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Accurate, rapid, and remote detection of pressure, one of the
fundamental physical parameters, is vital for scientific, industrial,
and daily life purposes. However, due to the limited sensitivity of
luminescent manometers, the optical pressure monitoring has been
applied mainly in scientific studies. Here, we developed the first
supersensitive optical pressure sensor based on the exciton-type
luminescence of the Bi**-doped, double perovskite material
Cs,Agop eNag 4InCls. The designed luminescent manometer exhibits
an extremely high sensitivity, i.e. di/dp = 112 nm GPa™'. It also
allows multi-parameter sensing, using both blue-shift and rarely
observed band narrowing with pressure. Importantly, this material
has small temperature dependence for the manometric parameter
used, i.e. spectral shift, allowing detection under extreme pressure
and temperature conditions. The developed sensor operates in the
visible range, and its emission shifts from orange to blue with
pressure. This approach allowed us to demonstrate the real-world
application of this sensor in detecting small changes in pressure
with a designed uniaxial pressure device, with unprecedented
resolution of the order of a few bars, demonstrating the techno-
logical potential of this sensor for remote, online monitoring of
cracks and strains in heavy construction facilities.

Introduction

Pressure and temperature are fundamental state functions
governing all-natural and artificial processes occurring world-
wide, so their rapid, accurate, and remote detection is crucial in
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New concepts

Nowadays, the utilization of extreme conditions, i.e. pressure and tem-
perature, to manipulate the inherent characteristics of materials attracts
increasing attention. Especially, pressure exhibits profound influence on
diverse fields of material synthesis, scientific research, industrial produc-
tion, light generation, etc., so its real-time monitoring with fast response
and visual features is required. Here, we developed the first exciton-type
optical pressure sensor exhibiting unprecedented sensitivity, associated
with exotic emission of the self-trapped exciton (STE) of perovskite
material Cs,Ag, ¢Nag4InClg doped with Bi**. The designed luminescent
manometer exhibits a breakthrough susceptibility to pressure changes of
112 nm GPa™ !, which is significantly higher than that of commonly used
optical sensors. So, it is classified as the most sensitive optical
manometer reported to date. This colossal sensitivity of the developed
optical manometer was directly used in uniaxial pressure measurements,
resulting in an exceptional pressure resolution of 10 bar, confirming its
real-world application potential for remote pressure monitoring in
industry and daily life. Moreover, this work opens completely new
horizons of visual pressure sensing in real-world situations, allowing
early detection of strains and cracks by visual pressure monitoring in
ultra-heavy construction facilities, e.g. for prevision of industrial and
natural disasters.

science, industry, and daily life. Temperature can be quickly
and remotely monitored using optical sensors, such as pyrom-
eters or numerous well-established luminescent thermometers,
allowing detection with resolutions less than 0.1 K." However,
in the case of high pressure, the only method of remote
detection is the use of optical sensors based on luminescent
materials, such as the commonly applied ruby-based sensors
(Al,O;:Cr*"), which permit resolving pressure values differing
by at least hundreds of bars, being unsatisfactory from the
point of view of industrial and daily life applications.”™®
It is worth noting that remote pressure detection is crucial
for ensuring safety in hazardous environments, providing high
accuracy and reliability unaffected by electromagnetic inter-
ference, and enabling real-time monitoring from a distance.
Additionally, these remote sensors offer versatility across
industries, require minimal maintenance, and contribute to
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environmental sustainability through reduced power consump-
tion and waste.

To overcome these limitations, in the last decade, researchers
have started to extensively search for new promising phosphor
materials whose photoluminescence is susceptible to pressure
changes, which could work as alternative pressure sensor
materials.”*® The candidates for new sensors are typically
based on optical materials activated with lanthanides, d-block
metal ions, quantum dots or organic dyes and complexes,
which, upon UV excitation, may generate visible or NIR
light. The operating principle of the vast majority of optical
manometers is based on monitoring the spectral shift of their
emission band, with typical pressure sensitives (A4/Ap) oscillating
at 1 nm GPa ', ie. 0.1 nm kbar ' for recently reported
materials.”>79?%* In contrast, the sensitivity is as low as
0.0365 nm kbar ' for the pioneering ruby sensor.> Fortunately,
in the last few years, several reports on luminescent manometers
exhibiting higher sensitivities have been published, reaching
1 nm kbar ' for visual sensors®* or even slightly exceeding
2 nm kbar ! for NIR sensors.*® However, another problem with
such luminescent manometers is the dependence of their emis-
sion on both pressure and temperature, so the change in the
temperature gradient in the system in most cases may strongly
affect the manometric parameters used, and bias the pressure
readouts.'®'82263¢ Moreover, each sensor has some merits and
drawbacks, such as limited sensitivity, significant temperature depen-
dence of the sensing parameter, non-monotonic changes in the
manometric parameters in the low-pressure regime, low struc-
tural stability, inability to visually monitor pressure (via UV and
NIR sensors), and the necessity of using a reducing atmosphere
during synthesis (e.g. in the case of divalent lanthanides).

Metal halide perovskites based on lead, with the general
formula MPbX; (M = Rb", Cs"; [CH;NH;]"; X =1, Br, Cl7), are
extensively studied due to their large absorption cross-section,
the great mobility of charge carriers (long diffusion lengths),
high tolerance to crystal defects, appropriate bandgap and
low trap states, implying their application in photovoltaics,
new light sources, including lasers and LEDs, scintillators and
photodetectors, advanced optoelectronics and numerous clean
energy applications.**™" However, due to their intrinsic toxicity,
structural instability, and susceptibility to heat and moisture, lead-
free halide double perovskites have recently been considered
alternatives to conventional perovskite materials.”>>® Such double
perovskites are usually based on Cs,AgInXs, Cs,NaInCls, and
Cs,AgBiCls (X = I', Br~, Cl7), which may exhibit bright photo-
luminescence upon UV excitation associated with broadband
emission of self-trapped exciton (STE), which is an unconventional
form of light generation.’’®' These materials benefit from
highly symmetrical cubic systems, rich substitutional chemistry,
enhanced structural stability, improved absorption (light harvest-
ing materials), large Stokes shifts, resistance to various environ-
mental factors, nontoxicity, and have great application potential in
photovoltaics and optoelectronics.®>™*

