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Multifunctional integrated optical sensors have attracted considerable attention for their fast response
and high precision. However, it remains a challenge to decouple the crosstalk on the multisensory in
a single sensor to enhance reliability and practicality. Here, we present a generic strategy for introduc-
ing multiple optical parameters, a fluorescence intensity ratio, and a lifetime to monitor alterations of
temperature and strain synergistically. An ultrasensitive sensing platform with suitable multiple emis-
sions was constructed by designing luminescent metal halides to realize versatile energy transfer channels
between intrinsic self-trapped excitons and dopants’ emission centers. Thus, the flexible fiber was fabri-
cated and committed to monitoring temperature and strain in real-time working conditions with precision
and repeatability. Moreover, the decoupling of temperature and strain sensing can be performed by the
fluorescence intensity ratio and the lifetime of the Mn®* ions. This work paves the way for emerging
luminescent metal halides with multiple emissions applied in advanced multifunctional optical sensors
and provides the solution for decoupling the crosstalk on the multisensory to enhance its reliability and

practicality.
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I. INTRODUCTION

Optical sensors based on light-matter interactions
demonstrate enormous potential for detecting pH [1],
stress [2], oxygen [3], and temperature [4,5] since they pos-
sess excellent merits including fast response, dynamically
adaptive, and robust resistance to electromagnetic inter-
ference. Concretely, the optical sensors are conducted by
decoding the functional relation between the target proper-
ties (the temperature and strain) and luminescence prop-
erties (the intensity, intensity ratio, lifetime, bandwidth,
spectral shift, and polarization) [6]. Therein, the fluores-
cence intensity ratio (FIR) method is executed by dividing
the intensities of two emissions, which has been widely
reported [7,8]. Notably, the fundamental requirement for
the fluorescence intensity ratio method is multiple emis-
sions in light-emitting materials, which can be achieved by
emerging ion-doped zero-dimensional (0D) luminescent
metal halides (LMHs). Usually, flexible films based on
0D LMHs have been successfully explored via low-cost,
large-scale, and facile synthesis. Nevertheless, they are
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predominantly devoted to anticounterfeiting and imaging
while scantily applied in sensing [9—11].

Typically, 0D LMHs are composed of cations in an
A site (Cs™,Rb", K™, and large organic cations) and B
sites with the halide ions (CI7,Br—,17) in X sites [12].
Strikingly, 0D LMHs have attracted considerable attention
owing to their distinctive structures and regulable lumines-
cence properties [13], and B-site cations constitute polyhe-
drons with halide ions and predominantly determine the
luminescence performance [13,14]. Admittedly, the lumi-
nescence in 0D LMHs results from the delocalized ultra-
small Frenkel-like self-trapped excitons (STEs) induced
by Jahn-Teller distortions in the crystals [15—17]. When
stimulated by excitation light, strong electron-phonon cou-
pling effects give rise to transient lattice distortion, then
the resultant traps capture the photogenerated electrons
and eventually release energy with tunable emissions [18].
Moreover, it is noteworthy that the luminescence proper-
ties of 0D LMHs can be regulated by introducing dopant
ions (Mn**, Sb**, Bi**, Te*t), and the impurities gen-
erate new energy levels, including extrinsic STE emis-
sions and/or ionic luminescence [19,20]. Therefore, the
emissions of 0D LMHs can be modified from ultravio-
let to red or even near-infrared regions assisted by the
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multiple emissions from STEs and impurities or energy
transfer between different excited states [19,21-23].

In this regard, 0D LMH Rb3;KCdCls:Mn>* /Sb>* crys-
tals have been designed and prepared herein, which display
two distinct emissions derived from extrinsic STEs of Sb**
(518 nm) and d—d transition of Mn?* (605 nm) under
excitation at 340 nm. The intrinsic reasons accounting
for the difference in luminescence properties of STEs and
ionic impurities were carefully investigated. Moreover,
the tunable emission colors from green to orange can be
manipulated by varying the concentration of Mn?* and
temperature. More importantly, in view of the various
responses of two emissions in Rb3KCdClg:Mn/Sb crys-
tals to temperature, the FIR method can be employed
to monitor the alterations. The as-prepared stretchable
optical fibers based on Rb;KCdCls:Mn/Sb crystals and
polydimethylsiloxane (PDMS) were capable of detect-
ing the temperature and strain with outstanding preci-
sion and repeatability. Nevertheless, the temperature and
strain sensing are always executed when either is strictly
restricted. The optical fiber generally transduces various
stimuli into coupled signals (FIR), leading to a significant
dilemma for discriminating specific inducements. Given
the dimension of the solution, space should be no less
favorable than the number of variables. It is essential to
introduce other parameters for decoupling the multisen-
sory. Fortunately, the delicate 0D structure preserves the
long decay time of Mn?* for tens of milliseconds, which
is temperature-dependent and strain-independent, demon-
strating a curative effect for discerning temperature and
strain. As a result, we construct a decoupled matrix to
bridge temperature and strain with FIR and decay time of
Mn?*, which naturally realizes the multifunctional sensing
based on the single optical platform.

