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Abstract: Hybrid perovskites have generated a great deal of
interest because of their potential in photovoltaic applications.
However, the toxicity of lead means that there is interest in
finding a nontoxic substitute. Bulk single crystals of both cubic
CH3NH3SnI3 and CH(NH2)2SnI3 were obtained by using the
top-seeded solution growth method under an ambient atmos-
phere. Structural refinement, band gap, thermal properties, and
XPS measurements of CH3NH3SnI3 and CH(NH2)2SnI3 single
crystals are also reported in detail. These results should pave
the way for further applications of CH3NH3SnI3 and CH-
(NH2)2SnI3.

Lead-containing organic–inorganic hybrid perovskite mate-
rials are of great interest for photovoltaic applications.[1]

Increases in power conversion efficiencies (PCEs) from
3.8%[2] to 20.1%[3] have been reported over the past six
years. Since the toxicity of lead is of concern, a nontoxic
substitute for perovskite materials is required. The Pb could
be replaced with Sn or Ge, which are in the same group in the
periodic table. However, the stability of the 2 + oxidation
state decreases on descending the group, so these materials
may not be stable.[4]

Recent reports[4–8] on CH3NH3SnI3 (MASnI3) and CH-
(NH2)2SnI3 (FASnI3) materials mainly focus on hybrid tin
halide perovskite polycrystalline and thin films. To the best of
our knowledge, there are few previous reports on solar cells
using Sn-based perovskite materials as the absorber layer,
although PCEs from about 6% to 8.5% have been reported
by Kanatzidis,[5, 6, 15] Snaith,[4] and their respective co-workers.
On the other hand, single crystals are important for studies of
the basic properties of materials in the absence of grain
boundary effects. There have been many questions about the
lower PCEs and stability of tin iodide perovskite materials.
Most of the previous reports on the properties of MASnI3 and
FASnI3 used single crystals that were synthesized and grown
under inert (Ar or N2) atmospheres,[7–14] There were no
reports on the growth of bulk MASnI3 and FASnI3 single
crystals under an ambient atmosphere, because of the
instability of these materials. We have obtained both cubic
MASnI3 and FASnI3 single crystals with dimensions of
20 mm × 16 mm × 10 mm and 8 mm × 6 mm × 5 mm

(Figure 1) under an ambient atmosphere by using the top-
seeded solution growth (TSSG) method. Detailed structural
refinements and measurements of the band gap and thermal
properties of MASnI3 single crystals have also been carried
out. The bandgaps of MASnI3 and FASnI3 single crystals are
approximately 1.15 eV and 1.4 eV, respectively. The crystals
exhibit relatively good physical and chemical stability when
exposed to inert atmospheres. The thermal expansion coef-
ficients a11 of MASnI3 and FASnI3 along all the axial
directions were calculated to be 3.423 × 10¢5 K¢1 and 3.667 ×
10¢5 K¢1, respectively. These properties of MASnI3 and
FASnI3 single crystals pave the way for further applications
in optoelectronics.

In the synthesis, formamidinium acetate or freshly syn-
thesized MAI was reacted with SnO in a mixed solution of
HI–H3PO2 at 75 88C under air. Seed crystals were obtained by
spontaneous crystallization. The crystal growth conditions
were optimized by using growth temperature control and
high-quality seed-crystal selection. Phase purity was
observed, and no impurities were found. The powder XRD
diffraction patterns were both in good agreement with the
calculated XRD diffraction patterns of the single crystals in
Figure 2.

The solubility curves of MASnI3 and FASnI3 in an HI–
H3PO2 mixed solution are shown in Figure 3; these solubility
data are needed to ensure good crystal growth. The solubility
of MASnI3 becomes higher than that of FASnI3 as the
temperature is increased. MASnI3 was saturated at 65 88C,
while FASnI3 was saturated at 60 88C. The H3PO2 solution was
used as a reducing regent to stabilize the Sn2+ and I¢ ions in
MASnI3 and FASnI3 during the crystal growth. This proce-

Figure 1. a) MASnI3 and b) FASnI3 single crystals obtained by optimiz-
ing crystal growth conditions. Scale bars in the upper images in (a):
5 mm.
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dure ensured that no byproducts were obtained because of
the presence of H3PO2/H3PO3 redox potentials in the
reaction.

X-ray diffraction studies indicate that the crystal struc-
tures of MASnI3 and FASnI3 both belong to the cubic Pm3̄m
(no. 221) space group at room temperature. The related
single-crystal parameters are presented in Tables S1–S7 (see
the Supporting Information). The related lattice parameters
for FASnI3 are all larger than those for MASnI3, which agree
with those previously reported.[8] As already described,[7]

MASnI3 exhibited a distorted noncentrosymmetric tetragonal
P4mm (no. 99) three-dimensional perovskite structure at
room temperature, while the crystal structures of FASnI3

belonged to Amm2 (no. 38) and Imm2 (no. 44) space
groups, at 340 K and 180 K, respectively. However, we
redetermined and refined the crystal structure of MASnI3

and FASnI3, and the results indicated that they both belonged
to the cubic system, similar to those of previously
reported.[8–14] Ball-and-stick diagrams of the crystal structure
are shown in Figure 4. C and N atoms in the C/N structural

unit of MASnI3 and FASnI3 exist in the presence of disorder
phenomena so that the distribution of C and N atoms was
random around the C¢N bond. All of the I–Sn bond lengths in
the structure of FASnI3 were found to be 3.161 è, which were
longer than those of MASnI3 (3.123 è), thus indicating the
symmetry of the {SnI6} octahedral structural unit along the
different directions.