Here, we report the development of the first optical pres-
sure sensor based on exciton emission in a double-perovskite
luminescent material. Based on our previous research and
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literature reports, we designed and synthesized an optimized
double perovskite structure that combines the benefits of
the abovementioned materials, namely, Cs,Ago.cNay.4INg 996"
Big.004Cls.””°*%®%” By introducing Na and Bi dopings, we
achieved bright photoluminescence with high quantum yield,
QY = 74% (lex = 325 nm), by partially relaxing the selection
rules. This involves breaking the inversion symmetry and
allowing observation of the parity-forbidden transitions.
Moreover, doping reduces vacancy defects and suppresses
nonradiative recombination loss, improving crystal quality
and enhancing PL intensity.>®

Its structural stability under extreme pressure conditions
was theoretically and experimentally confirmed, and the use
of high-pressure luminescence spectroscopy revealed its break-
through susceptibility to pressure changes, i.e. AJ/Ap =112 nm
GPa ! (11.2 nm kbar™'). The additional benefits of the devel-
oped double-perovskite manometer include the narrowing of
the emission band with pressure, the possibility of multi-
parameter sensing, and low-temperature dependence with
respect to pressure. The colossal sensitivity of the developed
optical manometer was directly used in uniaxial pressure
measurements, allowing resolving pressures on the order of
10 bar, confirming its real-world application potential in
industry and daily life, e.g. for visual monitoring of strains/
defects in heavy constructions, food preservation techniques,
studies of elastic and plastic properties of materials.

Methods

Materials

The following reagents were utilized in the synthesis process:
CsCl (99.9%) was purchased from Sigma Aldrich; NaCl (99%)
was obtained from J. T. Baker; and AgCl (99.9%), InCl; (99.9%),
and BiCl; (99.9%) were obtained from Alfa Aeaser. HCI (37%)
was procured from Merck, and anhydrous ethanol (99.9%) was
acquired from ECHO.

Synthesis

The compound was synthesized using acid precipitation, with
modifications based on previous methods.?”*® To accomplish
this, 0.6 mmol of AgCl, 0.4 mmol of NaCl, 0.996 mmol of InCl;,
and 0.004 mmol of BiCl; were mixed with 3 mL of HCI. The
mixture was stirred for 20 minutes while maintaining a tem-
perature of 70-80 °C. Next, 2 mmol of CsCl was added to the
solution to initiate the final reaction. The reaction mixture was
stirred for an additional 20 minutes at 70-80 °C. Once the
stirring was complete, the reaction was allowed to cool to room
temperature, after which the mixture was subsequently centri-
fuged with ethanol three times. The resulting sediment was
washed and then dried at 60 °C for 24 hours.

Characterization

Synchrotron powder X-ray diffraction (XRD) data at room con-
ditions were obtained from the National Synchrotron Radiation

This journal is © The Royal Society of Chemistry 2024
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Research Center (NSRRC) in Taiwan. The measurements were
conducted at room temperature using the BL0O1C2 beamline
and a Debye-Scherrer camera with a wavelength of 0.77491 A.
The diffraction pattern obtained was subjected to Rietveld
analysis using Total Pattern Analysis Solutions software (TOPAS
4.2). The high-pressure XRD patterns were recorded in a Merrill
Bassett diamond anvil cell (DAC) using a four-circle Xcalibur
diffractometer with a MoKo X-ray source (4 = 0.7107 A) and
equipped with a EOS CCD detector. Thermogravimetric (TG)
analysis was run on a SDT Q600 apparatus provided by the
TA Instruments. Sample of perovskite (~11 mg) were loaded
into Al crucible and heat treated in the temperature range 25—
1100 °C using the heating rate 10 °C min~ " and at the rate of
argon gas flow equal to 100 cm® min~". In addition, a photo-
luminescence study was conducted using an Edinburg fluo-
rometer equipped with a 1 nm excitation slit width and a 1 nm
emission slit width. The internal quantum efficiency was
determined using a Hamamatsu Quantaurus instrument.
Before taking specimen measurements, the system was cali-
brated using YAG:Ce*".

Absorption spectra were acquired in diffuse-reflection mode
using a JASCO V-770 UV-Vis/NIR spectrophotometer with
an ILN-925 spherical integrator (150 mm diameter). Raman
spectra were recorded in backscattering geometry with a
Renishaw InVia confocal micro-Raman system using a grating
with 1200 grooves per mm and a power-controlled 100 mW
532 nm laser diode. The laser beam was focused using an
Olympus x20 SLMPlan N long working distance objective.
Scanning electron microscopy (SEM) images were taken with
an FEI Quanta 250 FEG instrument equipped with an EDAX
detector.

Photoluminescence excitation and emission spectra were
acquired using a FluoroMax-4P TCSPC spectrofluorometer
produced by Horiba. Steady-state luminescence spectra
were obtained with a He-Cd laser at a wavelength of 325 nm
and with a continuous wave 375 nm UV laser (max output
power of 50 mW). The spectra under high-pressure and
temperature conditions were measured with Andor SR-750-
D1 and Shamrock 500 spectrometers equipped with Peltier-
cooled DU420A-OE type and Andor Indus silicon CCD cam-
eras, respectively. All spectra were corrected for the apparatus
response. The sample was cooled by a closed-cycle optical
cryostat DE-204 SI. To follow the luminescence kinetics, we
used a PL 2143 A/SS laser system and a PG 401/SH parametric
optical generator as an excitation source. The sample was
cooled by a closed-cycle optical cryostat DE-204 SI. The emis-
sion signals were analyzed by a 2501S (Bruker Optics) spectro-
meter and a Hamamatsu Streak Camera model C4334-01.
High hydrostatic pressure in all experiments at elevated
pressure was applied in a DAC. Polydimethylsiloxane oil and
methanol/ethanol/water (16/3/1) were used as the pressure-
transmitting media, and the pressure was measured by the
shift of the luminescence lines of ruby. Temperature measure-
ments were obtained using a THMSG600 temperature con-
troller Linkam stage combined with an LNP95 liquid nitrogen
cooling pump system.