II. EXPERIMENTAL AND COMPUTATIONAL
DETAILS

The reagents are Rb,CO3; (99.9%, Macklin), K,CO;
(99%, Aladdin), CdCO3 (98%, Macklin), Sb(CH3;COO);
(97%, Macklin), MnCl, (99.9%, Aladdin), HCl aque-
ous solution (Sinopharm Chemical Reagent Co., Ltd.,
China), N,N-dimethylformamide (DMF, 99.5%, Shanghai
RichJoint Chemical Reagents Co., Ltd.), and anhydrous
ethanol (99.5%, Shanghai RichJoint Chemical Reagents
Co., Ltd.). All the chemicals were utilized without further
purification. The Rb;KCdCls:0.2Sb crystals doped with 0,
0.05, 0.1, 0.2, and 0.3 Mn were synthesized by a mod-
ified solution method. Firstly, the raw material powders
(carbonates, antimony acetate, and manganese chloride
anhydrous) were carefully weighed according to stoichio-
metric ratio to prepare a 1-mmol product, and then were
placed in a 20-ml glass bottle. Afterward, 3-ml HCI aque-
ous solution and DMF were successively poured into the
bottle while intense stirring was undertaken. Subsequently,

the mixture was heated to 100°C, and a homogeneous
colorless solution was obtained. Unlike the ordinary nat-
ural cooling process, we used an ice bath to obtain the
solution to prevent the growth of crystals. Then, 3 ml of
anhydrous ethanol was added to the cold solution to demol-
ish its steady state. Instantly, the crystals precipitated and
the solution became a turbid liquid. Hereupon, centrifugal
cleaning of the crystals was performed several times with
anhydrous ethanol, and then it was dried in the oven at
60 °C.

The Rb3;KCdClg:0.2Sb/0.05Mn (CSM) flexible optical
fiber was prepared by a modeling method. A quantity of
5 ml of PDMS (10:1 mixing ratio) along with 0.5 g of CSM
crystal powders were stirred to obtain a colloidal mixture.
After degassing under vacuum, the mixture was injected
into a hollow plastic tube with two silica fibers inserted
into the end as a “Y” type fiber core. After solidification,
the plastic pipe was stripped and the core of the optical
fiber was poised. Furthermore, the cladding is composed
of PDMS. After dipped into the PDMS, the coated core
rotated at high speed to form a homogeneous cladding and
then heated at 100 °C for solidification.

The CSM flexible optical film was also fabricated using
a modeling method. A quantity of 10 ml of PDMS (10:1
mixing ratio) along with 1 g of CSM crystals were stirred
to produce a colloidal mixture, and then poured into a
Teflon container with a side length of 10 cm and a depth
of 2 mm. Finally, the mixture was heated at 100 °C for
solidification.

The x-ray diffraction patterns were measured at room
temperature using a D8 Advance diffractometer with
Cu Ko (A = 1.541862 A) radiation operating at 40 kV and
40 mA. Scanning electron microscope images and element
mappings were obtained by using a JSM-7900 F scanning
electron microscope with an electron dispersive spectrom-
eter. X-ray photoelectron spectroscopy was measured by
a ThermoFisher Nexsa x-ray photoelectron spectroscopy
instrument. The photoluminescence excitation (PLE), pho-
toluminescence (PL) spectra, and PL decay curves of
the samples were detected by an Edinburgh Instruments
FLS1000 fluorescence spectrophotometer equipped with
a xenon lamp (operating at 450 W) as the excitation
source. The temperature-dependent PL spectra were col-
lected using the same spectrophotometer that was equipped
with cryogenic liquid nitrogen plant equipment. Also, the
same equipment assembled a 340-nm laser as the light
source to avoid interference from the lifespan of the xenon
lamps, which was employed to detect the decay times
under various temperatures. In addition, the luminescence
and decay time of the as-fabricated optical fiber under
various temperatures and strains was recorded by a fiber
optic spectrometer (QE Pro, Ocean Optics) equipped with
a pulse frequency modulator and a 375-nm laser, and
real-time data was recorded and analyzed by the software
OCEANVIEW 1.6.3. Moreover, the morphologies of the
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CSM optical fiber were obtained by an optical microscope
(Zeiss Imager Z2).

