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Investigation of high contrast and reversible
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Thermochromism of organic/inorganic halide perovskites has attracted particular interest due to their
potential applications as photoluminescence (PL)-based temperature sensors. However, despite the out-
standing PL characteristics, their use as a thermochromic material in practical temperature ranges has
been limited because of their poor thermal stability. In this study, we used the quantum confinement
effect and exceptional PL quantum efficiency of the Cs4PbBrg perovskite to demonstrate their high on/off
ratio (20) and reversible PL thermochromism in the solid state in practical temperature ranges including
room temperature (RT). Systematic photophysical and optical characterization studies, including exciton—
phonon scattering, exciton binding energy, exciton decay dynamics, and crystal structure change, were
performed to investigate the origin of this unique thermochromic PL property. The results showed that
the efficient and highly reversible thermochromic PL emission of the Cs;PbBrg perovskite is due to its
desirable optical properties such as highly luminescent emission, efficient PL quenching at high tempera-
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Introduction

Stimuli-responsive photoluminescent (PL) materials have been
widely researched for their applications in optical sensors,
emission  switches, and drug delivery systems.'”’
Thermochromic PL, known as reversible PL emission changes
either in intensity or emission wavelength in response to temp-
erature variations, is of particular interest because of its poten-
tial applications in luminescent thermometers.®* " To demon-
strate efficient luminescence switching, solid-state thermo-
chromic materials should possess a high luminescence con-
trast between the ON and OFF states in practical temperature

“Advanced Photonics Research Institute (APRI), Gwangju Institute of Science and
Technology (GIST), Gwangju, 61005, Republic of Korea. E-mail: vsepr@gist.ac.kr
bDepartment of Energy Systems, Soonchunhyang University, Asan 31538,

Republic of Korea. E-mail: jonghkim@ajou.ac.kr

“Department of Molecular Science and Technology, Ajou University, Suwon 16499,
Republic of Korea

King Abdullah University of Science and Technology (KAUST), KAUST Solar Center,
Physical Sciences and Engineering Division (PSE), Thuwal 23955-6900, Saudi Arabia
‘Department of Textile System Engineering, Kyungpook National University, Daegu,
702-701 Republic of Korea. E-mail: shokim@knu.ac.kr

tElectronic supplementary information (ESI) available. See DOI: 10.1039/
¢8nr10223f

{These authors contributed equally to this work.

5754 | Nanoscale, 2019, 11, 5754-5759

tures, and thermally reversible structural changes.

ranges. This can be realized by developing high PL quantum
yield (PLQY) materials, which also exhibit extremely sup-
pressed radiative PL decay in the OFF state when exposed to
temperatures higher than the threshold temperature.

Recently, organic/inorganic hybrid perovskites (HPVs) have
emerged as highly promising functional materials because of
their exceptional optoelectronic properties.”>*> Some HPVs
have also been reported to exhibit thermochromic colour
changes due to their temperature-dependent phase transition
characteristics.'® 2 However, the low PLQY and poor thermal
stability of HPV films challenge their applications as thermo-
chromic PL materials. Fortunately, the poor thermal stability
can be overcome by replacing the organic component with an
inorganic component (e.g., cesium), and the low PLQY can be
enhanced by increasing the exciton binding energy through
reducing the structural dimensionality of the perovskites.*' >
Zero-dimensional CsPbX; (X = Cl, Br, I) quantum dots (QDs)
exhibit a high PLQY (>90%) in a solution with high thermal
stability. However, severe quenching of the PLQY occurs in the
solid state due to aggregation between the QDs, causing a
blinking effect and Auger recombination, which hinders their
practical thermochromic applications.””?® Recently, the
Cs,PbBry perovskite featuring a high PLQY in the solid state
(~45%) has been developed, where the [PbBre]*~ octahedra are
surrounded by Cs, which prevents interactions among the

