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a b s t r a c t

The orthorhombic perovskite polymorph of cesium tin iodide (B-γ-CsSnI3) has been shown to possess an
interesting combination of electrical and optical properties. Here we show that a simple “one-pot”
method can be used for the solution synthesis and processing of nanoscale B-γ-CsSnI3 at room
temperature. This method entails the dissolution of SnI2 and CsI powders in a specific combination of
polar solvents, which results in a clear solution. Evaporation of the solvents results in the formation of
B-γ-CsSnI3 on substrates, either in the form of nanocrystalline thin films or nanoparticles depending on
the concentration of the solution. Thus, it is not necessary to synthesize B-γ-CsSnI3 phase a priori by
vacuum melting or solid-state reaction methods before it can be solution processed, as has been implied
in other studies. This has important implications for the solution synthesis and processing of nanoscale
B-γ-CsSnI3 phase which may find potential new uses in solid-state dye-sensitized solar cells and
optoelectronic devices of the future.

& 2013 Elsevier B.V. All rights reserved.

1. Introduction

Cesium tin iodide, in particular the orthorhombic perovskite
polymorph (B-γ-CsSnI3; space group Pnma) [1,2] of this trihalide, is
gaining rapid interest due to the possibility of its use in solid-state
dye-sensitized solar cells [3–5], Schottky solar cells [6] and
optoelectronic devices [2–9]. These potential applications derive
from a fascinating set of room-temperature properties recently
discovered in B-γ-CsSnI3, which includes [2–9]: (i) high p-type
metal-like conductivity (�200 S cm�2), (ii) high hole mobility
(�585 cm2 V�1 s�1), (iii) direct band gap of �1.3 eV, and
(iv) strong near-infrared photoluminescent emission at �950 nm. More
recently, B-γ-CsSnI3 is predicted to be a topological insulator [10]. Still,
very little is known about this fascinating material, and it appears in
fewer than 20 journal papers to-date.

Broadly, CsSnI3 belongs to the family of perovskite trihalides
RMeX3 (X¼halogen, Me¼transition metal, and R¼alkali metal or
organic short chain) that are amenable to solution synthesis and
processing [11]. However, synthesis and processing of B-γ-CsSnI3,
which is also referred to as the “black” phase, has not been explored
in any detail. This is further complicated by the ready degradation of
B-γ-CsSnI3 in ambient air to the “yellow” Y-CsSnI3 phase with a one-
dimensional double-chain structure which does not possess the
aforementioned desirable properties [1,2].

Scaife et al. [12], Yamada et al. [1] and Chung et al. [2,3] have
synthesized B-γ-CsSnI3 by melting SnI2+CsI powder mixtures in

evacuated glass vials under high vacuum, followed by slow cooling.
Chung et al. [3] have shown that the melt-synthesized B-γ-CsSnI3 can
be completely dissolved in polar solvents. They also showed that the
solution can be infiltrated into nanoporous TiO2 for use in solid-state
dye-sensitized solar cells, and inferred that the crystallized phase
within the TiO2 nanopores following evaporation of the solvent is
B-γ-CsSnI3 [3]. This high-vacuummelt-synthesis method has obvious
drawbacks in terms of equipment needed and limitations on
quantities than can be produced. Shum et al. [7] have synthesized
thin films of B-γ-CsSnI3 by evaporating several alternating layers of
SnI2 and CsI on a substrate, followed by heat-treating the stack to
complete the solid-state reaction between the layers. This method
also has the aforementioned drawbacks in terms of equipment needs
and quantities produced. Furthermore, this method is limited to
synthesis of thin films. Finally, Scaife et al. [12] and Shum et al. [13]
have synthesized B-γ-CsSnI3, in the form of powders or thin films, via
direct precipitation from solutions. However, the precipitation
method is not amenable to further solution processing of
B-γ-CsSnI3. In this context, we show here that a simple “one-pot”
method can be used for the solution synthesis and processing of
nanoscale B-γ-CsSnI3 thin films and particles at room temperature.

