovskite,
(HEA)2PbI4. In the present work, we focused on modification
of the energy levels by altering component A upon mixing two
organic cations, formamidinium (FA+) and HEA+ in varied
proportions, to improve the device performance and the
stability of a lead-free tin-based PSC.
According to our approach, HEAI and FAI in varied ratios

were reacted with SnI2 in equimolar proportions to synthesize
pure tin perovskites with chemical formula HEAxFA1−xSnI3. As
the value of x increased, the crystal structure altered from
orthorhombic (x = 0) to rhombohedral (x = 0.2−0.4) and
then to tetragonal (x = 0.6−1.0). A 3D-vacant perovskite was
produced at x = 0.6−1.0. Moreover, when the proportion of
HEAI was increased, the bandgap energy also systematically
increased from 1.34 eV (x = 0) to 2.07 eV (x = 1); the VBM
systematically altered from −4.91 eV (x = 0) to −5.50 eV (x =
1). We applied HEAxFA1−xSnI3 perovskites to fabricate devices
with a mesoscopic carbon-electrode structure using a one-step
drop-cast (DC) method similar to that applied for a lead-based
PSC.29 We found that the performance of the hybrid
HEAxFA1−xSnI3 devices tripled from PCE 0.8% based on a
pristine FASnI3 (x = 0) to PCE 2.5% based on a hybrid
HEA0.4FA0.6SnI3 (x = 0.4); the device performance deterio-
rated at larger proportions of x (>0.4). A similar approach was
reported for a lead-based PSC,30 but for the lead-based PSC,
introducing the HEA+ cation failed to improve the device
performance. In contrast, the performance of the
HEA0.4FA0.6SnI3 device improved further with a two-step
solvent-extraction (SE) method31 with cosolvent DMF:DMSO
= 50:50 to attain PCE 3.0%; the device performance was
optimized to PCE 3.7% upon adding ethylenediammonium
diiodide (EDAI2 3%) in trace proportion.32

HEAxFA1−xSnI3 (x = 0−1) perovskites were synthesized
upon mixing HEAI/FAI and SnI2 precursors in equimolar
proportions in DMF (Figure 1); ratios of HEA+:FA+ were
controlled upon varying the HEAI:FAI proportions with molar
ratios 0:100, 20:80, 40:60, 60:40, 80:20, and 100:0, which
correspond to fractions of organic cations x = 0, 0.2, 0.4, 0.6,
0.8, and 1, respectively. Figure 1 shows the chemical equations
for the formation of hybrid perovskites HEAxFA1−xSnI3
according to a stoichiometric condition. The absorption and
photoluminescence (PL) spectra of perovskites of this series
deposited on mesoporous Al2O3/glass substrates were
recorded to derive the optical properties of these perovskite
crystals inside of a mesoporous condition to mimic the
environment in a mesoscopic carbon-electrode device (Figure
1). Increasing the proportions of HEAI in perovskites evidently
shifted the absorption spectra toward smaller wavelengths; for
band edges varying from 925 nm (x = 0) to 614 nm (x = 1),

the corresponding normalized PL spectra shifted from 900 nm
(x = 0) to 623 nm (x = 1); the films changed accordingly from
black to orange (Figure 1). The systematic variation of the
absorption and PL spectra provide importants information
regarding the variation of the bandgap (Eg) of the hybrid
cation perovskites; we hence expect that the HEA+ cation plays
a key role to modify the crystal structures for the observed
variation of the bandgaps in tin-based perovskites in this series.
Figure 2a shows X-ray diffraction (XRD) patterns of

