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Introducing Relatively Isolated In/Out-Gap Bands in Cs,XCl,
(X = Sn, Hf, Zr, Ti) via B-Site Substitution: A Route to
Brighter Luminescence and Tunable Emission Wavelengths

Zhenren Gao, Xing Shen, Pengbo Lyu,* Changfu Xu,* Dong Fan, and Lizhong Sun*

Both theoretical and experimental approaches are utilized to investigate the
fluorescence mechanism of B-site substituted Cs,XCl, (A,BX,-type perovskite,
X = Sn, Hf, Zr, Ti), aiming to enhance the luminescence and tune the
emission wavelengths. Using Te-monosubstituted Cs,SnCl, as a model
system, thecomputational discovery that the introduction of out-gap and
in-gap bands by Te can significantly enhance its transition dipole moment is
reported. This is further experimentally confirmed, showing a single emission
peak resulting from the radiative transition between the out-gap and in-gap
bands. The broadening of the emission peak is attributed to self-trapped
exciton (STE), while additional absorption/excitation peaks arise from
composition segregation. Additionally, the high-throughput first-principles
calculations indicate that substituting B-sites of Cs,XCl, with Se, Te, Po, As,
Sb, and Bi may also significantly enhance their light emission with the
introduced bands. Thus, fine-tuning the emission wavelengths by controlling
the position of out-gap and in-gap bands through cation selection is proposed.
Furthermore, tunable white-light emission is achieved with excellent color
stability by adjusting the Te and Bi composition in co-substituted Cs,SnCl
material. The findings highlight the potential of utilizing out-gap and in-gap
bands to tune luminescence in this perovskite family for advanced device

emission.'!l However, the toxicity and
stability issues associated with lead per-
ovskites have hampered their large-scale
application.?l In order to address the
toxicity concerns associated with lead per-
ovskites, significant attention has been
focused on the development of novel
perovskite materials based on low or non-
toxic elements such as Sn, Te, Ge, and
Bi. These materials possess electronic
properties similar to those based on lead
and are also promising for optoelectronic
and photovoltaic applications.l*/ However,
challenges remain for these lead-free per-
ovskite materials. For instance, although
tin perovskites are promising alternatives
to lead perovskites due to their low toxicity
and abundance, they suffer from relatively
poor environmental stability.l! Cs,SnCl,
is a unique vacancy-ordered perovskite
variant!®! of tin perovskite, which has drawn
significant interest along with its deriva-
tives due to their exceptional stability in air

applications, including white-light-emitting diodes (WLEDs).

1. Introduction

In recent years, metal halide perovskites (MHPs), particularly
lead halide perovskites, have emerged as promising candidates
for advanced photovoltaic and optoelectronic applications due
to their exceptional properties such as high absorption coefhi-
cients, tunable light emission wavelengths, and narrow-band
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and moisture.®! Its exceptionally high sta-

bility arises from a combination of the high

concentration of Sn** (which is more inert

than Sn?* in air) and relatively high decom-

position enthalpy (1.37 eV) compared to
other perovskites (—0.09-0.47 eV).l”) However, intrinsic Cs, SnCl,
perovskite is a non-luminescent material due to the parity-
forbidden nature of its electronic transitions.l’*8! Similarly, in-
trinsic Cs,XCl (X = Hf, Zr, Ti) materials are also typically non-
luminescent or inefficient for the same reason.°! However, exten-
sive research has shown that these materials, when in nanocrys-
tal form, can emit light through fluorescence, which is often at-
tributed to the localized charges induced by prominent surface
defects.[”*1] In addition, as large band gap materials, these in-
trinsic materials may also emit light in response to high-energy
radiation. For instance, Cs,HfCl; nanocrystals exhibit a broad-
band blue emission in exposure to gamma-radiation, with self-
trapped exciton (STE) in [HfCl]?~ octahedrons considered as the
source of emission. This observation further substantiates the po-
tential of Cs, HfCl, as a highly promising scintillator for gamma
spectroscopy.?#4192>.11] Nevertheless, the application of intrinsic
MHPs in bulk form for optoelectronic and photovoltaic purposes
remains challenging due to the inherent parity-forbidden nature
of their electronic transitions.
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To unlock the full potential of Cs,XCl, perovskite materials
in optoelectronics and related fields, researchers are actively en-
gaged in exploring methods to modify their electronic structures
and thus enhance their luminescence performance. Typical ap-
proaches include doping or substitution with foreign atoms or
ions, as well as synthesizing mixed-cation and mixed-halide per-
ovskites, in order to overcome their parity-forbidden character-
istics in electronic transition. Recently, significant progress has
been made in these aspects,|®¢¢712] for example, Sb-, Bi-, and
Te-doped Cs,SnCl; materials have been found to exhibit broad-
band orange-red (602 nm),!%! blue (455 nm),!”*) and yellow-green
(580 nm)[%] luminescence, respectively. The corresponding high-
est photoluminescence quantum yield (PLQY) of 37%, 78.9%,
and 95.4% were demonstrated at the concentrations of 0.59%
(Sb),164 2.75% (Bi),’*) and 11% (Te),[**) respectively. Recently,
Zhang et al.l'%] achieved dual-band-tunable white-light emission
with a PLQY of 68.3% in Cs,SnCl, with Bi**/Te** co-doping.
While defect complexes and STEs are believed to be respon-
sible for the observed luminescence and broadband in doped
Cs,SnCl,, the exact mechanism is still an active area of research,
and further exploration is needed to fully understand the lumi-
nous origin at the microscopic level.[%#47213] Moreover, the pre-
cise control of light emission wavelength in perovskite materi-
als is a significant research focus within the field.['*] The limited
exploration of how B-site substitution affects the luminescence
properties of the Cs,XCl, material family emphasizes the impor-
tance of additional research. This investigation is essential for
achieving effective control over the light emission wavelength in
this particular group of perovskite materials.

