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Dual-band white light emission and temperature-
dependent luminescence of Sn?* in the metastable
structure of Cs,CaCl,(H,0),+

Hu Wang,® Yuexiao Pan, {2 * Zhenyu Shi,® Yeling Cao,? Hongzhou Lian,”
Jun Lin, & ** Qian Miao® and Jun Zou () *¢d

The quest for novel luminescent materials with tunable color emission and temperature-sensing capabili-
ties remains a vibrant field of research, particularly for applications in solid-state lighting and security fea-
tures. The as-synthesized rod-like crystal Cs,CaCly(H,0),:5n?* (R-CCCH:Sn?*) exhibits dual-band white
light emission characterized at 415 nm and 540 nm, which correspond to the singlet state and triplet state
transitions of Sn®*, respectively. Upon heating from 298 to 428 K, an anomalous enhancement in the
intensity of the 415 nm emission in R-CCCH:Sn?* was observed while its 540 nm emission underwent
significant thermal quenching. The observation of the temperature-dependent photoluminescence (PL)
indicates that R-CCCH:Sn?" exists in a metastable state. Upon calcination at 428 K for 20 min, R-CCCH:
Sn?* changed to the stable state particle-like crystal Cs,CaCls(H,0),:5n?* (P-CCCH:Sn?*), exhibiting STEs
of the CCCH matrix and the *P; — 1S, transition of Sn®*. The significance of this work lies in the discovery
of the metastable state in CCCH and the manipulation of Sn* to emit both singlet and triplet transitions,
leading to white light emission.

large-scale applications in the market.>®" The appeal of
environmentally friendly, non-toxic single-component white

The advent of white light-emitting diodes (WLEDs) has revolu-
tionized the lighting industry, offering energy efficiency and
environmental sustainability over traditional lighting techno-
logies. The pursuit of phosphors capable of emitting white
light from a single-component system has intensified due to
their potential to simplify WLED device architecture and
enhance color stability."® In this context, halide perovskites
have emerged as promising candidates, exhibiting a combi-
nation of high photoluminescence quantum yields (PLQYs),
adjustable bandgaps, and facile synthesis methods.*™®
However, due to their toxicity, traditional perovskite lumines-
cent materials containing lead and cadmium are limited to
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light emitters is further amplified by their potential to offer a
sustainable solution aligned with the growing demand for eco-
friendly lighting technologies.

The interplay between the host lattice and dopants has
been a subject of extensive research, as evidenced by numer-
ous studies.">™” For instance, Mn** doped halide perovskites
exhibit a broad yellow emission that can be tuned to green
emission by varying the crystal structure through raising the
ambient temperature.’” Similarly, Sb®* ions in single and
double perovskite hosts display distinct emission bands, high-
lighting the sensitivity of the *P, — 'S, transition to the local
lattice environment.”® Despite these advances, our under-
standing of the structure-property relationships in lumines-
cent materials is still incomplete. A deeper comprehension of
these relationships is crucial for the rational design of
materials with desired luminescence properties.

The Sn>* doped PL materials have garnered considerable
attention due to their distinctive photoluminescence
properties.'®*>*> The luminescence of Sn>" ions is predomi-
nantly attributed to their 5s> electronic configuration, which
upon excitation can lead to the s-p transition. Particularly, the
emission characteristics of Sn®" are highly susceptible to the
local coordination environment. For instance, in the Cs,ZnCl,:
Sn** system, at 270 K, the observation is limited to a single
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emission centered at 648 nm, which is assigned to the *P; to
'S, transition. However, at 30 K, the emission profile diversi-
fies due to the enhanced Jahn-Teller effect, resulting in two
distinct emission peaks.”® Sn®"-doped zero-dimensional
Cs,ZnBr, demonstrates a single, broad near-infrared emission
band peaking at around 700 nm."® Hexagonal phase CsCdCl,
has successfully demonstrated an ultralong (>2000 s) persist-
ent luminescence by incorporating Sn>* ions, achieving the
highest recorded PLQY (84.47%) among the current halide per-
ovskites.>® However, Sn**-doped 0D Rb,CdClg with an emis-
sion at 485 nm by a simple hydrothermal method only have a
near-unity quantum efficiency (PLQY ~98.04%).>! Thus, a pro-
found comprehension of the luminescence mechanisms of
Sn** in different structures is vital for the development of new
high-performance luminescent materials.