HEAxFA1−xSnI3 perovskites deposited on FTO/TiO2/Al2O3/
C device substrates with x = 0, 0.2, 0.4, 0.6, 0.8, and 1; Figure
2b shows powder XRD patterns extracted from four new
single-crystal data with the crystal structures shown in Figure 2
panel c (HEAI 40 and 80%, 3D structure) and panel d (HEAI
100%, 2D structure). As shown in Figure 2a, all diffraction
signals shift toward smaller diffraction angles as the HEAI
proportion increases, meaning that HEA+ cations are involved
during formation of the perovskite crystals; this phenomenon
reasonably explains the variation of bandgaps of perovskites of
this series shown in Figure 1. As HEA+ is larger than FA+, the
crystal size would increase with increasing number of inserted
HEA+ cations, resulting in downward shifts of the diffraction
angles. The intensities of diffraction signals at 14.2 and 28.4°
consistently increased with increasing proportion of HEA+,
indicating that the crystallinity of the perovskite crystals
improved with HEA+ incorporated into the crystals. As the
HEAI proportion increased to 40%, the intensities of XRD
signals at 14.2 and 28.4° attained maxima; the intensity of the
diffraction signal at 14.2° was greater than that at 24.6°, in
contrast with the HEAI 0% sample. These phenomena indicate
that the crystal structures of HEAxFA1−xSnI3 perovskites alter
upon increasing x. As the proportion of HEAI increased to
60%, the patterns of the XRD signals at 14.2, 28.4, 31.8, 40.5,
and 43.1° altered from singlet to doublet. When the proportion
of HEAI increased to 80 and 100%, not only did the doublet
nature become more pronounced but also two additional
diffraction signals appeared at 6.0 and 8.5°, marked # in Figure

Figure 1. Absorption (solid curves) and normalized PL (dashed
curves) spectra of HEAxFA1−xSnI3 films deposited on mesoporous
Al2O3/glass substrates with varied HEAI:FAI ratios (x = 0−1)
controlled by stoichiometric proportions of HEAI:FAI precursors.
Chemical equations (a−f) appear above the spectra and the
corresponding photographs of thin-film samples below the spectra.
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2a; the same feature was observed in the powder XRD patterns
shown in Figure S1, SI.
To provide further information about the variation of the

diffraction patterns and to understand the transfer of the
crystal phases, we prepared both powder samples and single
crystals with a sealed-tube method and a method involving
slow cooling of the solution (or solution−vapor), respectively.
We can see clearly the new signals from the powder diffraction
data of the sealed-tube HEAxFA1−xSnI3 powder samples shown

in Figure S1, SI. Three new diffraction signals emerged at 6.0,
8.5, and 12.1°; five diffraction signals aforementioned became
more split when the HEAI:FAI ratios increased to 60:40 and
above, which are important features similar to those of the
device samples shown in Figure 2a. The simulated TOPAS
results of these powder samples appear in Figure S2, SI; the
corresponding lattice parameters are summarized in Table 1.
The TOPAS results reveal that the crystal geometry and space
group of the perovskite unit cells transferred from

Figure 2. (a) XRD patterns of HEAxFA1−xSnI3 perovskites deposited on mesoporous FTO/TiO2/Al2O3/C device substrates with varied
HEAI:FAI ratios as indicated. The intense XRD signals marked * correspond to a contribution from the carbon layer and the FTO substrate;
small diffraction patterns at 6.0 and 8.5° are marked #. (b) Powder XRD patterns of HEAxFA1−xSnI3 single crystals obtained by analyzing
four new single-crystal structures shown in (c) and (d). (c) Kinetic preferred perovskite structures of single crystals with HEAI proportions
0, 40, and 80% represented from left to right. The corresponding XRD patterns shown in the top two traces of (b) for HEAI 40% and HEAI
80% single crystals were transferred from their corresponding CIF files. (d) Thermodynamically preferred crystal structures obtained from
two HEAI 100% single crystals show the 2D structural feature. The corresponding XRD patterns shown in the bottom two traces of (b) for
HEAI 100% single crystals of two types were transferred from their corresponding CIF files.