This journal is © The Royal Society of Chemistry 2019
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Pb>" ions.”?*** In this zero-dimensional structure, Br vacancy
defects ([PbBrs]*”) contribute to a midgap (green) radiative
state due to the relevant energy level.*® In contrast to the con-
ventional structured CsPbX; QD films that exhibit dynamic
interparticle interactions, the Cs4PbX, perovskite structure
retains, even in its films, its high PLQY property due to the
atomic separation of the Pb*" sites. Motivated by the excellent
PLQY of Cs,PbBrg in the solid state, we investigated its thermo-
chromism and the underlying mechanisms through the
characterization analyses of the optical properties and crystal
structures. Moreover, unlike CsPbBr;, the Cs,PbBrs perovskite
exhibits a high fluorescence contrast and reversibility in the
applied temperature range.

Results and discussion

The pure Cs,PbBrs and CsPbBr; perovskites used in this study
were synthesized and purified following a published
process.”>?® The UV-Vis absorption spectrum in Fig. 1(a)
showing the absorption edge at ~540 nm is well matched with
a reported absorption spectrum of Cs,PbBrg.>° The absence of
a powder X-ray diffraction (PXRD) peak between 14 and 18°
confirmed the absence of CsPbBr; in the synthesized Cs,PbBrg
sample (Fig. 4(a)). Furthermore, the calculated crystal structure
from the d values of PXRD peaks was a trigonal structure with
a lattice parameter of a = b = 14.1 and ¢ = 17.5 A. These results
confirm the successful preparation of a highly pure mono-
phasic thombohedral Cs,PbBr, crystal (JPCDS no. 73-2478).%073

The morphology of Cs,PbBrs in the solid state was investi-
gated by using scanning electron microscopy (SEM) measure-
ments in which ~10 pm sized particles were aggregated as the
bulk state (Fig. 1(b)). As shown in Fig. 1(c), the PL emission of
Cs,PbBr, in the solid state gradually disappeared (OFF state)
as the substrate temperature was increased from 25 to 100 °C,
and appeared (ON state) as the substrate was cooled to 25 °C,
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Fig. 1 (a) Absorption spectrum, (b) SEM images of pure Cs4PbBrg in the
solid state (scale bars: 20 pm), and (c) photographic images of thermo-
chromic behaviour.
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confirming the reversibility of the emission. The PL emission
intensity contrast (I,n/I¢) of Cs,PbBrg in this practical temp-
erature range is visible to the naked eye. This is in sharp con-
trast to the behavior of CsPbBr; in the solid state (the reference
perovskite), which exhibited a weak and irreversible PL emis-
sion intensity in the same temperature range.

To understand the difference between the emission pro-
perties of the two perovskites, we further investigated the
radiative and non-radiative exciton relaxation dynamics of
CsPbBr; and Cs,PbBrg in the solid state through temperature-
dependent PL measurements (Fig. 2). The PL intensity change
at different temperatures is presented in Fig. 2(a) (note that
the gradually blue-shifted emission wavelength with the
increased temperature is due to the lattice dialation).*’
Fig. 2(b) presents the integrated PL intensity in the tempera-
ture range of 20-420 K in which the intensity values at 300
(Ion) and 420 K (Io¢) were extracted for the calculation of I, /I,
ratios for CsPbBr; (3.3) and Cs PbBrg (20). The high Io,/Ios
value for Cs,PbBrg is attributed to the combined effects of the
highly luminescent nature of Cs,PbBrs (PLQY: ~45%) in the
ON state and the efficient PL quenching in the OFF state.

For a detailed investigation of the exciton dynamics in ON/
OFF states, the steady-state PL spectra as a function of temp-
erature were fitted by using eqn (S1) and (S2) (Fig. S11).>* In
the PL intensity fitting of CsPbBr;, the parameters for the
thermal escape of the exciton by longitudinal optical (LO)
phonon absorption were eliminated due to the continuous
energy band diagram. The extracted exciton-phonon coupling
strength for acoustic phonons (y,.), exciton-phonon coupling
strength for optical phonons (y10), exciton binding energy (Ey),
and phonon energy (E;o) are listed in Table 1. For both
Cs,PbBrs and CsPbBr; perovskites, the negligibly small values
of 7, indicate that the effects of acoustic phonon scattering on
the PL characteristics can be ignored, compared to the other
effects, which include the quantum confinement effect, the
optical phonon-induced thermal escape effect, and the trap-
induced exciton quenching effect.