This journal is © The Royal Society of Chemistry 2024
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Results and discussion
Properties of the synthesized perovskite at ambient conditions

We conducted synchrotron powder X-ray diffraction (XRD) to
investigate the crystal structure of the synthesized Cs,Agge.
Nay 4Ing 906Bio.004Cle perovskite material. The obtained diffrac-
togram was indexed using the cubic crystal system with the
Fm3m space group of the reference Cs,AgInCls (card no.
ICSD11524).°*% The Rietveld refinement (Fig. 1a) confirmed
that Ag" ions were successfully substituted with Na*, whereas
In** ions were substituted with Bi*" ions. However, we observed
a small amount of unreacted precursor, i.e. AgCl at ~1%. All
refinement parameters are listed in Tables S1 and S2 (ESIf).
The framework of the Cs,Ago ¢Nag 4INg.996Bip.004Cle perovskite
(Fig. 1b) consists of corner-sharing AgCls and InCls coordina-
tion octahedral, with the counter cations confined within the
cavities. The synthesized material is composed of micron-sized
crystals, ranging from ca. 1 to 5 um confirmed by the SEM
image (Fig. 1c). The low phonon energy of the material studied
is beneficial for its luminescence performance (limited multi-
phonon quenching), as demonstrated by the Raman spectrum
in Fig. 1d. Two most notable Raman modes, Aj; and Ty,
corresponding to internal oscillations of the octahedra were
located at 141 and 299 cm ™", respectively.®® The energy dis-
persive X-ray analysis (EDX) spectrum (Fig. 1e) additionally
confirmed the elemental composition of the perovskite,
whereas the obtained atomic percentage composition (shown
as an inset in Fig. 1e and listed in details in Table S3, ESIY)
confirmed that the real composition of the synthesized mate-
rial match the expected one. The photoluminescence excitation
spectrum (dem, = 600 nm) of the Cs,Agy ¢Nag 4IN0 906Biof.004Cls
perovskite is shown in Fig. 1f. From our previous work,””
using photocurrent and spectroscopic measurements, we man-
aged to determine the appropriate transitions in this type of
materials. The most prominent feature in the excitation spectra
is denoted as “C”, which is assigned to the direct absorption
of the free exciton (FE) state. The “B” band component is
plausibly related to the charge transfer transition from the
ground state of Bi*" to the conduction band or between the
local state of Bi*" (*Sy—"P)), which in this case degenerates with
the conduction band. The “A” component band is related to
host absorption from the valence band (VB) to the conduction
band (CB). All these absorption transitions result in the yellow-
orange photoluminescence in the form of broadband centered
at ~#600 nm (Fig. 1f). The observed significant Stokes shift
results from the strong coupling of the excitons to the crystal
lattice.”® The broadband character of this perovskite emission
is associated with the self-trapped exciton (STE) emission, caused
by the strong coupling of the exciton to the lattice.®>** A simpli-
fied energy level diagram for the studied perovskite depicts the
observed luminescence mechanism, with the indicated radiative
and nonradiative transitions presented in Fig. 1g. The absorption
spectrum presented in Fig. 1h shows two absorption bands at
~315 nm and 380 nm. Compared with the excitation spectrum,
the lowest energy band (380 nm) can be associated with the
inclusion of bismuth. The second band centered at 315 nm is the

Mater. Horiz., 2024, 11, 4911-4924 | 4913
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Fig. 1 Basic structural, morphological and spectroscopic properties of the synthesized perovskite material at ambient conditions. (a) Rietveld refinement
of the Cs,AgoeNag.4lnp.o9eBio.004Clg perovskite. (b) 3D-schematic representation of its crystal structure. (c) Corresponding SEM image. (d) Raman
spectrum. (e) EDX spectrum and the determined atomic percentage composition displayed in a pie chart (inset). (f) Excitation (lem = 600 nm) and
emission spectra (Lex = 350 nm); digital photograph of the powder sample luminescence under UV irradiation (inset). (g) Simplified energy level diagram,
indicating the excitation and emission mechanisms, valence band (VB) and conduction band (CB), as well as the presence of intermediate energy states,
associated with Bi** and STE. (h) Absorption spectrum and the Tauc plot (inset) indicating the energy of the direct bandgap.

host absorption, resulting in the absorption threshold at ~ 340 nm,
and the corresponding Tauc plot (inset) reveals that the energy of
its direct bandgap is 3.61 €V. It is worth nothing, that an apparent
mismatch between the absorption and excitation spectra, results
from the presence of photoinduced charge carriers in the CB. The
excitation involving A and B bands is mediated through the CB.
Electrons from the conduction band are only partially captured by
the FE state, from where the STE state is excited. The rest are
trapped in various lattice defects always present in the crystal
structure. On the other hand, the excitation directly to the FE state
(C band) results in very efficient nonradiative relaxation to the STE
state, suppressing the photoelectrons in CB generation.