In this study, we investigated the impact of B-site substitution
on luminescence and the fluorescence mechanism in Cs,XCl;
materials, with a focus on Te-monosubstituted Cs,SnCl, per-
ovskite, using a combination of theoretical and experimental
methods. Our first-principles calculations allowed us to under-
stand the electronic origin of non-fluorescence or inefficient flu-
orescence in intrinsic Cs,XCl, perovskite. Then we explored the
effect of Te substitution on luminescence performance specifi-
cally in the model system Cs,SnCl,. Through our research, we
conclusively showed that Te substitution induces the formation
of in-gap bands and out-gap bands within the host energy bands.
This leads to a substantial improvement in electronic transi-
tion probability and light emission. Our experimental findings
solidify the fact that luminescence is significantly enhanced in
Cs,SnCl, samples with varying concentrations of Te substitu-
tion. The samples we synthesized displayed a single emission
peak at 580 nm, which was confirmed to result from the ra-
diative transition between out-gap bands and in-gap bands. The
broadening of the emission peak is attributed to STE. In addi-
tion, we provided insight into fluorescence attenuation at high
Te concentrations and revealed the resonance transfer of energy
from the Cs,SnCl; phase to nearby Cs,Sn, ,Te,Cl; phase, which
enhances light emission due to the composition segregation!!”)
phenomenon. Subsequently, our analysis of Cs,X, ,Y,Cl; using
high throughput first-principles calculations identified promis-
ing luminescent materials substituted with Se, Te, Po, As, Sb,
and Bi. Our findings suggest that it is possible to achieve the de-
sired emission wavelengths by appropriately selecting substitut-
ing cations, as the radiative transition between in-gap bands/out-
gap bands can occur regardless of the host materials. Finally, we
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achieved tunable white-light emission with excellent color stabil-
ity by adjusting the composition ratio of Te and Bi in Te and Bi co-
substituted Cs,SnCl, materials, showcasing the effectiveness of
using in-gap bands/out-gap bands to control luminescence and
laying the foundation for the development of high-performance
perovskite-based optoelectronic devices. Overall, our study con-
tributes to the understanding of the fluorescence mechanism in
halide perovskites and provides new directions for the develop-
ment of perovskite-based optoelectronics.

2. Results and Discussion

2.1. First-Principles Analysis of Intrinsic Cs,XCl¢ (X = Sn, Hf, Zr,
Ti)

The A,BX-typel®*1®l tin halide perovskite Cs,SnCl belongs to
the vacancy-ordered double halide perovskitel®! with space group
Fm-3m (No. 225), as illustrated in Figure 1a and Figure S1 (Sup-
porting Information). To understand the underlying mechanism
of the non-fluorescence phenomenon observed experimentally
in its bulk materials,’*#! we conducted density functional theory
calculations at HSEOG level to obtain its electronic structure. The
projected band structure (upper panel of Figure 1b) reveals that
the energy bands near the conduction band minimum (CBM)
are distributed in the energy window of 4.07-5.06 eV, originating
from the antibonding states composed of Cl-p and Sn-s orbitals.
Conversely, the energy band near the valance band maximum
(VBM) contributed by Cl-p states is relatively localized. Although
CBM- and VBM-associated partial charge densities (Figure 1c) ex-
hibit symmetric distributions due to the highly symmetric struc-
ture characteristic of [SnCl;]>~ octahedron, there is little overlap
between them. In addition, a gap of 2.57 eV exists between the
4" conduction band and the 5™ conduction band. Therefore, the
conduction bands near Fermi level are relatively isolated. Despite
the favorable direct band gap (E, = 4.07 eV) of Cs,SnCl; per-
ovskite for luminescence, our computational analysis reveals that
its CBM and VBM have the same even-parity (I'*) at the I" point
as shown in the upper panel of Figure 1b, resulting in a parity-
forbidden transition with zero-transition dipole moment. More-
over, the calculated transition dipole moment between the CBM
band (band number 149) and the VBM band (band number 148)
is overall very weak (lower panel of Figure 1b). It is important to
notice that the effects of spin-orbit coupling (SOC) on electronic
structure and transition dipole moment can be safely disregarded
when considering both the HSE06 and PBE functionals. This as-
sertion is substantiated by the findings depicted in Figure 1b,c
and Figure S2 (Supporting Information), where it is evident that
the band structures and transition dipole moment remain rela-
tively stable when SOC is taken into account. Although SOC does
affect the magnitude of transition dipole moment, the presence
of analogous curves and the minimal difference in magnitude
(>1.5 Debye?) indicate that these disparities can be neglected.
Particularly noteworthy, the discrepancy at the I" point is zero.
Therefore, the absence of luminescence in Cs,SnCl can be at-
tributed to the parity-forbidden transition with a zero-transition
dipole moment and the non-overlapping partial charge densities
and wave functions of the CBM and VBM.!"] We observe a simi-
lar phenomenon in Cs,XCl, (X = Hf, Zr, Ti), as demonstrated
in Figures S3-S5 (Supporting Information). To enhance their
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Figure 1. Crystal structure and electronic properties. a) Crystal structure of Cs,SnClg and its high symmetry points in Brillouin zone. b,c) Projected band
structures (upper panels) with or without SOC and their transition dipole moments (lower panels), they are obtained from HSEO06 functional. The black
number next to the energy band represents the band number. The 3I'*;-like symbol is the Koster notation for irreducible representation, and the red
number in front of it represents multiplicity. The symbols “-” and “+” represent odd and even parities, respectively. CB and VB represent conduction
band and valence band, respectively. These definitions also apply to other similar graphs. d) CBM- and VBM-associated partial charge densities (PCDs)
and wave functions (WFNs) without SOC, and only one octahedron is shown here for clarity.

photoelectric characteristics, we proceed to investigate the in-
fluence of B-site substitution on the electronic and luminescent
properties of Cs,XCl, (X = Sn, Hf, Zr, Ti) perovskites.

