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Lead-free hybrid indium perovskites with near-
unity PLQY and white light emission using an Sb3+

doping strategy†
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Low-dimensional hybrid organic–inorganic metal halides (OIMHs) have been extensively investigated for

their structural tunability and unique optoelectronic properties. However, the synthesis of highly photolu-

minescent lead-free OIMHs remains challenging. To address this issue, we synthesized a series of hybrid

OIMHs (DETA)3InCl6:xSb
3+ (DETA = diethylenetriamine, x = 0–15%). With Sb3+ doping, the photo-

luminescence quantum yield (PLQY) is greatly improved from 4.84% to nearly 100%. Moreover,

(DETA)3InCl6:10%Sb
3+ single crystals exhibit strong yellow broadband emission originating from self-

trapped exciton (STE) radiative recombination. Interestingly, when Sb3+ doping is 0.005%, the single

crystal doped Sb emits white light at an excitation wavelength of 365 nm with CIE coordinates of (0.35,

0.36). We also explored the effect of Sb3+ dopants and STE state formation by DFT calculations and ultra-

fast transient absorption techniques. This research provides new insights into the design of high-perform-

ance photoluminescent materials based on hybrid metal halides.

1. Introduction

Luminescent materials are widely used in energy information,
medical technology, sensors, and light-emitting diodes
(LEDs).1–3 In recent years, various types of luminescent
materials, such as organic polymer emitters, metal complexes,
rare earth oxide phosphors, and hybrid OIMHs,4–7 have been
extensively explored. Among them, organic–inorganic hybrid
metal lead halide perovskites have become a strong competitor
for various luminescent materials due to their excellent opto-
electronic properties.8–11 However, the inherent high toxicity of
Pb2+ ions limits their practical application. Like Pb2+ ions, In3+

ions also possess a similar ionic radius, electronegativity, and
ns2 electron configuration. Specifically, indium-based com-
pounds have low toxicity and better chemical stability in air,
hence, they are regarded as a potential substitute for Pb2+-

based compounds.12–14 Recently, Yue et al.15 synthesized two
zero-dimensional (0D) [H2EP]2InCl6·Cl·H2O·C3OH6 and
[H3AEP]InCl6·H2O, which exhibit blue emission (430 nm), and
the highest PLQY of [H2EP]2InCl6·Cl·H2O·C3OH6 is only
13.44%. Xia’s group also reported 0D (PMA)3InBr6 [PMA+:
(C6H5CH2NH3)

+] indium-based hybrid halides, which exhibi-
ted strong broadband orange luminescence with a PLQY of
about 35%.16 Subsequently, Yuan et al.17 reported 0D In-based
OIMH (C10H22N2)2In2Br10 with high-efficiency intrinsic emis-
sion and a PLQY of up to 70%. Although relatively high PLQY
pristine organic–inorganic indium halides have been reported,
their PLQY is still not satisfactory. Doping with metal ions
having ns2 (Sb3+, Te4+, Bi3+, and Sn2+, etc.) electronic configur-
ations has been proven to be an effective strategy for improving
photophysical properties.18–21 Sb3+ is an effective dopant used
as a non-emitting system to activate photoluminescence (PL)
emission due to the unique dynamic lone pair of
electrons.22,23

It is possible to realize efficient luminescence by construct-
ing a host–guest doping system, in which the inert host is
doped with a luminescent species.24 Designing a suitable
host–guest system not only improves the photoluminescence
efficiency25 but can also adjust its energy bandgap and even
realize the self-absorption effect of suspended aggregation.26

However, the fabrication of an efficient luminescent host–
guest system has to face the challenges ascribed to the even
distribution of the guest ions in the host matrix. The use of
larger organic cations to construct single-crystal bulk materials