The density functional theory (DFT) calculations for
Rb3;KCdCls, Rb3KCdjsSby,Cls, Rb3;KCdgosMng gsCls,
and Rb3;KCdg75Sbp2MnggsClg was performed by the
VIENNA AB INITIO SIMULATION PACKAGE. The projector-
augmented wave method based on a generalized gradient
approximation was employed, and the exchange-correlation
potential was presented via the Perdew-Burke-Ernzerhof
format. During the calculations, the supercells were con-
structed with a cutoff energy of 380 eV, the electronic
iteration convergence was 107> eV, and the atoms were
fully relaxed until the Hellmann-Feynman forces reached
0.01 eV/A.

The formation energy E for Sb** and/or Mn?* doped
in Rb;KCdClg crystals were calculated via:

Ef = Edoped - Eundoped - Z nifk; (1)

where Egoped and Eyngoped denote the total energy of the
supercells with the presence and absence of impurities
(Sb>*, Mn?*), respectively. Moreover, n; and y; refer to the
number of added (n; > 0) or removed (n; < 0) i-type atoms
and the corresponding chemical potentials, respectively.

III. STRUCTURE ANALYSIS

As displayed in Fig. 1(a), Rb and K with large radius
isolate [CdClg] octahedrons in the 0D Rb3;KCdClg lat-
tice. The crystal is subjected to the trigonal system
with a space group of R3¢ (No. 167). Notably, nominal
Rb3;KCdCls:0.28b>" crystals doped with various concen-
trations of Mn?>* were fabricated by a modified solution
method (illustrated in Fig. S1 in the Supplemental Material
and the Experimental section) [24], and the corresponding
pure phases were confirmed by x-ray diffraction patterns
and depicted in Fig. S2(a) in the Supplemental Material
[24]. After the dissolving of the precursors in hydrochloric
acid and hydrophobic solvent (N, N-Dimethylformamide,
DMF), the transparent solution underwent cooling via an
ice bath to inhibit the nucleation of crystals, giving rise
to relatively uniform particles. Due to the similar ionic
radius, Sb>* (0.76 A) and Mn?* (0.83 A) occupy Cd**
(0.95 /ok) sites as [SbClg]/[MnClg] in crystalline form.
Different from Mn?* ions doping, the Sb*>* ions nonequiv-
alently substitute Cd*" ions, resulting in a monovalent
vacancy. According to the formation energy £, values
via first-principle density functional theory calculations,
the monovalent vacancy is testified to be K* vacancy, as
displayed in Table S1 in the Supplemental Material [24].
Figure S2(b) in the Supplemental Material [24] presents
the Rb3KCdCls:0.2Sb/0.05Mn crystals in regular shape,
and the side length is about tens of micrometers. In addi-
tion, the element mappings of Rb, K, Cd, Cl, Sb, and Mn
illustrate their uniform distribution in the crystals, and

the conspicuous signals of Sb and Mn in x-ray photo-
electron spectroscopy demonstrate the successful intro-
duction of Sb and Mn ions into the crystal [Figs. S2(c)
and S2(d) in the Supplemental Material] [24]. Further-
more, the DFT calculation unveils the electronic struc-
tures of the Rb3;KCdCls matrix, Rb3KCdClg:0.05Mn,
Rb3KCdCl4:0.2Sb, and Rb3KCdClg:0.2Sb/0.05Mn sam-
ples, and the band structures, corresponding to the density
of states (DOS) of each element and total DOS, are also
obtained (Fig. S3 in the Supplemental Material) [24].
Obviously, the direct band gap remains located at the L-
point in the Brillouin zone while the value dwindles, which
is induced by the dopants. In CSM crystals, the [SbCls]
and [MnClg] contribute to the conduction band minimum
(CBM) and valence band maximum (VBM), respectively.
Specifically, the 4d orbital of Mn?* and Ss orbital of
Sb** form the interstitial states between CBM and VBM,
which suggests a possible energy transfer process for
luminescence.

IV. PHOTOLUMINESCENCE PROPERTIES

To experimentally determine the luminescence proper-
ties, we monitored the photoluminescence (PL) and PL
excitation (PLE) spectra of the CSM crystals at room
temperature [shown in Fig. 1(b)]. Apparently, the two dis-
tinctive luminescence centers stem from extrinsic STEs
induced by Sb>* and the spin-forbidden *T; — °A; tran-
sition of six coordinated Mn?*. Moreover, the excitation
bands in the PLE spectra of extrinsic STEs and Mn?*
luminescence show no distinction from 250 to 400 nm,
indicating a possible energy transfer process in the CSM
crystals. Notably, the characteristic sharp peaks assigned
to the Mn?>* ions are absent in the PLE spectra, imply-
ing that the population on the excited state *T; of Mn?**
is achieved by energy transfer from the excited state
of extrinsic STEs and nonradiative relaxation from the
valence band of Rb;KCdClg host, which is consistent to
the DFT calculation results. With increasing Mn?>* con-
centration, the emission intensity of the extrinsic STEs
gradually decreases, while that of Mn?* transitions pro-
gressively ascends, revealing the tunable emission color
from green to orange [Fig. S4(a) in the Supplemental
Material] [24]. According to the structural optimization
conducted by the DFT calculation, the distance between Sb
and Mn is 7.81 A, which is too large to induce exchange
interaction. Following Dexter’s energy transfer expres-
sion for multipolar interactions and Reisfeld’s approxima-
tion, the luminescence intensity of various concentration
Mn?*-doped samples can be described as follows [25,26]:

