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Enhancement of the efficiency and thermal
stability of the double perovskite Cs2AgInCl6
single crystal by Sc substitution†

Liyan Chen,ab Hangjie Jiang,ac Zhaohua Luo, *a Guoqiang Liu, a Xianhui Wu,ac

Yongfu Liu, a Peng Sun a and Jun Jiang*a

Cs2AgInCl6 lead-free double perovskite materials have potential applications in lighting and high-energy

ray detection. However, the transition of Cs2AgInCl6 single crystals (SCs) is parity forbidden, resulting in

low photoluminescence (PL) efficiency. In this study, we provide a strategy to break the parity forbidden

transition by substituting Sc for In. The PL efficiency is greatly increased by 43%. In addition, the thermal

stability is improved from 7.4%@475 K to 51.3%@475 K, which is attributed to the formation of Sc–Cl

covalent bonds instead of In–Cl ionic ones. These results demonstrate that a suitable method makes a

great contribution to promoting the possible application of Cs2AgInCl6 in the future.

Introduction

The lead-halide perovskites have recently shown tremendous
application potential in solar cells, light-emitting diodes, photo-
detectors and lasers1–6 due to their excellent performances, such as
high photoluminescence quantum yield (PLQY), low-cost synthesis
process, convenient tunability of emission colour and high toler-
ance to defects.7–9 However, the toxicity of Pb and its unstable
characteristics in common working conditions with a humid
environment, light and high temperatures are the biggest pro-
blems hindering their commercial applications.10–12 Therefore, it
has become a focus for researchers to develop a new alternative
material, which is non-toxic and chemically stable. Sn2+ and Ge2+

were first chosen to replace Pb2+, but these two elements are easily
oxidized into a tetravalent state, which makes the corresponding
halide materials more unstable.13

Recently, all-inorganic lead-free double perovskites were
proposed and widely studied, in which two Pb2+ sites were
simultaneously substituted by a monovalent and a trivalent
cation, abbreviated as A2M+M3+X6 (A = Cs+; M+ = Ag+, Na+ or
Cu+; M3+ = Bi3+, In3+or Sb3+; X = Cl�, Br� or I�).14–18 The
formation of a double perovskite structure can not only avoid

toxicity, but also improve the stability of the material.19 Among
them, lead-free double perovskite Cs2AgInCl6 has attracted
wide attention since it was first proposed by Volonakis et al.20

This is because of its direct band gap character and suitable
forbidden bandwidth, which makes rare earth and transition
metal ion doping possible.21–25 According to previous research,
the luminescence mechanism of Cs2AgInCl6 is related to self-
trapped excitons (STEs), arising from the strong Jahn–Teller
distortion of the AgCl6 octahedron.26 This is proved by both
theoretical calculations and experiments. However, the STEs
and free excitons in Cs2AgInCl6 have the same orbital parity,
which leads to a parity-forbidden transition.7 As a result,
Cs2AgInCl6 always suffers from a low photoluminescence quan-
tum yield (PLQY o 0.1%). How to improve its PLQY has
become one of the most important subjects to be solved.

The doping of ions is considered to be a promising method
to endow and adjust the optical and optoelectronic properties
of inorganic materials in the visible region.22 Liu et al.
increased the PLQY to 11.4% by doping Bi in Cs2AgInCl6

NCs.27 It was also reported that Mn was doped into Cs2AgInCl6

NCs to obtain orange-red emission, and the PLQY was as high
as 16%.28 Most previous reports on Cs2AgInCl6 targeted nano-
crystals. Nevertheless, the double-doped Cs2Ag0.6Na0.4InCl6:
0.04%Bi single crystal prepared by Luo et al. has bright white
light emission, with a PLQY of 86.2% � 5%. They break the
parity forbidden transition by partially replacing Ag+ with Na+

in the Cs2AgInCl6 lattice and changing the wave function of
STEs, so as to significantly improve the PL emission intensity.
Furthermore, the STEs produced by the strong Jahn–Teller
distortion of the AgCl6 octahedron in the excited state obtain
a wider visible light emission.7
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Although Na and Bi double-doped Cs2AgInCl6 single crystals
have achieved excellent optical properties, previous studies
mainly focused on the intrinsic band gap and photolumines-
cence (PL) behaviors,20,29–31 but little on their thermal stability.
In the actual application of Cs2AgInCl6 materials, not only the
luminescence properties, such as quantum yield, but also
stability must be considered, and thermal stability is an extremely
important aspect.