2.2. Luminescence Characterization of Te-Monosubstituted
Cs,SnClg

As a starting point, we chose Te-monosubstituted Cs,SnCl, as a
model system to investigate the changes in its electronic struc-
ture and luminescence performance following the substitution.
To conduct our study, we employed first-principles calculations
using a 36-atom unit cell of Cs,SnCl; perovskite with Te substi-
tution at the B-site. The results are summarized in Figure 2. The
energy band structure of Cs, Sn, s Te,, ,s Cl, (Figure 2a) shows that
the energy bands within the energy window of —1-—0.5 and 2—
3 eV correspond to the intrinsic valence bands and conduction
bands of the host Cs, SnCl,, respectively. With the substitution of
Te, new impurity bands appear in the energy windows of —1-0
and 2.5-3.5 eV. The former bands are referred to as in-gap bands
(IGBs) and are primarily composed of Cl-p and Te-s states. They
are located between the intrinsic valence and conduction bands.
The latter bands are defined as out-gap bands (OGBs) and are
primarily composed of Cl-p and Te-p states. They are located in
the intrinsic conduction bands. At lower Te contents, both in-gap
and out-gap bands tend to develop into localized quasi-flat bands.
However, as the Te content increases, the localization of these
bands gradually diminishes, and their broadening expands (as
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illustrated in Figure 2b-d). This evolution sets them apart from
the defect energy levels that emerge from doping. Typically, these
defect levels arise from ultra-low concentration doping (<1%)
and often manifest as non-dispersive, highly localized horizon-
tal lines within the energy band. As the concentration of doping
or substitution rises (>10%, as in this work), more doped or sub-
stituted atoms are introduced, augmenting the interactions be-
tween atoms. Consequently, the confinement of electrons within
individual atoms wanes, and electrons begin to assume collec-
tive motion. This shared electron motion leads to the splitting
of energy levels, resulting in the formation of numerous closely
spaced, seemingly continuous energy levels—an occurrence that
gives rise to energy bands. In contrast to energy levels, energy
bands manifest as curves featuring a certain degree of dispersion
and broadening. Conversely, as the Sn content decreases, the in-
trinsic conduction bands near Fermi level become increasingly
localized, and their broadening decreases gradually. Eventually,
the intrinsic conduction bands near Fermi level vanish entirely
when Te fully substitutes Sn. It is worth noting that while the in-
fluence of SOC on the intrinsic bands might be negligible, its in-
fluence on the in-gap bands and out-gap bands introduced by the
heavy atoms such as Te is substantial, as evidenced in Figure 2e—
h.

Our research demonstrates that in-gap bands and out-gap
bands have even- and odd-parity properties respectively at low
Te concentration, which results in a significant transition dipole
moment between them. However, as shown in Figure 2i-1, the
transition dipole moment at the I" point (i.e., the location of the
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Figure 2. Electronic structure and transition dipole moment. a—d) Projected band structures and i-l) the corresponding transition dipole moments
without SOC for Cs,Sn,.,Te,Clg (y = 0.25, 0.50, 0.75, 1.00; from left to right). e-h) Projected band structures and m-p) the corresponding transition
dipole moments with SOC for Cs,Sny_,Te,Clg (y = 0.25, 0.50, 0.75, 1.00; from left to right). The black number next to the energy band represents the
band number. After considering SOC, the energy band undergoes splitting. For example, the original band 144 (Figure 2a) splits into bands 287 and 288
(Figure 2e), while the original band 148 (Figure 2a) splits into bands 295 and 296 (Figure 2e).

direct band gap) between in-gap bands and the intrinsic conduc-
tion bands near Fermi level can be disregarded across all concen-
trations. These observations indicate that the transition between
in-gap bands and out-gap bands play a vital role in generation
of yellow-green light emissions observed before,6#¢122] rather
than those parity-forbidden transitions such as in-gap bands to
the intrinsic conduction bands near Fermi level (see Figure 2).
The transition dipole moment between in-gap bands and out-gap
bands reaches maximum at a Te concentration of 25%, but de-
creases as the Te concentration increases further, as depicted in
the Figure 2i-1. Furthermore, the rise in Te content causes a shift
from a direct to an indirect bandgap between in-gap bands and
out-gap bands, impeding the electronic transition between these
two bands. As illustrated in Figure 2i—p, SOC induces a reduction
in the magnitude of transition dipole moment.

As a further stage, we conducted experimental research on
Te-monosubstituted Cs,SnCl, to explore the influence of in-gap
bands and out-gap bands on the luminescence mechanism of the
B-site monosubstituted Cs,XCl, perovskite family. We synthe-
sized a series of Cs-Sn-Te-Cl quaternary compounds with the for-
mula Cs,Sn, Te,Cl; (y = 0.10, 0.30, 0.50, 0.70, 0.90, 1.00), using
the solvothermal method.['?*! As shown in Figure 3a,b, the pow-
der samples have amorphous geometry microstructures with par-
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ticle sizes ranging from 5 to 50 um. The structural characteriza-
tion confirm that Sn and Te are distributed in every corner of the
sample, which is consistent with previous research.[’*12] Impor-
tantly, the synthesized sample is determined to be a solid solution
with composition segregation, !>l which consist of Cs, Sn, , Te Clg
phase and Cs,SnCl; phase. Upon irradiation of an ultraviolet
(UV) lamp (365 nm), the intrinsic Cs,SnCl; perovskite does not
show any luminescence, whereas significant yellow-green pho-
toluminescence (PL) occurs upon Te substitution (lower panel,
Figure 3c), which is consistent with previous studies.[*¢122] More
discussions are shown in Supplementary Information.