In our previous work, we synthesized P-CCCH, which emits
blue light at 465 nm through STE. Upon doping with Sn**, an
additional emission peak at 490 nm, attributed to Sn**, was
observed, indicating a single emission band.** In this work,
we increased the amount of hypophosphite used in the syn-
thesis procedure and found not only a change in the mor-
phology from particle to rod-like but also distinct photo-
luminescence properties. The rod-shaped R-CCCH does not
emit light inherently, but after Sn** doping, it exhibits two dis-
tinct emission bands. Through decay measurements, we deter-
mined these bands to correspond to the singlet and triplet
state emissions of Sn>*. Importantly, with an increase in temp-
erature, the singlet state emission intensifies while the triplet
state emission diminishes, causing a shift in the luminescence
color from yellow to cyan. Furthermore, we observed that the
rod-shaped R-CCCH irreversibly transforms into particle-
shaped P-CCCH under annealing. This behavior suggests
that the metastable state of R-CCCH is highly sensitive to
thermal stimuli, offering potential for temperature sensing
applications.

2 Experimental
2.1 Synthesis of R-CCCH:Sn>" and P-CCCH:Sn>*

The synthesis of the rod-shaped crystal R-CCCH doped with
3% Sn>* was achieved by introducing 1.94 mmol of CaCl,,
4 mmol of CsCl, and 0.06 mmol of SnClg-6H,O into a 15 mL
polytetrafluoroethylene  lined  stainless-steel  autoclave.
Following this, 3 mL of 37 wt% hydrochloric acid and 600 pL
of 50 wt% hypophosphorous acid (H;PO,) were added to the
mixture to ensure complete dissolution. The autoclave was
then sealed and heated at 160 °C for a duration of 12 h in an
oven. Post the reaction period, the autoclave was naturally
cooled to room temperature, yielding the objective product. To
explore the influence of the concentration of H;PO, on the PL
properties of CCCH:Sn”*, a series of experiments were con-
ducted with varying volumes of H;PO, (such as 100, 200, 300,
400, 500, 600, and 800 pL), while maintaining all other con-
ditions constant. For the synthesis of particle-shaped P-CCCH:
Sn**, which has been previously described, a similar approach
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was adopted except that the amount of H;PO, was adjusted to
100 pL.*?

2.2 Characterization

The synthesized R-CCCH:Sn>" and P-CCCH:Sn>" samples were
subjected to comprehensive characterization to assess their
morphological, crystallographic, and photoluminescence attri-
butes. X-ray powder diffraction (XRD) measurements were per-
formed on a Bruker D8 Advance diffractometer utilizing Cu K,
radiation (4 = 0.15418 nm). The diffraction patterns were
recorded at a scan speed of 10° per minute over a 26 range
from 10° to 50°. For the analysis of the photoluminescence
properties, a FluoroMAX-4-TCSPC spectrophotometer, which is
equipped with a 450 W xenon lamp and a photomultiplier
tube, was used to acquire the photoluminescence excitation
(PLE) and emission spectra over a wavelength span of 200 to
900 nm. X-ray photoelectron spectroscopy (XPS) was employed
to probe the valence state of tin ions using a Thermo ESCALAB
250 Xi system with a monochromatic Al Ka X-ray source.

2.3 Encapsulation process of R-CCCH:Sn”>* on LED chips

The R-CCCH:Sn>" crystals and K,SiFs:Mn*" were crushed into a
fine powder and homogeneously blended with a commercial
A-grade epoxy resin and a corresponding B-grade curing agent
at a mass ratio of 1:4 to achieve a consistent particle size dis-
tribution throughout the mixture. The mixture was then encap-
sulated within a 285 nm ultraviolet (UV) transparent chip and
subjected to a drying process at 80 °C for a duration of 2 hours
to cure the resin and stabilize the phosphor, yielding a warm
white light-emitting material.