Inspired by these results, we propose for the first time to
dope Scandium (Sc) into Cs2AgInCl6, with the aim to improve
its PL efficiency and thermal stability. On the one hand, Sc3+

ions have the same valence state and similar ionic radius as that of
In3+, which makes it possible to be alloyed into Cs2AgInCl6, and
subsequently, its PL efficiency would be improved by the broken
symmetry of the crystal structure. More importantly, when Sc3+ is
doped, the electrons on the Sc d orbital and those on the Cl p
orbital tend to form a covalent bond-like structure. Therefore, the
thermal stability of Cs2AgIn1�xScxCl6 (x 4 0) would be effectively
improved. We believe that the alloying of Sc3+ would prove to be a
new way to help to promote the real application of Cs2AgInCl6.

Results and discussion
1. Morphology and crystal structure of Cs2AgIn1�xScxCl6

Fig. S1 (ESI†) presents the picture of the Cs2AgInCl6 crystal,
which exhibits a regular octahedral shape with a size of about
1 mm. To confirm the crystalline character, the powder X-ray
diffraction (XRD) patterns of Cs2AgIn1�xScxCl6 (x = 0, 0.2, 0.4,
0.6, 0.8 and 1) are collected and shown in Fig. 1a. It is found
that almost all the peaks match well with the reference stan-
dard pattern (Cs2AgInCl6, (ICSD-244519)) when the Sc doping
amount x r 0.4, indicating that Sc3+ ions have entered the
lattice and formed a solid solution with the Cs2AgInCl6 sub-
strate. In addition, from the enlarged view of the characteristic
(220) diffraction peak as shown in Fig. 1a, it also can be found
that the diffraction peak shifts to a higher angle as the amount
of x increases from 0 to 0.8. Noted that, the ionic radius for
6-coordinated Sc3+ (r = 0.745 Å) is slightly smaller than that of
In3+ (r = 0.8 Å). According to the Bragg equation, the substitu-
tion of Sc3+ for In3+ would cause shrinkage of the lattice and
result in a peak shift towards a larger angle, which is supported
by the results of the calculated lattice constant as shown
in Fig. 1b. However, when the amount of Sc3+ is more than

60% (x = 0.6), the AgCl second phase appears, and only the AgCl
phase can be found when x = 1, which means that the solid
solubility of Sc3+ in the Cs2AgInCl6 lattice is less than 60%.

In order to clarify the influence of Sc3+ ions on the crystal
structure, samples of Cs2AgInCl6, Cs2AgIn0.8Sc0.2Cl6, Cs2Ag-
In0.6Sc0.4Cl6 and Cs2AgIn0.4Sc0.6Cl6 are taken for further XRD
measurement and refined by Rietveld refinement, as presented
in Fig. S2 (ESI†). The detailed structure parameters of Cs2Ag-
In1�xScxCl6 (x = 0, 0.2, 0.4 and 0.6) determined with Rietveld
refinement and the reliability factors are listed in Table S1
(ESI†). The reliability factors in Table S1 (ESI†) indicate that the
results of Rietveld refinements are reliable. According to the
Rietveld refinement results, Cs2AgIn1�xScxCl6 (x = 0, 0.2, 0.4
and 0.6) belongs to the cubic crystal system with the Fm%3m
space group. Moreover, the cell parameter decreases from
10.502 Å to 10.495 Å with the introduction of 60% Sc3+ (x =
0.6) ions, as plotted in Fig. 1b. It should be noted that,
according to the results of Rietveld refinement, the occupancies
of Sc3+ in In3+ sites are much less than the designed values
(as shown in Table S1, ESI†).