It should be noted that although double absorption/excitation
peaks were observed (Figure S6, Supporting Information), only
a single emission peak exists with a central emission wavelength
of ~580 nm (2.14 eV), a Stokes shift of ~200 nm, and a full
width at half-maximum (FWHM) exceeding 120 nm, as shown in
Figure 3d. The center of the emission peak slightly redshifts from
580 to 590 nm as the Te content increases, while maintaining
the same shape and FWHM. Although researchers have previ-
ously reported similar observations and proposed several poten-
tial explanations for the single emission peak,#12] their expla-
nations are primarily based on systems with low-concentration
doping which introducing impurity levels. According to our
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Figure 3. Structural characterization and luminescence properties. a) X-ray diffraction patterns of Cs,Sn;_,Te,Clg (y = 0.10, 0.30, 0.50, 0.70, 0.90, 1.00),
and the attached pattern shows the enlarged diffraction peaks near 34°. b) Scanning electron microscopy image of Cs,Sng 79Teq 30Clg sample and its
energy dispersive spectrometry elemental mappings. c). Photographs ofCSZSm_yTeVClG (y=0.10, 0.20, 0.30, 0.40, 0.50, 0.60, 0.70, 0.80, 0.90, 1.00; from
left to right) powders exposed to daylight (upper) and 365 nm UV lamp (lower). d) Normalized PL spectra. ) Change trend of PL spectrum peak with

the Te content increasing.

first-principles calculations (see Figure 2), it becomes evident that
elevated concentrations of Te lead to the emergence of impurity
bands within the host bands, as elaborated upon in the initial
paragraph of Section 2.2. Therefore, explanations based on low-
concentration doping may not be applicable in our study. No-
tably, we observed that the compositional segregated Cs,SnCl,
phase is responsible for the appearance of additional excitation
and absorption peaks, and further details are shown in Support-
ing Information. However, the exact electronic origin of the sin-
gle emission peak remains unresolved and requires further in-
vestigation.

The fluorescence excitation and emission spectra, observed
at different monitoring wavelengths (Figure S7, Supporting In-
formation), exhibit similarities. This suggests that the emission
band is an inherent characteristic of the sample. Hence, it can
be inferred that the PL emission in these systems originates
from the same radiative transition, irrespective of the excitation
wavelength. However, the precise PL transition that accounts
for the fluorescence emission needs to be located. By analyz-
ing the lack of fluorescence observed in Cs,SnClg, the signif-
icantly higher calculated transition dipole moment (Figures 1
and 2) between in-gap bands and out-gap bands than other tran-
sitions in Te-monosubstituted Cs,SnCl,, and the resemblance
of the yellow-green emission between Cs,TeCl, 8] and Te-
monosubstituted Cs,SnCl; materials, we can conclude that the
single emission peak observed in the fluorescence spectrum of
Te-monosubstituted Cs, SnCl, arises from the transition between
out-gap bands and in-gap bands introduced by Te substitution.
Moreover, the intensity of fluorescence shows an initial increase
and subsequent decrease as Te content increases. Notably, the
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Cs, Sn, 5, Te, 30Cly sample exhibiting the highest fluorescence in-
tensity, as illustrated in Figure 3e and Figure S8 (Supporting In-
formation). This trend is consistent with the trend observed in
the calculated transition dipole moment as shown in Figures 1
and 2. Therefore, the decrease in emission intensity at high con-
centrations of Te substitution can be attributed to the low tran-
sition dipole moment, in addition to the transition from a direct
bandgap to an indirect bandgap between in-gap bands and out-
gap bands, as shown in Figure 2. Our findings are further sup-
ported by the low PLQY of Cs,TeCl; (corresponding to the elec-
tronic structure shown in Figure 2d) as reported by Jiang et al.['8]

After identifying the dominant radiative transition responsi-
ble for the luminescence, we delved deeper into the lumines-
cence mechanism of Te-monosubstituted Cs,SnCl;. According
to literature,!'%<4£1%] Juminescence of insulating halides is most
often caused by localized charges such as polarons and exci-
tons. However, it is worth noting that polarons are typically
encountered in nanocrystalline materials,!'°<%fl whereas their
presence in large-size bulk materials is limited to a negligible
extent, thereby allowing their exclusion from consideration in
bulk materials. Therefore, the impact of polarons can be negli-
gible in our work, since the samples we synthesized belong to
large-size bulk materials. On the other hand, localized excitons,
i.e., STE, have been commonly recognized as the main cause
of radiative recombination in insulating halides, playing a piv-
otal role in understanding luminescence phenomena. To con-
firm if STE accounts for the luminescence in Te-monosubstituted
Cs,SnCl,, we have conducted additional investigations combin-
ing experimental and computational approaches. The observed
broadening of the single emission peak of Te-monosubstituted
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Figure 4. Temperature-dependent fluorescence spectra measurement, excited state calculation and luminescence mechanism. a) Temperature-
dependent fluorescence spectra of Cs,Sng 79Teq 30Clg sample. b) Fitting between the FWHM of emission peak and temperature. c) Configuration co-
ordinate diagram. GS: ground state; FE: free exciton; S-STE: spin-singlet self-trapped exciton; T-STE: spin-triplet self-trapped exciton; ISC: intersystem

crossing; RISC: reverse intersystem crossing; Eg; (Ey,,): self-trapping depth;

Egetrap: detrapping barrier; AE: energy separation between T-STE and S-STE;

The inset (lower left) shows the energy levels and their electronic states for GS; the insets (upper left) show the energy levels and their electronic states for
excited states (spin singlet and spin triplet). d) Electron-associated partial charge densities in T-STE. e) Electron density distribution along the direction
of Cl-Te-Cl in [TeCl¢]>~ octahedron, note that the identical curves corresponding to the a, b, and c directions (insert) imply an isotropic distribution. f)
Luminescence mechanism of Te-monosubstituted Cs,SnClg sample. The left panel represents the Cs,SnClg phase and the right panel represents the
Cs,Sny.,Te,Clg phase. ET and Ef represent energy transfer and Fermi level, respectively.

