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ABSTRACT: The recent trends and current state of perovskite
solar cells (PSCs) suggested their potential for practical
applications. Since their origin, organic−inorganic lead halide
(MAPbX3) perovskite material-based PSCs have been widely
attractive to the scientific community due to their simple
manufacturing process, high performance, and cost effectiveness.
In spite of the high performance, the lead halide perovskite solar
cells are still agonizing due to the long-term stability and toxic
nature of Pb. In the last 4 years or so, many alternative perovskite
or perovskite-like materials were explored for the development of
Pb-free PSCs. However, antimony (Sb)-based perovskite-like
materials have shown enhanced stability and average photovoltaic
performance. In this mini-review, we discuss the fabrication, recent
trends, and current state of the Sb-based PSCs.

1. INTRODUCTION
The crystal structure of calcium titanate (CaTiO3) was
discovered in 1839 and named perovskite.1 Perovskite is any
material which satisfies the molecular formula of ABX3 (A =
Cs+, CH3NH3

+, NH2CHNH2
+; B = Pb2+, Sn2+, Ge2+; and X =

halide anion) and has crystal structure similar to that of
CaTiO3. Several decades ago, a new perovskite structure
CsPbX3 was designed and synthesized by the reaction between
lead halide and cesium iodide.1 These perovskite structures
have excellent optical and electrical properties which can be
utilized in photovoltaic applications to produce the electrical
energy on the consumption of sunlight.2 The most important
feature of these perovskite materials is their high absorption
coefficient.3 Although perovskite materials were prepared
decades ago, they have been utilized as light absorbers in
2009 for photovoltaic applications.3 Further, numerous
strategies and approaches were used for the development of
highly efficient perovskite solar cells (PSCs). Basically, Pb-
based perovskite materials like CsPbI3 and CH3NH3PbI3
(MAPbI3) have been widely explored in PSCs applications.
Recently, the maximum power conversion efficiency (PCE) of
>23% has been certified by NREL for Pb-based PSC.4 It was
believed that PSCs can be applied in practical applications, but
their poor long-term stability and the toxic nature of Pb limits
their potential for outdoor applications. Hence, a quest toward
the development of Pb-free PSCs led researchers to venture for
an alternate Pb-free perovskite material. Antimony (Sb) is a
less toxic element which has the potential to replace the Pb
from the perovskite structures for the construction of PSCs.5

Jakubas et al.6 investigated the structural properties of the

(CH3NH3)3Sb2I9 = MA3Sb2I9 in 1991, whereas Bagautdinov et
al.7 studied the phase transition properties of the Cs3Sb2I9
perovskite-like structure in 1999. Although these Sb-based
perovskite-like materials were introduced in the early 1990’s,
their optoelectronic properties have been explored in the past
few years. In this mini review, recent advances in the
development of Sb-based PSCs have been summarized.

2. CONSTRUCTION OF PSCS

Different device architectures of PSCs have been reported so
far which also plays a crucial role in controlling the
performance of the PSCs. In general, PSCs consist of five
different components, which are (i) conductive transparent
glass substrate, (ii) electron transport layer, (iii) light absorber,
(iv) hole transport layer, and (v) metal contact. The
fabrications of some PSC device architectures associated with
Sb are discussed in this section (see Supporting Information
for details).

2.1. Synthesis of Thin Films of A3B2X9 Perovskite-Like
Materials. The quality of the prepared perovskite thin films
influences the open circuit voltage and other photovoltaic
parameters of the constructed PSCs. In this section, we

Received: August 28, 2020
Accepted: October 19, 2020
Published: November 2, 2020

Mini-Reviewhttp://pubs.acs.org/journal/acsodf

© 2020 American Chemical Society
28404

https://dx.doi.org/10.1021/acsomega.0c04174
ACS Omega 2020, 5, 28404−28412

This is an open access article published under an ACS AuthorChoice License, which permits
copying and redistribution of the article or any adaptations for non-commercial purposes.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Khursheed+Ahmad"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shaikh+M.+Mobin"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsomega.0c04174&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c04174?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c04174?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c04174?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c04174?goto=supporting-info&ref=pdf
http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c04174/suppl_file/ao0c04174_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c04174?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/acsodf/5/44?ref=pdf
https://pubs.acs.org/toc/acsodf/5/44?ref=pdf
https://pubs.acs.org/toc/acsodf/5/44?ref=pdf
https://pubs.acs.org/toc/acsodf/5/44?ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://dx.doi.org/10.1021/acsomega.0c04174?ref=pdf
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://http://pubs.acs.org/journal/acsodf?ref=pdf
http://pubs.acs.org/page/policy/authorchoice/index.html
http://pubs.acs.org/page/policy/authorchoice_termsofuse.html