The Cs,PbBr, perovskite exhibited a much higher E, of
368 meV than the CsPbBr; perovskite (73 meV) due to the
quantum confinement effect (eqn (S2)f). The higher E; of
Cs,PbBr, enabled a high PL intensity in the ON state by reduc-
ing exciton thermal dissociation.>**> This ON state changes to
the OFF state when the excitons are dissociated by overcoming
the Ey,, as the applied temperature increases. Because of the
high Ej, Cs,PbBrs shows a higher thermochromic threshold
temperature near the RT (~300 K), compared to CsPbBr;
(~30 K), as shown in Fig. 2(b).

The origin of non-radiative exciton relaxation dynamics in
the OFF state at high temperatures can be explained by com-
paring the non-radiative strength of shallow trap-related
thermal activation (Ae™™*T), exciton dissociation (Be™"/*s"),
and optical phonon related thermal escape of charge carriers
(C(eP®sT _ 1)™™) in eqn (S2).t Fig. 2(c) and (d) show the non-
radiative decay strength of these terms in CsPbBr; and
Cs,PbBrg perovskites. In the case of CsPbBr3, the maximum PL
intensity at ~30 K is quenched to ~10% of the initial intensity
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Fig. 2 (a) Temperature-dependent PL spectra of Cs4PbBre and (b) integrated PL intensity of CsPbBr; and Cs4PbBrg. Non-radiative decay strength

comparison for: (c) CsPbBrz and (d) Cs4PbBreg.

Table 1 Calculated exciton—phonon coupling strength for acoustic
phonons (yac), exciton—phonon coupling strength for optical phonons
(yL0), exciton binding energy (E,), and phonon energy (E o) of Cs;PbBrg
and CsPbBrz perovskites

Perovskites Yac (MeV) 7o (meV) E}, (meV) Eio (meV)
Cs,PbBrg 0.0804 123 368 62
CsPbBr; 0.0001 259 73 23

at 150 K. Furthermore, the strength of the exciton dissociation
is observed to rapidly increase at temperatures higher than
120 K, while the strength of trap-related thermal activation is
saturated at 150 K after a gradual increase (Fig. 2(c)). In con-
trast to the general explanation that the PL quenching of the
perovskites is due to efficient exciton dissociation, our obser-
vations on the trap-related thermal activation and exciton dis-
sociation strength indicate that the main non-radiative exciton
decay pathway in the CsPbBr; thermochromic film is the trap-
related thermal activation in all temperature ranges including
high temperatures where exciton dissociation becomes domi-
nant. Compared to CsPbBr;, the Cs,PbBr, perovskite shows an
abrupt increment in both optical phonon-related thermal
escape of charge carriers and exciton dissociation in the high
temperature region without any saturation as shown in
Fig. 2(d). Both non-radiative decay strengths have a similar
threshold temperature and are observed to allow dramatic sup-
pression of radiative exciton recombination at temperatures

5756 | Nanoscale, 2019, 11, 5754-5759

higher than the thermochromic threshold temperature in the
Cs,PbBrg film.

Time-correlated single-photon counting (TCSPC) measure-
ments were performed at the maximum PL intensity peak
(Amax: 520 nm) for different temperatures to elucidate the
exciton relaxation dynamics in Cs,PbBrg as presented in Fig. 3.
The PL decay curves were analyzed by using tri-exponential
fitting. The lifetimes (7) and fractional intensities (f) for fast,
middle-decay (74, fi, 72, f5,) induced by radiative recombination
and thermal stimuli related slow-decay (73, f3) components

PL intensity (a.u.)