To identify the composition uniformity, the Cs2AgIn0.6Sc0.4Cl6
single-crystal particle with extremely small size was selected and
analyzed by EDS-mapping, which is given in Fig. 2. As shown in
the SEM image of Fig. 2a, the Cs2AgIn0.6Sc0.4Cl6 single-crystal
presents a regular octahedron morphology. The pictures of EDS
mapping show that Cs, Ag, In, Cl and Sc elements are homo-
geneously distributed within the selected particle. However, the Sc

Fig. 1 (a) XRD patterns and selected diffraction peaks at around 241
of the as-prepared Cs2AgIn1�xScxCl6 (x = 0, 0.2, 0.4, 0.6, 0.8 and 1), and
(b) the change of cell parameters with Sc doping content.

Fig. 2 (a) SEM image of the Cs2AgInCl6 SC. (b–e) EDS-mapping of Cs, Ag,
In and Cl for the selected Cs2AgInCl6 particle. (f) SEM image of the
Cs2AgIn0.6Sc0.4Cl6 SC. (g–k) EDS-mapping of Cs, Ag, In, Sc and Cl for
the selected Cs2AgIn0.6Sc0.4Cl6 particle.
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intensity is very weak, which is consistent with the results of
Rietveld refinement as shown in Table S1 (ESI†).

2. Spectral characteristics of Cs2AgIn1�xScxCl6 single crystals

With the aim to understand the effect of Sc3+ doping on the
optical properties of Cs2AgInCl6, the normalized steady-state
absorption spectra of Cs2AgIn1�xScxCl6 single crystals with x
varying from 0 to 0.6 are measured and shown in Fig. 3a. As for
Cs2AgInCl6, a sharp absorption edge starting at around 400 nm
is observed, which is attributed to the allowed transition and
consistent with the previous reports. With the increase of the Sc
doping level, this absorption edge shifts to a longer wavelength.
In addition, there is another broad absorption with the edge
starting around 900 nm for samples with Sc doping. The
absorption intensity enhanced, and the absorption edges of
Cs2AgIn1�xScxCl6 broadened with the increase of the Sc content.
In order to determine the optical bandgaps of Cs2AgIn1�xScxCl6
crystals, the following equation was used:

[F(RN)*hn]n = A(hn–Eg) (1)

where hn is the photon energy; A is a proportional constant;
Eg represents the value of the band gap; n = 2 since the
Cs2AgIn Cl6 host absorption is a direct transition; and F(Rp)
is the Kubelka–Munk function defined as:

F(Rp) = (1 � R)2/R (2)

where R represents the reflection coefficient.32 Tauc plots of
Cs2AgIn1�xScxCl6 single crystals (x = 0, 0.2, 0.4 and 0.6) are
presented in Fig. 3b. It shows that the indirect bandgap appears
with the doping of Sc3+, and it increases from 1.0 to 1.18 eV as
the amount of Sc3+ increases from 0.2 to 0.6. The variation of
the bandgaps would be attributed to the change in electronic
structure that we will discuss in the next section. In addition,
with the increase in the Sc doping level, the energy difference
from the VBM to the second conduction band decreases from
3.29 eV for Cs2AgInCl6 to 2.44 eV for Cs2AgIn0.4Sc0.6Cl6.

The steady-state photoluminescence spectra of the Cs2Ag-
In1�xCl6: xSc3+ samples are shown in Fig. 3c. Excited by
ultraviolet radiation of 370 nm, all samples exhibit broadband
emission character with a peak at around 620 nm, and the
position of these peaks is almost unchanged upon tuning
the content of Sc (as shown in Fig. S4, ESI†). In general, the
broadband emission usually comes from STEs or excited state
reorganization, which exists in semiconductors with localized
carriers and soft crystal lattices, as reported previously.33–36 The
STEs that exist in Cs2AgInCl6 crystals are thought to be caused
by the Jahn–Teller distortion of the AgCl6 octahedron, which
emits effectively and stably. Moreover, the integral intensity
for the PL spectra increases at first and then decreases with a
maximum increment of 43% when x = 0.4 (as shown in Fig. S4,
ESI†). The reason can be attributed to the octahedral AgCl6

distortion with the doping of Sc, which would help to break the
reverse symmetry and modify the parity forbidden transition
subsequently.