Cs,SnCl;, with a 120 nm FWHM, served as the first evidence
of STE mechanism, as proposed in previous report for other
perovskite systems.['>2] To further confirm it, we conducted
temperature-dependent fluorescence spectra measurement on a
typical sample Cs,Sny,,Te,;,Cl;, because the strong electron-
phonon coupling is prominent feature of STE emission.[?!]
As shown in Figure 4a,b, the fluorescence intensity increases
gradually as the temperature decreases, indicating the suppres-
sion of phonon-related non-radiative transition processes. The
temperature-dependent FWHM aligns well with the phonon
broadening model, and the derived Huang-Rhys factor S of 27.58
(£6.42) suggests a significant level of electron-phonon coupling.
Therefore, it is plausible that the STE has a key impact on the lu-
minescence mechanism of Te-monosubstituted Cs,SnCl,. This
is further supported by our excited states calculations using the
DeltaSCF method. The computations are performed using a
supercell containing 288 atoms, and the results are shown in
Figure 4c,d. Based on our findings, we propose that upon illu-
mination, the excited electron-hole pair forms free excitons (FE)
under the influence of Coulomb interaction. Subsequently, FE
self-traps into spin-singlet self-trapped exciton (S-STE) and fur-
ther self-traps into more stable spin-triplet self-trapped exciton
(T-STE) through spin flip and intersystem crossing. The energy
separation (AE) is calculated as 27.90 meV between the T-STE
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and the S-STE, which is slightly higher than the thermal acti-
vation energy at room temperature (25 meV). The DeltaSCF
method may not yield highly accurate outcomes as a compro-
mise approach for computing excited states. Although a small
difference of 2.90 meV cannot be excluded within the error bar
of DeltaSCF, qualitative comparisons can often yield more mean-
ingful insights when dealing with such compromises. Therefore,
T-STE can be detrap from the T-STE state to the S-STE state
through reverse intersystem crossing!??! at room temperature, in-
dicating the existence of thermal equilibration between the two
self-trapped excitons. Detrapping barrier (Eg.,,) is the difference
between the STE states and FE configurations in the excited state,
which is considered the energy that the self-trapped electron-hole
pair needs to overcome to become a free electron-hole pair (i.e.,
FE) that can move freely.[?*] It can be obtained by the following
equation:

__ punrelax relax
Edetmp - Es - ET (1)

where E¥"“* is the total energy of the unrelaxed spin-singlet
excited state (i.e., FE state), and E/*** is the total energy of the
relaxed spin-triplet excited state. The detrapping barrier (Ey,)
from the most stable spin-triplet self-trapped exciton to free exci-
ton is actually 33.94 meV, which is comparable to that of 35 meV
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in (TDMP)PbBr,,?**! and 34 meV in CsPbBr,,!**! both of which
have demonstrated STE luminescence. The observed Eg,, is
higher than the thermal activation energy of 25 meV atroom tem-
perature, and the difference of ~#10 meV might indicate the coex-
istence and dynamic equilibrium between FE and STE. While a
complete exclusion of STE detrapping might not be absolute, the
STE state may be a significant population at room temperature,
i.e., the excited electron-hole pairs have a tendency to undergo
self-trapping. As reported by Tao et al.?*! and Gautier et al.,[2*]
a higher detrapping barrier than the room thermal activation en-
ergy indicates that it is more favorable for the STE emission rela-
tively to the FE emission. Furthermore, the partial charge densi-
ties associated with electrons and holes (as depicted in Figure 4d;
Figure S13a, Supporting Information) within T-STE predomi-
nantly exhibit localization within the [TeCl;]*~ octahedron. Par-
ticularly noteworthy is the heightened electron/hole density lo-
calization on the Te atom, as evidenced by the calculated elec-
tron/hole density distribution along the Cl-Te-Cl direction within
the [TeCl(]*~ octahedron (depicted in Figure 4e; Figure S13b, Sup-
porting Information). This robustly suggests that excitons are
likely to be trapped and localized specifically within the Te atom
residing within the Te octahedron. The noteworthy distinction
between E,,, (6.04 meV, representing the energy difference be-
tween FE and the relaxed spin-singlet excited state) and Ege,,
(33.94 meV) serves as an indication that excitons have a propen-
sity to take the form of T-STE, rather than T-STE undergoing dis-
sociation into FE or free carriers./?%]

2.3. First-Principles Analysis of B-Site monosubstituted Cs,XCl,
(X = Sn, Hf, Zr, Ti)

We have observed that the occurrence of in-gap bands and out-
gap bands is not limited to Te-monosubstituted Cs,SnCl,, as
demonstrated by their appearance in Bi-substituted Cs,SnCl, as
shown in Figure S14 (Supporting Information). We anticipate
these bands can also be introduced into Cs,XCl; materials via
B-substitution. Therefore, it is possible to further enhance the
luminescence and tune the emission wavelengths by varying the
substituting cations. To this end, we performed additional first-
principles calculations to investigate the electronic structures and
luminescence performance of B-site substituted Cs, X, ,Y,Cl; (X
= Sn, Hf, Zr, Ti; Y = Sn, Al, Ga, In, Tl, Ge, Se, Te, Po, As, Sb,
Bi) at a concentration of 25%. The band structures, parity prop-
erties, transition dipole moments, and Gibbs free energy of addi-
tional substituted systems are presented in Figure 5 and Figures
S15-S63 (Supporting Information). Our analysis confirms the
presence of in-gap bands only, out-gap bands only, or in-gap
bands/out-gap bands concurrently in all of the tested systems.
We also observed that the positions of these bands within the
host energy bands differ depending on the introduced cations.
We classify in-gap bands/out-gap bands into four types based on
state composition (type 1 or 2) in addition their positions (in-gap
bands/out-gap bands). IGBs1 and OGBs1 are composed mainly
of Cl-p and Y-s states, and have even-parity, which is the same as
the intrinsic VBM band. In contrast, IGBs2 and OGBs2 are de-
rived from the hybrid orbitals of Cl-p and Y-p, have odd-parity. It
is worth noting that Cs,XCl, (X = Sn, Zr, and Ti) materials with
Te monosubstitution exhibit similar positions of in-gap bands
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and out-gap bands. Moreover, previous studies have reported that
these materials display a comparable yellow-green PL ~580 nm
originating from the luminescent center [TeCl;]*~, irrespective of
the hosting materials.[®*¢12¢25] These findings support our con-
clusion that the fluorescence emission is closely linked to the
presence of in-gap bands and out-gap bands, which depend on
the substituting Y (in this case, Te) cation and are independent
of the host materials. Other Cs, X, ;5Y,,5Cl, materials, were also
analyzed and in-gap bands, out-gap bands, and the intrinsic con-
duction bands near Fermi level were identified. The intrinsic con-
duction bands near Fermi level were found to have a consistent
position and broadening across different Y substitutions for the
same X, indicating their insensitivity to the Y substituent. Similar
trends were observed for both in-gap bands and out-gap bands in
all these systems studied.