s

o« "3, (2)
ISb - Mn

where C denotes the concentration of Mn?*, and Ig,
and Isp,_Mpn represent the luminescence intensity of
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FIG. 1. Structure and photoluminescence of the CSM crystals. (a) Crystalline structure of Rb;KCdClg and schematic diagram of
the Sb-Mn substitution. (b) Excitation and emission spectra of the CSM crystal. (c) Possible energy transition mechanism in the
CSM crystal. (d) Simplified energy transfer mechanism for the CSM crystal. Here, 0 and 1 are the VB and CB of the host materials,
respectively, and 2 and 3 refer to the ground state of the STEs and Mn?*, respectively. Moreover, S and M represent the excited states
of the STEs and Mn”*, respectively. Furthermore, Wj; denotes the energy transfer rate from state i to state j. (¢) Estimated decay times
of various Mn?*-doped crystals and corresponding energy efficiency from the extrinsic STE to Mn?* ions. (f) Temperature-dependent
PL spectra of the CSM crystal excited by 340 nm. (g) Activation energy of the STE and Mn®* in the form of an Arrhenius plot. (h)
FWHM values of the STEs and Mn?* emission peaks depending on temperature. (i) Time-resolved emission spectra of the CSM
crystal. Insets are the luminescence photographs after stopping excitation for 0, 33, and 67 ms.

host, then they are captured by the excited state (ES) of the
extrinsic STEs and, eventually, are released to the ground
state (GS), accompanied by a broadband green emission
centered at 518 nm. The electron population on the *T;

Rb3;KCdCl4:0.2Sb crystals with the absence and presence
of Mn?*, respectively. More importantly, n=6, 8, and
10 are related to dipole-dipole, dipole-quadrupole, and
quadrupole-quadrupole interactions, respectively [25,26].

After fitting the intensity ratio curve with varying the
concentration of Mn?", as displayed in Figs. S4(c)-S4(e)
in the Supplemental Material [24], n tends toward 6,
indicating the dipole-dipole interaction induces energy
transfer from the extrinsic STE and Mn?*. Furthermore,
Fig. 1(c) illustrates the possible energy transition mecha-
nism in Rb3KCdCls:Sb/Mn crystals. Under excitation by
high-energy ultraviolet light, the electrons transverse to the
conduction band (CB) from the valence band (VB) of the

energy level of the Mn?* ions is from the CB, which par-
tially originates from the energy transfer process from the
extrinsic STEs and, subsequently, dissipates to the ®A;
state with an emission of 605 nm.

To unveil the difference in luminescence intensities
between the STEs and Mn?* ions, the rate equations for
the population on the ES and GS of the extrinsic STEs
and Mn”* are demonstrated based on the simplified energy
transfer model in Fig. 1(d). The rate equations relating to
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the excited states S and M can be summarized as [27,28]:

dN;
Tts :N]W]s—NSWSZ_NSWSMa (3)
dNy

respectively, where N; refers to the population density in
state i. After solving the differential equations, the Ng and
N are written as follows:

Ne — NiWis 1
; Wso+Wsm  Wso+ Wsm
x exp[—Wsy» + Wsm)t + C1], &)
N W; Ng W 1
Ny = —H T NsWow exp(—Wwst + C2), (6)
W3 "

where C; and C, are constants. Under a steady-state exci-
tation situation, the luminescence intensities of the STEs
(denoted as Istg) and Mn?* ions, I3, are directly propor-
tional to the population density in respective excited states.