†Electronic supplementary information (ESI) available: Synthesis and character-
ization, including TGA, powdered XRD patterns, PL spectra, PLQY, EDS, XPS and
crystallographic data of (DETA)InCl6 and (DETA)InCl6:15%Sb. CCDC 2243632
and 2243633. For ESI and crystallographic data in CIF or other electronic
formats see DOI: https://doi.org/10.1039/d3qi00420a

aChaotic Matter Science Research Center, Faculty of Materials Metallurgy and

Chemistry, Jiangxi University of Science and Technology, Ganzhou 341000,

P. R. China. E-mail: jrli@fjirsm.ac.cn
bFujian Institute of Research on the Structure of Matter, Chinese Academy of

Sciences, Fuzhou, Fujian 350002, P. R. China. E-mail: lirenfu@fjirsm.ac.cn
cJiangxi Provincial Key Laboratory of Functional Molecular Materials Chemistry,

Jiangxi University of Science and Technology, Ganzhou 341000, P. R. China

This journal is © the Partner Organisations 2023 Inorg. Chem. Front., 2023, 10, 3297–3306 | 3297

Pu
bl

is
he

d 
on

 2
5 

A
gd

a 
B

ax
is

 2
02

3.
 D

ow
nl

oa
de

d 
by

 F
ai

l O
pe

n 
on

 2
3/

07
/2

02
5 

10
:2

8:
15

 A
M

. 

View Article Online
View Journal  | View Issue

http://rsc.li/frontiers-inorganic
http://orcid.org/0009-0000-0453-1819
http://orcid.org/0000-0003-1133-9109
http://orcid.org/0000-0003-2276-6886
http://orcid.org/0000-0002-6354-4852
https://doi.org/10.1039/d3qi00420a
https://doi.org/10.1039/d3qi00420a
http://crossmark.crossref.org/dialog/?doi=10.1039/d3qi00420a&domain=pdf&date_stamp=2023-05-29
https://doi.org/10.1039/d3qi00420a
https://rsc.66557.net/en/journals/journal/QI
https://rsc.66557.net/en/journals/journal/QI?issueid=QI010011


with 0D structures is an effective way to obtain suitable host–
guest systems.27–30 This is because larger organic cations make
it easier for luminescent substances to be regularly embedded
in the host matrix without causing the formation of electronic
bands. As the dimensions vary from 3D, 2D to 1D and 0D, the
strong electron–phonon coupling increases, leading to the for-
mation of commonly recognized self-trapping excitons
(STEs).10,31,32 In particular, the formation of self-trapped
exciton (STE) states in the 0D structure with isolated polyhedra
is closely related to structural distortion and dielectric confine-
ment effects, which is one of the reasons for the higher PLQY
of 0D metal halides.33,34 In addition, the formation of STEs
results in an emission spectrum covering the entire visible
spectrum. The combination of STEs and free excitons (FEs)
can easily lead to dual emission bands, which are favorable
conditions for the formation of white light emission.35–37

Recently, a large number of white-emitting lead-based hybrid
perovskites, such as 2D perovskite (2meptH2)PbClxBr4−x(2mept
= 2-methyl-1,5-diaminopentane, x = 0–4),38 1D hybrid perovs-
kite TMGPbX3 (TMG = 1,1,3,3-tetramethylguanidine, X = Cl−,
Br− or I−)39 and 0D (TAE)2[Pb2Cl10](Cl)2(TAE = tris(2amino-
ethyl)ammonium(C6N4H22))

40 single crystals, have been
reported. These hybrid lead-based halides all exhibit excellent
optical properties and double emission bands resulting from
the broadband yellow-green emission induced by STEs and the
narrow blue emission spectrum assisted by FE. Unfortunately,
most of them are lead-based hybrid perovskites mentioned
above. These bring about the necessity of developing cost-
effective, environmentally friendly and high PLQY luminescent
materials.

Using the crystal engineering strategy, we synthesized a
series of new 0D hybrid OIMH single crystals (DETA)InCl6:x%
Sb3+ (x = 0–15%). (DETA)InCl6:10%Sb3+ exhibits broadband
yellow emission with a peak at 571 nm, and a PLQY of ∼100%
was obtained when excited at 342 nm wavelength.
Interestingly, dual-band visible white emission was obtained
by doping 0.005% Sb3+ in the (DETA)InCl6 lattice, and the CIE
coordinates at an excitation wavelength of 365 nm were (0.35,
0.36), respectively. Detailed analysis of the photophysical
mechanism using DFT and femtosecond transient absorption
(fs-TA) spectroscopy reveals that the broadband emission orig-
inates from triplet state emission-generated STEs and strong
exciton–phonon coupling. Finally, a pumped white light-emit-
ting diode (WLED) based on (DETA)InCl6:10%Sb3+ was pre-
pared, demonstrating that the compound has a promising
application in solid-state lighting.