Table 1. Lattice Parameters of HEAxFA1−xSnI3 Perovskites Obtained from TOPAS Simulations at Varied Proportions of HEAI
as Fitted Results Shown in Figure S2, SIa

crystal type HEAI proportion/% crystal geometry space group a/Å b/Å c/Å α/deg β/deg γ/deg

powder sample 0 orthorhombic Amm2 6.3164(7) 8.9506(28) 8.9432(14) 90 90 90
20 rhombohedral R3 8.9130(6) 8.9130(6) 10.9133(17) 90 90 120
40 rhombohedral R3 8.9242(8) 8.9242(8) 10.9247(8) 90 90 120
60 tetragonal P4/m 14.559(3) 14.559(3) 6.3765(16) 90 90 90
80 tetragonal P4/m 14.637(3) 14.637(3) 6.381(2) 90 90 90
100 tetragonal P4/m 14.6706(7) 14.6706(7) 6.3852(5) 90 90 90

single crystal 40b rhombohedral R3 8.920(4) 8.920(4) 10.934(4) 90 90 120
80b tetragonal P4/m 14.620(9) 14.620(9) 6.392(4) 90 90 90
100c orthorhombic Pnma 13.0062(18) 19.617(4) 6.3852(13) 90 90 90
100c monoclinic P21/c 10.1959(2) 9.0234(2) 8.9297(2) 90 100.360(1) 90

aThe lattice parameters in the lower part of the table were obtained from the single-crystal data. bExtracted from single-crystal data with a 3D
structure. cextracted from single-crystal data with a 2D structure.
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orthorhombic Amm2 of lower symmetry to rhombohedral R3
of higher symmetry when the proportion of HEAI increased
from 0 to 20−40%. This structural variation indicates that
HEA+ cations insert into the perovskite lattice and increase the
symmetry order of a crystal. We therefore grew single crystals
of HEA0.4FA0.6SnI3 perovskite with a slow-cooling method; the
obtained crystal structure is shown in the middle of Figure 2c.
Because of thermal vibrations of the mixed organic cations,
only the inorganic network was located; both organic cations
could not be revealed from the matrix of small electronic
density. The crystal structure altered again when the
proportion of HEAI increased to 60−100%. The single crystal
of the HEA0.8FA0.2 Sn0.67I2.33 perovskite, prepared with a
solution−vapor method, adopts a tetragonal structure but with
vacancy sites of tin and iodine, which we call a vacant
perovskite, with the structure of the unit cell shown in Figure 2c
right. On the basis of the single-crystal structure of a perovskite
with HEAI 80%, both lattice parameters of the HEAI 60 and
100% crystals were determined unambiguously from a TOPAS
simulation of the corresponding powder data according to the
results summarized in Table 1; they all belong to the category
of 3D-vacant perovskites with the same tetragonal lattice
structure P4/m with size increasing with increasing proportion
of HEAI.
When the perovskite crystal with the HEAI proportion

increases from 40 to 60%, why does a phase transition occur to
generate a 3D-vacant structure? Because the size of HEA+ is
much greater than that of FA+, the crystals of greater HEAI
proportion might suffer from a large structural stress that
requires release. One way to release such crystal strain is for tin
and iodine ions to escape from the crystal so that structural
vacancies emerge. As a result, the structural motif enlarged;
both a and b of the unit cells increased from 8.920 to 14.559 Å
(Table 1). The single-crystal structure shown in Figure 2c
indicates that tin and iodine vacancies posited at corner sites of
the unit cell with an inorganic frame Sn4I14. The 3D-vacant
perovskites can thus be regarded as bridging between a 2D and
a 3D structure, giving the 3D-vacant perovskite molecular
formulas HEAxFA1−xSn0.67I2.33. A similar phenomenon was
found in the case of lead perovskite reported by Mercier et
al.,30 who applied HEA+ to MAPbI3 perovskites to form vacant
perovskite with inorganic crystal frame Pb4.09I14.09, which is
similar to our case with inorganic frame Sn4I14. For the case of
tin perovskite, Kanatzidis and co-workers added ethylenedi-
amine (en) in small proportions into FASnI3 and MASnI3 to
form so-called hollow perovskites {en}FASnI3 and {en}-
MASnI3.