The UV/Vis/NIR diffuse reflectance spectra for MASnI3

and FASnI3 are given in Figure S1. Calculations of the band
structure indicate that MASnI3 and FASnI3 are bandgap
materials by a narrow margin.[7, 8, 13] Hall effect measurements
at room temperature show that MASnI3 single crystals show
p-type semiconductor behavior, while FASnI3 single crystals
show n-type semiconductor behavior, which is consistent with
previous reports.[7] Their trap densities (carrier concentration)
were both in the order of 1011 cm¢3 (see Figure S5). The
bandgap can be determined from where a tangent to the
F(R)–energy curve intersects the x-axis. The absorption
spectrum was calculated from the reflectance spectrum
by using the Kubelka–Munk function F(R) = a/S =

(1¢R)2/(2R), where a is the absorption coefficient, S is the
scattering coefficient, and R is the reflectance.[17] The UV/Vis/
NIR spectrum for MASnI3 (Figure S1 a) immediately after
crystal growth indicates that the band gap of MASnI3 is
approximately 1.15 eV, which is smaller than reported for
polycrystals[7] and thin films.[4–6] However, after exposure to
an ambient atmosphere for one month, the UV/Vis/NIR
spectrum of MASnI3 (Figure S1 b) indicates that the bandgap
has increased to 1.46 eV. The blue-shift of the absorption peak
in the UV/Vis/NIR spectrum is attributed to oxidation of Sn2+

into Sn4+. The powder XRD patterns and photograph of

Figure 2. Experimental and calculated powder X-ray diffraction patterns
for MASnI3 and FASnI3. The powder XRD patterns of the samples were
in consistent with the calculated XRD patterns of MASnI3 and FASnI3

single crystals.

Figure 3. Solubility curves of MASnI3 and FASnI3 in an HI–H3PO2

mixed solution. The data shows the solubility of MASnI3 (squares) and
FASnI3 (circles) at different temperatures to ensure the crystal growth.

Figure 4. Ball-and-stick stick diagrams of crystal structures and the
{SnI6} octahedral structure units in the MASnI3 and FASnI3 single
crystals. Along the [001] direction, the crystal structure of MASnI3 (a)
and FASnI3 (c); the C and N elements represent the disordered
CH3NH3 and CH(NH2)2 groups; hydrogen atoms bonded to the C or
N atoms were omitted for clarity. In the {SnI6} octahedral structure
unit of MASnI3 (b) and FASnI3 (d), all the I–Sn bond lengths were
3.123 ç and 3.161 ç, respectively.
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MASnI3 (Figure S2a and S2c) clearly verified the phenom-
ena. Although the UV/Vis/NIR spectrum of FASnI3 (Fig-
ure S1c) implies that the bandgap of FASnI3 is approximately
1.4 eV (which is higher than that of MASnI3) both immedi-
ately after crystal growth and after exposure to an ambient
atmosphere, while there is no change in the powder XRD
patterns (Figure S2 d). Furthermore, XPS measurements were
used to characterize the oxidation state of Sn in the MASnI3

and FASnI3 single crystals immediately after crystal growth
and after exposure to an ambient atmosphere for one month.
The Sn 3d5 peak at binding energies from 490 to 484 eV shows
the oxidation state of Sn (Figure S4). The main band at
around 487 eV can be attributed to Sn2+.[18] The oxidation
state of Sn in FASnI3 after one month under an ambient
atmosphere remains unchanged. However, exposure of
MASnI3 to an ambient atmosphere for one month results in
the formation of Sn2+ and Sn4+, which explains the additional
peak at about 488 eV (Figure S4 c) that can be attributed to
the presence of Sn4+, and is in agreement with previous
observations.[18] This result is consistent with the changes of
band gap and powder XRD patterns of MASnI3 (Figure S1b
and S2 c, respectively). These behaviors show that FASnI3 is
more stable than MASnI3 upon exposure to the ambient
atmosphere.