Structural stability under high-pressure conditions

To investigate the structural stability of the synthesized perovskite
Cs,Ag0.6Nag 41N 996Bi 004Cle under high-pressure conditions, we
conducted in situ XRD measurements during compression and
decompression cycles (Fig. 2a). The observed shift of the reflexes
to higher 20 angles under high-pressure conditions indicates a
reduction of the interplanar distances in the crystal lattice. The
unit-cell volume compresses monotonically (Fig. 2b), with no
signs of phase transition up to 45 kbar at least (see absolute
values in Fig. S1, ESIt). To further elucidate the pressure-induced
changes on the physicochemical properties of this double per-
ovskite, we performed comprehensive density functional theory
(DFT) simulations on the prototypic Cs,AgInCls up to 100 kbar to
further investigate the influence of the high pressure on the
structure of the perovskite (Fig. 2b-d and f-p). Our quantum-
mechanical predictions align closely with experimental data
measured for the Cs,AgosNap 41N 096Bio.004Cls material at high

4914 | Mater. Horiz., 2024, 11, 4911-4924

pressure, showing slight (~3%) deviations in the unit-cell para-
meters (Fig. 2b and Fig. S2a, ESIt). The absolute values of the
lattice constants, ie. unit-cell parameter (a) and the unit-cell
volume (V) for the material under compression are listed in
Table S4 (ESIT). The theoretically calculated bulk modulus (Bo)
of 32.45 GPa is higher than the experimentally determined B, =
21.5 GPa for the co-doped material. Such difference suggests that
replacing the Ag" cations with smaller Na* ions increases the
susceptibility of the material to compression. Thus, the predomi-
nant effect on mechanical properties of this perovskite can be
connected to the contraction of much softer AgCls and NaClg
coordination octahedra (Fig. 2c) of the polyanionic perovskite
framework, which is related to the bonds shortening Ag-Cl and
In-Cl (Fig. 2d). Interestingly, the compression experiments above
3.5 GPa show that the compressibility of the Cs,Ago sNag 41N 996
Bi.004Cls decreases significantly, suggesting that all free-voids in
the structure have been limited. This correlates well with a
significant change of the bulk modulus with pressure, which
increases by ~2.3 times at around 100 kbar, compared to the B,
value at ambient conditions (Fig. S2b, ESI).

Corroborating these findings, the high-pressure Raman
spectroscopy (Fig. 2e) shows that the high-energy A;, mode
undergoes a significant shift at 1.2 cm™ " kbar ™" rate, while the
low-energy T,, mode shifting at a rate of ca. 0.35 cm™* kbar ™!
(Fig. 2f). The increase in Raman mode energies at compression
supports our XRD experiments, as it usually results from the
bond shortening due to the reduction of interatomic distances
in a compressed structure. Additionally, the Raman spectra
analysis confirms the absence of phase transitions within the
studied pressure range, as indicated by the consistent shape of
the spectra and the lack of new Raman bands. The simulated

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 Structural stability of the perovskite material under high-pressure conditions. (a) Experimental powder XRD patterns of the Cs,Agp.sNag.4lNo.996-
Bin.004Cle perovskite recorded at different pressure values in a DAC, using MoKa radiation (4 = 0.7107 A). (b) Experimentally determined unit cell volume
(full symbols in compression and empty ones in decompression) and its simulated (DFT) evolution as a function of pressure (continuous line). (c) and (d)
Simulated polyhedral volumes — AgClg and InClg (c) and bond lengths — Ag—Cl and In—Cl (d). (e) Raman spectra of the perovskite sample measured at
different pressures. (f) Comparison of the experimentally determined energies of the A;g and T4 Raman modes with simulated ones (continuous lines) as
a function of pressure. (g)—(l) Simulated phonon dispersions (g) and (h), density of states (DOS) and partial DOS (PDOS) (i) and (j), and electronic band
structure (k) and (1) at 1 bar and 100 kbar, respectively. (m)—(p) Simulated optical bandgap (m), elastic stiffness coefficients (n), elastic moduli (o), B/G and

Poisson'’s ratio (p) as a function of pressure.

(continuous lines) pressure evolutions of four active Raman
modes (T, E,, and A;,) agree well with the experimental
results (two most intense, observable modes), as they shift with
a similar rate toward higher energies, ie. wavenumbers
(Table S5, ESIt). To investigate the lattice dynamics, including
the dynamic stability of the compressed perovskite structure,
we simulated the phonon dispersions along the high-symmetry
direction of the Brillouin zone under ambient conditions and at
100 kbar (Fig. 2g and h). As expected, in the case of the
compressed structure, phonon bands are shifted toward higher
frequencies following the pressure evolution of the determined
Raman modes. Although the obtained bands are quite uneven,
there are no imaginary frequencies in either case (no negative
phonon branches in the spectra), indicating the dynamic

This journal is © The Royal Society of Chemistry 2024

stability of the perovskite crystals under ambient and high-
pressure conditions. As in the low-energy region (0-150 cm ™)
an increase in the density of vibrational modes was observed,
we calculated the total density of states (DOS) and partial
density of states (PDOS) at ambient pressure and at 100 kbar
(Fig. 2i and j) to determine the exact role of each atomic species
in the vibrational spectra. In both situations, the bands asso-
ciated with Cl atoms are located throughout the whole spec-
trum, from 0 to 280 cm™' at ambient conditions and from
0 to 390 cm ! under pressure. The bands related to Cs, Ag,
and In are located mainly in the low-frequency region, from
0 to ~150 cm™ ', with an apparent pressure-induced shift
toward higher frequencies. Moreover, the intensities of the
compressed materials decreased, and the band shape was
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altered, which can be linked to the significant contraction
of the material subjected to pressure, i.e. high compressibility
of the soft perovskite structure.

To examine the impact of pressure on the electronic proper-
ties of the material, we calculated the evolution of the electronic
band structure of this perovskite in the high-symmetry directions
in the first Brillouin zone, at ambient pressure and at 100 kbar
(Fig. 2k and 1). As presented, the investigated double perovskite is
a direct semiconductor material, as the minimum (bottom) of the
CB is located at the same point (I') as the maximum (top) of
the VB, both at ambient and under high-pressure conditions.
The plots showing the electronic band structures at intermediate
pressures are shown in Fig. S3 (ESIT). The corresponding direct
band gap slightly narrows from 3.61 eV under ambient conditions
to 3.53 eV at 100 kbar (Fig. 2m). Specifically, the VB hardly
changes at point I' for the initial and compressed structures,
whereas the edge of the CB shifts toward lower energies with
pressure. Moreover, the band structure is more dispersive for the
compressed material, indicating the enhanced covalent character
of the bonds, which agrees well with the narrowing of the band
gap with pressure. In summary, the obtained band structure
resembles the distribution typical of semiconductors with mixed
ionic-covalent chemical bonds in the double perovskite structure,
as the bands are neither flat nor uneven, and their dispersion is
moderate.