2. Experimental procedure

Anhydrous CsI (Fisher Scientific, Fair Lawn, NJ) and SnI2 (Sigma-
Ardrich, St. Louis, MO) powders were obtained from commercial
sources, and appropriate amounts of the two powders, 0.2054 g of
CsI and 0.2946 g of SnI2, were dissolved in 3 ml of a mixed polar
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organic solvent. The latter consisted of a mixture of methoxyactonitrile
(MOAN; Tokyo Chemical, Tokyo, Japan), dimethylformamide (DMF;
Sigma-Ardrich, St. Louis, MO), and acetonitrile (AN; Fisher Scientific,
Fair Lawn, NJ) in 1:3:2 volumetric proportion, respectively. The
reaction was carried out for 12 h at room temperature with contin-
uous stirring. A clear yellow solution was obtained, which showed no
signs of suspended particles under Tyndall-effect laser illumination.
Drops of the solution were placed on glass slides, and evaporation of
the solvent was carried out under vacuum to obtain thin films of
B-γ-CsSnI3. Drops of ten-fold diluted solution were also placed on
transmission electron microscope (TEM) sample Cu grids covered with
holey carbon/graphene (EMS, Hatfield, PA), where the solvent eva-
poration resulted in B-γ-CsSnI3 nanoparticles. All the above procedures
were performed in a dry-Ar glovebox.

The thin films were characterized using room-temperature
X-ray diffractometry (XRD; Bruker D8-advance, Karlsruhe,
Germany) using Cu Kα radiation and the following parameters:
2θ range 10–601, 0.021 step scan. The resulting XRD patterns were
indexed with the help of the PDF2 database and analyzed
quantitatively to determine the crystallite size from the peak
broadening using LaB6 as standard for correction of instrumental
broadening and Voigtian line profiles [14].

The thin films were also characterized using optical micro-
scopy, and their cross-sections (fractured) were characterized
using a scanning electron microscope (SEM; LEO 1530VP, Carl
Zeiss, Munich, Germany). The nanoparticles were characterized
using a TEM (JEM 2100F, JEOL, Tokyo, Japan). Quantitative image
analysis was used to determine the size and distribution of the
nanoparticles (275 particles sample size). The TEM lattice images
obtained from the nanoparticles were analyzed using Digital
Micrograph software (Gatan, Pleasanton, CA).

For comparison purposes thin films were also processed using
pre-reacted B-γ-CsSnI3 as raw material, which was synthesized by
melting in evacuated tubes. To that end, appropriate amounts of
the SnI2 and the CsI were mixed and placed in pyrex tubes. The
tubes were then evacuated to 1�10�6 Torr vacuum for 9 h and
sealed using a oxy-methane torch. The evacuated tubes were then
placed in a tube furnace and heated to 550 1C (above the melting
point of CsSnI3 of 435 1C [2]), followed by slow cooling at a rate of
1.4 1C min�1 to room temperature. The tubes were opened in the
glovebox, and the “black” B-γ-CsSnI3 was dissolved in the above
mixture of polar solvents, resulting in a clear yellow solution.
Drops of the solution were place on glass slides, and evaporation
of the solvent was carried out under vacuum to obtain thin films of
B-γ-CsSnI3.

3. Results and discussion

Fig. 1A shows indexed XRD pattern from the thin film along
with an optical photo of the thin film on glass slide (inset),
confirming pure B-γ-CsSnI3 in the thin film, with small amount
of the Cs2SnI6 phase present. However, the peaks are broadened,
indicating nanocrystalline nature of the B-γ-CsSnI3 in the thin film.
Analysis of the broadening (Fig. 1B) of the strongest reflections
(202 and 040) that overlap somewhat yields a crystallite size of
�33 nm. The inset in Fig. 1B shows cross-sectional SEM image of
the thin film, which is �2 μm thick.

Fig. 2A is a bright-field TEM image showing a uniform distribution
of B-γ-CsSnI3 nanoparticles (gray). Fig. 2B plots the measured particle
size distribution of the B-γ-CsSnI3 nanoparticles, resulting in an
average particle size of �26 nm. Fig. 3 is a high-resolution TEM image
of B-γ-CsSnI3 nanoparticle showing lattice fringes. The fringe spacing
of 3.43 Å corresponds to (202) planes of B-γ-CsSnI3.

Fig. 4 shows indexed XRD pattern from the thin film that
was solution-processed using melt pre-reacted B-γ-CsSnI3 phase.