0 20 40 60 80 100
Time (ns)

Fig. 3 PL decay profiles of Cs,;PbBrs with IRF at different substrate
temperatures.

This journal is © The Royal Society of Chemistry 2019
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Fig. 4 (a) PXRD patterns of Cs4PbBreg in the solid state at different substrate temperatures and (b) magnified view of the gradual shift of diffraction

peaks at the corresponding temperatures.

were extracted from the fitting process (Table S21). The
middle-decay (7, f;) fraction was considered as radiative
recombination because the Br vacancy defects ([PbBrs]*~) con-
tributed radiative states in Cs,PbBre.* As expected, the 7, value
for Cs,PbBrs decreased from 1.80 to 1.31 ns due to the
efficient thermal escape of carriers and exciton dissociation at
100 °C and it returned to its original value after the sub-
sequent cooling to 25 °C. The 7, and its fraction (f;) presented
similar behaviour depending on the temperature changes. In
contrast, thermal stimuli related slow-decay (z;, f;) com-
ponents were increased from 43.00 to 44.50 ns, and then rever-
sibly returned to 43.01 ns during the cyclic temperature
change from 25, 100 to 25 °C. The observed reversible thermo-

1.2
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Fig. 5 (a) PL intensity of the Cs4PbBre film during repeated heating
(100 °C) and cooling (25 °C) cycles. (b) Photographic images of the
temperature-dependent Cs4PbBrg ink pattern.

This journal is © The Royal Society of Chemistry 2019

chromic emission characteristics suggest reversible changes in
the phase transition of the perovskite rather than structural
destruction.*®*” To investigate the structural changes of
Cs,PbBrg, we monitored the temperature-dependent PXRD pat-
terns of Cs,PbBrg in the solid state from —100 to 100 °C, as
shown in Fig. 4. Interestingly, all the observed diffraction
peaks showed a gradual and reversible shift depending on the
applied temperatures. As can be seen in Fig. 4(b), for example,
the (223) peak is observed to shift from 30.8 to 30.6° when the
temperature is increased from —100 to 100 °C. The result indi-
cates an increase of d-spacing values due to the thermal expan-
sion of the lattice. This expansion induced tensile stress on
the Cs,PbBrg resulting in a blue-shift of PL emission and
quenched emission intensity of Cs,;PbBre.***® Therefore, the
thermochromic luminescence of Cs,PbBrg is not only associ-
ated with exciton dissociation dynamics, but also closely
related to reversible structural changes by thermal-induced
structural stress on the crystal lattice.

As shown in Fig. 5(a), reversible PL thermochromism behav-
ior was clearly observed due to the temperature-dependent PL
intensity of Cs,PbBres. Such an optical characteristic suggests
the utilization of Cs,PbBr, for temperature monitoring systems.
Finally, the application of Cs,PbBrg as a temperature sensor was
investigated. As shown in Fig. 5(b), we printed Cs,PbBrs having
a hot spring mark on the hotplate. The intensity of emission
from the printed Cs,PbBr, pattern at room temperature reduced
with increased temperature to 100 °C (hot).

Conclusions

In this study, we have investigated the high contrast (20) ther-
mochromic PL of perovskites by using zero-dimensional
Cs,PbBrg in the solid state. Photophysical and structural ana-
lyses have been performed to investigate the underlying
reasons for this unique behavior. The results showed that the
high I,,/I¢ of Cs,PbBrg in the solid state is due to the com-
bined effects of the highly luminescent nature of Cs,PbBrs in
the ON state (high exciton binding energy) and efficiently sup-
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pressed PL emission in the OFF state (high thermal escape of
charge carriers and exciton dissociation). Moreover, Cs,PbBr,
was observed to undergo a temperature-induced reversible
phase transition, which allows reversible PL emission ON-
OFF, depending on the applied temperatures. Based on the
unique properties and useful functions in luminescence, these
perovskites are expected to have potential applicability in prac-
tical sensors including luminescent thermometers.
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