To describe the elastic properties of this perovskite, we deter-
mined the corresponding elastic stiffness coefficients (B;), which
should be used instead of the elastic constants (C;) when a crystal
is subjected to non-zero uniform stress. In contrast, at zero
pressure, the B; values can be reduced to the C;; constants (see
details in ESI}).”® At ambient pressure, this perovskite fulfills
the abovementioned conditions. However, when crystals are
subjected to isostatic stress, modified Born stability criteria
should be applied, considering the elastic stiffness coefficients.
A compressed material is mechanically stable if the matrix
representation of the elastic stiffness tensor (B) is positive-
definite.”* In the case of the perovskite studied, all of the
eigenvalues of the matrices B; are positive because the By,
Bi,, and By, parameters are always greater than zero in the
analyzed pressure range (Fig. 2n), so this material is mechani-
cally stable, at least up to 100 kbar.

To investigate in detail the elastic properties of the devel-
oped perovskite material, we also determined other basic
elastic moduli, i.e. the shear modulus (G) and Young’s modulus
(E), as well as the B/G ratio and Poisson’s ratio (v). These
parameters were determined based on the elastic stiffness
parameters’>’* using the analytical expressions given in ref.
74 and Voigt’s approximation. Notably, the B/G ratio is greater
than 2.7 in the studied pressure range (Fig. 2p), confirming that
such perovskite is ductile and should be more resistant to
volume compression than shear deformation.”” An increase
in the B/G ratio from ~2.7 under ambient conditions to 4.2 at
100 kbar manifests improved ductility under high-pressure
conditions. On the other hand, the v parameter falls within
the range of 0-0.5 as it increases from ~0.34 to 0.39 with
pressure (Fig. 2p), which means that the compressed structure
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has typical elastic characteristics and recovers to the initial
state upon pressure release (decompression). An increase in the
Poisson’s ratio with pressure indicates that the compressed
perovskite is more elastic than the uncompressed structure
under ambient conditions. Additionally, we presented in Fig. S4
(ESIY) the 3D representations of the investigated crystal struc-
tures at ambient pressure and at 100 kbar, confirming the
uniform compression of the perovskite crystal lattice in all
crystallographic directions.

Luminescence properties under extreme conditions

The excitation spectra (e = 600 nm) of the Cs,AgyeNag.4-
Ing.996Big.004Cle perovskite measured at increasing pressure
are shown in Fig. 3a. With increasing pressure, there is almost
no spectral shift in the excitation bands, and only a gradual
decrease in the band stretching from ca. 357 nm (25 000 cm ™)
to 400 nm (28 000 cm ™) is observable.

On the other hand, the emission spectra (Zex = 325 nm) of
the studied perovskite (Fig. 3b) exhibit an extremely large shift
with pressure toward shorter wavelengths (higher energies).
The observed phenomenon is triggered by the pressure-
induced decrease in the self-trapping, electron-lattice, and
lattice deformation energies due to the decreasing distance
between the ions in the compressed structure. Moreover, dop-
ing the double perovskite crystal lattice with Bi** ions signifi-
cantly enhances their pressure sensitivity, compared to other
perovskite materials.®>®® The large spectral shift is manifested
in a significant change of the photoluminescence -color,
from orange under ambient conditions to blue at 40 kbar, as
quantitatively expressed by the determined chromaticity coor-
dinates shown in Fig. S5 (ESIf) (including the calculated
pressure sensitivities for multi-parameter sensing) and in the
CIE diagram in Fig. 3c. These results agree well with the visual
observations during the compression process of the light
emitted from the DAC chamber, as clearly shown in the photo-
graphs in Fig. 3d.

The determined wavelength values for the band centroids
of both the excitation and emission spectra as a function of
pressure can be correlated with pressure using simple 2nd-
order polynomial and exponential functions (phenomenological),
as presented in Fig. 3e and f, respectively. In the case of the
excitation spectra, the band centroid blueshifts from 349 nm
(28653 cm ') at ambient pressure to 338 nm (29586 cm ') at
40 kbar. A slight spectral shift of the excitation bands implies
that the energy gap marginally changes with the applied
pressure. Meanwhile, the emission band centroid blueshifts
from ca. 600 nm (16 667 cm ™ ') to 440 nm (22727 cm™ ") in the
same pressure range, manifesting a significant pressure-
induced increase in the STE energy. Notably, in the same
pressure range, the energy of the emission band increases
6.5 times more than the energy of the excitation band. Such
difference indicates a substantial decrease in the Stokes shift
with pressure, i.e., from 253 to 105 nm (Fig. 3g), due to the
reduction of the energy distance between the FE state (directly
excited) and the STE emission state. Moreover, the lattice

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 The effect of pressure on the exciton emission — luminescen

ce properties of the perovskite material under high-pressure conditions.

(a) Excitation spectra (Lo = 600 nm) of the compressed Cs,Agp.eNap 41No.996Bin.004Cle perovskite. (b) Emission spectra (lex = 325 nm) of the material
studied measured at increasing pressure (up to ~40 kbar). (c) The corresponding pressure-related chromaticity coordinates depicted in the CIE diagram,
showing the emission color change from orange to blue upon material compression. (d) Digital photographs at selected pressure values (in kbar) showing
the effect of pressure on the photoluminescence color visually observed in the DAC chamber; the scale bar (150 um) presented is valid for all
photographs. (e) Determined excitation band centroid as a function of pressure. (f) Emission band centroid as a function of pressure. (g) The calculated
absolute pressure sensitivity for the excitation and emission band shifts and Stokes shift as a function of pressure, indicating the maximal pressure sensitivity

-1

in the emission mode of 11.2 nm kbar™ . (h) The corresponding emission

bandwidth (FWHM) as a function of pressure, showing pressure sensitivity of

3.15 nm kbar™t in the FWHM mode. () Pressure sensitivity of different commonly used and most sensitive luminescent manometers available in the literature,
which are based on the spectral shift of the emission band. The corresponding references and numerical data are given in Table S4 in the ESL.¥

relaxation energy for the STE state, i.e. electron-phonon cou-
pling, decreases slightly.