3. Electronic structure of Cs2AgScCl6 single crystals

In order to have a deeper understanding of the changes
brought about by Sc doping, we analyze the electronic structure
of Cs2AgScCl6, as shown in Fig. 4.

Fig. 4a and b, respectively, present the calculated band
structure and density of states (DOS) for Cs2AgScCl6. The
calculations were performed using the full-potential package
of WIEN2K with an 8 � 8 � 8 K-point mesh. The previous
theoretical calculation indicated that Cs2AgInCl6 is a direct gap
semiconductor.29 Fig. 4a shows that Cs2AgScCl6 is an indirect
semiconductor, while the valence band maximum (VBM) and
conduction band minimum (CBM) appear at the L and X
points, respectively. The obtained band gap is about 2.5 eV,
which is smaller than that of Cs2AgInCl6 in the previous
report.27,37–39 Therefore, it is reasonable to deduce that the
direct bandgap of Cs2AgInCl6 would decrease with the doping
of Sc and that is in accordance with our results as shown
in Fig. 3b.

The DOS of Cs2AgScCl6 and the partial DOS for Sc are
displayed in Fig. 4b. As may be seen, the conduction band
around 3 eV is mainly from the orbital of Sc. As for a pure Sc3+

ion, its d-orbital should be fully empty and is located at the
position of the conduction band. However, the partial DOS of
Sc shows a peak around �3.5 eV. This fact indicates that Sc-d
and Cl-p orbitals form a valence bond rather than an ionic

Fig. 3 The normalized steady-state absorption spectra (a), the Tauc plot
of Cs2AgIn1�xScxCl6 (x = 0, 0.2, 0.4, 0.6 and 0.8) single crystals (b), and
photoluminescence (PL) spectra (c).

Fig. 4 The calculated band structure (a), and density of states (b) for
Cs2AgScCl6.
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bond. Usually, the bond strength of valence bonding is stronger
than ionic bonding.40,41 For this reason, the lattice constant of
Cs2AgScCl6 is decreased relative to Cs2AgInCl6, and the thermal
stability would also be improved.

4. Thermal stability of Cs2AgIn1�xScxCl6 single crystals

In real applications, such as solar photovoltaics and semi-
conductor lighting, heat generation in photoelectric conversion
materials is unavoidable. As a result, it requires the materials to
have robust thermal stability, which was often neglected in the
past. The temperature-dependent PL spectra of Cs2AgIn1�xScxCl6
(x = 0, 0.2, 0.4 and 0.6) single crystals are shown in Fig. 5a–d,
where a slight blue shift is observed for the emission peaks upon
the increase of the temperature (as shown in Fig. S5, ESI†). Here,
we consider that both electron–phonon interaction and crystal
lattice thermal expansion would be responsible for this blue shift,
and a similar phenomenon has been observed in lead/copper
chalcogenide semiconductors and lead-halide perovskites.42–44

To clarify the thermal stability of Cs2AgIn1�xScxCl6 single
crystals, the relationship between integral PL intensities and
temperature is presented in Fig. 5e. It clearly shows that the
emission intensity decreases with the rise of temperature,
owing to the thermally activated nonradiative recombination.
Moreover, it can also be observed that the rate of PL intensity
decline slows down with the increase of Sc doping concen-
tration, indicating that the thermal stability is effectively
improved. For example, the PL intensity of Cs2AgIn0.4Sc0.6Cl6

at 475 K still maintained 51.3% of that at room temperature,
while the PL intensity of Cs2AgInCl6 only maintained 7.4%.
There are mainly two reasons for this enhancement. First, the
electrons on the In-s orbital and Cl-p orbital in Cs2AgInCl6 are
usually in the form of ionic bonds, but when Sc3+ is doped,
electrons on the Sc-d orbital and Cl-p orbital tend to form a
structure similar to a covalent bond, which is pointed out in the
analysis of the DOS results in the previous section. Second, the
incorporation of Sc3+ causes the contraction of the Cs2AgInCl6

crystal lattice, and the bond length becomes shorter. As a
result, the interaction between ions would be enhanced, and
the rigidity of the crystal lattice will be improved.

