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Abstract— Perovskites composed of cesium, antimony, and a
halide were synthesized using solid-state synthesis techniques.
These compounds were analyzed with XRD and UV-Vis. Solar
cells were fabricated using these perovskites, and the efficiencies
of the cells were measured. It was found that the perovskites
fabricated were impure according to their XRD spectra, indi-
cating problems in synthesis. The compounds had comparable
band gaps to their methylammonium-lead-halide perovskite
counterparts according to UV-Vis data. The solar cells had
very poor efficiencies, failing to produce any power in almost
every case.

I. INTRODUCTION
A solar cell is a device that converts energy in the form

of visible light into electrical energy [1]. Finding effective
solar cells is crucial, as they hold potential to supplement or
replace current nonrenewable energy sources. In solar cells,
semiconductors are responsible for absorbing light. In the
solar cells constructed in this study, the semiconductor used
was a perovskite. Perovskites separate the electron transport
layer and the hole transport layer in order to prevent the
reverse flow of electrons back into the hole where the energy
would be lost as heat [1].

Perovskites show promise as semiconductors for solar
cells. Previously, methylammonium lead halide perovskites
had been studied as potential solar cell materials. While
lead halide perovskites have high efficiciences and are cost
effective, they contain lead, which can be toxic. Eric T. Mc-
clure et al. studied lead-free halide double perovskites of the
form Cs2AgBiX6, where X = Br, Cl. They found that these
perovskites had comparable band gaps to CH3NH3PbX3:
2.19 eV vs 2.26 eV for bromides, and 2.77 eV vs 3.00
eV for chlorides [2]. However, these double perovskites had
an indirect band gap, which can hurt solar cell efficiency,
showing that similar compounds with a direct band gap may
be able to further improve in efficiency. In another study,
Bayrammurad Saparov et al. looked at Cs3Sb2I9, a triple
perovskite. Unlike the double perovskites synthesized by
Mcclure et al., these triple perovskites had a direct band
gap. They still had similar efficiencies to other perovskites
but had better stability when exposed to air. The downside
to Cs3Sb2I9 is that they have a higher resource cost to
synthesize as triple perovskites [3].

For this investigation, the double perovskite Cs3SbX6 (X
= Cl, Br, I) was studied in an attempt to find a perovskite
that is environmentally friendly (lead-free), cheaper than the
triple perovskite, and still possessing a direct band gap.
The objective was to test the viability of these double
perovskites for use in photovoltaic solar cells by examining
the character of their band gaps and their efficiencies in solar

energy conversion. The rationale behind replacing lead with
antimony in the double perovskite studied by Mcclure et al. is
that it was suggested that antimony could have the potential
to tune the indirect band gap of Mcclure’s perovskites into
a direct band gap, which is more useful in solar energy
conversion [2].

II. METHODS

A. Synthesis

The syntheses for the cesium antimony perovskites
Cs3SbX6 was performed entirely in the solid state, and
included the reactants CsX and SbX3, where X is chloride,
bromide, or iodide. The balanced equation for the syntheses
was

3CsX + SbX3 −−→ Cs3SbX6 (1)

where X is the appropriate halide for the desired per-
ovskite. Using this equation, masses of the reactants were
calculated and then weighed out on weigh paper. The
reactants were combined in a mortar and ground for 15
minutes with a pestle. The ground mixtures were then put
in labeled amber vials. The amber vials were placed in an
oven at 150◦C for a week and then an oven at 200◦C for
an additional week in order to dry the product and drive the
reaction fully to completion.

B. Characterization

The perovskites were characterized using x-ray diffrac-
tion crystallography (XRD) in order to examine the purity
and character of the formed crystals and ultraviolet-visible
spectroscopy (UV-Vis) in order to characterize the band
gap and onset of absorption of each sample. The samples
were removed from the amber vials and ground in a mortar
until consistent in color and particle size. They were packed
into a sample holder using glass squares and checked using
the tilt test. The samples were then analyzed using an x-
ray diffractometer and a UV-Vis spectrophotometer. The
diffractometer scanned the samples for 2θ values between 10
and 80. The spectrophotometer tested wavelengths between
175 nm and 900 nm.

C. Solubility

In order to deposit the perovskite layer on the solar cells,
it was necessary to obtain a solution of the perovskite in a
liquid volatile at 110◦C or less. Dimethylformamide (DMF),
dimethyl sulfide (DMS), acetone, and diethyl ether were all
trialed as solvents for each perovskite. After finding that



DMS formed the most effective suspension with cesium-
antimony double perovskites, suspensions of each perovskite
in DMS were prepared for use in solar cell fabrication.