The Cs, X, ;5 Y, ,5Cl, series materials have been classified into
three categories based on the effect of in-gap bands/out-gap
bands on electronic transitions and light emission, depicted in
Figure 6. Category I is characterized by the presence of only
IGBs1l or OGBsl located near the the intrinsic conduction
bands. However, the impact of these IGBsl or 2 on electronic
transitions is minimal, as they have the same parity as the
intrinsic VBM, and the transitions from the intrinsic VBM to
these bands are parity-forbidden. Materials that fall under this
category include Cs,Sn,sY,,sCl; (Y = Ga, In, Tl, Ge) materials,
among others. Category II is distinguished by the simultaneous
presence of even-parity IGBsl and odd-parity OGBs2/IGBs2,
which play a crucial role in electronic transitions. This is because
the combination of IGBs1 and OGBs2 with opposite parity can
overcome the parity-forbidden selection rule, contributing to a
significant increase in the transition dipole moment and con-
sequent enhancement of light emission. This category includes
materials such as Cs,Sn, ;5 Y, ,5Cl;, where Y can be Se, Te, or Po,
as well as other Cs,XCl, systems. Category III is an extension
of Category II, featuring a larger band gap between OGBs2
and the intrinsic conduction bands. Typical materials in this
category include Cs,Sn,,sY,,sCl; (Y = As, Sb, Bi). Figure S64
sand Table S3 (Supporting Information) provide an overview
of this information for easy comparison. By introducing in-
gap bands and out-gap bands in Category II/III materials, we
can overcome inversion symmetry-induced parity-forbidden
transitions, resulting in efficient electronic transitions and
enhanced light emission. These insights are valuable for tuning
light emission wavelengths and guiding future research in this
direction.

We have explored the effect of SOC on electronic properties
and light emission in our study, as SOC can bring a smaller
splitting and may alter the order of bands and the allowed char-
acteristics of transitions.*"?¢] Figures $2-S5 and S15-S62 (Sup-
porting Information) demonstrate that the band structures and
electronic transitions of Category I materials are largely unaf-
fected by SOC, similar to the intrinsic Cs,XCl;. Furthermore,
in the case of Category II/III materials, the predominant effect
of SOC is the introduction of non-degeneracy of in-gap bands
and out-gap bands, potentially leading to a shift in the corre-
sponding energy band positions. Consequently, SOC cannot be
directly disregarded in such substituted systems. However, it is
important to emphasize that our primary concern in this study
is the identification of qualitative trends, rather than the pursuit
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Figure 5. Impurity band and transition dipole moment. a) Approximate positions of in-gap bands (IGBs), out-gap bands (OGBs) and the intrinsic
conduction bands near Fermi level with reference to the intrinsic VBM. b—m) transition dipole moments for Cs,Sng 75Y(25Clg (Y = Sn, Al, Ga, In, Tl,
Ge, Se, Te, Po, As, Sb, Bi). The SOC is taken into account. Cs,Sng 75Alq ,5Clg lacks data due to non convergence after considering SOC, and the results

without SOC can be seen in Figure S15 (Supporting Information).

of quantitative determinations. Interestingly, the outcomes with
and without SOC exhibit a similar qualitative trend, signifying
the continued utility of results computed without SOC. For in-
stance, focusing on Te-substituted Cs,SnCl, with a formula of
Cs, Sn, ;5 Te 5sCl, (as depicted in Figure S25, Supporting Infor-
mation), the conclusion that the transition dipole moment be-
tween in-gap bands and out-gap bands holds the most signifi-
cant influence on the system remains unaffected by the inclu-
sion of SOC. To elaborate further, let us take the transition at the
high symmetry point I' as an illustration. The transition dipole
moment between the first in-gap band (band 144) and the first
intrinsic conduction band (band 145) at I" point is zero due to
parity-forbidden rule. On the other hand, the transition dipole
moment between in-gap band 144 and out-gap bands 148, 149,
150 at " point is enhanced to ~30 Debye?. With the incorpo-
ration of SOC, the transition dipole moment of the former re-
mains at zero, while the latter continues to exhibit a substantial
enhancement, albeit with a reduced magnitude of ~20 Debye?.
Therefore, whether SOC is taken into consideration or not, the
transition between in-gap bands and out-gap bands holds a piv-
otal role in augmenting electronic transitions and light emis-
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sion in these substituted perovskite materials. Furthermore, we
have observed within heavy atom-substituted systems (Figures
S17, S18, S22-S25, S28, S29, S33-S35, S37, S40, S41, S45-
S47, S49, S52, S53, S57-S59, S62, Supporting Information) that
while the non-degenerate splitting induced by SOC results in no-
table shift of energy band position, the enhancement of transi-
tion dipole moments remains at a comparable level. These ob-
servations imply that these non-degenerate bands might uphold
their parity properties even after non-degenerate splitting, align-
ing with findings by Meng et al.l’] In conclusion, while SOC in-
deed holds a significant impact on the degeneracy of bands and
the magnitude of transition dipole moment, it does not alter our
evaluation of the core trend.