3 Results and discussion

The synthesis process of Sn**-doped CCCH-based crystals is
depicted in Fig. 1a. It can be clearly observed that when the
volume of H3PO, is 100 pL and 600 pL, granular and rod-
shaped crystals are obtained, respectively. This indicates that
in this reaction system, the addition of more H;PO, not only
serves as a reducing agent but also acts as a solvent. A larger
volume of solvent (e.g., 600 pL) may facilitate better dissolution
of reactants, keeping them in a uniformly dispersed state and
promoting preferential growth in specific directions, thus
resulting in the formation of rod-shaped crystals. In contrast, a
relatively smaller volume of solvent (e.g., 100 pL) may lead to
locally high concentrations of reactants, rapid nucleation, and
the formation of small particles, promoting the formation of
granular crystals.”*>*” When the amount of H;PO, is increased
to 800 pL, a solution is obtained without any product. Fig. S17
shows CCCH:Sn>" crystals synthesized under different reaction
conditions with varying amounts of H3PO,. The rod-shaped
R-CCCH:Sn*" crystals exhibit a length of up to 1 cm and a
radius of approximately 0.1 cm, with a smooth surface, indicat-
ing a high degree of crystallinity. When the volume of H;PO, is
300 pL, granular and rod-shaped crystals are obtained
together. The granular morphology and photoluminescence
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Fig. 1 (a) Fabrication process of P/R-CCCH:Sn?* samples. Powder XRD
patterns of (b) P/R-CCCH and (c) R-CCCH:Sn?* with different doping
concentrations. (d) The survey-scan XPS spectrum and (e) 3ds,, and
3ds/2 XPS peaks of Sn?* in R-CCCH:Sn?*.

properties of P-CCCH:Sn>" have been previously reported in
our earlier work.?> Under 300 nm UV light irradiation, the rod-
shaped R-CCCH:Sn>* crystals emit yellow light, which is
different from cyan light emitted by P-CCCH:Sn**. This differ-
ence may be due to the different internal structures of the crys-
tals, which affect the energy level splitting of Sn*>* ions in
R-CCCH and P-CCCH crystals.

The XRD patterns displayed in Fig. 1b reveal that the diffr-
action peaks of both the granular P-CCCH:Sn>" and rod-
shaped R-CCCH:Sn>" crystals match well with those of CCCH
(PDF # 00-034-1490), indicating that both samples belong to
the pure CCCH phase. The variation in peak intensities
observed in the XRD patterns can be attributed to the different
orientations resulting from the distinct morphologies of the
crystals. In Fig. 1c, the XRD patterns of R-CCCH:Sn>" with Sn**
doping concentrations ranging from 0.5% to 11% all show
good agreement with the standard card diffraction peaks,
suggesting that Sn®" doping merely serves as luminescent
centers without altering the crystal structure.

To further confirm the successful doping of Sn>" into the
R-CCCH crystal, XPS measurements were conducted. The XPS
spectrum shown in Fig. 1d indicates the presence of all the
expected elemental peaks for Cs 3d, Ca 2p, Cl 2p, Sn 3d, and O
1s in the R-CCCH material. Additionally, Fig. 1e presents the
high-resolution XPS spectrum of Sn** 3d in the R-CCCH:Sn**

This journal is © the Partner Organisations 2025
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sample, with binding energies of Sn*" 3d;, and Sn>" 3ds,
measured at 494.6 eV and 486.2 eV, respectively.>**> Moreover,
the EDS spectrum in Fig. S27 reveals an element proportion of
Cs:Ca:Cl:Sn at 1.6:0.8:3:0.2, which is close to the expected
ratio for the R-CCCH:3% Sn®" material, further validating the
successful incorporation of Sn** ions.