2. Results and discussion
2.1 Crystal structures and supramolecular interactions

Single crystal X-ray analysis revealed that the compound
(DETA)InCl6 crystallizes in the monoclinic space group I2/a.
The unit cell parameters are a = 13.2661(4) Å, b = 10.0585(5) Å,
c = 28.4784(8) Å, β = 90.496(3), V = 2858.31(14) Å3, Z = 8
(Table S2†). As shown in Fig. 1a, the asymmetric unit of the

(DETA)InCl6 single crystal consists of one [DETA]+ cation and
two and a half [InCl6]

3− anions.
In the [InCl6]

3− octahedron, the In–Cl bond lengths range
between 2.485 and 2.542 Å, and the Cl–In–Cl bond angles
range from 87.33 to 92.29° (Fig. 1b and Table S3†). This means
that the [InCl6] octahedron is easily distorted, and the degree
of distortion of the inorganic polyhedra in 0D OIMHs is
closely related to STEs.41 The degree of deformation of the
pristine [InCl6]

3− octahedron and the [InCl6]
3− octahedron

doped with 15% Sb can be calculated using eqn (1) and (2):42

Δd ¼ 1
6

P6
n¼1

dn � d
d

� �2
ð1Þ

σ2 ¼ 1
11

P12
n¼1

θn � 90°½ �2 ð2Þ

where Δd is the variance of the bond length of In–Cl and σ2 is
the variance of the bond angle of Cl–In–Cl. These two para-
meters are usually used to evaluate the degree of polyhedron
distortion. dn, d, and θn are the individual bond length of In–
Cl, the average bond length of In–Cl, and the bond angle of
Cl–In–Cl, respectively. The octahedral distortions are Δd =
0.863 × 10−4 and σ2 = 2.576 for (DETA)InCl6 and Δd = 1.224 ×
10−4 and σ2 = 5.719 for (DETA)InCl6:15%Sb3+, respectively.
From the data, we found that the Sb3+ doped [InCl6]

3− octa-
hedron has a greater degree of deformation. Such octahedral
distortions are comparable to the recently reported In-based
OIMHs,43 but lower than the general Pb, Sn, and Sb-based
OIMH compounds, which is due to the existence of s orbitals
to generate strong antibonding highest occupied orbitals.40

Notably, supramolecular interactions such as hydrogen
bonding are ubiquitous in hybrid metal halides. Therefore, we
further analyzed the hydrogen bond between the inorganic
anion [InCl6]

3− and the organic cation [DETA]3+; the hydrogen
bonding details are presented in Table S4.† As shown in
Fig. 1a, each inorganic component [InCl6]

3− is connected to
organic cations through three N–H⋯Cl. The distance of H⋯Cl
ranges from 2.38(3) Å to 2.633(8) Å, D⋯A distances range from
3.109(9) Å to 3.279(8) Å and D–H⋯A angles range from 129.45
(15) to 172(6)°. Based on previous studies,17 we found that the
emission efficiency of 0D metal halides is affected by the con-
centration of luminescent active centers, that is, the distance
between adjacent [InCl6]

3− anions. From Fig. S1,† we observed
that the distance between In⋯In along the b-axis ranges from
7.636 to 8.161 Å, which is slightly lower than that of previously
reported In-based OIMHs.15 At the same time, it also shows
that the electronic coupling interaction between [InCl6]

3−

anions is weak, which can inhibit non-radiative energy transfer
and promote radiative recombination.44,45 To explore the
thermal stability of single crystals, we performed thermo-
gravimetric analysis (TGA) and found that the mass loss of
(DETA)InCl6 occurred at 213 °C (Fig. S2†), showing that the
compound has great thermal stability below 200 °C. In
general, In-based OIMHs can easily crystallize with water or
organic solvent molecules, which causes the structures to col-
lapse upon losing their solvent molecules at lower
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temperatures.14,46 In comparison, (DETA)InCl6 has the advan-
tage of good thermal stability.