Using the fitting functions applied for the excitation and
emission band centroids, we calculated the absolute pressure

This journal is © The Royal Society of Chemistry 2024

sensitivity for the manometric parameters based on the excita-
tion and emission band shifts, which are shown in Fig. 3g.
In both cases, the maximal sensitivity is obtained in the low-
pressure regime, reaching ~0.6 nm kbar ' for the excitation
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band and 11.2 nm kbar™' for the emission band shift. The
sensitivity of pressure sensors based on the emission band shift
is typically expressed in nm GPa'. Hence, for example, for
the commonly applied ruby-based pressure sensor di/dp =
0.365 nm GPa ™!, the obtained value of material studied in this
paper is significantly higher, i.e. di/dp = 112 nm GPa . The
obtained results classify the developed perovskite-based sensor
as a truly supersensitive manometer, undoubtedly making it
the most pressure-susceptible material reported. To visualize
this achievement, we gathered the performance of all reported,
most sensitive luminescent manometers in Fig. 3i.°*>7%%
Currently, the second and third most sensitive sensors, which
operate in a low-energy NIR range (inappropriate for visual
pressure monitoring), exhibit 5-fold lower sensitivity than our
optical manometer.®*®” A detailed comparison of the sensor
performances is given in Table S6 (ESIT).

Another very appealing feature for sensing, which is rarely
observed, is the effect of pressure-induced narrowing of the
emission band (Fig. 3b), caused by a decrease in the lattice
relaxation energy in the perovskite structure.®”> Moreover, the
full width at half maximum (FWHM) of the emission band

View Article Online

Materials Horizons

changes linearly with pressure, i.e. it decreases from ca. 235 nm
at an ambient pressure down to 115 nm at 40 kbar, at a rate of
3.15 nm kbar ™" (31.5 nm GPa™ ") shown in Fig. 3h. This means
that the significant change in the FWHM can also be used
as a manometric parameter, classifying the developed sensor as
the most sensitive luminescent manometer operating in band-
width mode (Table S7, ESIt).

To comprehend the high-pressure luminescence analysis of
the perovskite material, we examined the effect of the excitation
wavelength () on its emission characteristics under ambient
conditions (Fig. 4a and b) and under high pressure (Fig. 4c).
The magnified emission spectra recorded at different A, values
(Fig. 4a), ranging from 305 to 385 nm, indicate the effect of A,
on the spectral position of the band. The determined emission
band centroid values (Fig. 4b) reveal that exciting from ca. 300
to 320 nm and from 360 to 380 nm, the centroids are initially
located at &~ 600 nm, whereas exciting from ca. 325 to 350 nm,
they shift toward slightly shorter wavelengths. This variance is
attributed to the excitation of different band components (A-C),
as earlier discussed (Fig. 3a). Note, that the most effective
excitation of the STE state is the excitation through the FE
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Fig. 4 The effect of 1., on the emission characteristics, and the impact of pressure on luminescence kinetics and energy level structure of the perovskite
material. (@) Magnified emission spectra of the Cs,Ago.esNag.4lNo.ooeBio.004Cle perovskite recorded at different e, values (305-385 nm). (b) The
determined emission band centroid and its FWHM as a function of Je,. (c) Emission band centroids as a function of pressure determined for different
Zex Values (325, 350, and 375 nm) in compression (full symbols) and decompression (empty symbols) runs. (d) Luminescence decay profiles recorded at
different pressures (lex = 325 NmM; Aem = 600 nm). (e) The corresponding average emission decay times as a function of pressure. (f) Integrated
luminescence intensity as a function of pressure (lex = 325 nm). (g) The effect of high-pressure compression on the energy level structure (FE and STE),
activation energy (Ex) and exciton emission in the perovskite material studied; the bottom image represents a graphical visualization of the self-trapped

exciton.
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state at wavelengths of 325-350 nm (C). In this situation, there
is no excitation of electrons into the CB. Through the excitation
involving the CB (A and B) trap states are created, which
most likely influence the STE state, increasing the spin-orbit
coupling and/or increasing the lattice deformation energy.

Apparently, the A, also slightly affects the bandwidth, as
shown in the same graph (Fig. 4b; bottom). Hence, we decided
to investigate whether ., impacts the spectral shift rate with
pressure, which could hamper straightforward pressure moni-
toring with different optical setups. Fortunately, there was no
change in the pressure-related shift rate, and the observed
changes in the band centroid were fully reversible, as con-
firmed by the performed cycling experiments and decompres-
sion data shown in Fig. 4c, where the results for three different
Zex (325, 350 and 375 nm) are presented. The additional cycling
data for the emission band centroid for more compression-
decompression cycles are presented in Fig. S6 (ESIt).

To further investigate the luminescence kinetics of the exciton
emission under high-pressure conditions, we recorded the lumi-
nescence decay profiles and determined the decay times as a
function of pressure; the results are shown in Fig. 4d and e,
respectively. It is observed that the exciton emission decay profiles
significantly shorten with pressure. Since the recorded profiles are
not single exponential, to estimate the average lifetime (.y,), the
following formula was used:

g — J"{ (t)tdt. 0
[1(2)ds

where I(?) is the intensity of the signal. The determined average
decay times, ie. Tay, shorten from ca. 3 ps at ambient pressure
to 0.5 ps at 40 kbar, with a parabolic pressure dependence.
The pressure-induced lifetime-shortening effect is similar to that
observed in the case of conventional photoluminescence of
compressed materials. However, it cannot be attributed to the
luminescence quenching of the perovskite, as indicated by the
nearly unchanged total integrated emission intenisty (Fig. 4f).
Instead, the effect is related to the change (increase) in the
emission transition probability. This arises from two factors:
(I) the decay time of luminescence depends on the emission
wavelength elevated to the to the third power (¢ oc 4°), indicating
that the shortening in the emission wavelength significantly
reduces the decay time; and (II) the approaching of the STE states
to the FE state may result in a more pronounced mixing of their
wave functions.