The PLE spectra of R-CCCH:Sn*" presented in Fig. 2a reveal
that under monitoring at 540 nm and 415 nm, the intensity of
the excitation peaks varies while their positions remain
unchanged, indicating that the emissions at 540 nm and
415 nm originate from the same luminescent center. The blue
dashed area from 200 to 260 nm corresponds to the 'S, to 'P;
transition of Sn>", while the red dashed area from 260 to
340 nm corresponds to the 'S, to *P, and *P; transitions. Upon
excitation at 284 nm, the emission spectrum of the R-CCCH:
Sn** sample spans in the range of 360-700 nm. Gaussian peak
fitting of the emission spectrum yields two peaks at 415 nm
and 540 nm, which are attributed to the singlet and triplet
emissions of Sn** ions, respectively (Fig. 2b). This is in con-
trast to the previously reported P-CCCH:Sn>*, which emits cyan
light with peaks at 465 nm and 492 nm, ascribed to the blue
self-trapped emission (STE) from the P-CCCH matrix and the
triplet transition *P; — 'S, of Sn**.?* In the current work, the
matrix R-CCCH does not emit light under UV irradiation;
however, upon doping with Sn**, it exhibits an ultra-wide
range of dual-band emissions. This observation suggests that
the introduction of Sn*" ions into the R-CCCH matrix activates
new emission pathways, leading to a broadened and dual-band
emission profile.

As shown in Fig. S3-5,F the excitation and emission spectra
of R-CCCH:xSn”" with varying Sn** doping concentrations were
investigated. The emission peaks of R-CCCH:xSn>" intensify
with the increase of Sn*" concentration from 0.5% to 5%. A
further increase in Sn** concentration leads to a decrease in
luminescence intensity, which is attributed to concentration
quenching, with 5% being the optimal doping concentration.
Fig. 2c displays the PL spectra and photographs of the crystals
under excitation at 250, 270, and 300 nm. It is evident that a
decrease in the energy of the excitation wavelength shifts the
emission of the R-CCCH:Sn>" sample from white to yellow
light, due to the varying probabilities of singlet and triplet
radiative transitions under different excitations. The
Commission Internationale de L’Eclairage (CIE) coordinates
(Fig. S61) shows that the PL of R-CCCH:Sn>" under excitation
at 250 and 300 nm exhibits white light (0.2982, 0.3645) and
yellow light (0.3443, 0.4699), respectively.

Under 284 nm light excitation, the corresponding fluo-
rescence decay curves were characterized to further confirm
the assignment of these emission peaks. The PL decay lifetime
of the R-CCCH:Sn** sample at 415 nm, as shown in Fig. 2d,
decreased from 2.13 ns (1% Sn*") to 1.45 ns (9% Sn**) with the
increase of Sn>* concentration. Similarly, under 540 nm light
monitoring (Fig. 2e), the PL decay lifetime of the R-CCCH:Sn**
sample decreased from 29.50 ps (1% Sn**) to 14.54 ps (9%
Sn*"). These lifetimes provide further evidence that the emis-
sions at 415 nm and 540 nm are attributed to the radiative
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Fig. 2 (a) PLE spectra of R-CCCH: Sn®>* monitored at different detection wavelengths. (b and c) PL spectra (inset: photographs) of R-CCCH:Sn%*
excited at different excitation wavelengths. (d and e) PL decay curves R-CCCH:xSn?* with various x values. (f) Schematic diagram of the PL mecha-

nism involving singlet and triplet self-trapped emission.

transitions from the spin singlet state 'P, and spin triplet
state *P; of Sn®>* to the ground state 'S, of Sn>* ions,
respectively.>>*® Moreover, the observed decrease in PL decay
lifetime with increasing Sn®" concentration is indicative of
concentration quenching effects, which may be due to
enhanced energy transfer processes or increased non-radiative
recombination pathways.

Based on the above characterization studies, a schematic
diagram of the PL mechanism for the R-CCCH:Sn*" material
was constructed (Fig. 2f). For Sn>" ions with an outer electron
configuration of ns” the excited state splits into three triplet
states (°P,, *P;, and °P,) and one singlet state (‘P,).'"*%3°
Upon UV light excitation, electrons transition from the 'S,
ground state to the singlet state 'Py, and the triplet states *P,
and °P,. Subsequently, high-energy electrons undergo non-
radiative transitions to both the singlet and triplet states.
Ultimately, the electrons return to the 'S, ground state, result-
ing in the observed dual-band emission at 415 nm and
540 nm.