Metal doping strategies are usually effective ways to change
the emission band and improve the quantum efficiency. We
obtained the (DETA)InCl6:xSb

3+ (x = 0.005%, 0.01%, 10%,
15%) single crystal. From Fig. 1c, we can observe that when
Sb3+ is doped into (DETA)InCl6 and the position of In3+ ions is
occupied by Sb3+ ions, but the configuration does not change.
From the PXRD pattern with different ratios of (DETA)InCl6:
xSb3+ (Fig. 1d), we can clearly observe that the curves are basi-
cally consistent except for a slight shift in the diffraction
peaks, indicating that the samples are pure phase. This slight
shift of the diffraction peaks is attributed to the fact that the
ionic radius of In3+ is larger than that of Sb3+. As shown in
Fig. 1e, energy dispersive spectroscopy (EDS) shows that In, Cl,
and Sb elements of the (DETA)InCl6:15%Sb3+ single crystal are
uniformly distributed, well overlapped with the SEM image
signal, and the formation of impure phases is ruled out. The
elemental analysis obtained from EDX shows that In : Sb
corresponds to 3.54 : 0.54 (Fig. S3†), basically, consistent with
the actual doping amount. To directly demonstrate the suc-
cessful doping of Sb3+, we performed X-ray electron spec-
troscopy (XPS) on (DETA)InCl6:15%Sb3+. The sample exhibited
XPS peaks of In, Cl, and Sb (Fig. S4†), where Fig. 1f shows that
the peaks at 538.5 and 529.5 eV are attributed to the 3d3/2 and
3d5/2 signals of Sb

3+, respectively. To prove the presence of Sb3+

(DETA)InCl6 crystals, chemical analyses of the as-prepared
samples were performed using the ICP-MS technique. The

final molar ratios of the Sb3+ dopant concentration in the
(DETA)InCl6 crystal were all close to the initial ones
(Table S1†).

2.2 Optical properties

Fig. 2a shows the photoluminescence excitation (PLE) and PL
spectra of (DETA)InCl6:xSb

3+ (x = 0%, 0.005%, 0.01%, 0.1%,
0.15%). When x = 0, the compound exhibits obvious bimodal
emission at an excitation wavelength of 325 nm, high-energy
short-wave blue emission at 400 nm, and low-energy yellow
emission at 575 nm. We speculated that the high-energy short-
wave emission at 400 nm was derived from [DETA]3+, and
recorded the PL spectrum of (DETA)Cl3 (Fig. S5†). We found
that the maximum emission peak of (DETA)Cl3 is also located
at 400 nm, which basically coincides with the maximum peak
of the spectrum of (DETA)3InCl6, indicating the reliability of
our speculation. Moreover, we found that when a small
amount of Sb3+ was added, the double-peak emission dis-
appeared, and the emission spectrum showed broad-band
yellow emission. We can also intuitively observe that the inten-
sity of the excitation peak reaches its maximum when the
doping amount is 10%, which is consistent with the PLQY
results presented in Fig. 3b. To further show that doping leads
to the change in the luminescence colour, in Fig. S6,† the
images of (DETA)InCl6:xSb

3+ crystals with different proportions
of Sb at the excitation wavelength of 365 nm under the
irradiation of a daylight lamp and an ultraviolet lamp are pre-
sented. The energy levels of this ns2 electronic configuration of

Fig. 1 (a) The asymmetric unit of compound (DETA)InCl6 (the yellow dotted line represents the N–H⋯Cl hydrogen bond). (b) Details of the octa-
hedral bond lengths of undoped and doped 15% Sb. (c) Structural stacking diagram of Sb3+ doped (DETA)InCl6 single crystals. (d) PXRD patterns of
the pristine and Sb3+ doped (DETA)InCl6. (e) Energy dispersive X-ray spectroscopy (EDS) mapping images of In, Sb, and Cl elements in the (DETA)
InCl6:15%Sb3+ single crystal. (f ) XPS spectrum of Sb in (DETA)InCl6:Sb

3+.
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Fig. 2 (a) Normalized PLE and PL spectra of (DETA)InCl6:xSb
3+ (x = 0%, 0.005%, 0.01%, 10%, 15%). (b) PLE and PL spectra of (DETA)InCl6:10%Sb3+.

