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Enhancement of self-trapped excitons and
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Cs,Agp 4Nag gInClg double perovskitet

{ M) Check for updates ‘
Cite this: Nanoscale, 2022, 14, 17735
Kashyap Dave, (2@ Wen-Tse Huang, {22 Tadeusz Lesniewski,

Agata Lazarowska, () © Maciej Grzegorczyk,“ Sebastian Mahlik,
Grzegorz Leniec, (29 Stawomir M. Kaczmarek 2@ and Ru-Shi Liu @ *@

C

Erbium (Er) complexes are used as optical gain materials for signal generation in the telecom C-band at
1540 nm, but they need a sensitizer to enhance absorption. Na* substitution for Ag™ and Bi** doping at
the In®* site is a possible strategy to enhance the broadband emission of Cs,AgInClg, which could be
used as a sensitizer for energy transfer to rare-earth elements. Herein, self-trapped exciton (STE) energy
transfer to Er®* at 1540 nm in double perovskite is reported. An acid precipitation method was used to
synthesize Cs,AgInClg and its derivatives with Er’*, Bi®*, and Na*. Bare Cs,AgInClg:Er emission signals
were found to be weak at 1540 nm, but Bi** doping increased them by 12 times, and Bi** and Na* doping
increased signal intensity by up to 25 times. Electron paramagnetic resonance spectroscopy characterized
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a decrease in axial symmetry over the Er’* ions after the substitutions of Na* and Bi** in Cs,AgInClg at
low temperatures (<7 K) for the first time. Moreover, an increase in pressure compressed the structure,
which tuned the STE transition for free exciton emission, and a further increase in pressure distorted the
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Introduction

Erbium (Er)-doped fiber amplifiers are optical amplifiers used
for the C band (1530-1565 nm) and L band (1565-1625 nm)
because of the low loss of fiber in long-distance optical com-
munications." However, Er-doped fibers suffer from low
absorption and possibly need sensitizers, such as Yb*', to
enhance the emission of Er’" as presented in Fig. 1a.” In the
present work, a possible self-trapped exciton (STE)-based
energy transfer strategy to enhance the emission of Er at
1540 nm is reported as shown in Fig. 1b.

Over the last decade, lead (Pb)-free double perovskites, such
as Cs,AgInXe, Cs,AgBiXs, and Cs,NaInClg, have been identified
for optoelectronic applications.>”” Among them, Cs,AgInClg
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has attracted more researchers because of its direct bandgap
and weak white light emission via STE.® STE-derived emission
is a photoluminescence (PL) mechanism where the exciton
emission energy is much smaller than the bandgap of the
material.® This emission is generally found in halide and
organic molecular crystals.”'® The STE in Cs,AgInCls nano-
and microcrystals is due to the strong Jahn-Teller distortion of
the AgCls octahedron, which induces parity-forbidden tran-
sition.® Luo et al.'" broke the inversion symmetry and relaxed
the parity-forbidden transition by alloying Na* into Bi** doped
Cs,AgInCls. The PLQY increased to 86%, and it was applied
for white light emission with a single-material LED device.
Wang et al.'®> used co-doping of Ni**, Bi**, and Ce®' into
Cs,Ag0.4Nay 6InClg to enhance the PLQY by approximately
98%. They also found via density functional theory calculation
that doping of Ce** is responsible for the formation of shallow
trapped states. Locaridi et al.™® discovered that the substitution
of Ag" by Na' localized the AgCls energy level above the
valence band maximum and the BiCls state appeared below
the conduction band minimum, which was responsible for
electron-hole recombination. Zheng et al'* found that the
relaxation in the parity-forbidden transition of ('S, — *P,) of
the Bi** 6s® configuration after Na* substitutions at Ag™ sites
enhanced the optical absorption. These results showed that
the possible broadband emission is due to STE and that Na*
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Fig. 1 Energy transfer mechanism of (a) Yb/Er co-doped optical amplifier and (b) STE-Er based energy transfer.

and Bi** doping enhances the emission intensity and
quantum efficiency.