summarize various synthetic approaches utilized to develop the
high-quality perovskite films for PSCs.
2.2. One-Step Method. A one-step approach is the most

widely used method to prepare the perovskite thin films for
PSCs applications. In this approach, methylammonium halide
and metal halide have been dissolved in solvent (such as N,N-
dimethylformamide (DMF) or dimethyl sulfoxide (DMSO)
with overnight stirring at 70−90 °C to complete the reaction.
Further, this precursor solution is spin-coated onto the
patterned FTO substrate and annealed at 90−100 °C for
20−30 min (Scheme S1a).
2.3. Two-Step Deposition Method. The perovskite films

prepared in one step suffer from poor surface morphological
features and rapid crystallization. Thus, a two-step method was
introduced to prepare the perovskite thin films with improved
morphological features. In this method, step (i) SbX3 in DMF
is spin-coated onto the FTO glass substrate and annealed at
80−90 °C for 20−30 min. Further, antisolvents such as
chlorobenzene or toluene are added to control the
crystallization process, and in step (ii), CH3NH3X in 2-
propanol is spin-coated and annealed at 80−90 °C for 20−30
min which resulted in the formation of high-quality thin films
of (CH3NH3)3Sb2X9 (Scheme S1b).
2.4. Sequential Deposition Method. This method has

been used to improve the quality of the perovskite films. In this
approach, SbX3 in DMF is deposited onto the FTO glass
substrate using the spin-coating method and annealed at 80−
90 °C for 20−30 min. Further, this electrode is dipped in a
solution of CH3NH3X in 2-propanol for 30−60 min and
further annealed at 80−90 °C for 20−30 min. This yielded
high-quality thin films of (CH3NH3)3Sb2X9 (Scheme S1c).

3. STRUCTURAL AND OPTOELECTRONIC
PROPERTIES OF A3B2X9 PEROVSKITES

A3B2X9 (A = Cs+, Rb+, K+, CH3NH3
+, NH4

+; B = Sb3+; X =
halide anion) perovskite-like materials possess excellent
physiochemical and optoelectronic properties. A3B2X9 perov-
skite-like materials were synthesized a few decades ago, but
their structural and optoelectronic properties have been
investigated recently. In the last 3−5 years, due to excellent
aerobic stability A3B2X9 perovskite-like materials have been
employed as light absorbers for the construction of Pb-free
PSCs.
3.1. Structural Properties of A3B2X9 Perovskite-Like

Materials. In 1992, Jakubas et al.6 have synthesized and
studied the phase transition properties of the MA3Sb2I9,
whereas Cs3Sb2I9 was synthesized by Bagautdinov et al.7 using
the Bridgman method in 1999. Yang et al.10 have found that
the MA3Sb2I9 possesses hexagonal P63/mmc symmetry and
crystal structure composed of antimony iodide octahedral
layers with the voids between the layers filled with CH3NH3

+.
Further, Yang et al.10 also observed that in the case of replacing
X = Br− instead of I−, (CH3NH3)3Sb2Br9 shown trigonal P3̅m1
symmetry. Zhang et al.11 synthesized (NH4)3Sb2I9 crystals
using a novel synthetic approach, (NH4)3Sb2I9 crystallizes in a
monoclinic crystal system with P21/n space group with a
layered-type structure.11 In 2017, Zuo et al.12 also prepared
(NH4)3Sb2I9 using antisolvent vapor-assisted crystallization.
The crystal structure of (NH4)3Sb2I9, revealed central Sb
atoms surrounded by six iodine atoms forming an octahedron,
and nitrogen atoms were located at the tetrahedron center
formed by four hydrogen atoms forming a 2D-layered
structure. Furthermore, Buonassisi and co-workers have

investigated the structural properties of all inorganic
Cs3Sb2I9, Rb3Sb2I9, and K3Sb2I9 perovskite-like materials.13