25,26 As en2+ (or EDA2+) cations are involved, Sn2+

must emerge from the crystal lattice to maintain a charge
balance, which might thus generate Schottky vacancies in
massive numbers. Their vacancy sites are randomly occupied,
which differs from our case.
In 2004, Mercier et al. reported two 2D lead-based

perovskites, HEA2PbI4 and HEA2PbBr4, of which the unit
cells have monoclinic and orthorhombic structures, respec-
tively.28 Using a slow-cooling method, we synthesized single
crystals of 2D tin-based perovskite HEA2SnI4; the precursor
solution contained HEAI 100%. Differing from the case of
HEA2PbI4, the HEA2SnI4 crystallized near 25 °C to form
lattice structures monoclinic (P21/c) and orthorhombic
(Pnma), showing dark brown and orange colors, respectively.
In the two unit cell structures shown in Figure 2d, the SnI6
octahedral inorganic framework was separated by the HEA+

cations. Because the interaction between each inorganic layer

was small, the two HEA2SnI4 perovskites all had a sheet-like
morphology. In contrast, when the precursor solution with
HEAI 100% was used either with the DC method to make a
device or with a sealed-tube method to make a powder sample,
only 3D-vacant perovskites were produced, as the preceding
discussion shows. This discrepancy might be due to two
distinct crystal growths involved. For the case with the DC and
sealed-tube method, the crystal growth was so rapid that the
crystal was generated in a kinetically preferable phase, a 3D-
vacant perovskite, rather than its thermodynamically preferable
phase, a 2D perovskite, which was produced with the slow-
cooling method aforementioned.
Our XRD results indicate three important structural features

of the HEAxFA1−xSnI3 perovskites. First, introducing HEA+

increases the order of the lattice symmetry at x = 0.2−0.4
(HEAI 20−40%) to expand the unit cell with a 3D
rhombohedral structure (symmetry R3). Second, the crystal
structure transfers from a 3D perovskite structure to a 3D-
vacant perovskite structure at x = 0.6−1.0 (HEAI 60−100%)
with general chemical formula HEAxFA1−xSn0.67I2.33 adopting a
tetragonal structure with a larger unit cell. Third, for the HEAI
100% case, the 3D-vacant perovskites (HEASn0.67I2.33) are in a
kinetically preferable phase and the 2D perovskites are in a
thermodynamically preferable phase. We thus discovered that
HEA+ cations play an important role within the
HEAxFA1−xSnI3 perovskite framework, which altered the
crystal structure; this structural alteration has an impact on
the optical, electronic, and PV properties of the materials, as
we discuss in what follows.
The energy levels of the valence band (EVB) of perovskite