D. Fabrication

Six solar cells were fabricated: 2 using Cs3SbCl6, 2 using
Cs3SbI6, and 2 using Cs3SbBr6. For each solar cell, a clean
piece of FTO glass with a coating of TiO2 was obtained and
a piece of heat resistant tape was applied to the edge. On this,
a layer of 6 drops of the appropriate perovskite was deposited
using a spin coater, running at 3000 RPM for 30 seconds. The
layer was annealed by sitting on a hot plate at 110◦C for 15
minutes and then cooling to room temperature. Once cooled,
a layer of 6 drops of CuSCN was added using the spin coater
with the same settings. This layer was annealed by sitting on
a hot plate at 80◦C for 10 minutes and then cooling to room
temperature. A suspension of carbon in hexanes was added
to the solar cell using a pipet and allowed to dry. Another
piece of FTO glass (without TiO2) was placed on top of the
cell, conductive side down. The cell was held together using
two binder clips. The voltage, current, and surface area were
measured and used to calculate the overall efficiency of the
cell.

III. RESULTS

See attached figures at end.

IV. DISCUSSION

The effectiveness of cesium antimony halide double per-
ovskites for use in solar cells was studied by synthesizing,
characterizing, and testing a prototype of a solar cell utilizing
perovskites with three different halides: chloride, bromide,
and iodide. The perovskites were synthesized by solid state
synthesis using mortars and pestles. The samples were then
baked at 150◦C in order to drive the reaction to completion.
After two days, the samples were characterized and it was
determined that the samples had not completely reacted, as
there was too much noise in the XRD results. Because of
the incomplete reaction, the samples were baked at 200
◦C for several days in an effort to purify the samples.
Following the baking, the samples were characterized using
XRD and UV-Vis, finding that the samples were still impure,
but contained at least some of the perovskite. The samples
had band gaps comparable to methylammonium lead halide
perovskites, showing promise for the fabrication of the solar
cells. The samples were then tested for solubility in four
solvents: DMF, DMS, diethyl ether, and acetone. A solution
of each perovskite in dimethyl sulfide was made, as the
DMS dissolved the perovskites the best. These solutions
were then used to fabricate two prototype solar cells for each
perovskite, which were tested under a solar light simulator
for voltage and current. The area was measured, and together
these results were used to calculate the efficiency of each
solar cell.

The XRD data showed mixed results for the synthesis.
In the pattern for the iodide perovskite, the XRD software
was able to successfully match the peaks to the pattern for

CsI. Since CsI was one of the reactants in the solid state
synthesis, this result indicates that the synthesis did not create
significant quantities of the desired perovskite, as the XRD
pattern was dominated by the crystal structure of a reactant.
If the synthesis had been successful, minimal reactant would
remain, as the reactants were carefully measured to maintain
the exact molar ratio found in the synthesis reaction. The fact
that the iodide perovskite had a clear issue with synthesis,
in that most of the reactant remained unreacted, can be
related back to the character of iodine. Since iodine is the
largest of the three halides tested, the perovskites formed
using iodide tend to be less stable than the bromide or
chloride counterparts. Since the end compound is less stable,
it logically follows that the synthesis to create that end
compound would be less favorable, with the reverse reaction,
the spontaneous decomposition of the iodide perovskite,
being more favorable. This explains why it was observed
that the synthesis of the iodide perovskite did not proceed
very effectively. Likely, a combination of less product being
formed during synthesis and a rapid decomposition of any
product before characterization could be performed led to a
sample containing mostly reactants.

It can be said, however that at least some synthesis of the
iodide perovskite occurred. This is evident due to the color
change observed as the reactants were mixed. The mixture
changed from white in color to a dark red-orange color as
it was ground in the mortar. Since this color change would
not make sense from a simple mixing, some reaction must
have occurred. However, a combination of decomposition of
the product and a low amount of product formed could have
led to the XRD results that were observed.

For both the bromide and the chloride perovskites, the
XRD software was not able to find a successful match for
the patterns at all. It was, however, able to match around
half of the peaks to compounds found among the reactants,
and it was able to detect the presence of a perovskite-like
cubic lattice structure. This indicates that the synthesis of
each of these perovskites was mildly successful. The half of
the peaks matching the reactants indicate that a significant
portion of reactants remained in the sample. However, the
presence of extra peaks that were matched to a cubic lattice
do indicate that at least some perovskite product may have
been formed. This makes sense, as chloride and bromide, as
smaller halogens, are more stable in crystal structures than
iodide. The synthesis of the chloride and bromide perovskites
is therefore more favorable, allowing more of the product to
be formed. This was observed in the XRD results through
the mixed patterns.