The crystal structures of the Cs3Sb2I9 (0D), Rb3Sb2I9 (2D),
and K3Sb2I9 (2D) were obtained using Rietveld refinement
(Figure 1A−C). The Cs3Sb2I9 perovskite crystallizes in the

P63/mmc (no. 194) space group where Sb2I9
3− dimers formed

a 0D structure by sharing their triangular faces. In the case of
K3Sb2I9 and Rb3Sb2I9, they crystallize in the P3̅m1 space group
with cations Rb or Cs or K acting as spacers between the
corner-sharing octahedral layers and formed 2D-network
structures with Rb or K cations.13 This 2D structure formed
when Rb or Cs or K acted as spacer between the corner-
sharing octahedral layers and have space group of P3̅m1.13

3.2. Optoelectronic Properties of A3B2X9 Perovskites.
The optical band gap of the light-absorbing materials is very
crucial for the construction of high performance PSCs. Zuo et
al.12 have investigated the optical properties of the
(NH4)3Sb2I9, which shows a band gap of 2.27 eV. In another
work, Boopathi et al.14 reported that Cs3Sb2I9 has a band gap
of 1.95 eV, whereas MA3Sb2I9 (where MA = CH3NH3

+) has a
band gap of 2.0 eV (Figure 2A,B). Buonassisi and co-workers
investigated the optical properties of all inorganic Cs3Sb2I9,
Rb3Sb2I9, and K3Sb2I9 perovskite-like materials using UV−vis
absorption spectroscopy.13 The UV−vis spectra of the
Cs3Sb2I9, Rb3Sb2I9, and K3Sb2I9 perovskite-like materials
revealed a band gap of 2.43, 2.03, and 2.02 eV, respectively
(Figure 2C).

3.3. Progress in A3Sb2X9 Perovskite-Based PSCs.
3.3.1. (NH4)3Sb2I9-Based PSC. PSCs were developed in 2009
by Miyasaka and co-workers with PCE of 3%, and this PCE
was boosted to 20% within a few years.3,5 However, the poor
stability of the Pb-based perovskite structure and the presence
of Pb restricted their applications in large-scale production.
Thus, numerous efforts have been made to develop highly
stable PSCs with nontoxic or less toxic perovskite materials.
Different metals such as Sn, Ge, Bi, Cu and Sb-based
perovskite-like materials were employed for PSCs applica-
tions.5 Zuo et al.12 demonstrated the space charge limited
current approach to determine the electron and hole mobility
of the (NH4)3Sb2I9. Furthermore, Zuo et al.12 tuned the
optical properties of the (NH4)3Sb2I9 by making a series of
thin films of the perovskite materials (NH4)3Sb2I9,
(NH4)3Sb2I6Br3, (NH4)3Sb2I3Br6, and (NH4)3Sb2Br9 which
showed optical band gaps of 2.27, 2.49, 2.66, and 2.78 eV,

Figure 1. Crystal structures of Cs3Sb2I9 (A), Rb3Sb2I9 (B), and
K3Sb2I9 (C) perovskite-like materials. Reprinted with permission from
ref 13. Copyright 2018 American Chemical Society.
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respectively. Further, planar PSC devices were fabricated, and
the PSC devices developed exhibited PCE ranging between
0.01% and 0.51%. These obtained PCEs were poor, but the
developed PSCs device exhibited excellent open circuit voltage
of 1003 mV for (NH4)3Sb2I9 based device.
3.3.2. MA3Sb2I9-Based PSCs. Hebig et al.8 developed the

PSCs using MA3Sb2I9 as a visible light absorber. The MA3Sb2I9
thin films were prepared under nitrogen atmosphere using a
solvent engineering method by employing toluene as an
antisolvent to control the crystallization process. The
MA3Sb2I9 crystallizes in the P63/mmc space group and the
crystal structure is similar to that of MA3Bi2I9 and Cs3Sb2I9
(Figure 3a).8 The crystal structure of MA3Sb2I9 shows that
(Sb2I9)

3− is surrounded by three (CH3NH3)
+ cations by

hydrogen bonding interactions. The XRD patterns of the

MA3Sb2I9 thin films prepared by one-step and two-step
methods are shown in Figure 3b. The MA3Sb2I9 thin films
prepared by one step showed a crystalline nature, whereas
amorphous characters were present in the MA3Sb2I9 thin films
prepared by a two-step method (Figure 3b). This amorphous
nature may be due to toluene. The hexagonal surface
morphology (Figure 3c) was observed for MA3Sb2I9 thin
films prepared by a one-step method, whereas a nonhexagonal
homogeneous and pinhole-free surface was obtained for
MA3Sb2I9 thin films prepared by a two-step method (Figure
3d) by employing SEM.
The optoelectronic properties of MA3Sb2I9 thin films were

investigated, which showed higher absorption coefficient of α >
105 cm−1 with a band gap of 2.14 eV which makes it a potential
candidate for tandem solar cell applications.