system HEAxFA1−xSnI3 were investigated with ultraviolet
photoelectron spectra (UPS) and photons at energy 36.4 eV
from a synchrotron radiation source in an ultrahigh vacuum
system. The photoelectron kinetic energies and binding
energies were determined from the two edges of the UPS to
obtain EVB for the HEAxFA1−xSnI3 perovskites. The small-
energy edge shows the work function (WF); the large-energy
edge determines the energy difference between the WF and
VBM; the corresponding UPS raw data and analysis are shown
in Figures S3, SI. The energy levels of the minimum of the
conduction band (CBM, ECB) were determined upon scaling
the VBM levels with the corresponding Eg values, which were
determined from the absorption spectra shown in Figure S4,
SI. Figure 3a shows energy levels (VBM and CBM) and the
WF for perovskites HEAxFA1−xSnI3 with precursor solutions
containing HEAI/FAI in varied proportions. For FASnI3 (x =
0), the WF is located at −4.21 eV and the VBM is at −4.91 eV.
When HEA+ was introduced, both the WF and VBM energy
levels were systematically lowered from −4.24 and −5.19 eV at
x = 0.2 to −4.34 and −5.50 eV at x = 1.0. In contrast, the CBM
energy levels were lowered from −3.57 eV at x = 0 to −3.76 eV
at x = 0.4 and then systematically raised to −3.43 eV at x = 1.0.
The lowest CBM of the HEAxFA1−xSnI3 perovskites is located
at x = 0.4. The energy gap between the CBM and WF was also
altered radically; it narrowed from x = 0 to 0.4 and then
expanded from x = 0.4 to 1.0, similar to the trend of variation
of the CBM. Figure 3b shows the variations of both the WF
and the energy gaps between the CBM and WF. From x = 0.4
to 0.6, a large decrease of the WF was observed because a
phase transition occurred to form a 3D-vacant perovskite at x
≥ 0.6, which led to significantly altered Eg and the
correspondingly altered energy levels shown in Figure 3a.
The hybrid cation perovskite at x = 0.4 hence shows the
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narrowest energy gap between the CBM and WF, 0.49 eV,
indicating a stronger n-type behavior for HEA0.4FA0.6SnI3 than
that for other hybrid perovskites. These results illustrate the
capability of energy-level modification with varied proportions
of HEAI precursor, for which the sample at HEAI 40% features
a strong n-type characteristic to match the ECB of TiO2 for
feasible electron transfer from perovskite to the TiO2 layer.
The VBM and CBM of the ABX3 perovskites are reported to

be dominated by hybridized p-orbitals of X anions interacting
with s- and p-orbitals of B cations, respectively.33−37 The
cation A seems not to contribute directly to the band structure
but would contract or tilt the lattice structure so as to affect the
distance of the B−X bond; cation A might hence be regarded
as an indirect contribution to the variation of the VBM and
CBM positions.33,37 Upon replacing MA+ with FA+ or Cs+, Eg
values in perovskites vary within 0.3 eV,37 whereas by replacing
site A cation with a cation of a longer alkyl chain or
bifunctional cation, such as butylammonium (BA+)27 or
phenylethyleneammonium (PEA+),23,24 the crystal structure
could alter from 3D to 2D or form a hollow perovskite. As a
result, the ability to tune the bandgap can be improved to more
than 0.6 eV. In our case, for HEAxFA1−xSnI3, the variation of
Eg systematically increased to 0.73 eV for perovskites from x =
0 to 1 (Figures 1 and S4, SI). We consider this anomalous
alteration of the band structure to be due to the altered crystal
structure and symmetry; the unit cells of the perovskite crystals
alter from 3D orthorhombic (HEAI 0%) to 3D rhombohedral

(HEAI 20−40%) and then to 3D-vacant tetragonal (HEAI
60−100%). A variation of the band structure of this kind that
occurs in our hybrid cation perovskite system because of a
phase transition of the crystal structure has not been reported
elsewhere.
The HEAxFA1−xSnI3 mesoscopic carbon-electrode solar cells

were fabricated with precursor solutions containing HEAI/FAI
in varied proportions using the DC method according to a
procedure reported elsewhere.29 The side-view SEM images
shown in Figure S5, SI, indicate that compact and dense
perovskite crystals were uniformly produced and effectively
filled inside of the mesoporous pores of the TiO2 and Al2O3
layers. The current−voltage characteristics of the
HEAxFA1−xSnI3 perovskite devices were measured under 1
sun AM 1.5G irradiation; the results appear in Figures 4a; the