Conclusions

In conclusion, Sc-alloyed Cs2AgInCl6 SCs have been success-
fully synthesized by hydrothermal synthesis. Results of Rietveld
refinement show that Sc3+ ions take the place of In3+ sites, but
their actual occupancies are considerably lower than the
designed values. With the incorporation of Sc, the PL intensity
of Cs2AgInCl6 SCs can be enhanced by 43%. This may be caused
by the local structure distortion that would break the reverse
symmetry and subsequently modify the parity forbidden transi-
tion of STEs. In addition, the thermal stability of Cs2AgInCl6 is
also enhanced with the doping of Sc. The PL intensity of
Cs2AgIn0.4Sc0.6Cl6 at 475 K is 51.3% of that at room tempera-
ture, while it drops to 7.4% for Cs2AgInCl6. According to the
calculated results of electronic structure, the enhancement of
the thermal stability is attributed to the formation of a covalent
bond for Sc–Cl other than the ionic bond for In–Cl. There is a
reason to believe that the Sc doping would provide an effective
solution to enhance the problems of low PL and thermal
stability for Cs2AgInCl6 single crystals.

Experimental section
Materials

Silver chloride (AgCl, 99.5%), sodium chloride (NaCl, 99.99%),
anhydrous indium chloride (InCl3, 99.99%), hydrochloric acid
and isopropanol were purchased from Aladdin. Cesium chloride
(CsCl, AR) and scandium nitrate hydrate (Sc(NO3)3, 99.9%) were
purchased from Macklin. All chemicals were used without any
further purification.

Synthesis of Cs2AgIn1�xScxCl6 single crystals

1 mmol of AgCl, 1 � x mmol of anhydrous InCl3, x mmol Sc
(NO3)3 and 2 mmol of CsCl were first dissolved in 10 ml M HCl
solution in a beaker. After stirring for 30 minutes, the solution
was then transferred to a 25 ml Teflon autoclave. The Teflon
autoclave was heated at 180 1C for 12 h in a stainless steel Parr
Auto-Claveand, and then, the solution was stably cooled to
50 1C at a speed of 5 1C h�1. The as-prepared crystals were then
filtered out, washed twice with isopropanol and dried in a
furnace at 65 1C.

Characterization

Powder XRD measurements were performed by grinding
Cs2AgIn1�x ScxCl6 crystals into fine powders in a mortar, and
then using a Bruker D8 X-ray diffractometer with Cu Ka
radiation (l = 1.54056 Å) at 40 kV and 40 mA. The crystal
structures were determined with Rietveld refinement by using a
general structure analysis system (GSAS).45 A field-emission scan-
ning electron microscope (FE-SEM, Hitachi S-4800) equipped with
an energy-dispersive X-ray spectroscopy (EDS) system was used
to measure the morphology. The photoluminescence and PLE
measurements were carried out using a Horiba FL3-111 fluores-
cence spectrometer with a xenon lamp as a light source. The
temperature-dependent photoluminescence spectra were mea-
sured using the same instrument excited by a 360 nm wavelength

Fig. 5 Temperature-dependent PL spectra (a–d) and the relationship
between PL intensity and temperature for Cs2AgIn0.8Sc0.2Cl6, Cs2Ag-
In0.6Sc0.4Cl6 and Cs2AgIn0.4Sc0.6Cl6, respectively (e).
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and at a temperature ranging from 300 to 475 K. The absorption
spectra were measured at room temperature using a LAMBDA 950
ultraviolet-visible-near infrared spectrophotometer.
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