Figure 2. UV−vis spectra of MA3Sb2I9 (A) and Cs3Sb2I9 (B). Reprinted with permission from ref 13. Copyright 2018 American Chemical Society.
UV−vis spectra of Cs3Sb2I9, Rb3Sb2I9, and K3Sb2I9 perovskite materials (C). Reprinted with permission from ref 14. Copyright 2017 Royal Society
of Chemistry.

Figure 3. (a) Crystal structure of MA3Sb2I9, (b) XRD patterns of the MA3Sb2I9 thin films, (c) SEM images of the MA3Sb2I9 thin films prepared by
one-step, and (d) two-step method. Reprinted with permission from ref 8. Copyright 2016 American Chemical Society.
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The planar PSCs were developed using MA3Sb2I9 light
absorber, and photovoltaic performance was determined by
short circuit photocurrent density−voltage (J−V) curves. The
J−V curves of the fabricated PSCs (ITO/PEDOT:PSS(25
nm)/absorber/PC61BM(60 nm)/ZnO-NP(60 nm)/Al(150
nm) exhibited PCE of 0.49% with good open circuit voltage
of 896 mV (Figure 4a). The external quantum efficiency
(EQE) of the fabricated PSCs with device architectures (ITO/
PEDOT:PSS (25 nm)/absorber/PC61BM(60 nm)/ZnO-NP
(60 nm)/Al (150 nm) and ITO(120 nm)/PEDOT/PCBM/
ZnO-NP/Al) were also investigated (Figure 4b). Boopathi et
al.14 have obtained the high-quality thin films of MA3Sb2I9 by
using additive such as hydroiodic acid (HI) to control the
formation of MA3Sb2I9 thin films. The constructed PSCs with
and without HI additive showed PCE of 2.04% and 1.11%,
respectively. In another recent report, Giesbrecht et al.15 also
reported the preparation of 2D layered MA3Sb2I9 for solar cell
applications. The MA3Sb2I9 2D films were grown using
antimony acetate precursor under glovebox. They have
shown that 2D layered MA3Sb2I9 is a more efficient light
absorber compared to the 0D MA3Sb2I9. The optoelectronic
properties of the 0D and 2D layered MA3Sb2I9 were

investigated. The direct and indirect band gap of the 2D
layered MA3Sb2I9 was found to be 2.13 and 2.01 eV,
respectively. In the case of 0D MA3Sb2I9, the absorption
band was observed between 450 and 500 nm which suggested
that 0D MA3Sb2I9 has a wide band gap. The PSCs was
fabricated using SnO2 and TiO2 as compact and mesoporous
layer, respectively. The highest PCE of 0.54% was achieved
using TiO2 layer, whereas the lower PCE of 0.36% was
reported for c-SnO2 based PSCs. The open circuit voltage of
570 mV was also reported for c-SnO2 based PSCs, which may
be due to the better charge transport or lower recombination
reactions. In 2020, Shaikh and co-workers have developed the
PSCs using MA3Sb2I9 as light absorber

5 by employing a two-
step sequential deposition method to prepare the high-quality
thin films of MA3Sb2I9. The sequential deposition method led
to the formation of a uniform film of MA3Sb2I9 with a band
gap of 2.1 eV. The highest occupied molecular orbital
(HOMO) and lowest unoccupied molecular orbital
(LUMO) energy level values of the MA3Sb2I9 were also
determined by the combined study of cyclic voltammetry and
UV−vis absorption spectroscopy. The constructed PSCs
device with a two-step sequential deposition method showed

Figure 4. J−V curves (a) and EQE (b) of the PSCs (ITO/PEDOT:PSS (25 nm)/absorber/PC61BM (60 nm)/ZnO-NP (60 nm)/Al (150 nm).
Reference device: ITO (120 nm)/PEDOT/PCBM/ZnO-NP/Al (green). Reprinted with permission from ref 8. Copyright 2016 American
Chemical Society.