As a result, we find that

N W
Istg ¢ Ns = $a (7)
Ws2 + Wsm
NiWim + NsW-
Lo o Ny = 1 lMW sWsm. (8)
M3

According to Dexter’s theory, the energy transfer rate wgy
of the dipole-dipole interaction can be expressed as [26]

. 3 Kt oy
"~ 6475 K2RS 15

* eg(hv)ay (hv) Jh

i)

Wwsm

where h, ¢, k, R, oy, Ts, es(hv), and oy (hv) repre-
sent the Planck constant, light velocity, permittivity, dis-
tance between Sb> and Mn?*, effective absorption cross-
section, intrinsic lifetime of Sb>*, emission spectra, and
absorption spectra, respectively. As a result, the energy
transfer rate is inversely proportional to the lifetime of the
extrinsic STEs. When the contents of Mn?* increase from
0 to 0.3 in Rb3KCdCle:0.2Sb crystals, the lifetime of the
extrinsic STEs diminishes from 1.52 to 1.26 ps [Figs. 1(e)
and S4(b) in the Supplemental Material [24]], indicat-
ing enhanced energy transfer from the extrinsic STEs to
Mn?* ions. The energy transfer efficiency 7 is defined as
n=1— tyn_sb/Tsp, Where tyy-—sp, and tgp denote the
lifetimes of Rb3KCdCls:0.2Sb crystals with and without
Mn co-doping, respectively [29]. Accordingly, the energy
transfer from the STEs to the excited states of Mn?* can
be found, and it can reach 17.1% when introducing 0.3 Mn
into the crystal, as shown in Fig. 1(e). Typically, accord-
ing to the Struck and Fonger models, the declined lifetime

varying with temperature can be expressed as [30]

70

D = A, exp(—(AE, kg T))”

(10)

where 1, 41, AE,, and kg represent the initial lifetime,
fitting factor, activation energy, and Boltzmann constant,
respectively. Therefore, the energy transfer rate strongly
correlates to the temperature and bridges the tempera-
ture and emission intensities of the extrinsic STE and
Mn?* ions. As a result, the different luminescence ther-
mal quenching effects of the STEs and Mn?* ions can be
demonstrated, which is a fundamental of ratiometric opti-
cal thermometry in the present CSM crystals. The lifetime
of the Sb>* ions at various temperatures with the absence
[Fig. S5(a) in the Supplemental Material] and presence
[Fig. S5(b) in the Supplemental Material] of the Mn** ions
doped in Rb;KCdClg single crystals were recorded, and the
energy transfer efficiency gradually enhanced with elevat-
ing temperature [Fig. S5(c) in the Supplemental Material]
[24].

Additionally, the tunable emission colors of the CSM
crystal can be realized by varying temperatures. As exhib-
ited in Fig. 1(f), the emission bands of the extrinsic STEs
and Mn?" emanate diverse tendencies with elevating tem-
peratures from 81 to 390 K, and the luminescence color
changes from green to orange. In particular, the extrin-
sic STEs maintain emission at 518 nm with a broadened
full width at half maximum (FWHM). Nevertheless, when
increasing the temperature, the Mn>" emission shows a
blueshift along with broad FWHM, which can be ascribed
to the lattice expansion-induced narrowed d—d splitting
and a raised energy gap of the *T;— %A, transition
[21,31]. Generally, the activation energy E, can be calcu-
lated via the integrated luminescence intensity /(7) at T K,
initial intensity /y, and Boltzmann constant kz using the
expression [4]:

Iy

M = e exp(Eu k)

an

where A is the fitting constant. Accordingly, the approxi-
mated activation energies of the extrinsic STEs and Mn?*
ions are formulated, see Fig. 1(g), and estimated to be
134.10 meV and 129.85 meV, respectively. Furthermore,
the electron-phonon coupling is described by the Huang-
Rays factor, S, following the formula [32]:

h
FWHM(T) = 2.36/ighonon, | S coth [ —2iomen ) = (12)
2ksT

Here, hwphonon represents the phonon energy; the val-
ues are 26.09 meV for the extrinsic STEs and 25.62 meV
for the Mn?* luminescence, suggesting a homogeneous
lattice vibration in the CSM crystal. By contrast, the S
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values reveal a significant difference between the extrin-
sic STEs (18.88) and Mn** (7.92), as depicted in Fig. 1(h),
which indicates the distinction in their intrinsic lumines-
cence mechanism. On the one hand, the appropriate strong
electron-phonon coupling effect guarantees the material-
ization of the extrinsic STEs and facilitates luminescence
[33]. On the other hand, the weak electron-phonon cou-
pling effect influences the local symmetry of Mn?*sites,
which breaks the limitations of spin-forbidden transitions
and leads to efficient red emissions from the CSM crys-
tals. Considering similar £, values, the prominently dif-
ferent S values portend the distinct luminescence thermal
quenching performance of the STEs and Mn?* ions. It is
noteworthy that the subtle 0D structure of the LMH CSM
crystals triggers the interesting luminescence properties of
the Mn** ions. In line with the time-resolved emission
spectrum of the CSM crystal [Fig. 1(i)], the green emission
induced by the extrinsic STE exhibits rapid attenuation.
In contrast, the red emission results from Mn?* depict a
long decay time. The inset luminescence photographs of
Fig. 1(i) show the recorded red emission after stopping
excitation for 0, 33, and 67 ms. Moreover, Fig. S6 in the
Supplemental Material shows the prompt and delayed PL
spectra of the CSM crystal under an excitation of 340 nm
at room temperature, corroborating the long decay time
of the Mn** ions. Fig. S7 in the Supplemental Material
[24] displays the decay time of the Mn** ions monitored
at 605 nm, decreasing from 52.1 ms to 21.5 ms with ele-
vating temperature from 81 to 390 K. Such a long decay
time can be attributed to the electronic transition of Mn?*
in isolated [MnClg] octahedrons, induced by the spatially
confined 0D structure of the Rb;KCdClg:Sb single crystal
[21].

