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ABSTRACT: We report the synthesis and characterization of nanocrystals
of a novel fully inorganic lead-free zero-dimensional perovskite, Cs4SnBr6.
Samples are made of crystals with an average size of ∼20 nm with green
emission centered around 530 nm. Interestingly, both colloidal suspensions
and thin films show an enhanced air stability with respect to that of any
other previous tin-based nanocrystalline system, with emission persisting for
tens of hours under laboratory air.

All-inorganic perovskite nanocrystals (NCs) represent a
current hot topic of extensive investigation for their

highly versatile optoelectronic properties such as, among
others, very high photoluminescence (PL) quantum yields,
tunable PL across the entire visible spectra range, and a narrow
full width at half-maximum (fwhm) of emission.1−8 A very rich
literature about this class of nanomaterials has been published
following the key paper of Protesescu et al. reporting the
synthesis of CsPbX3 NCs by means of a standard hot-injection
method.9 More recently, a great deal of attention has been
devoted to the preparation of lower-dimensional perovskite-
related NCs, where the connectivity of the metal halide
octahedra can spawn different dimensionalities such as two-
dimensional (2D), one-dimensional (1D), and zero-dimen-
sional (0D) phases.2 Of particular actual interest, the 0D
perovskite derived from the well-known CsPbBr3 NCs, i.e.,
Cs4PbBr6, has been subject of intense investigation.10−17

Cs4PbBr6 is a green-emitting compound showing also a non-
emitting phase obtained under certain synthetic conditions,
with a strongly debated origin of its peculiar PL properties,
possibly being the transfer of energy from Pb2+ ions to green
luminescent centers, intrinsic defects within the wide bandgap
of Cs4PbBr6, or the presence of CsPbBr3 nanocrystals.

17,18 By
using a microemulsion method, the quantum yield (QY) of
Cs4PbBr6 NCs has been found to be ∼65% (in the colloidal
form), with a small decrease in such a value when they are
transferred to thin films.12 The peculiar crystal structure of 0D
materials, where the octahedra are completely isolated by
cation bridges and charge carriers are localized within the
metal halide component, is a perfect test-bed sample for
monitoring the structural evolution of nanocrystalline systems

from the three-dimensional (3D) network to 0D molecular-like
systems. Such a peculiar arrangement, for example, allowed one
to highlight an impressive tuning of the emission properties of
Cs4PbBr6 NCs by the application of pressure.19

Despite the high level of interest in all-inorganic perovskite
NCs, the toxicity of lead is a major limitation, calling for a deep
examination of alternative lead-free materials.20 With respect to
the bulk perovskites, tin (Sn) is a possible replacement for Pb,
and few examples of Sn-based NCs have been reported to
date.8,21−23 In particular, except for the “vacancy-ordered
double perovskite” Cs2SnI6 (containing Sn

4+), Sn replacement
has been used so far in only 3D perovskites NCs.21−23 Sn-
based halide perovskite NCs tend to be highly unstable, with
oxidation of Sn2+ to Sn4+ occurring in just 5 min once the
nanocrystals are exposed to ambient air.23

To fill a gap in the current literature, we developed the
synthesis and explored the properties of Sn-based 0D
perovskite NCs, in particular the Sn analogue of the most
investigated Pb-based zero-dimensional perovskite, i.e.,
Cs4SnBr6. To the best of our knowledge, there have been no
reports on the successful synthesis of tin-containing 0D
perovskite NCs, while very recent papers reported the
preparation and characterization of the corresponding bulk
materials.24−26 In ref 24, bulk Cs4SnBr6 was synthesized via
melt-cooling, proving single-crystalline samples with broad-
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band PL centered at 540 nm with a QY of ∼15%, an excitation
peak at ∼340 nm, and a large Stokes shift of ∼1.2 eV.24 In ref
26 the same composition was prepared with a simple room-
temperature antisolvent method providing ∼1−1.5 μm plate-
like crystals. In addition, Zhang and co-workers found
significant emission and stability of the material up to 46 h
of air exposure.26 However, the stability of bulk materials of
metal halide perovskites containing Sn(II) has been reported
in other cases.27

In view of the peculiar crystal structure of 0D perovskites,
being characterized by isolated octahedra, it is of interest to
verify the relative stability to ambient conditions of these Sn-
containing nanomaterials with respect to their 3D counterpart.
In fact, in this work we show a superior stability under air of
Cs4SnBr6 nanocrystals for >96 h, to be compared to a few
minutes for the analogous CsSnBr3 3D perovskite nanocryst-
als.8