Figure 5. UV−vis spectra (a) and Tauc plot (b) of the MA3Sb2I9 doped with different Sn content. J−V curves of the PSCs based on
MA3(Sb1−xSnx)2I with x = 0 and 0.40 (c) and x = 0.05, 0.10, 0.20, 0.30, 0.40, and 0.50 (d). Reprinted with permission from ref 16. Copyright 2018
American Chemical Society.
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the higher PCE of 0.54% with good open circuit voltage of 740
mV compared to the one-step approach (PCE = 0.1% and Voc
= 690 mV). Authors have concluded that this improved PCE
was attributed to the high-quality thin films (larger grain size,
nonhexagonal surface morphology, and uniform surface
coverage) and better charge extraction/electron transportation.
It is believed that the morphological features of the absorber
layer influence the photovoltaic parameters and performance of
the PSCs.
It is noteworthy to understand that the band gap of the

absorber layer plays a crucial role and MA3Sb2I9 falls in the
band gap range of 1.95−2.2 eV. The band gap of the perovskite
materials can be easily tuned by doping with transition
metals.16 Thus, Pal and co-workers inserted the Sn(IV) to the
MA3Sb2I9 to obtain the low band gap light absorbers for
photovoltaic applications.16 Here, authors have successfully
employed Sn(IV) as a dopant due to its stability and less toxic
nature. Different Sn(IV) contents (0%, 0.05%, 0.10%, 0.20%,
0.30%, 0.40%, and 0.50%) were explored to dope the
MA3Sb2I9. The UV−vis spectra of the Sn(IV) doped
MA3(Sb1−xSnx)2I (x = 0%, 0.05%, 0.10%, 0.20%, 0.30%,
0.40%, and 0.50%) were investigated to understand the impact
of doping on the optical properties of MA3Sb2I9 (Figure 5a).
The lowest band gap of 1.40 eV was found for
MA3(Sb1−xSnx)2I with x = 0.50, whereas the higher band gap
of 2.0 eV was reported for MA3(Sb1−xSnx)2I with x = 0 (Figure
5b). This showed that the increase of the Sn(IV) content
reduced the band gap. Further, authors developed the p-i-n
heterojunction PSCs with Cu@NiO and ZnO as hole and
electron transporting layers, respectively. The highest PCE of
2.69% was achieved for the PSCs device developed using
MA3(Sb1−xSnx)2I with x = 0.40 (Figure 5c). On the other
hand, the lowest PCE of 0.57% was reported for
MA3(Sb1−xSnx)2I with x = 0 based PSCs (Figure 5d). This
suggested that the MA3Sb2I9 with narrow band gap and good

morphological features may be a suitable candidate for
photovoltaic applications.
Nazeeruddin and co-workers also proposed a benign

approach to control the dimensional growth and facilitate
the heterogeneous nucleation by employing bis-
(trifluoromethane)sulfonimide lithium (LiTFSI). The intro-
duction of LiTFSI led to the formation of 2D MA3Sb2I9−xClx
films which showed the band gap of 2.05 eV. The highest PCE
of 3.34% was reported with LiTFSI, while the lower PCE of
1.37% was achieved in the absence of LiTFSI.10 Authors also
reported the excellent stability of the PSCs over 1400 h in
ambient conditions.

3.3.3. Cs3Sb2I9-Based PSCs. All inorganic perovskite
structures possess relatively higher stability compared to the
organic−inorganic hybrid perovskite structures. Mitzi and co-
workers reported the properties of the Cs3Sb2I9 and explored
its potential for photovoltaic applications.17 The band gap of
the Cs3Sb2I9 was found to be 2.05 eV. The PSCs with glass/
FTO/c-TiO2/Cs3Sb2I9/PTAA/Au architecture exhibited open
circuit voltage of 307 mV.17 Chu and co-workers also
employed the Cs3Sb2I9 as a light absorber layer for Pb-free
PSCs applications.14 They have constructed the PSCs with
planar architecture and reported a PCE of 0.67%. Further, to
improvise the morphological features, controlled surface, and
to obtain uniform thin films, HI treatment was given to the
Cs3Sb2I9 perovskite which led to enhanced PCE of 0.84%.
In general, the Cs3Sb2I9 exists in two different polymorphs,

viz., 0D (dimer) and 2D (layered), where the dimer phase has
a band gap of 2.50 eV, whereas layered Cs3Sb2I9 perovskite
exhibits a band gap of 2.05 eV. The layered Cs3Sb2I9 also has
an excellent absorption coefficient which makes it suitable for
photovoltaic applications. Umar et al.18 developed the PSCs
with mesoscopic structure using Cs3Sb2I9 light absorber layer.
The dimer phase of Cs3Sb2I9 was obtained in the absence of
HCl, whereas the layered structure of Cs3Sb2I9 was obtained in