V. TEMPERATURE SENSING PROPERTIES

Given the diverse luminescence mechanism of the
extrinsic STEs and Mn?* ions, we calculated the emission
intensity varying with temperature, as shown in Fig. S8(a)
in the Supplemental Material [24]. With increasing tem-
perature, the emission intensity of the extrinsic STEs and
Mn?* offers varying degrees of decrease. Theoretically,
the energy-transfer-driven ratiometric thermometry can be
implemented as Eqgs. (6) and (7). The intensity ratio (FIR
=IstE/ 112\/1+n) is intuitively correlated to the energy transfer
rate, temperature, and activation energy of the extrinsic
STE and Mn?* ions. Equation (S2) in the Supplemental
Material [24] simply summarizes the functional relation-
ship of FIR varying with temperature. Furthermore, Fig. S9
in the Supplemental Material [24] compares the theoretical
results with experimental data, confirming the feasibil-
ity of the energy-transfer-driven ratiometric thermometry
based on the 0D CSM single crystal. In addition, the FIR
values varying with temperature can be phenomenologi-
cally effectively fitted by a cubic polynomial function with

R? > 0.997, as presented in Fig. S8(b) in the Supplemental
Material [24]. Therefore, the temperature sensing perfor-
mance herein is assessed by the absolute sensitivity Sa,
relative sensitivity Sg, and temperature uncertainty §7,
which are defined as follows [4,28]:

|dFIR|
Sp = —n 13
A i (13)
dFIR 1
== 14
R ar FIR" (14
SFIR 1
T=———, (15)
FIR Sy

Here,

SFIR _ [(8 2+ 55\’
FIR Y\ L)’

where 6/, /1, » is the background intensity divided by the
fluorescence intensity of the sample. Figure S8(c) in the
Supplemental Material [24] displays the Sx and Sy val-
ues varying with temperature. The maximum S, and Sy
are 0.011 K~ at 300 K and 5.22% K~! at 390 K, respec-
tively. In this work, the temperature-dependent PL spectra
were detected by the Edinburgh Instruments FLS1000 flu-
orescence spectrophotometer, and the sample was placed
into the temperature control accessory with liquid nitro-
gen cooling. In addition, the luminescence brightness of
the CSM crystals is relatively high, contributing a con-
siderable signal-to-noise ratio value. Moreover, SFIR/FIR
was estimated to be 0.03% after collecting the background
and emission signals multiple times. The minimum 47 is
0.006 K at 390 K (Fig. S10 in the Supplemental Mate-
rial [24]). As compared in Fig. S8(d) in the Supplemental
Material [24], the CSM crystals possess excellent potential
for ratiometric optical thermometry [4,5,28,33-39].
Subsequently, the CSM crystals were adopted to fab-
ricate stretchable optical sensors. The optical fiber was
synthesized by mixing the CSM crystal powders into
PDMS. The “Y” type stretchable optical fiber is com-
posed of the core, cladding, and silica fibers. Specifically,
the CSM crystals are conflated evenly in PDMS to form
a fiber core with a diameter of 500 um, and two silica
fibers with diameters of 300 and 125 um are inserted into
the end for importing excitation light and exporting emis-
sion light. The attenuation of light is calculated for Fig.
S11(a) in the Supplemental Material [24], and the prop-
agation loss is 0.289 dB/cm. Moreover, the morphology
of the core-cladding structure and particle dispersion are
shown in Fig. S11(b) in the Supplemental Material [24].
During the measurements, the optical fiber stays relaxed
to obviate the strain effect. As portrayed in Fig. 2(a),
the as-fabricated flexible optical fiber maintains the same
PL spectra as the CSM crystals, and the extrinsic STE
emissions decrease while the ionic luminescence of Mn?*
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increases with an elevating temperature from 253 to 373 K.
Figure 2(b) records the calibration curve of the FIR val-
ues changing with temperature. Afterward, we checked
the accuracy of the as-fabricated optical fiber for tem-
perature sensing through the contrast between the calcu-
lated results and the given temperature (measured by the
thermocouple). Figure 2(c) unveils that the temperature
measurement error is merely £0.2°C at 28.2°C after