Samples of colloidal nanocrystalline Cs4SnBr6 have been
prepared with a classical hot-injection method (more details in
the Supporting Information).
A sketch of the trigonal crystal structure (space group R3̅c)

of Cs4SnBr6 is reported in Figure 1a, showing the arrangement

of isolated [SnBr6]
4− octahedra.28 Figure 1b is a photograph of

the prepared NCs under ambient light and under an ultraviolet

(UV) lamp, with clear green emission visible in the samples
under UV irradiation.
The X-ray diffraction (XRD) pattern of the prepared

nanocrystals is reported in Figure 2a together with the
reference pattern of the calculated crystal structure of Cs4SnBr6
(vertical red bars). As one can appreciate, the sample is single-
phase with a very good agreement with the trigonal expected
structure and without any appreciable preferential orientation
of the sample. Chemical compositions of the NCs have been
determined by energy dispersive X-ray analysis (see the
Supporting Information) and confirmed to be very close to
the nominal one. The relatively narrow peaks seen in Figure 2a
are a result of the partial aggregation of the nanocrystals after
film deposition leading to larger coherent diffraction domains.
The following lattice parameters were obtained from the
experimental pattern: a = b = 13.683(3) Å, and c = 17.276(4)
Å. They are in agreement with the single-crystal data reported
by Benin et al.24 The size of the prepared NCs has been
determined by transmission electron microscopy (TEM), and
some representative images are reported in Figure 2b−d. The
TEM images show the fairly good homogeneity of the size
distribution, as also inferred by the relative histogram in Figure
2e suggesting an average size of ∼18−22 nm. The peculiar
hexagonal shape of the NCs can be seen in Figure 2d and is
analogous to the shape observed in Cs4PbBr6 for a similar
nanoparticle size.12 Further insight into the morphology of
NCs by HR-TEM was not possible due to sample damage
under the beam.
The optical properties of the prepared NCs have been

studied by means of steady state and time-resolved PL
spectroscopy, both on the colloid suspension and on thin films
formed starting from the NC suspensions. Figure 3a shows the
PL for NCs and an exemplary thin film that is ∼100 nm thick.
The PL of both Cs4SnBr6 NCs and film shows a broad
emission (fwhm of ∼45 nm) peaking at ∼530 nm for both
samples. This emission reasonably matches the PL maximum
found at ∼540 nm for the bulk samples of Cs4SnBr6.

24,25 The
QY determined on the NCs provided a value of ∼0.8%, which
is lower than that of Cs4PbBr6 NCs, which can be as high as

Figure 1. (a) Sketch of the Cs4SnBr6 crystal structure showing the
isolated [SnBr6]

4− octahedra (violet) and the Cs+ ions (green).
Photographs of the samples under (b) ambient illumination and (c)
under UV light.

Figure 2. (a) X-ray diffraction pattern of Cs4SnBr6 NCs (black line) superimposed on the calculated pattern taken from ref 24 (vertical red bars)
together with the main hkl reflection index. (b−d) TEM images of Cs4SnBr6 crystals. (e) Size distribution histogram of Cs4SnBr6 NCs.
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60−70%, but higher than those of other Sn-containing
nanocrystals, which usually show quantum yields of ∼0.1−
0.2%.12,22−24 We also highlight that the results presented here
suggest that the green emission is intrinsic to the Cs4SnBr6
sample, because the correspondent 3D perovskite NCs, namely
CsSnBr3, emit at ∼650 nm, and therefore, the presence of this
phase, at the interface with the 0D material, as a possible origin
of emission, can be ruled out.23 We mention this because the
emission from Cs4PbBr6 NCs is still strongly debated as being
possibly due to inclusions of CsPbBr3 material, having an
emission in the same range of the 0D perovskite.26 Also very
recently, this aspect has been further investigated in detail by
Ray and co-workers, thus suggesting, with these data, a way to

further shed light on the emission properties of the lead
analogue of Cs4SnBr6.

29

Steady state PL experiments have been conducted
encapsulating the sample with a thin glass cover slide, upon
excitation at 375 nm and measurement of the emitted light at
525 nm. Upon examination of Figure 3a, it is possible to note
that there are not significant differences in PL emission,
centered at ∼530 nm, or shape when moving from NCs to
films. Spectra and peak position match very well with what was
reported for bulk Cs4SnBr6.