(c) PLE and PL spectra of (DETA)InCl6: 0.005%Sb3+ excited at 365 nm. (d) Lifetime decay curves of (DETA)InCl6:xSb
3+ with different contents.

Fig. 3 (a and b) Cloud images of (DETA)InCl6:10%Sb3+ and (DETA)InCl6:0.005%Sb3+ measured at different emission wavelengths. (c) PLQY line
diagram of (DETA)InCl6:xSb

3+ doped with different Sb ratios. (d) (DETA)InCl6:10%Sb3+ excitation power dependent PL spectrum. (e) Fitting results of
FWHM2 as a function of temperature (the inset is the fitting curve of 1/KT and PL intensity). (f ) (DETA)InCl6:10%Sb3+ contour plots of the temperature
as a function of wavelength.
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Sb3+ have been widely reported, namely the excited singlet
state 1P1 and the triplet state 3Pn (n = 0, 1, 2), and the ground
state 1S0.

47,48 From the perspective of transition rules, the tran-
sition from the ground state 1S0 to the excited state 1P1 is
ascribed to the spin–orbit coupling effect, while part of the
ground state 1S0 to the triplet state 3P1 transition requires
lattice vibration and spin–orbit interaction. However, in
general, the transitions from 1S0 to the triplet states 3P2 and
3P0 are forbidden, but their transitions can be assisted by
lattice vibrations.49,50 Fig. 2b shows the excitation and emis-
sion spectra of (DETA)InCl6:10%Sb3+. The peak at 290 nm in
the excitation spectrum is called the C-band (1S0 → 1P1), and
the peak near 325 nm is the B-band (1S0 →

3P2). From the per-
spective of the PLE spectrum, the best excitation band is the
A band at 342 nm (1S0 → 3P1). The PL spectrum obtained
with the best excitation band has a maximum peak at
571 nm, and the compound exhibits broadband emission. It
can be seen that the Stokes shift is as high as 229 nm and
the full width at half maximum (FWHM) is 132 nm. Fig. 2c
shows the PLE and PL spectra of (DETA)InCl6:0.005%Sb3+. It
can be clearly seen that there is significant doublet emission
under excitation at 370 nm, with peaks at 446 nm and
570 nm, respectively. Compared with the previously reported
doublet of cuprous OIMH [(C3H7)4N]2Cu2I4, the doublet
emission peak is significantly narrower. Its peak 1 is located
at 483 nm and peak 2 is located at 637 nm. The dual-emis-
sion band separation (154 nm) is higher than (DETA)
InCl6:0.005%Sb3+ (124 nm).51 We attribute the excitation
peak at 446 nm to the emission of the In component and
the peak at 570 nm to the emission of the Sb component;
both emission peaks are due to the independent ns2 metal
centers (In3+ and Sb3+), which are common in 0D OIHMs.
Fig. S7† shows the CIE coordinate diagram of (DETA)
InCl6:0.005%Sb3+ under different excitation bands, and what
is exciting is that the coordinate values (0.35, 0.36) at
365 nm are very close to the standard white light. Except for
the pristine (DETA)InCl6, which is fitted with a double expo-
nential function, the others are fitted with a single exponen-
tial function I(t ) = A exp(−t/τ). In addition, we also found
that the photoluminescence lifetime significantly increased
after doping Sb3+, in the range of 3.19–3.71 μs, which is com-
parable to that of previously reported Sb-based 0D OIMHs.52