_
D
-
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hundreds of attempts, implying the preeminent reliability
of the as-fabricated optical fiber for optical thermome-
try. Moreover, the fatigue resistance of the temperature
sensing performance is demonstrated in Fig. S12 in the
Supplemental Material [24]. After four cycles of heat-
ing and cooling, the FIR values display stable variation.
Furthermore, we prepared squared flexible optical film
based on the CSM crystals with a side length of 10 cm for

(b) oq
0.8-
0.7+
A=-465
o 0.6
T B=0.065
0.5-
C=-0.0002
0.4+
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FIG. 2. Ratiometric temperature sensing of the CSM optical fiber and film. (a) Temperature-dependent PL spectra of the CSM
optical fiber pumped by a 375-nm laser. The inset shows a photograph of an as-fabricated optical fiber. (b) Calibration curve of the
CSM optical fiber and corresponding fitting function. (c) Temperature sensing accuracy at 28.2 °C. The factor AT is defined as the
difference between temperatures measured by an as-fabricated optical fiber and a thermocouple. (d) Illustration of the unavailable
thermal imaging of the object covered with a transparent glass plate by the IR thermal imager. (¢) Luminescence photographs of the
CSM optical film attached to the motor surface with 400- and 550-nm high-pass filters and calculated thermal imaging of the motor
surface conducted by the CSM optical film based on the fluorescence intensity ratio method. (f) Thermal imaging of the motor surface

with a CSM optical film captured by an IR camera.
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thermal imaging, and the CSM crystals are evenly dis-
persed on the film [Figs. S11(d) and S13(a) in the
Supplemental Material [24]]. It is noteworthy that the
infrared (IR) camera cannot capture the temperature of tar-
geted objects once hindered by a transparent glass plate
[Fig. 2(d)]. However, luminescent thermal imaging based
on the FIR approach can overcome this significant draw-
back. Remarkably, FIR-based thermal imaging is executed
by deciphering the “V” value in the luminescence pho-
tographs in HSV format [40,41]. As demonstrated in
Fig. 2(e), we attached the as-prepared film to the surface
of the motor and took snapshots with 400- and 550-nm
high-pass filters blocked in front of the camera under the
same conditions. Specifically, luminescence pictures can
be captured even at several meters away by a smartphone,
indicating the practicability of remote thermal imaging
via ratiometric optical thermometry. After extracting the
data, the matrix concerning the emission intensity of total
luminescence (the 400-nm high-pass filter) and the Mn?*+
luminescence (the 550-nm high-pass filter) of each pixel
point is obtained. The emission intensity of the extrin-
sic STEs is acquired by subtracting the value matrix of
the Mn?* luminescence from the total emissions. Subse-
quently, the FIR matrix of each pixel point is derived from
the matrix division. Judging by the calibration data pre-
sented in Figs. S13(b)-S13(f) in the Supplemental Material
[24], the theoretical temperature at each pixel can be con-
verted by the FIR values. Figure 2(f) displays the thermal
imaging of the motor surface, which is clearly consistent
with the measurement results recorded by the commercial
IR camera.

VI. STRAIN SENSING PROPERTIES

Interestingly, we further noticed that the FIR values pos-
itively correlate with the stretching of the CSM optical
fiber at room temperature, implying its reasonable poten-
tial for strain sensing. The strain-dependent FIR may be
attributed to the diverse transmission loss between green
and red light. The strain ¢ is defined as dividing the initial
length / (/ = 3 cm in this work) into an extended length
Al namely ¢ = Al/l. And it denotes the relative change
in length [42]. As presented in Fig. S14(a) in the Sup-
plemental Material [24], the FIR value linearly decreases
with increasing strain from 0 to 100%. Additionally, the
CSM optical film for strain sensing unfolds stability after
five cycles of stretching 0.5 and 2.0 cm [Fig. S14(b) in the
Supplemental Material [24]].