A comparison of Figs. 1A and 4 confirms that regardless of the
starting rawmaterial, mixture of CsI+SnI2 or B-γ-CsSnI3, the resulting
solution-synthesized thin films are always B-γ-CsSnI3 phase. Once
again, small amount of the Cs2SnI6 phase is present. The inset in
Fig. 4 is an optical photo of the B-γ-CsSnI3 raw material inside an
evacuated pyrex tube that was used to synthesize the thin films.

In this work we have shown that nanoscale B-γ-CsSnI3 phase in
the form of thin films and particles can be readily solution-
synthesized using a “one-pot” approach. Furthermore, we have
shown that, contrary to what has been implied [2,3], it is not
necessary to synthesize B-γ-CsSnI3 phase first by vacuum melting
or solid-state reaction methods before it can be solution
processed. While the details of B-γ-CsSnI3 crystallization during
evaporation are not known at this time, the reported observations
can be explained using simple mechanisms. It is likely that
complete dissolution of CsI and SnI2 salts in a combination of
polar organic solvents results in the dissociation reaction:

CsIþ SnI2-Csþ þ Sn2þ þ 3I� ð1Þ
The particular composition of the polar organic solvents used in

this study (MOAN:DMF:AN::1:3:2) ensures complete dissolution of
the CsI and SnI2 salts, which is key to obtaining phase-pure
B-γ-CsSnI3 via evaporation-crystallization. During evaporation of

Fig. 1. XRD patterns from the thin film of B-γ-CsSnI3 on glass slide solution-synthesized
from CsI+SnI2 raw materials: (A) indexed overall pattern in 2θ range 10–601, with
Cs2SnI6 peaks marked by ‘n’ and (B) detailed pattern from (A) in 2θ range 28.3–29.81
showing fitting (black curve) to the XRD data (black symbols) and deconvolution of 202
(green curve) and 040 (red curve) reflections. Inset in (A) is an optical photo of the
B-γ-CsSnI3 thin film on a glass slide (width 25 mm). Inset in (B) is a cross-sectional
(fractured) SEM image of the thin film. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)
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the solution, B-γ-CsSnI3 is the most likely phase to crystallize from
Cs++Sn2++3I� because it is the most stable phase at room tempera-
ture under dry inert gas [2]. Rapid nucleation during early stages of
evaporation, followed by slow crystal growth, appears to be respon-
sible for the nanoscale nature of the B-γ-CsSnI3 synthesized in the
form of thin films and particles. It is likely that complete dissociation
reaction (Eq. (1)) may not occur if other polar organic solvents are
used, which may be the basis for the implication by Chung et al. [2,3]

that fully-reacted B-γ-CsSnI3 raw material is needed for the solution
processing of B-γ-CsSnI3.

4. Summary

We have demonstrated that a simple “one-pot” method can be
used for the room-temperature solution synthesis and processing of
nanoscale B-γ-CsSnI3 in the form of thin films and particles. This
method entails the dissolution of SnI2 and CsI powders in a specific
mixture of polar solvents, followed by the evaporation of the solvent.
Thus, it is not necessary to synthesize B-γ-CsSnI3 phase a priori by
vacuum melting or solid-state reaction methods before it can be
solution processed, as implied in other studies. This has important
implications for the solution synthesis and processing of nanoscale
B-γ-CsSnI3 phase that is showing very interesting properties, and
which is finding potential new uses in solid-state dye-sensitized solar
cells and optoelectronic devices of the future.
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Fig. 2. (A) Bright-field TEM image of B-γ-CsSnI3 nanoparticles (gray dots) synthe-
sized on Cu TEM grids covered with holey carbon/graphene. (B) Measured
B-γ-CsSnI3 nanoparticles size distribution from TEM images.

Fig. 3. High resolution TEM image of a single B-γ-CsSnI3 nanoparticles showing
lattice fringes corresponding to (202) planes.

Fig. 4. Indexed XRD pattern from thin film of B-γ-CsSnI3 on glass slide solution-
synthesized from melt pre-reacted B-γ-CsSnI3 in evacuated pyrex tube (inset;
10 mm OD), with Cs2SnI6 peaks marked by ‘n’.
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