In the solubility trials, it was found that all of the sam-
ples were poorly soluble in DMF, DMS, diethyl ether, and
acetone. This was puzzling, as it was predicted that the
perovskites, as ionic crystals, would be soluble in the sol-
vents, all of which were composed of large, polar molecules.
One possible explanation is that the perovskite structure is
too large and too stable to effectively dissolve in solution.
Perhaps a higher temperature is needed to increase the
solubility of these compounds.



The bromide perovskite had a band gap of 2.6 eV, while
the chloride and iodide both had band gaps of 2.1 eV. These
band gaps seemed promising for a solar cell due to the
similarity to band gaps with methylammonium lead halide
perovskites, which ranged from 2.48 eV to 2.85 eV [4].
As these materials have generally been considered the next
advancement in solar cell fabrication, comparable electronic
properties indicated great potential in the alternative energy
world. The promise failed to deliver, however. The highest
efficiency obtained and sustained was 2.23 x 10−6%, by the
bromide perovskite, while the highest intermittent efficiency
was 4.13 x 10−6%, by the chloride perovskite. None of these
are high enough efficiencies to be feasible for commercial
use in photovoltaic cells without finding and eliminating any
errors in the fabrication process to ensure significant results.

Since all of the efficiencies found were either zero or very
close to zero, it can be reasonably stated that the solar cells
did not work at all. The very small electrical power observed
is easily attributable to random error in the multimeter.

Since it was possible that either none or minimal amounts
of the desired product was created during the solid state
synthesis, one explanation for the failure of the cells to
function is that the perovskite wasnt present on the cells. If
the samples were composed, as possible suggested by XRD
results, primarily of reactants, this would explain the failure
of the cells to function, as the reactants are not effective as
semiconductors for use in solar cells. The reactants all have
much too large band gaps to function in this role, with the
most favorable reactant, CsI, still having the large band gap
of around 5.4 eV [5].

Another possible explanation for the failure of the cells
to function is that the layers did not anneal properly due to
the failure of the compounds to dissolve effectively in any
of the tested solvents. The use of suspensions in DMS could
have led to large, air-filled voids in the crystal structure of
the thin perovskite layer of the cell, which would lead to
massively decreased efficiencies as the layer is unable to
properly conduct electron flow through itself.

V. CONCLUSIONS

The double perovskites of the form Cs3SbX6 (X=Cl,
Br, I) were synthesized in the solid state, characterized
with XRD and UV-Vis, and used to fabricate solar cells.
We were unable to create working solar cells using our
methodology. All of the solar cells had very low efficiencies.
This could be a problem with the synthesis method, as there
was significant excess reactant left in at least one of the
samples, as evidenced by XRD data. Another issue arose
when attempting to dissolve the perovskite in order to apply
it to the solar cell. No solvent tested was able to dissolve the
perovskite compounds completely. Information supporting
the hypothesis could not be found; thus, the hypothesis could
not be proven. In the future, it may be useful to determine a
better way to synthesize the perovskite, obtain the perovskite
in solution, and apply it to the solar cell. In future work,
synthesizing the perovskite in solution, synthesizing at higher
temperatures, and applying heat during dissolution could all

be studied as potential avenues to refine this procedure into
one that is capable of producing working solar cells.
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Data and Results:  

 

Table 1. UV-Vis Data for Cs3SbX6 

Sample Color 
Onset of Absorption 

(nm) 
Band Gap (eV) 

Cs3SbI6 red-orange ~600 2.1 

Cs3SbCl6 white ~600 2.1 

Cs3SbBr6 bright yellow ~475 2.6 

 

 

Table 2. Efficiencies for Cs3SbX6  

Halide Efficiency 

Br 1 2.23 x 10-6 % 

Br 2 carbon layer flaked off cell 

Cl 1 
2.92 x 10-7 % - 4.13 x 10-6 % 

(varying values for voltage) 

Cl 2 2.92 x 10-7 % 

I 1 7.46 x 10-7 % 

I 2 0 

  



 

Figure 1.  XRD pattern for Cs3SbBr6. Half of the peaks were indexed (shown on graph). Could be described by a primitive cubic 

lattice.
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Figure 2.  XRD pattern for Cs3SbCl6. Half of the peaks were indexed (shown on graph). Could be described by a primitive cubic 

lattice. 
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Figure 3.  XRD pattern for Cs3SbI6. Most of the peaks in the diffraction pattern match that of a reactant, CsI.  
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Figure 4. UV-Vis spectra for Cs3SbBr6. Onset of absorption is approximately 475 nm. Corresponding band gap is 2.6 eV.  
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Figure 5. UV-Vis spectra for Cs3SbCl6. Onset of absorption is approximately 600 nm. Corresponding band gap is 2.1 eV.  
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Figure 6. UV-Vis spectra for Cs3SbI6. Onset of absorption is approximately 600 nm. Corresponding band gap is 2.1 eV. 
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