VII. DECOUPLING OF MULTISENSORY

Accordingly, temperature and strain simultaneously
affect the FIR values, leading to the dilemma of dis-
tinguishing temperature and strain solely based on the
FIR method. Currently, multisensory functions are highly

desirable for applications in humanoid robotics, intelli-
gent prosthetics, and human—machine interfaces [43,44].
However, the decoupling of multisensory properties is of
great significance and has been an aporia all along [45].
In this context, we noticed that the lifetime of Mn’* is
tens of milliseconds, which can be devoted to temperature
and strain sensing. As illustrated in Fig. 3(a), after setting
the appropriate pulse width of the excitation source, the
depopulation of STE and Mn?** display diverse speeds.
It is foreseeable that the PL decay of the Mn?* ions
could be delicately extracted once we choose a reasonable
collection time. Figure 3(b) depicts the detailed measure-
ment process. The frequency of the 375-nm laser was
controlled by a pulse frequency modulator, and then the
PL spectra were transported to the fiber optic spectrome-
ter. Notably, the data collection time (i.e., the sum of the
data update time and integration time) was strictly con-
trolled so that the specific integral intensity decay of the
red emission over time could be intuitively recorded by
the fiber optic spectrometer. As shown in Fig. 3(c), the
PL spectra at time #y, ¢, and #, (and corresponding CSM
optical fiber luminescence photographs) accurately meet
the expectations. Furthermore, Figs. S15(a) and S15(b) in
the Supplemental Material [24] depict the detailed exper-
imental point of integral intensity (across 560—700 nm)
in real time and the fitting results at 80 °C. Figs. S15(c)
and S15(d) in Supplemental Material [24] present the
corresponding photographs of the PL spectra at various
annotated moments. The lifetime of the Mn* ions remains
unchanged under different strains of the CSM optical fiber
[Figs. 3(e) and S16 in the Supplemental Material [24]] and
strongly correlates to temperature. Figures 3(d) and 3(e)
summarized the FIR and lifetime 7y,2+ at various tem-
peratures (30—100 °C) and strains (0—100%). Basically, the
luminescence properties (luminescence intensity, lifetime,
spectral shift, peak bandwidth, polarization, and FIR) show
various responses to external conditions. As a result, we
can construct a decoupling matrix composed of several
functions, denoted by f,, ,, concatenating the luminescence
properties Ai, Ay, ... A, and sensing performances X |,
Xo, ..., X, as follows:

Xi fir fa oo fun 77 /A
X5 fiz f2 o w2 A

. = . . . . . (16)
Xon fl,n f2,n fm,n Ay

In this work, the FIR and decay time of Mn?*
are introduced to decouple the temperature and strain
sensing. The decoupling matrix can be established as

[Fig. 3(D)]:
-1
(-] @) o
& 81 8¢ TMn2+
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FIG. 3. Decoupling of the temperature and train sensing through the CSM optical fiber. (a) Schematic diagram of the decay time
detection. (b) Diagrammatic depiction of the in situ detecting decay time of Mn?* based on fiber optic spectrometer. (c) Transient
spectra at time fy, ¢;, and #,, with an inset showing the corresponding luminescence photographs of the CSM fiber. (d) FIR values at
various temperatures and strain. (e¢) Decay times at various temperatures and strains. (f) Collaborative sensing of the temperature and
strain through the decoupling matrix via FIR and ty2+.

Since ty;,2+ is independent of strain, it can be concluded that g. = 0. As analyzed in Eqs. (S3)~+S7) in the Supplemental

Material [24], the decoupling matrix can be defined as

8r 8¢

Consequently, the multisensory on temperature and
strain can be realized by the CSM optical fiber based on
FIR and 7y 2+.

VIII. CONCLUSION

In summary, we have designed various Mn?*-doped 0D
LMH Rb3;KCdClg:0.2Sb crystals that display two distinct
emissions derived from extrinsic STEs of Sb** (518 nm)

[ - fs} _ |~ +0.065 - 0.00027 +2.73 x 1077* 9.974 x 107 . (18)
12039 _ 0.65 4 0.00167 — 1.34 x 107°72 0

(

and d—d transition of Mn?>* (605 nm). The efficient energy
transfer from STE to Mn?T centers was achieved and,
thus, the tunable emission colors from green to orange
were realized by varying the concentration of Mn?* and
the temperature. Based on the various responses of the
two emissions, the FIR method can be employed to mon-
itor the alterations; the maximum S, maximum Sg, and
minimum 87 are 0.011 K~! at 300 K, 5.22% K~! at
390 K, and 0.006 K at 390 K, respectively. Moreover,
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owing to the isolated octahedron structure, the Mn** ions
exhibited long decay times for tens of milliseconds, which
is correlated to temperature while independent of strain.
The as-prepared stretchable optical fiber was capable of
detecting the temperature and strain with outstanding
precision and repeatability. More importantly, the decou-
pling of temperature and strain sensing can be achieved by
the matrix established by the FIR and the decay time of
Mn?*. This work paves the way for doped 0D luminescent
metal halide with multiple emissions applied in multi-
functional optical sensors, expanding their applications
in sensing technology. Moreover, it provides a solution
for decoupling the crosstalk on the multisensory so that
reliability and practicality are enhanced.
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