In summary, we have found the relatively isolated nature of in-
gap bands/out-gap bands in Cs,XCl, materials through our cal-
culations, suggesting that choosing the appropriate substituting
cations can be a promising way to tune emission wavelength over
a wide range, regardless of the hosting materials. As mentioned
above, as in the case of substituting Sn with Te, substituting Bi for
Sn also introduces in-gap bands and out-gap bands with opposite
parity. Therefore, the double-substitution of Te and Bi for Sn in
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Cs, SnCl, may have a synergistic effect, and further exploration
of this possibility is desired.

2.4. Bi and Te Double-Substituted Cs,SnCl,

Based on our previous discussion, it can be concluded that in-
gap bands/out-gap bands in Te-monosubstituted Cs,SnCl,, as
well as Bi-monosubstituted Cs,SnClg, display an isolated nature,
which is expected to persist in multi-substituted Cs,SnCl, ma-
terials. To validate our findings, we have taken the Te and Bi
double-substituted Cs,SnCl; system as a model to perform fur-
ther investigation. Through the analysis of band structures and
parity properties (as shown in Figure 7a—c and Figure S65, Sup-
porting Information), we confirmed that the positions and state
compositions of in-gap bands and out-gap bands in the model
system remain well-preserved. This aligns with our experimental
observations of independent yellow (580 nm) and blue (450 nm)
emissions generated by Te and Bi co-substituted Cs,SnCl, ma-
terials (see Figure 7d), as well as the experiment conducted by
Zhang et al.'?? Reconstituted bands may facilitate the energy
transfer between these distinct centers, and different substitu-
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tion concentrations may lead to varying dipole matrix ampli-
tudes and emission intensities. Thus, fine-tuning the composi-
tion ratio of substitution components in these perovskites may
achieve a customizable range of white light emission, varying
from warm white to pure white (see Figure 7e), while ensuring
remarkable color stability over time (see Figure 7f) and durability
under varying temperature conditions (see Figure 7g). In light of
these findings, we have demonstrated Cs,Sn, ,Te Cl;:nBi mate-
rials can serve as viable alternatives for the development of white-
light-emitting diodes (WLEDs).

3. Conclusion

In summary, our study on the B-site cation substitution effect
in Cs,XCly (X = Sn, Hf, Zr, Ti) using first-principles calcula-
tions has revealed that introducing in-gap bands/out-gap bands
in Cs,X, Y, Clg (X = Sn, Hf, Zr, Ti; Y = Se, Te, Po, As, Sb, Bi)
can be a promising strategy to enhance luminescence and adjust-
ing light emission wavelengths. We selected Te-monosubstituted
Cs,SnCl, as a model system for experimental exploration and
found that the radiative transition from out-gap bands to in-
gap bands is responsible for the single emission peak centered
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Figure 7. The electronic structure and luminescent properties of Bi and Te double-substituted Cs,SnClg, and the performance characterization of the as-
fabricated light-emitting diode (LED). Projected band structures with SOC for a) Cs, Sng 75Teg 5 Clg, b) Cs,Sng 75 Big 5 Clg, and ¢) Cs,Sng 5o Teg 25Big 25Clg.
The black number next to the energy band represents the band number. d) PL spectra of Cs,Sng 79Teg 30Clg:nBi (n=0.01,0.05, 0.10, 0.20) powders excited
at 365 nm. e) CIE coordinates of Cs,Sng 7 Teq 30Clg:0.01Bi (A), Cs,Sng 70Teg 30Clg:0.05Bi (B), Cs, Sng 7 Teg 30Clg:0.10Bi (C), and Cs,Sng 70 Teg 30Clg:0.20Bi
(D). f) Changes in light intensity of the as-fabricated LED during continuous illumination, and the insets present the working condition of the LED device.

g) Temperature-dependent PL spectra of Cs,Sng y9Teg 30Clg:0.10Bi.

~580 nm, and the broadening of the emission peak can be at-
tributed to STE, while the Cs, SnCl, phase is responsible for addi-
tional absorption/excitation peaks. Our study highlights the po-
tential of choosing appropriate cations to regulate the position
of in-gap bands/out-gap bands for fine-tuning emission wave-
lengths, regardless of the host materials. Moreover, the relatively
isolated nature of in-gap bands/out-gap bands provide an alterna-
tive approach to achieve composite luminescence with specific re-
quirements, as demonstrated by the tunable white-light emission
achieved through the co-substitution of Te and Bi in Cs,SnCl,
with excellent color stability. These findings have important im-
plications for designing and developing advanced optoelectronic
devices in various fields.

4. Experimental Section

Parameters of First-Principles Calculations: The calculations were per-
formed based on density functional theory (DFT) and projector aug-
mented wave (PAW)[?8] potential, and they were implemented in the Vi-
enna Ab initio Simulation Package (VASP).[?°l The exchange-correlation
energy was treated using the generalized gradient approximation (GGA)
parameterized by Perdew-Burke-Ernzerhof (PBE)I3 functional, or the
meta-GGA parameterized by strongly constrained and appropriately
normed (SCAN)[3" semilocal density functional. Wave functions were ex-
panded in a plane-wave basis of 500 eV kinetic energy cut-off. Lattice con-
stants and atomic positions were fully relaxed with a force convergence
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criterion of 0.01 eV A~1 and an electron self-consistent convergence cri-
terion of 1x1077 eV. Brillouin-zone integration was performed by 5x5x5
gamma point-centered Monkhorst-Pack(*2] grid for relaxations, standard
self-consistent calculations, and PDOS. SOC was considered in some cal-
culations with reduced accuracy. They were reflected in the reductions of
the electron convergence criterion to 1x10™* eV, and the Monkhorst-Pack
grid to 2x2x2. Partial Band structures and band gap errors were corrected
by employing the Heyd—Scuseria—Ernzerhof (HSE06) hybrid density func-
tional, which includes 25% exact nonlocal Hartree—-Fock exchange and
75% semi-local PBE exchange.[3’]