Several research groups recently used rare-earth element
doping to explore the emission in near-infrared in the
Cs,AgInClg double perovskite system. Afrin et al.*® used Bi**
doping as a sensitizer to transfer energy to Er’" in the
Cs,AgInClg double perovskite system for enhanced emission at
1540 nm. Liu et al'® found that doping of Bi’*" enhances
Cs,AgInClg STE emission, which transfers the energy to Tb>".
A previous study also confirmed that Na® ions remove the
parity-forbidden transition, consequently enhancing STE emis-
sion." Zhang et al."” enhanced STE emission through Na* ion
substitutions in Bi**~Yb*" co-doped Cs,AgInClg, which trans-
fers the energy to the characteristic emission of Yb*". A recent
similar approach, where Ho’'-Bi** was doped into
Cs,Ag; ,Na,InCls, was used, and energy transfer was
observed.'® These results showed that the double perovskite
provides an ideal trivalent octahedron site for rare-earth
elements, and STE is an impeccable energy transfer channel
for these elements. Along with this, advanced characterization
techniques like synchrotron X-ray diffraction and electron
paramagnetic resonance spectroscopy are also needed to
understand the detailed double perovskite system with rare-
earth doping as well as high-pressure and high-temperature
luminescence studies to discuss the STE-derived emission.

Herein, Er** is incorporated into three types of double per-
ovskite Cs,AgInCls systems: bare, Bi-doped, and Na, Bi-co-
doped, to study the optical properties. These three systems pre-
served the cubic phase and tuned the optical performances of
Er. They have broadband white light emission because of STE,
but Bi** and Na* co-doping broke the parity-forbidden selec-
tion rule and enhanced the emission intensity. Along with STE
emission between 400 and 800 nm, emission at 1540 nm is
related to the *I,3, — *I,5, transition in Er*". The emission
intensity is highest in Cs,Ag, 4Nag ¢Ing 9,Big.0sCls:Er compared
with the other two systems. High-pressure Raman spectroscopy
shows that the increased pressure is responsible for the phase
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transformation from the cubic to the tetragonal crystal struc-
ture. Besides this change, before the phase transition at lower
pressure, a pressure-induced crossover of STE and free exciton
(FE) state is observed, resulting in FE emission with a narrower
band.

Results and discussion
Acid precipitation method for double perovskite synthesis

An acid precipitation method was used to synthesize Er-doped
Cs,AgInCls derivatives after modification of the previously
reported method.'>*® In brief, AgCl/NaCl and InCl,/BiCly/
ErCl;-6H,0O were added in stoichiometric ratios in HCl and
heated at 70-80 °C for 20 min with continuous stirring.
Afterward, CsCl was added, which formed the precipitate
immediately, and kept for 20 min with continuous stirring.
Next, the precipitate was washed with ethanol and further
dried and stored for further characterization.

Synchrotron X-ray diffraction to study the crystal structure

Synchrotron X-ray diffraction (SXRD) was used to understand
the crystal structure with more accuracy for Cs,AgInCl:Er,
Cs,AgIng 95Bip.0sCle:Er, and Cs,Agg.4Nag ¢Ing 95Big.0sCle:Er as
shown in Fig. 2a. All system diffraction peaks were well
indexed with the cubic system of the Fm3m space group (ICSD
15432). Rietveld refinement was used, as shown in Fig. S1,T to
refine the crystal, and <2% AgCl impurities were observed in
all systems. The appearance of these impurities may be due to
the unreacted AgCl precursor. However, the lattice parameter
(a) increased from 10.48 A for Cs,AgInClg:Er to 10.54 A for
Cs,Ag0.4Nag 6INg 0,Big 0sCls:Er as shown in Table S1.f These
results indicate that the Na' cations randomly substitute for
Ag" cations as per the previous study.”® In addition, an
increase in the peak intensity of the peak around 26 ~8° of the
(111) plane is found in the present study. The increase is due
to the Na/Ag composition which occurs through the increase

This journal is © The Royal Society of Chemistry 2022
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Fig. 2 (a) Synchrotron X-ray diffraction (SXRD) pattern, (b) electron paramagnetic resonance (EPR) spectra, and (c) superconducting quantum inter-
ference device (SQUID) of Cs,AgInCle:Er, Cs,Aglng 92Bip.08Cle:Er, and Cs,Ago 4Nag 6INg.92Bio.0sCle:Er.