24 On the other hand, the NCs of
the 0D lead-containing Cs4PbBr6, for a similar size, show
emission at ∼515 nm, with the red-shift possibly ascribable to
the Sn replacement for Pb.12 Time-resolved PL (TRPL) was

Figure 3. (a) PL spectra of Cs4SnBr6 NCs (red line) and thin film (blue line). (b) Normalized TRPL signal upon excitation of the Cs4SnBr6 thin
film at 375 nm and revealing the emitted light at 525 nm.

Figure 4. (a) Plot of a Cs4SnBr6 film kept in a vial filled with argon. (b) Same film after exposure to ambient air for 4.5 days. (c) Same film on day 5
after decomposition. (d) XRD pattern of the decomposed film with vertical red bars referring to the calculated pattern of Cs2SnBr6 and blue vertical
bars referring to the calculated pattern of CsBr. (e) PL spectra of a Cs4SnBr6 thin film as a function of time (excitation at 375 nm).

The Journal of Physical Chemistry Letters pubs.acs.org/JPCL Letter

https://dx.doi.org/10.1021/acs.jpclett.9b03685
J. Phys. Chem. Lett. 2020, 11, 618−623

620

https://pubs.acs.org/doi/10.1021/acs.jpclett.9b03685?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.9b03685?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.9b03685?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.9b03685?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.9b03685?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.9b03685?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.9b03685?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.9b03685?fig=fig4&ref=pdf
pubs.acs.org/JPCL?ref=pdf
https://dx.doi.org/10.1021/acs.jpclett.9b03685?ref=pdf


recorded for Cs4SnBr6 thin films and is reported in Figure 3b.
TRPL experiments have been conducted by exciting the
sample at 370 nm and monitoring the emission at 525 nm. The
emission at the peak wavelength shows an initial fast decay
(with a time constant t1 of 5 ns, major in amplitude) and a
second decay with a long living tail with a time constant of 400
ns. The fast decay can be assigned either to rapid electron−
hole recombination or to fast charge trapping, while the long
living decay to a slower trap-mediated deactivation. Notably,
the excitation light used is 370 nm, which ensures a very low
excitation density (from the optical density, we can estimate
10−13 photoexcited carriers per cubic centimeter or per dot) of
the nanocrystals, enabling us to safely disregard any possible
high-order effects. The exact origin of the observed green
emission is an argument of actual interest in the community,
being possibly ascribed to defect states with various chemical
natures (e.g., interstitials, vacancies, and polybromides) or to
self-trapped excitons.30,31 The presence of narrow emission as
well as relatively short lifetimes could suggest a key role for
defects in the emission of Cs4SnBr6 NCs, but the clear
elucidation of this issue will be the object of further
computational work. Finally, absorption measurements showed
a long tail without peak features in the range from 365 to 600
nm as also reported for Cs4PbBr6 nanocrystals and often
observed in Sn-based nanosystems (reported in the Supporting
Information).12,23 A small shoulder possibly present above 600
nm, as reported by Benin and co-workers, can be, as before,
attributed to small impurities that cannot be detected by
XRD.24

As mentioned above, one of the most significant issues
related to Sn-containing perovskite NCs is their extremely
poor stability under ambient air. In the case presented here, we
explored the stability of Cs4SnBr6 thin films by exposing them
to laboratory air (40% relative humidity, 22 °C) for several
days, looking at their emission under an UV lamp, and
recording PL spectra. Figure 4 shows three photographs of
Cs4SnBr6 films: (a) a film kept in a vial closed under argon, (b)
a film exposed for 4.5 days to ambient air, and (c) a film on day
5 day of air exposure.
Quite surprisingly, the Cs4SnBr6 film was still emissive after