In Fig. 4f the luminescence intensity of the sample is plotted
against pressure. No noticeable pattern relating to the change
in intensity is observed, and up to &30 kbar the intensity
remains nearly constant. Any slight deviations noted fall within
the error margin, which is typical for high-pressure measure-
ments in a DAC. With a further increase of pressure, the
luminescence intensity decreases to half of its initial value,
due to the quenching processes, most likely autoionization.
This includes a relaxation of the coupling strength between
excitons and phonons in the compressed structure.

The effect of high-pressure compression on the energy level
structure and exciton emission in this perovskite is presented

This journal is © The Royal Society of Chemistry 2024
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in Fig. 4g. The exciton emission’s energy significantly increases
with pressure (orange and blue arrows), resulting in a blueshift
of the STE emission while the energy of the FE state (purple
arrow) increases only slightly with increasing pressure, i.e. from
349 to 338 nm. As a consequence, the STE state is moving
closer to the FE state, while the activation energy (E,) of the
non-radiative processes, associated with a direct transition to
the ground state, is increasing.

Developing a new optical pressure sensor is essential for
investigating the effect of temperature on emission character-
istics to provide reliable pressure readouts both at room and
variable temperatures. Hence, we measured the emission spec-
tra (Fig. 5a) of the perovskite in a broad T-range (100-550 K).
There are no significant changes in the spectral position of the
emission band. Up to 200 K, the band centroid remains
constant. Then it starts to slightly shift toward longer wave-
lengths (AA/AT = 0.065 nm K '), reaching a plateau at room
temperature, and with further temperature elevation (>400 K)
shifts back to shorter wavelengths (Fig. 5b). This may lead to
only small variations in pressure readouts, i.e. ~6 bar K/,
being over 30-times lower than for the conventional ruby-based
sensors. A more detailed quantitative analysis and discussion
on the impact of temperature on the pressure readouts are
given in Table S4 and in the text of the ESL{

On the other hand, with increasing temperature, starting at
100 K, there is a linear broadening of the band, i.e. the FWHM
in nm scale, which increases from ca. 165 nm at 100 K to
235 nm at ~400 K (AFWHM/Ap = 0.2547 nm K '), and with
further temperature increase, the FWHM remains almost con-
stant. The linear increase in the FWHM indicates the potential
of this material for application in luminescence thermometry.
The effect of thermal broadening of the emission band is
opposite to that observed under pressure (band narrowing)
and results from two main factors: (I) increasing the lattice
relaxation energy with temperature; and (II) enhancing the
electron-phonon coupling. According to the coordinate config-
urational model, the second factor is caused by improved
electron-phonon interactions and differences between the
initial and final states of the transitions, which leads to thermal
broadening of the emission band.*® In order to show a minor
effect of the temperature on the observed luminescence color
we calculated the CIE coordinates based on the recorded
temperature-dependent emission spectra, and are plotted in
the CIE diagram shown in Fig. S7 (ESIT). In whole investigated
T-range (100-560 K) the chromaticity coordinates are located in
the range of the orange color of the CIE diagram, changing
from (x = 0.499; y = 0.464) at 100 K to (x = 0.435; y = 0.450) at
560 K. The observed shift of the coordinates (mostly x) is
associated alike with small spectral shift and broadening of
the emission band with temperature.

As shown in Fig. 5d, the luminescence intensity decreases
with temperature, reaching at room temperature x70% of its
initial intensity. A more significant deterioration in intensity is
observed with increasing temperature, reaching ~20% of the
initial value at 500 K. To model the temperature dependence of
emission intensity, the following formula (eqn (2)), accounting
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Fig. 5 The effect of temperature on the exciton emission — luminescence properties of the perovskite material under variable temperature conditions.
(@) Emission spectra (lex = 325 nm) of the CsyAgo.eNap 4/No.996Bin.004Cle perovskite measured in the T-range from 100 to 560 K. (b) The determined
emission band centroid as a function of temperature. (c) The calculated emission bandwidth (FWHM) as a function of temperature, indicating a
linear thermal broadening of the band up to around 400 K (AFWHM/Ap = 0.2547 nm K%). (d) Integrated luminescence intensity as a function of

temperature, with the calculated thermal activation energy (Es) of 1210 4+ 10 cm

~1 (e) Luminescence decay profiles recorded at different temperatures

(Zex = 325 Nnm; Aem = 600 nm). (f) The calculated average decay times of the exciton emission as a function of temperature, with the calculated Ex value

of 1150 + 120 cm™*.

for the single deexcitation process, was employed:
Iy
Pnr EA
1 +—exp| ——

" Pr p( kT>
where I, is the PL intensity at 0 K, E, is the activation energy,
Pnr and p, are the nonradiative and radiative transition prob-
abilities, respectively. The p, can be derived directly from the

low-temperature decay time measurement (t,) and it is equal to
9.5 us at 100 K (p; = 1/1). The obtained parameters are as

Pt _ 160+ 100, and E, = 1210 + 10 cm™ L.

T
are two main plausible mechanisms governing the observed

thermal quenching of the exciton emission: (I) thermally
induced photoionization, where the excited electron is trans-
ferred to the FE and next to CB state; and (II) a crossover
mechanism, where the provided thermal activation energy
releases the trapped exciton by ejecting (promoting) it from
the excited STE to ground states. From the configurational
diagram depicted in Fig. 4g, it is evident that the energy
required for autoionization should be significantly higher
(~6000 cm™"). This indicates that the quenching of lumines-
cence is associated with the intersection of the excited and
ground states of STE. To ensure that the quenching of lumines-
cence is not associated with the degradation of the perovskite
material, we carried out thermogravimetric (TG) analysis of the
sample (see Fig. S8, ESIt). The weight loss observed at around
800 K confirms that the perovskite material is stable at least up
to this temperature.