Figure 6. Schematic diagram of PSCs device and energy level diagram (a). Schematic synthetic view of Cs3Sb2I9 without (b) and with (c) HCl.
SEM images of the Cs3Sb2I9 thin films prepared without antisolvent (d) and with antisolvents of toluene (e), chlorobenzene (f), and isopropanol
(g). J−V curves of the PSCs device (h). Reprinted with permission from ref 18. Copyright 2019 John Wiley and Sons.
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the presence of HCl. The Cs3Sb2I9 thin films were also
prepared in the absence and presence of antisolvents (toluene,
chlorobenzene, and isopropanol). The device structure and
energy level diagram of the PSCs is shown in Figure 6a, and
the synthesis route is shown in Figure 6b,c. According to the
SEM results (Figure 6d−g), the grain size and improved
crystallization was observed in the case of toluene (Figure 6e)
and chlorobenzene (Figure 6f), but some voids were still
present. The highly uniform and pinhole/void-free Cs3Sb2I9
thin films were obtained in the presence of isopropanol (Figure
6g). However, in the absence of antisolvents, poor crystal-
lization of the Cs3Sb2I9 thin film was observed (Figure 6d).
This suggested that the presence of isopropanol as antisolvent
could avoid the short circuit and reduce the trap states. The
improved PCE of 1.21% was achieved with HCl, whereas the
lower PCE of 0.43% was observed in the absence of HCl
additive (Figure 6h). Singh et al.19 also found better
photovoltaic properties in the Cs3Sb2I3 material with layered
polymorph phase (band gap of 2.05 eV) compared to the
dimer polymorph (band gap of 2.3 eV) of Cs3Sb2I3. The
constructed PSCs with inverted planar heterojunction
architecture (ITO/PEDOT:PSS/Cs3Sb2I9/PC70BM/C60/
BCP/Al) exhibited the best PCE of 1.5% using Cs3Sb2I3
perovskite with layered phase. However, relatively lower PCE
of 0.83% was achieved for Cs3Sb2I3 with the dimer form. This

may be due to the relatively lower band gap and better
optoelectronic properties of the layered Cs3Sb2I3 structure.
Further, to address the most important aspect of the device,
the stability of these all-inorganic perovskite materials was also
explored. The stability of the Cs3Sb2I3 polymorphs (dimer and
layered) was studied by Chonamada et al.,20 and they found
that the dimer form of the Cs3Sb2I3 degraded in 49 days
whereas the layered form degraded in 88 days. Authors also
found that water, heat, and light equally cause the degradation
of Cs3Sb2I3. This showed that Cs3Sb2I3 can be employed as an
efficient light absorber layer for Pb-free PSCs applications.

3.3.4. Rb3Sb2I9-Based PSCs. Johnston et al.21a investigated
the properties of Rb3Sb2I9 nanoparticles as a newer class of
perovskite material which has a direct and indirect band gap of
2.24 and 2.1 eV, respectively. Harikesh et al.22a reported
photovoltaic properties of the Rb3Sb2I9 and found that
Rb3Sb2I9 has P1c1 space group. Authors also found that
Rb3Sb2I9 is thermally stable up to 250 °C. The PSCs device
with mesoscopic structure exhibited the PCE of 0.66% with
open circuit voltage of 550 mV. According to the theoretical
investigations, it was proposed that Rb3Sb2I9 with layered
structure can achieve the highest photocurrent density of ∼10
mA/cm2. The Rb3Sb2I9 has good stability and absorption
coefficient, which makes it another suitable Pb-free light
absorber material. Since the cationic group influences the

Figure 7. (a) Depiction of essential process step in CP, RSA, and HTVA. (b) SEM images of the resulting films and (c) corresponding grain size
distributions. Reprinted with permission from ref 24a. Copyright 2020 Royal Society of Chemistry.
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exciton binding energy, structural dimensionality, optoelec-
tronic and photovoltaic performance, Buonassisi and co-
workers investigated the optical/photovoltaic properties of
the various perovskite-like materials (K3Sb2I9, Cs3Sb2I9, and
Rb3Sb2I9).