∼4.5 days under ambient air, which is a record stability for
Sn(II)-containing perovskite NCs. It is worth recalling that in
all of the previously synthesized Sn-containing NCs (3D
perovskites), emission is quenched due to tin oxidation after
air exposure for a few minutes.23 When emission is not seen
any more in the present sample (at day 5), the film appears as
reported in Figure 4c, and the corresponding XRD pattern,
reported in Figure 4d, shows the presence of Cs2SnBr6, the

vacancy-ordered perovskite derivative containing Sn(IV), and
CsBr. We also highlight that a film kept under argon in a vial is
actually still emitting after being stored for >2 months, which
compares to an average stability of Sn-containing NCs, under
the same conditions, of ∼2 weeks.23 The trend of PL as a
function of aging time is reported in Figure 4e, showing the
progressive quenching of intensity with aging time but with a
non-negligible PL even after tens of hours (the remaining PL
after 84 h is ∼3.5% of the initial PL).
Finally, density functional theory (DFT) calculations have

been used to gain deeper insight into the electronic structure of
the Cs4SnBr6 compound. To determine the lattice parameters
and atomic coordinates of Cs4SnBr6, we used the exper-
imentally obtained crystal structure as a starting point in
optimization using internal coordinates. The Cs4SnBr6 crystal
is trigonal and belongs to the R3̅c space group (No. 167). The
optimized structural parameters of Cs4SnBr6 are as follows: a =
b = 13.78 Å, and c = 17.27 Å. These are in good agreement
with the experimental results (see above), and the resulting
unit cell of Cs4SnBr6 is given in Figure S2. The electronic
structure of lead-free 0D perovskite Cs4SnBr6 is investigated
using DFT and given in Figure 5a. The maximum of the
valence band (VBM) and the minimum of the conduction
band (CBM) occur at the Γ point in the Brillouin zone and
have direct band gaps. From Figure 5a, one can see that the
calculated band structure is 3.265 eV, which is good agreement
with values from other studies of 3.37 and 3.4 eV.32,33

To better understand the formation of the electronic bands,
we have investigated the orbital hybridization in Cs4SnBr6 via
the atomic orbital projected density of states (PDOS) as given
in Figure 5b. The upper-lying valence bands are dominated by
Br p states that hybridize only weakly with other orbitals. The
intermediate bands below the Fermi level, however, involve
much stronger hybridization, especially between Br p and Sn d
states with small contributions of Cs p and d states. In the
conduction band region, the major contribution comes from
Sn d states and Cs d states. The calculated electronic density
map of Cs4SnBr6 in the [110] plane is given in Figure S3. It
can be seen that the charges are spherically distributed at the
Br, Sn, and Cs sites, which is characteristic of systems having
ionic interactions. In addition, to perform a detailed analysis of
molecular orbitals, we have obtained the HOMO and LUMO
pictures of Cs4SnBr6. The HOMO and LUMO orbitals are
adjacent to the Fermi level, which helped us to understand the
information about electron states near the Fermi surface and
the information from the transferred electrons (see Figure S4,
in which yellow indicates the wave function has a positive sign
and blue indicates a negative sign). The HOMO−LUMO gap

Figure 5. (a) Electronic band structure and total density of states for Cs4SnBr6. (b) Total partial density of states (PDOS).
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value obtained was 0.12 eV, implying that it has higher kinetic
activity. The HOMO orbital is distributed on Sn, which means
that the transfer of electrons is mainly due to the interaction of
a Sn atom, and the LUMO orbital is distributed on the Sn
atom and Br atoms of Cs4SnBr6 (see Figure S4). From these
data, we found that the highest probability of electron
transition occurred on the Sn. The electronic transition did
not easily occur on the Cs site, while the HOMO energy of the
Br site was overall lower than that of the Sn site.
To conclude, in this paper, we reported the first successful

synthesis of zero-dimensional fully inorganic perovskite-related
Cs4SnBr6 nanocrystals showing emission in the green region of
the visible spectrum with a QY higher than those of the
corresponding tin-based 3D perovskites.23 The crystal
structure is similar to that of the Pb-based analogue, i.e.,
Cs4PbBr6, while a small red-shift is shown in the PL emission
peak when tin is for lead. Interestingly, the nanocrystals
presented here always showed emission in all of the synthetic
routes and replicas carried out, differently from Cs4PbBr6, and
the results reported can also rule out the possible presence of
the corresponding 3D perovskite, namely CsSnBr3, as the
emitting phase included in the matrix, since that phase presents
red emission.23 More importantly, our tin-based 0D nano-
crystals showed impressive stability under humid air with a
quenching of emission occurring after tens of hours, as
opposed to the few minutes reported for CsSnX3 nanocrystals.
These results pave the way for further optimization (in
particular of QY) and tuning of 0D lead-free all-inorganic
nanocrystals showing superior air stability, and further
experimental and computational work is also planned to
understand the microscopic origin of such an improvement.
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