The temperature-dependent photoluminescence (PL)
spectra of R-CCCH:Sn*>* and P-CCCH:Sn>" materials, as
depicted in Fig. 3, provide insights into their thermal stability
and emission characteristics. The PL spectra of R-CCCH:Sn>",
shown in Fig. 3a, were recorded from 298 K to 428 K under
284 nm excitation. It is observed that the emission peak at
540 nm, attributed to the triplet state, significantly decreases
with increasing temperature, while the singlet state emission
at 415 nm exhibits resistance to thermal quenching.
Additionally, both singlet and triplet emissions exhibit a red-
shift with increasing temperature, indicating a temperature-

1930 | /norg. Chem. Front, 2025, 12,1927-1934

induced change in the electronic structure of the material.'*>>"
The CIE coordinates, presented in Fig. 3b, illustrate the color
change of R-CCCH:Sn*" from yellow (0.3132, 0.4036) to pink-
violet (0.2681, 0.2621) and eventually to cyan (0.2083, 0.2023)
as the temperature increases. This color change is consistent
with the optical images shown in Fig. 3c, where the emission
color shifts from yellow to cyan under UV light exposure at
different temperatures. The final cyan emission was similar to
the luminescence color of P-CCCH:Sn”" under UV light.

In contrast, the temperature-dependent PL spectra of
P-CCCH:Sn**, depicted in Fig. 3d, show a significant decrease
in the emission peak at 492 nm with a blueshift as the temp-
erature increases. This blueshift may be attributed to struc-
tural distortions in the crystal lattice at high temperatures. The
corresponding CIE coordinates, shown in Fig. 3e, indicate a
color transition from cyan (0.1829, 0.2988) to blue (0.1712,
0.2022) for P-CCCH:Sn”" as the temperature rises from 298 K
to 428 K, which is in agreement with the optical images shown
in Fig. 3f. These observations suggest that the non-lumines-
cent R-CCCH material is metastable and transforms into
stable, blue-emitting P-CCCH upon heating, a process that is
irreversible. It is also noted that Sn>* ions emit both singlet
and triplet states in R-CCCH, while only triplet emission is
observed in P-CCCH.

Fig. S71 shows the temperature-dependent emission spectra
of R-CCCH:Sn>" from 77 K to 298 K, exhibiting the same
phenomena observed at higher temperatures. In Fig. S8,T the
Huang-Rhys factors for the R-CCCH:Sn>" sample were calcu-
lated to be 30.9 (singlet state) and 21.3 (triplet state), indicat-
ing strong electron-phonon coupling for both emission

This journal is © the Partner Organisations 2025
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peaks.”****? These results provide valuable insights into the

luminescence behavior and stability of Sn** doped CCCH
materials, which are essential for their potential applications
in optoelectronic devices operating under varying temperature
conditions.

The sample labeled as R-CCCH:Sn>* after calcination
(R-CCCH:Sn>*-AC) was subjected to calcination at 428 K for
20 minutes. Under UV light irradiation, the emission color of
R-CCCH:Sn”"-AC transformed from yellow to cyan post-calcina-
tion, and this cyan emission persisted even after cooling, align-
ing with the luminescence color of P-CCCH:Sn>" material. To
investigate the intrinsic correlation between the calcined
R-CCCH:Sn*"-AC and P-CCCH:Sn** samples, XRD, photo-
luminescence (PL) spectra, and PL lifetimes were determined.
Fig. 4a reveals that the XRD pattern of R-CCCH:Sn*"-AC
matches well with the standard card, with only changes in the
intensity of diffraction peaks, indicating no alteration in the
crystal structure of the material. Simultaneously, the XRD diffr-
action peaks of P-CCCH:Sn”" in Fig. 4b are in good agreement
with the standard card, and the relative intensities of the
P-CCCH:Sn>" diffraction peaks are essentially consistent. It is
preliminarily concluded that R-CCCH:Sn”" is in a metastable
state and transitions to the more stable P-CCCH:Sn>* under
heating conditions.