To deeply investigate the luminescence mechanism, we
explored the wavelength-dependent PLE and PL spectra at
doping levels of 10% and 0.005% Sb. As shown in Fig. 3a, b
and S8,† the PL spectrum of the Sb3+ ion is easily affected by
the magnitude of the excitation energy, which has a great
influence on the excitation and recombination rate. The origin
of yellow broadband emission is explained by testing the
dependent emission spectrum within a wavelength range of
255–380 nm. From Fig. S8,† we can see that the launching
peak has almost no offset, which confirms that the Sb3+ ion
doping is not a combination of multiple excited state levels.
From the cloud image of the excitation-related emission spec-
trum with a doping amount of 10%, we can also find an
obvious emission peak at 570 nm. The peak intensity of the

excitation band is obviously concentrated in the above-men-
tioned optimal band (3P1 → 1S0), while the excitation peak
intensity of doping with 0.005% is concentrated in the C
band (1P1 → 1S0), and a small part is located in the A and B
bands. These conclusions correspond to Fig. 2b and c.
Fig. 3b shows the PLQY line graph of (DETA)InCl6 doped
with different proportions of Sb3+. As the doping amount
increases, the PLQY increases until the doping amount is
10%, and the PLQY is nearly 100% (Fig. S9†). The PLQY
dropped sharply when Sb3+ was continued to be doped. The
energy migration between Sb3+ ions and surface defects are
the main reasons for the decrease of PLQY. In order to rule
out broadband emission caused by permanent trap states,
we tested the excitation power versus the PL intensity map
(Fig. 3d). We found that the PL intensity increases with the
increase of the excitation power, satisfying a good linear
function relationship. Generally speaking, the emission
characteristic of the permanent trap state is that the PL
intensity reaches saturation when the excitation power
increases. So we further demonstrate that the emission
mechanism is not a permanent trap state.53

To further explore the photophysical mechanism and elec-
tron–phonon coupling effects, we recorded the temperature-
dependent PL spectra. Fig. S10† shows the temperature-depen-
dent PL spectra of (DETA)InCl6:10%Sb3+ in the temperature
range of 77–377 K at an excitation wavelength of 342 nm. We
found that the PL intensity decreased with increasing tempera-
ture. This phenomenon can be explained by the fact that non-
radiative recombination is easily suppressed at low tempera-
tures. The higher temperature results in a greater possibility of
non-radiative transition, which may be due to the increase of
phonon state occupation and the increase of electron–phonon
coupling at high temperatures.54 It is worth noting that the PL
emission spectrum undergoes a red shift as the temperature
decreases. This has also been found in other low-dimensional
light-emitting halogenated materials based on STEs, because
the thermal expansion of the lattice caused by the increase in
temperature leads to a distortion of the lattice and a reduction
of the band gap.55,56 Of course, it may also be the dominant
effect of electronic coupling. The CIE coordinates shown in
Fig. S10† range from (0.44, 0.49) to (0.50, 0.48), which more
intuitively reflects the redshift phenomenon. Furthermore, the
Huang–Rhys factor (S) and the exciton activation energy (Ea)
are important parameters used to understand the underlying
photophysical mechanism. In the formation of STEs, strong
electron–phonon coupling is particularly important, and S is
usually used as an evaluation criterion (Fig. 3e). S can be
obtained by fitting the direct relationship between the FWHM
and the temperature (eqn (3)).57

FWHM ¼ 2:36
ffiffiffi
S

p
ℏωphoton

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
coth

ℏωphoton

2KbT

r
ð3Þ

where Kb is Boltzmann’s constant, ħωphoton is the optical
phonon frequency, after calculation, S is 19.85, and ħωphoton is
36.4 meV. Among them, S is significantly larger than the
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ordinary quantum dots (ZnSe ∼ 1) used before. Such a large S
in the compound also marks a strong electron–phonon coup-
ling, which makes STEs easy to form. Ea can be obtained using
Arrhenius equation (4):58

IðTÞ ¼ I0

1þAe�
Ea
KbT

ð4Þ

where I0 is the PL intensity at 0 K; we can obtain Ea as 756 meV
as shown in the inset of Fig. 3e, which is much larger than the
thermal energy at room temperature. It is also larger than the
previously reported 0D OIMHs (H3AEP)2CdBr6·2Br
(154.81 meV)59 and (C4H14N2)2In2Br10 (61.8 meV).60 This indi-
cates the excellent thermal stability of this compound, and the
highly localized STE is usually fed back by a large Ea. The
false-color map of Fig. 4f provides direct evidence for the large
broadband emission and also confirms that the quenching temp-
erature of PL reaches at least 350 K. In brief, all the above con-
clusions suggest that the large broadband emission, the Stokes
shift, S and Ea result from the strong Jahn–Teller distortion.