corresponding PV parameters are summarized in Table S1, SI.
The corresponding spectra of the efficiency of conversion of
the incident monochromatic photons to current (IPCE) of
each cell are illustrated in Figure 4b. For reference cell HEAI
0%, we obtained no IPCE curve because of its poor stability in
air. The integrated current densities of the other cells (Figure
4b) match well their corresponding J−V data (Figure 4a). The
short-circuit current density (JSC) shows a trend of systematic
decrease from HEAI 0 to 100%, which is consistent with the
trend of Eg shown in Figure 3a. In contrast, VOC shows an
opposite trend compared with that of JSC with an exception
that the HEAI 100% device shows a smaller VOC than the
HEAI 80% cell. The abnormal VOC decrease for the HEAI
100% device might be due to the poor n-type characteristic of
the perovskite so that charge recombination becomes a serious
problem. As shown in Figure 3, the WF position of the HEAI
100% film is located at nearly the midpoint between energy
levels ECB and EVB; the gap between the WF and CBM would
thus be too large for efficient charge transfer, resulting in
decreased VOC and a poor fill factor (FF). The devices show a
trend of performance consistent with the variation of the WF
to CBM energy gaps shown in Figure 3b; the best PV
performance occurred at the HEAI 40% device (PCE 2.5%) for
which the WF to CBM energy gap is the least. Moreover, the

Figure 3. (a) Potential energy diagrams (energy/eV with respect to
vacuum) of films HEAxFA1−xSnI3 with the percentage of HEAI in
the HEAI:FAI film as indicated. EVB and ECB represent the
potential levels of the VBM and CBM, respectively; Eg represents
the energy bandgap; the positions of the WF are indicated as red
dashed lines for each species. (b) Trend of the WF (left axis) and
the energy difference between the WF and CBM (right axis) of
varied HEA proportions. The raw data of the UPS are shown in
Figure S3, SI.

Figure 4. PV performance of HEAxFA1−xSnI3 devices showing (a)
current−voltage curves, (b) IPCE spectra (solid curves) and
integrated current densities (symbols), (c) EIS analysis of each
condition (symbols are experimental data, fitted data are shown as
lines, and the fitted circuit is inserted at the left corner), and (d)
PL decays of HEAxFA1−xSnI3 deposited on a glass substrate.
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HEAI 40% device has the least ECB so as to achieve the best
band alignment with ECB of TiO2.
To study the interfacial properties for improved under-

standing of the trend of device performance shown in Figure
4a, we measured electrochemical impedance spectra (EIS) of
HEAxFA1−xSnI3 devices with x = 0−1; the results are shown in
Figure 4c. Nyquist plots of all devices show two arcs that were
fitted according to the equivalent-circuit model represented
above the plots; the corresponding fitted parameters are listed
in Table S2, SI. The two arcs of the Nyquist plots have been
assigned to the impedance representing the charge transfer (in
the high-frequency region) and charge recombination (in the
low-frequency region) behavior of interfaces of the devi-
ces.15,21,38 According to the fitted results summarized in Table
S2, SI, the values of both charge-transfer resistance (R1) and
charge-recombination resistance (R2) show an increasing trend
with increasing proportion of HEAI. This feature is consistent
with the increasing trend of JSC and decreasing trend of VOC
shown in Figure 4a, with an exception of the HEAI 100%
device. This exceptional case can be rationalized as the R2
value of the HEAI 100% device is smaller than the R1 value.
The HEAI 100% device hence suffers from serious charge
recombination because the rate of charge transfer would
become smaller than the rate of charge recombination. We also
notice that there is a large jump for the R1 values from the
HEAI 60% device to the HEAI 80% device, which reflects their
corresponding JSC values. Because these two perovskites both
exhibit a 3D-vacant structure, the observed abruptly increasing
charge-transfer resistance might be due to the defects of the
perovskite becoming more significant when more defect states
were produced for the HEAI 80% perovskite than for the
HEAI 60% perovskite. As a result, the HEAI 40% device with a
rhombohedral crystal structure could balance both charge
transfer and charge recombination to give the best perform-
ance for perovskites in this series.
To evaluate the PL lifetimes, we performed time-correlated