To further ascertain the relationship between the two, a
comparative analysis of the emission spectra of R-CCCH:Sn>*-
AC and P-CCCH:Sn*" was performed (Fig. 4c). The emission
peaks consist of two components: the blue region attributed to
the STEs of CCCH matrix and the pink region corresponding
to the °P, — 'S, transition of Sn>*. The PL lifetime curves in

This journal is © the Partner Organisations 2025
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Fig. 4 Powder XRD patterns of (a) R-CCCH:Sn?* and (b) P-CCCH:Sn?*
after calcination (R-CCCH:Sn?*-AC) at 428 K. (c) PL spectra and (d) PL
lifetimes of R-CCCH:Sn?*-AC and P-CCCH:Sn?*.

Fig. 4d indicate that the lifetimes of R-CCCH:Sn*"-AC (r; =
4.16 ps, 7, = 25.35 ps) are consistent with those of the P-CCCH:
Sn** crystal (z; = 3.96 ps, 7, = 23.95 ps), further suggesting that
the luminescence mechanism of the calcined R-CCCH:Sn*"-AC
sample is identical to that of the P-CCCH:Sn>' crystal.
Therefore, it is further confirmed that R-CCCH:Sn*" is in a
metastable state, while P-CCCH:Sn?" is in a stable state. These
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findings provide a deeper understanding of the phase trans-
formation and luminescence properties of Sn*" doped CCCH
materials under thermal treatment, which is crucial for their
potential applications in optoelectronic devices.

The construction of a warm white light-emitting diode
(WLED) utilizing R-CCCH:Sn*" and the commercial red phos-
phor K,SiFg:Mn** co-packaged on a 285 nm ultraviolet chip is
detailed in Fig. 5a. The electroluminescence (EL) spectra
exhibit peaks at 415 nm and 540 nm, corresponding to the
singlet and triplet emissions of Sn** in R-CCCH, respectively.
Additionally, the narrow-band red emission at 640 nm is attrib-
uted to the characteristic emission of the commercial red
phosphor K,SiFg:Mn*". As depicted in Fig. 5b, the CIE color
coordinates of the WLED are (0.3624, 0.4009), with a corres-
ponding color temperature of 4636 K and a high color render-
ing index (CRI) of 92. These values indicate that the WLED
provides a balanced and natural white light, suitable for
various lighting applications.

Furthermore, to explore the potential of R-CCCH:Sn>" for
temperature-sensitive anti-counterfeiting applications, leaf pat-
terns were engraved on a 3 x 3 cm glass substrate using laser
carving, which was then coated with the R-CCCH:Sn>" sample
layer. Fig. 5c illustrates the changes in the luminescence color
of the leaf pattern under UV irradiation as the temperature
varies. At 298 K, a bright yellow emission is observed. As the
temperature increases from room temperature to 428 K, the
luminescence of the R-CCCH:Sn>" sample transitions from
yellow to pink-purple and finally to cyan. This color transform-
ation demonstrates the temperature-sensitive luminescence
properties of R-CCCH:Sn>*, suggesting its utility in anti-coun-

V]

(0.3624,0.4009)

K, SiFgMn*
«“  CCT 4636 K

R-CCCH:Sn? 051

Intensity (a.u.)

350 400 450 500 550 600 650 700 750
Wavelength (nm)

Fig. 5 (a) Electroluminescence spectra of WLED constructed using the
R-CCCH:Sn?* and red commercial phosphor K,SiFs:Mn** on a 285 nm
ultraviolet chip under 30 mA current (inset: image of the WLED device
in the working state). (b) CIE color coordinates of WLED. (c) Designed
leaf patterns for temperature-sensitive anti-counterfeiting application
under UV irradiation.
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terfeiting technologies that
authentication.

require temperature-based

4 Conclusions

In conclusion, our research has successfully demonstrated the
synthesis of rod-like R-CCCH via hydrothermal methods, show-
casing its unique luminescence properties upon doping with
Sn>" ions. The study highlights the dual-state white light emis-
sion arising from the simultaneous transitions of Sn*" ions,
with distinct emissions at 415 nm and 540 nm. The metastable
R-CCCH:Sn*" not only possesses remarkable luminescence
properties but also offers a promising route for the develop-
ment of temperature sensing devices and anti-counterfeiting
technologies due to the transformation to a stable state
P-CCCH:Sn** upon heating. This work contributes to the
broader understanding of Sn*" doped luminescent materials,
highlighting the significance of metastable states of the host
lattice in enhancing their functional performance.
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