2.3 Electronic band structure calculation

To further elucidate the photophysical properties of (DETA)
InCl6 and (DETA)InCl6:Sb

3+ in detail, electronic band struc-
tures and density-of-state maps were obtained using DFT cal-
culations. Fig. 4a shows that the highest occupied molecular
orbital (HUMO) and the lowest occupied molecular orbital

(LUMO) of (DETA)InCl6 are both at the G point, so it can be
judged that (DETA)InCl6 has a direct band gap with a value of
3.97 eV. (DETA)InCl6:15%Sb3+ has an indirect band gap with
a value of 2.76 eV (Fig. 4b), and while the LUMO is still at
the G point, the HUMO moves to the Q point in the momen-
tum space. This shift in bandgap properties is attributed to
the fact that the Sb-5s orbitals constitute the inner gap band
(located above the pristine HUMO). The valence band
maximum (VBM) of undoped (DETA)InCl6 mainly consists of
organic components, In-4d and Cl-3p orbitals. The compo-
sition of the VBM of (DETA)InCl6:15%Sb3+ is basically con-
sistent with the pristine compound, but with increased Sb-5s
and Sb-5p orbital contributions. And we found that the con-
duction band minimum (CBM) of (DETA)InCl6:15%Sb3+ was
contributed by inorganic components (In-5s, Sb-5p). Based
on the above analysis, it can be directly demonstrated that
the PL emission mechanism is influenced by the doping
sites in the inorganic part, resulting in broadband yellow
emission. It is a common phenomenon that the DFT calcu-
lation values are lower than the experimental values.61 In
our case, the calculated values of the above bandgaps are
significantly lower than the experimental values of 4.77 eV
and 3.23 eV (Fig. 4e and f).

The femtosecond transient absorption (fs-TA) technique
has been employed to study ultrafast photophysical processes.
The ultrafast charge carrier dynamics were obtained by the fs-
TA technique for (DETA)InCl6:0.005%Sb3+ and (DETA)

Fig. 4 Band structures of (DETA)InCl6 (a) and (DETA)InCl6:15%Sb3+ calculated by DFT-PBE (b). (c and d) Total density of states and the partial
density of states of (DETA)InCl6 and (DETA)InCl6:15%Sb3+ based on the DFT-PBE method. (e and f) DRS spectra of (DETA)InCl6 and (DETA)InCl6:Sb

3+

at room temperature.
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InCl6:10%Sb3+ to demonstrate and observe the formation of
STEs. As shown in Fig. 5a, the broad pump-induced absorp-
tion (PIA) signal of the entire spectrum can be observed sub-
stantially at the excitation wavelength of 365 nm, demonstrat-
ing the broad white light emission. Extensive positive PIA was
observed in the probe region (450–590 nm), demonstrating
that the STEs lead to broadband yellow PL emission (Fig. 5b).
We also tested the attenuation curves of PIA signals at
different wavelengths and found that their motion trajectories
were basically the same (Fig. S11†), which also satisfied the
characteristics of STEs. It can be observed in Fig. 5c that ΔA
decreases with increasing wavelength, but the overall trend of
ΔA corresponds to the false colour map shown in Fig. 5b. The
PIA decay signal for (DETA)InCl6:10%Sb3+ can be fitted with a
triple exponential function to obtain the following three com-
ponents, τ1 = 330.5 fs, τ2 = 7.19 ps, and τ3 > 1 ns (Fig. 5d).
According to previous reports,62 such a fast component of τ1
indicates that the contribution of triplet TA to PIA may be neg-
ligible because the intersystem transit time from spin singlet
STEs to spin triplet STEs is usually on the order of pico-
seconds. The τ2 component is due to the cooling of the hot
STE state.63 The slow component of τ3 is beyond the time
window and will not be discussed in detail here. It is worth
noting that the inset of Fig. 5d shows the synchronous gene-
ration of STEs at different wavelengths, because they have
almost the same PIA rise time (∼235 fs), indicating that there
is almost no potential barrier between free excitons and STEs.
Of course, we also provide a global fit to analyze the TA
dynamics of the three components (Fig. 5e). Combining all the