1= @

follows: There
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To investigate how temperature affects the kinetics of
exciton emission, we measured the temperature-dependent
luminescence decay profiles (Fig. 5e) and calculated the corres-
ponding average decay times (Fig. 5f). With increasing tem-
perature, the decay time gradually shortens from x~10 ps at
100 K to 0.1 ps at 500 K. The temperature dependence of decay
time was modeled using formula (eqn (3)):

1

1 —FEa (3]
o + Pnr - €Xp (W)

(T) =

where 7, is the radiative lifetime at low temperature. The
obtained parameters are as follows: py,, = (40 & 20) x 10° s,
and E, = 1150 4 120 cm ™ ". These values are in agreement with
those obtained from fitting the temperature-dependent emis-
sion intensities. This significant, by two orders of magnitude,
shortening of the excited-state lifetime is caused by the above-
mentioned crossover mechanisms, leading to nonradiative
thermal quenching via phonon emission and relaxing the
exciton directly from the excited STE state to the corresponding
ground state.

To show the real-world application potential of the developed
sensor material based on exciton emission and owing to its
colossal spectral shift with pressure, we performed uniaxial
low-pressure measurements using the custom-built experi-
mental setup depicted in Fig. 6a. In contrast to the isostatic
measurements in a DAC, for the uniaxial pressure experiments,
the amount (thickness) of the material studied may affect
the spectral position of the emission band centroid, so the

This journal is © The Royal Society of Chemistry 2024
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Fig. 6 Uniaxial pressure measurements — real-world application of the luminescent manometer. (a) Custom-built experimental setup used for the non-
isostatic, uniaxial pressure measurements, allowing optical detection of the signal. (b) Determined emission band centroid (lex = 375 nm) of the
developed perovskite sensor as a function of vertical force (mass applied) and corresponding pressure (top axis) for four different loading cycles with
different sample thicknesses (140-302 um); the dashed line represents a theoretical evolution of the emission band centroid as a function of isostatic
pressure (expected values based on the performed calibration curve in a DAC). (c) Schematic representation of the application concept of visual pressure
monitoring and cracks/strains detection in heavy constructions (under non-isostatic pressure). (d) Schematic representation of the application concept

of high-pressure luminescence manometry (under isostatic pressure).

observed shift rate during compression (Fig. 6b). The experi-
mental details and differences in pressure evolution for differ-
ent sample loadings are discussed in detail in the ESI.{ Having
in hand the relation between the spectral position of the band
and pressure (Fig. 3f and g) determined for the developed
sensor in a DAC, we plotted a theoretical evolution of the
emission band centroid as a function of isostatic pressure
(dashed line in Fig. 6b). The plotted line agrees reasonably
well with the experimental data points for the intermediate
amounts/thicknesses of the loading samples. These results
indicate that, in contrast to conventional photoluminescence,
the use of exciton emission for optical pressure sensing allows
resolving pressure values differing by only ~10 bar, which
had been impossible so far using existing sensor materials.
Representative spectra, cycling test results, and decompression
data are given in the ESIT (Fig. S9). Fig. 6c schematically
represents the concept of visual pressure monitoring in heavy
constructions for early detection of cracks/strains (under non-
isostatic pressure). When irradiating with a UV light (laser
or lamp), the perovskite material appropriately combined
(embedded) with an inspected object, will illuminate with a
characteristics color, depending on the local pressure in the
examined system. The appearance of any fractures, cracks and
strains should affect the pressure gradient in the system,
introducing some non-uniformities in the emitted light
from the irradiated area. In other words, any deviations and
inconsistencies from the expected emission color (spectral
characteristics) from the inspected object may be used as an

This journal is © The Royal Society of Chemistry 2024

alert of the local pressure increase (blueshift) in a given con-
struction facility. On the other hand, Fig. 6d demonstrates
application of the sensor in high-pressure luminescence mano-
metry in a DAC assembly, i.e. its usage as an accurate remote
pressure gauge.

Conclusions

Here, we developed a novel pressure sensor material with a
colossal sensitivity (AA/Ap = 112 nm GPa ') based on a double-
perovskite structure, which is significantly higher than that of
currently used optical manometers. This was possible by the
use of photoluminescence associated with self-trapped exciton
(STE) emission in the synthesized lead-free, double perovskite
Cs,Agq 6Nag 4InCls doped with Bi*" ions observed upon UV
excitation. This is because the soft lattice of perovskites favors
STE photoluminescence, characterized by broadband emission
and a significant Stokes shift due to strong exciton-phonon
coupling. The low-energy STE emission band, initially located
at ~600 nm under ambient conditions, shifts toward higher
energies (shorter wavelengths) upon high-pressure compres-
sion, reaching ~440 nm at 4 GPa (40 kbar). Such an enormous
spectral shift from orange to blue has not been previously
reported for any other type of material or emission in such
a small pressure range. The colossal pressure-induced
spectral shift and significant increase in the energy of the
emitted photons are associated with the high susceptibility of
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the self-trapping, electron-lattice interaction energy and lattice
deformation energy to pressure changes, and their significant
decrease upon compression of the perovskite structure. Due to
the small pressure dependence of the excitation spectra, the
corresponding Stokes shift also significantly decreases with
pressure, ie. from 200 to 90 nm in the mentioned pressure
range. Moreover, the synthesized sensor material exhibits
abnormal and rarely observed pressure-induced narrowing of
the emission band (FWHM linearly decreases from 235 to
115 nm), allowing multi-parameter pressure sensing. On the
other hand, the material studied exhibits small (compared to
pressure) temperature effect on the spectral position of the STE
emission band, which is crucial for sensing under extreme
conditions. Theoretical calculations and experimental studies,
including high-pressure XRD and Raman spectroscopy, confirmed
the structural stability of the developed sensor material under
pressure. Finally, we used the developed sensor for optical detec-
tion and resolving small pressure gradients on the order of only
10 bars, confirming its utility in realworld applications by
performing uniaxial pressure measurements. The low-pressure
experiments conducted in a natural, non-idealized environment
(in contrast to the isostatic conditions of the DAC chamber)
indicate the possibility of visual pressure monitoring in heavy
constructions for early detection of strains and cracks, opening
new horizons in remote pressure sensing.
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