single-photon counting (TCSPC) experiments for
HEAxFA1−xSnI3 samples as thin films. As indicated in Figure
4d, the trend of the PL lifetimes shows the order for HEAI 60
> 40 > 20 > 0 > 80 ≈ 100%. For the reference FASnI3 (0%)
sample, only two decay components sufficed for the fit; the first
decay component (τ1 = 0.51 ns) corresponds to a nonradiative
surface-state relaxation of perovskite, whereas the second decay
component (τ2 = 1.6 ns) is attributed to charge recombination
in the bulk.39,40 For other samples (x > 0), three decay
components were required to obtain a satisfactory fit, but for
samples from HEAI 20, 80, and 100%, the third component
was too small to be included in a calculation of the average PL
lifetime (τPL). We found that τ1 increased systematically from x
= 0 to 0.6 and then decreased to a pulse-limited value for x =
0.8 and 1.0. This lifetime behavior is consistent with the EIS
results (Figure 4c) that show an abruptly increased charge-
transfer resistance (R1) from the x = 0.6 to 0.8 devices. The
amplitude of τ1 also showed a systematically decreasing trend
from x = 0 to 0.6, indicating that the nonradiative surface-state
relaxation became less significant when the HEAI proportion
increased to 60%, at which the phase transition occurred to
form a 3D-vacant perovskite. In contrast, the bulk charge
recombination (τ2) became more important upon increasing
the HEAI proportion to 60%. As a result, the trend of average
PL lifetime (τPL) shows an order with HEAI proportion 60 >
40 > 20 > 0 ≫ 80 ≈ 100%. The PL transients of both 80 and
100% samples showed a pulse-limited kinetic feature because

the tin and iodine vacancies inside of the perovskite crystals
generated too many defect states to induce significant charge
recombination on the surface and in the bulk. Although the
60% sample shows the largest PL lifetime, the existence of
vacancies in a small proportion inside of the perovskite made
the device performance of the HEA0.6FA0.4SnI3 cell slightly
worse than that of the HEA0.4FA0.6SnI3 device, shown in Figure
4a and Table S1, SI. We hence take the HEA0.4FA0.6SnI3 device
as a reference cell using varied approaches to optimize its PV
performance, as detailed in what follows.
To optimize the device performance for the HEA0.4FA0.6SnI3

(HEAI 40%) device, we applied a two-step SE method.31 We
found that the crystal growth rate of the perovskite was
controllable with the SE method and precursor solvents
containing DMF/DMSO in varied proportions. As the results
show in Figure S6 and Table S4, SI, the best device
performance occurred at the ratio DMF:DMSO = 50:50
(PCE 3.0%), which is superior to that using a one-step DC
method with the precursor solvent using DMF 100% (PCE
2.5%). Although the device fabricated using the SE method
showed a better JSC and FF than those using the DC method,
the VOC was poorer. To improve the cell performance for the
SE device, we added EDAI2 in a small proportion, which has
been applied to enhance VOC effectively for a planar tin-based
PSC.32 EDAI2 was added into the HEAI 40% precursor
solution with the EDAI2 proportions varied from 0 to 5%. The
PV performance results are shown in Figure S7 and Table S5,
SI; the best device performance occurred at 3% EDAI2.
According to this approach (SE + 3% EDAI2), the cell
performance was significantly improved, giving the best device
with JSC = 17.20 mA cm−2, VOC = 383 mV, FF = 0.56, and
overall efficiency η = 3.7%. A comparison of the device
performance with three methods was made for the best devices
(Figure 5a); the corresponding histograms based on 30 devices
are shown in Figure 5b. The corresponding PV performance
parameters are summarized in Tables 2 and S6−S8, SI. Figure
5c,d shows the effect of hysteresis and stabilized power output,
respectively.
The enduring stability tests of the HEAI 0% device (as a

reference cell) and the HEAI 40% devices fabricated with three

Figure 5. (a) Current−voltage curves and (b) histograms of 30
fresh HEAI 40% devices fabricated using approaches of DC, SE,
and SE + 3% EDAI2 additive, (c) hysteresis test of the SE + 3%
EDAI2 cell, and (d) stabilized power output measured at the point
of maximum power of the SE + 3% EDAI2 device for 2 min.