above fluorescence spectral characterization studies, DFT cal-
culations, and fs-TA analysis the overall STEs are shown in
Fig. 5f.

2.4 Preparation of WLEDs

The stability of (DETA)InCl6:10%Sb3+ phosphor powder was
recorded by PXRD. The powder diffraction peaks of the sample
stored for three months were almost the same as those of the
fresh sample (Fig. S12†). In addition, we also tested the PL
intensity stability of (DETA)InCl6:10%Sb3+. We found only a
slight decrease in the PL intensity of the compound over 7
days, Fig. S13.† Such excellent stability and optical properties
facilitate the construction of WLED devices. Fig. 6a is a con-
ceptual diagram of the prepared LED device. The mixture of
the metal halide (DETA) InCl6:10%Sb3+ and BaMgAl10O17:Eu

2+

was stirred to form a colloidal mixture. Then the mixture was
kept under an LED lampshade to cure for 1 hour and finally
the UV lamp chip was covered. Because the excitation of the
above two phosphors is in the ultraviolet region, a 365 nm
ultraviolet LED was selected as the pumping light source.
Fig. 6b shows the actual image of the LED and the image after
current driving. The fabricated WLED exhibited white emis-
sion due to the driving current (Fig. 6c). The correlated colour
temperature and the colour rendering index are 6927 K and
91.2, respectively. The CIE coordinates of the device are (0.30,
0.31). We also recorded the PL spectra under different driving
currents, and the luminous intensity of WLEDs increased with
the increase of driving current, proving the application pro-
spects of this device in high-power devices (Fig. S14†).

Fig. 5 (a and b) False-color TA images of (DETA)InCl6:0.005%Sb3+ and (DETA)InCl6:10%Sb3+ single crystals. (c) fs-TA spectrum of (DETA)InCl6:10%
Sb3+. (d) PIA attenuation signals of (DETA)InCl6:10%Sb3+ (the inset shows the detection of PIA at different wavelengths). (e) (DETA)InCl6:10%Sb3+

single crystal fs-TA signal dynamics. (f ) Schematic diagram of the photophysical mechanism of (DETA)InCl6:10%Sb3+.
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3. Conclusion

In summary, we synthesized a series of novel 0D hybrid OIMH
single crystals (DETA)InCl6:x%Sb3+ (x = 0–15%). When Sb3+

ions were introduced into (DETA) InCl6, it was found that the
original emission band changed from cyan emission to yellow
broadband emission. Excitingly, ∼100% PLQY was achieved
when the doping amount was 10% Sb. The detailed PL and
PLE spectra and fluorescence lifetime spectra show a Stokes
shift of 229 nm and a long fluorescence lifetime of
3.19–3.71 μs, all indicating that it exhibits intrinsic STE emis-
sion behaviour. Then we found that when the doping amount
is 0.005% Sb3+, the compound can change the emission band
with the change of the excitation band. White light emission
was realized at the excitation wavelength of 365 nm, and its
CIE coordinates were (0.35, 0.36), which are very close to the
standard white light. DFT calculations confirmed that doping
Sb3+ ions can effectively modulate the photophysical properties
of (DETA)InCl6. The ultrafast charge carrier dynamics and the
formation of STEs were studied in detail using the fs-TA tech-
nique. In view of the excellent optoelectronic properties of this
series of compounds, we fabricated WLEDs based on (DETA)
InCl6:10%Sb3+. This report provides an effective strategy for
the development of highly efficient photoluminescent
materials.
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