13 The K3Sb2I9, Cs3Sb2I9, and Rb3Sb2I9 have band
gap of 2.02, 2.43, and 2.03 eV, respectively, and revealed that
K3Sb2I9 and Cs3Sb2I9 exhibited poor PCE whereas Rb3Sb2I9-
based PSCs showed improved PCE of 0.76%. Weber et al.23a

studied the effect of iodide to bromide ratio and tuned the
band gap of the Rb3Sb2I9. The optical band gap was changed
by tuning the halide composition (Rb3Sb2I9, Rb3Sb2Br9‑xIx, and
Rb3Sb2Br9) and the fabricated PSCs (n-i-p solar cell structure)
showed the best PCE of 1.37% with excellent photocurrent
density (4.25 mA/cm2) and exhibited the excellent stability up
to 150 days for Rb3Sb2I9-based PSCs, and 85% of the initial
PCE was retained. The perovskite light absorber with large
grain size improves the carrier mobility, influencing the
performance of the PSCs and lifetime. Thus, photovoltaic
performance of the PSCs can be enhanced by extending the
carrier drift/diffusion length. So far, the largest grain size of the
Rb3Sb2I9 was found to be 200 nm. Therefore, it will be of great
significance to prepare the Rb3Sb2I9 thin films with larger grain
size for efficient photovoltaic devices. In this regard, Li et al.24a

obtained the conventional process (CP), high-temperature
vapor annealing (HTVA), and reduced supersaturation
annealing (RSA) processed Rb3Sb2I9 perovskite thin films
(Figure 7a). The HTVA processed Rb3Sb2I9 thin film showed
the smooth film surface (Figure 7b), larger grains (600 nm),
and void-free surface compared to the RSA-processed Rb3Sb2I9
thin film (Figure 7c).
Accordingly, the best PCE of 1.35% was obtained for HTVA

processed Rb3Sb2I9 thin film based PSCs, whereas the
relatively lower PCE of 1.12% was achieved for RSA processed
Rb3Sb2I9 thin film. The poor PCE of 0.38% was reported for
the CP processed Rb3Sb2I9 thin film. The PCE of the HTVA
processed Rb3Sb2I9 thin film based PSCs was due to the larger
grain size, which improved the carrier mobility and lifetime.
3.3.5. Other Sb-Based Perovskite Like Materials. Adonin et

al.9 investigated the optical and photovoltaic features of the N-
ethylpyridinium bromoantimonate (V) = (N-EtPy)[SbBr6]
and developed the inverted planar PSCs. The (N-EtPy)-
[SbBr6] materials has a band gap of 2.25 eV, which suggested
its potential as energy material for tandem solar cells. Authors
developed the inverted planar PSCs with different electron

transport layers (6,6-phenyl C61 butyric acid methyl ester =
PCBM and N,N′-bis(2-ethylhexyl)-perylenediimide = PDI).
The PSCs with PCBM achieved the PCE of 2.8%, whereas the
device fabricated with PDI as electron transport layer showed
PCE of 3.2%.9 The photovoltaic performance of the inverted
planar PSCs (ITO/PEDOT:PSS/1/PDI/Ag) were also
compared with standard device architecture (ITO/TiOx/1/
P3HT/Au). The standard device architecture of PSCs
exhibited the improved PCE of 3.8%, which may be due to
the better charge extraction and fast electron transport process.
Moreover, the higher open circuit voltage of 1285 mV was
achieved using standard device architecture.9 This work
suggested that the photovoltaic performance of the PSCs
may be further improved by reducing recombination reactions
and improving charge extraction. Li et al.21b reported 0D
tetranuclear perovskite-like material heteromorphic hybrids
[(C7H18N2O)3Sb4I18·H2O and (C7H18N2O)Sb2I8·H2O (where
C7H18N2O