The thermal expansion coefficients and the specific heat
values of MASnI3 and FASnI3 single crystals were measured.
Figure 5a and 5 b show the measured thermal expansion
along the [100] direction. The change of thickness DL

increases almost linearly with temperature. The thermal
expansion coefficients have been calculated using Equa-
tion (1):

a T ¢ T0ð Þ ¼ 1
DT

DL
L

ð1Þ

For the cubic crystal with space group of Pm3̄m, there is
only one independent thermal expansion coefficient a11

[Equation (2)]. The thermal expansion coefficients of
MASnI3 and FASnI3 are calculated to be 3.423 × 10¢5 K¢1

and 3.667 × 10¢5 K¢1, respectively.

a11 0 0

0 a11 0

0 0 a11

0B@
1CA ð2Þ

The specific heat (Cp) value of MASnI3 or FASnI3 as
a function of temperature is shown in Figure 5c and 5d. These
values of MASnI3 and FASnI3 both increase almost linearly
with increasing temperature from 0.805 J (gK)¢1 at 296 K to
0.97 J (gK)¢1 at 420 K and from 0.357 J (gK)¢1 at 296 K to
0.42 J (gK)¢1 at 390 K, respectively.

The decomposition temperature of MASnI3 single crystals
is 200 88C, which is higher than that of FASnI3 (175 88C), thus
indicating that they both have relatively good thermal
stability (Figure 6). MASnI3 starts to lose weight under
200 88C, while FASnI3 begins to lose weight under 175 88C.

These results indicate that the
residues are both mainly SnI2,
which are consistent with the

with mass loss of the organic
cations and the tin iodide resi-
dues reported by Kanatzidis an
co-workers.[7] The reactions that
occur under a flow of N2 gas are
given in Equations (3) and (4):

MASnI3 ðsÞ ¼ FAI ðgÞ þ SnI2 ðsÞ;
ð3Þ

FASnI3 ðsÞ ¼MAI ðgÞ þ SnI2 ðsÞ:
ð4Þ

Although they are both
hygroscopic and air-sensitive
when exposed to the ambient
atmosphere, the black MASnI3

and FASnI3 single crystals were
stable under an inert (Ar or N2)
atmosphere for several months,
as shown by powder XRD meas-
urements (Figure S3). In partic-
ular, the stability of FASnI3 is
better than that of MASnI3 after
exposure to the ambient atmos-
phere for one month (Fig-
ure S2).

Figure 5. Thermal expansion and specific heat capacities of MASnI3 and FASnI3 single crystals along the
[100] direction. a) Thermal expansion of MASnI3 measured in the temperature range 296–420 K and
(c) specific heat capacity measurement of MASnI3 performed under a nitrogen atmosphere in the
temperature range 296–420 K. b) Thermal expansion of FASnI3 conducted in the temperature range 296–
400 K and d) specific heat capacity measurement of FASnI3 performed under a nitrogen atmosphere in
the temperature range 296–390 K.
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In summary, we have investigated bulk MASnI3 and
FASnI3 single crystals by using a TSSG method under an
ambient atmosphere. Detailed measurements such as struc-
tural refinement, bandgap, thermal properties, and XPS have
been also conducted. MASnI3 single crystals are p-type
semiconductors, while FASnI3 single crystals are n-type
semiconductors. The trap densities in these crystals are in
the order of 1011 cm¢3. Although they are air-sensitive, both
MASnI3 and FASnI3 single crystals are stable under inert
atmospheres. In particular, the stability of FASnI3 is higher
than that of MASnI3. Our studies provide new information
about the fundamental properties of MASnI3 and FASnI3

single crystals, and potentially provide guidance for the
applications in solar cells, field-effect transistors (FETs), and
thermoelectric devices. Further studies on the other proper-
ties of MASnI3 and FASnI3 single crystals are underway.

Experimental Section
Reagents: Analytical-grade reactants of SnO, formamidinium acetate
(NH=CHNH2CH3OOH), CH3NH2 (H2O) solution, H3PO2 solution
and HI solution were purchased from Sinopharm Co. Ltd. and used
without further purification.

Synthesis and crystal growth : Synthesis and crystal growth were
conducted based on a previously reported procedure.[16]

Synthesis of MASnI3 : The raw materials were dissolved at 75 88C
under an ambient atmosphere. SnO (20.210 g, 0.15 mol) and freshly
synthesized MAI (23.850 g, 0.15 mol) were dissolved in a mixture of
HI (150 mL) and H3PO2 (150 mL) and were stirred to form a bright-
yellow solution. The solutions were saturated at 65 88C. A black, shiny
single crystal of MASnI3 was grown in about one month by top-
seeded solution growth.

Synthesis of FASnI3 : SnO (13.471 g, 0.10 mol) and formamidi-
nium acetate (10.411 g, 0.10 mol) were dissolved in a mixture of HI
(135 mL) and H3PO2 (135 mL) solution and were stirred to form
a bright-green solution. Solutions were saturated at 60 88C. A black,
shiny FASnI3 single crystal was grown in about one month by top-
seeded solution growth (Figure 1).

Characterization: Methods for XRD, structural refinement,
bandgap, thermal properties, XPS, and Hall Effect measurements
are given in the Supporting Information. CCDC 1429424, 1438332,
for MASnI3 and FASnI3 contain the supplementary crystallographic

data for this paper. These data can be obtained free of charge from
The Cambridge Crystallographic Data Centre.
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Figure 6. TGA and DSC data for MASnI3 (red line) and FASnI3 (black
line).
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