ACS Energy Letters Letter

DOI: 10.1021/acsenergylett.8b01046
ACS Energy Lett. 2018, 3, 2077−2085

2082

http://pubs.acs.org/doi/suppl/10.1021/acsenergylett.8b01046/suppl_file/nz8b01046_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsenergylett.8b01046/suppl_file/nz8b01046_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsenergylett.8b01046/suppl_file/nz8b01046_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsenergylett.8b01046/suppl_file/nz8b01046_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsenergylett.8b01046/suppl_file/nz8b01046_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsenergylett.8b01046/suppl_file/nz8b01046_si_001.pdf
http://dx.doi.org/10.1021/acsenergylett.8b01046


different methods as a function of storage time are
demonstrated in Figure S8, SI. Both HEAI 0 and 40% devices
fabricated by the DC method showed significant deterioration
of the device performance as a function of storage periods. For
the HEAI 40%-SE device, the PCE increased slightly and
maintained above 2.5% for over 1000 h. For the HEAI 40%-SE
+ 3% EDAI2 device, we found that the performance of the
fresh cell exhibited only PCE 3.2%; the efficiency was slowly
increased upon increasing the storage period, and a maximum
performance was obtained at a storage time of 340 h, for which
JSC = 18.52 mA cm−2, VOC = 371 mV, FF = 0.56, and the
overall efficiency η = 3.9%. The diammonium cation, EDA2+,
clearly plays an important role in passivating the defect states,
suppressing the Sn2+/Sn4+ oxidation, and releasing the crystal
strain, not only for planar tin-based PSC32 but also boosting
the device performance for our carbon-electrode hybrid
organic cationic tin-based PSCs.
In conclusion, we have developed tin-based perovskites in a

new series, HEAxFA1−xSnI3 (x = 0−1), using precursor
solutions containing tin iodide and 2-hydroxyethylammonium
iodide/formamidinium iodide (HEAI/FAI) mixtures in varied
stoichiometric ratios, 0:100, 20:80, 40:60, 60:40, 80:20, and
100:0. Bifunctional cation HEA+, HO(CH2)2NH3

+, exerted
vital influence on the structural, optical, and electronic
properties of a tin-based perovskite. When HEA+ inserted
into the lattice structure, the ordinary crystal symmetry of
HEAxFA1−xSnI3 increased; the crystal structures altered from
orthorhombic (x = 0) to rhombohedral (x = 0.2 and 0.4).
When x increased to 0.6−1.0, 3D-vacant perovskites,
HEAxFA1−xSn0.67I2.33, were formed. This 3D-vacant perovskite
can be regarded as a structure bridging between 2D and 3D
perovskites. As the HEAI proportion increased to 100%, the
crystal structures existed in two stable phases, the kinetically
preferable phase (HEASn0.67I2.33) and the thermodynamically
preferable phase (HEA2SnI4), which can be controlled by
varying the rates of crystal growth. The structural changes of
the perovskite crystals led to significant changes in the optical
properties, such as bandgaps, and electronic structures, such as
band energy levels, which play a key role in PV performance.
We applied perovskite HEAxFA1−xSnI3 as a light-harvesting
active layer to fabricate the mesoscopic carbon-electrode
devices. We found that JSC decreased when VOC increased
upon increasing the HEAI proportions. The best-performing
cell occurred at HEAI 40% (x = 0.4) because of the superior
crystallinity, energy level alignment, and retarded charge
recombination, supported by the characterization using XRD,
UPS, EIS, and TCSPC techniques. The PCE of the
HEA0.4FA0.6SnI3 device was further optimized with a two-
step SE method and additive EDAI2 present at 3%, which
attained the best efficiency of η = 3.7% for a fresh cell and η =
3.9% for the device stored in a glovebox for 340 h. The present

work conveys an important message that the hybrid HEA+/
FA+ organic cations can modify the optoelectronic properties
and band structures by altering the lattice structures with
varied HEAI proportions. The discovery of new 3D-vacant and
2D tin-based perovskites thus opens a new door for further
development of a lead-free perovskite with superior alignment
of energy levels and improved performance as a solar cell.
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