2+ = N-aminopropylmorpholinium)]. The
(C7H18N2O)3Sb4I18·H2O and (C7H18N2O)Sb2I8·H2O ex-
hibited the optical band gap of 1.71 and 2.11 eV, respectively.
This kind of perovskite-like hybrid material has the potential
for use in photovoltaic applications. Jia et al.22b reported
Cu3SbI6 as a light absorber, which has indirect band gap of
2.43 eV. They constructed the PSCs with device structure of
ITO/PEDOT:PSS/Cu3SbI6/PC61BM/Al, which showed the
good open circuit voltage of 704 mV along with the PCE of
0.50%. Deng and co-workers proposed a new antimony−silver
halide double perovskite light absorber ((CH3NH3)2AgSbI6)
for photovoltaic applications.23b This perovskite,
(CH3NH3)2AgSbI6, has a band gap of 1.93 eV and showed
good stability up to 370 days. Vargas et al.24b also reported a
direct band gap of copper−antimony halide perovskite material
(Cs4CuSb2Cl12) and investigated its optoelectronic properties.
The Cs4CuSb2Cl12 perovskite showed good stability and has a
very narrow band gap of 1.02 eV, which suggested its potential
application in the development of Pb free PSC. Nie et al.25b

reported methylammonium antimony sulfur diiodide (MASb-
SI2) perovskite-like structure (band gap = 2.03 eV) as light
absorber, and the PSCs device exhibited good PCE of 3.08%.
The photovoltaic performance of the Sb-based PSCs have been
summarized in Table 1.

Table 1. Photovoltaic Parameters of the Reported PSCs with Different Light Absorbers

sample absorber layer FF (%) Voc (V) Jsc (mA/cm2) PCE (%) ref

1. MA3Sb2I9‑xClx 65 0.70 7.38 3.34 10
2. (NH4)3Sb2I9 42.5 1.03 1.15 0.51 12
3. Rb3Sb2I9 63 0.66 1.84 0.76 13
4. K3Sb2I9 50 0.338 0.41 0.07 13
5. Cs3Sb2I9 58 0.404 0.13 0.03 13
6. MA3Sb2I9+HI 60 0.62 5.41 2.04 14
7. Cs3Sb2I9+HI 48 0.60 2.91 0.84 14
8. MA3Sb2I9 52 0.46 2.21 0.54 15
9. MA3Sb2I9 47 0.74 1.40 0.54 5
10. Sn doped MA3Sb2I9 58 0.56 8.32 2.70 16
11. Cs3Sb2I9 37 0.68 4.62 1.26 19
12. Rb3Sb2I9 57 0.55 2.11 0.66 22
13. Rb3Sb2I9 40 0.61 5.54 1.35 24
14. Bromoantimonate (V) (N-EtPy)[SbBr6] 58 1.2 5.1 2.50 9
16. MASbSI2 58 0.65 8.12 3.08 25a
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4. CONCLUSIONS AND FUTURE PERSPECTIVES
Antimony (Sb)-based perovskite materials are an emerging
class of perovskite-like materials with good optoelectronic
features. In the past few years, compared to the Pb-based
perovskite materials, Sb-based perovskite-like materials have
excellent stability and less toxic nature, which makes them
alternative potential light absorbers for Pb-free PSCs
applications. The band gap of the Sb-based perovskite-like
materials lies in the range of 1.95−2.43 eV, attempts are made
to reduce the band gap by insertion of less toxic metal to the
Sb-based perovskite-like structures. So far, to the best of our
knowledge, the best developed perovskite solar cells devices
based on Sb-based perovskite-like structures exhibited the
highest PCE of 3.34%, which is remarkably good performance
compared to the other nontoxic perovskite materials. The
research on Sb-based perovskite-like materials is still in the
initial phase in terms of PCE and still needs to be further
improved by employing novel approaches. The major
challenges with Sb-based perovskite-like materials are wide
band gap, poor morphological features, uncontrolled crystal-
lization process, poor electron transportation, and water
sensitivity. These challenges may be addressed by the following
efforts: (i) the wide band gap should be narrowed by inserting
less toxic and highly stable metals, (ii) the morphological
features and crystallization process can be controlled by
introducing new additives and antisolvents, (iii) the design and
synthesis of new charge extraction layers/electron transport
layers would be of great significance to improve the
performance of the perovskite solar cells, and (iv) the water
sensitivity of the Sb-based perovskite-like materials can be
improved by introducing hydrophobic cations to the perov-
skite structures.
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