Gibbs Free Energy: Gibbs free energy §G was used to evaluate the sta-
bility of materials, which was defined as,[34]

6G = Eper - Z XiHi (2)

where E,. was the cohesive energy per atom of the system studied. The
i was the molar fraction of composition i, satisfying the relation ) y; = 1.
The y; was the chemical potential of constituent i. In this work, the binding
energy per atom of Cl, molecule was chosen as u. These y; (i = Cs, Sn,
Hf, Zr, Ti, Al, Ga, In, Tl, Ge, As, Sb, Bi, Se, Te, Po) were selected as the
cohesive energies per atom of the corresponding elementary substance.

Transition Dipole Moment and Parity:  To characterize the possibility of
electronic transition and light emission, Transition dipole moment asso-
ciated with the transition between two states was adopted. Its calculation
was an important part of excited state calculation, and it can be obtained
with the following relationship,[3%]

Posb = (@plrle,) = ﬁ(%lpl‘ﬂa): (Eb'—fEa)ZCaiCbiGi 3)

© 2023 Wiley-VCH GmbH
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where a (b) was the energy eigenstate with energy E, (E,). The plane-wave
coefficients and the reciprocal space vectors with the same k vector were
labeled C,C,, and G, respectively. The transition probability between an
initial state g and a final state b was revealed by the calculated sum of the
squares of transition dipole moment.['7%27] Herein, its calculation was im-
plemented by a command-line program VASPKIT.[3] In addition, in view
of the connection between transition dipole moment and parity, parity cal-
culations have also been performed. The parity analysis was conducted
using the results obtained from Quantum Espresso and IrRep.[36]

Excited State Calculations:  Following the Franck-Condon principle, ex-
citon properties were calculated using the Aself-consistent field (DeltaSCF
or ASCF) method,*’] in which a 2x2x2 supercell containing 288 atoms
and a single gamma point were employed to avoid incorrect non-physical
occupation of the band edge. To obtain an excited state, a single electron
was first moved from band-edge valence band states to the band-edge
conduction band states, and the corresponding structure was fully relaxed
while keeping the occupancy unchanged.[*3] SCAN meta-GGAB calcula-
tions were employed to obtain the equilibrium geometric configurations
for the ground state and the excited state.

Synthesis of Samples: Cs,Sny,Te,Clg and Cs,Sn;.,Te,Clg:nBi solid-
solution materials were synthesized by solvothermal method.['2] For ex-
ample, as for Cs,Sny.,Te, Clg:nBi, a 15-mL Teflon autoclave was soaked
in nitric acid for 3 h, and then washed with deionized water for 10 min.
Subsequently, CsCl (2 mmol), TeO, (y mmol), SnCl, (1-y mmol), and
Bi,O; (n/2 mmol) were dissolved together in the Teflon autoclave with
hydrochloric acid (HCl, 5 mL, 37 wt%) solution. Next, the Teflon auto-
clave was put into a muffle furnace and heated continuously at 453 K for
8 h. Then, the autoclave furnace was cooled naturally to room tempera-
ture. Finally, the as-synthesized Cs,Sn;_,Te, Clg:nBi crystals were obtained
by immediate filtration and washed 3 times with methanol.

Measurement and Characterization: ~ The actual chemical compositions
of powder samples dissolved in HCl were determined by inductively cou-
pled plasma optical emission spectrometry (ICP-OES)13°! operating on
iCAP 7400. X-ray diffraction patterns were obtained using a Bruker D8 Ad-
vance diffractometer, wherein Cu Ka radiation was used at voltage 40 kV
and current 40 mA in the range of 10°-80° (26), and its scanning rate was
fixed at 4°min~". Crystalline behaviors and energy dispersive spectrome-
try elemental mappings were collected by scanning electron microscopy
(SEM) (Zeiss Gemini 300). Room temperature PL spectra were mea-
sured by SmartFluo-QY at ~397 K, and temperature-dependent integrated
PL spectra were measured by FLS980 equipped with xenon lamp and
temperature controller system. An integrating sphere was served to test
PLQY. To characterize the optical absorption properties, UV-vis absorp-
tion spectrum measurements were conducted by placing as-synthetized
compounds on the reference sample substrate (high-purity BaSO,). Tauc
plot method[*%] was used to calculate optical band gap, and the corre-
sponding formula was as follows:

(ah)V/" = A (hv - Eg) )

where a, h, v, A and E, were absorption coefficient, Planck constant,
incident photon frequency, constant, and band gap, respectively. And n
depends on the type of band gap, it was equal to 0.5 for direct-gap
semiconductor and 2 for indirect-gap semiconductor. The fitting between
the FWHM of emission peak and temperature fitted by the following
formula:[*1l

®)

ho, h
FWHM (T) = 2.36V/Sh@jponen 1/ coth <ﬂ>

2kgT

where S, 7ioponon and kg were Huang-Rhys factor, phonon frequency and
Boltzmann constant, respectively. Among them, S reflects the electron
phonon coupling strength.

Fabrication of LED Devices: WLED device was constructed by coupling
the as-synthesized Cs,Sn ;0Tep 30Clg:0.10Bi on the 365 nm LED chip.
Specifically, 0.1 g Cs, Sng 79 Teg 30Clg:0.10Bi powders blended with 10 g sil-
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icone gel A/B were directly painted on the surface of 365 nm LED chip,
which can simplify the fabrication of WLED devices.
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