in the dispersion factors of Na*, Ag*, and In** with Na alloy in
Cs,AgIng o,Biy 0sCle:Er."* The occupancy of Er** in Cs,AgInCly:
Er was ~9%, which decreased to ~4% for Cs,AgIng ¢,Big 0sCle:
Er and further increased to ~11% for Cs,Ago 4Nag 6N 92Big 0sCle:
Er, as shown in Table S2.7 These results are similar to the
inductively coupled plasma optical emission spectroscopic
measurements of the three systems as shown in Table S3.f
These outcomes also confirmed that the Na* substitution at
Ag" sites enhances the Er*" occupancy. Along with the crystal
structure study, scanning electron microscopy concluded the
6-10 um size variation in the three systems as shown in
Fig. S2.7

Low-temperature electron paramagnetic resonance (EPR) and
superconducting quantum interference device (SQUID)
magnetometery

The electron paramagnetic resonance (EPR) signal was studied
for Cs,AgInClg:Er, Cs,AgIng 9,Big 0sCle:Er, and Cs,Ago 4Nag ¢Ing oz
Big.0sCle:Er at a selected temperature of ~7 K, as presented in
Fig. 2b, to understand the induced symmetry of paramagnetic
ions and crystal lattice defects. As can be seen, the EPR signal
originates from several paramagnetic centers. The broad EPR
signal observed in a range of up to ~400 mT comes from Er**
ions in low symmetry. This signal is observed for all three com-
pounds. The EPR signal between 120 < B < 220 mT has a recog-
nizable hyperfine structure that originates from Er** ions in
axial symmetry. This signal appeared in Cs,AgInCls:Er with
high amplitude but decreased in Cs,AgIng ¢,Bi.0sCle:Er and
disappeared in Cs,Ago4Nag¢lng o,Big 0sCle:Er (Fig. 2b). We
believe that the presence of BiCls and NaClg octahedra causes
a decrease in and then the vanishing of the EPR signal orig-
inating from Er’* ions in axial symmetry, respectively. In con-
trast, the amount of low-symmetry Er** ions rises, which can
be correlated with the SXRD of the incorporation of Bi** and
Na' in the Cs,AgInClg:Er complex. A weak EPR signal at B ~
337 mT was assigned to electrons trapped on point defects of
the Cs,AgInClg crystal lattice. This signal also appeared in the
Cs,AgIng 0,Bi 0sCle:Er and Cs,Ag, 4Nag 6INg 9,Big 0sCle:Er systems.
More details can be found in the ESL{ The magnetic suscepti-
bility of the three systems was further studied using a super-
conducting quantum interference device (SQUID) magnet-

This journal is © The Royal Society of Chemistry 2022

ometer in the temperature range of 2-300 K. The SQUID mag-
netic susceptibility behaves according to the Curie-Weiss
equation, whose parameters are Curie-Weiss temperature
(TCW) and Curie constant (C). The fits of the Curie-Weiss
equation to the experimental data are shown in Fig. 2c. A nega-
tive TCW value for all double perovskite systems indicates anti-
ferromagnetic interactions between magnetic ions. The
effective magnetic moment (u.¢) for the three systems was
determined by applying the Curie constant. The following
values were obtained: g (CsAZINClg:Er) = 7.29up, fes
(Cs2AgIng 9,Big.0sCle:Er) = 7.05up, and g (CSrAZ0.4Nag 6INg 02
Big.0sClg:Er) = 7.14up. The theoretical value of the effective
magnetic moment for Er’ ions with a spin of S = 1/2 is pregr =
7.36up. The above-mentioned values of the effective magnetic
moment indicate that the dominant signal originates from the
Er** jons with a spin of S.g = 1/2. Weak interactions between
Er*" ions with a spin of S = 1/2 may indicate a lack of direct
energy transfer between Er’* ions. This can take place through
an additional medium, e.g. excitons. However, we observed
defects of the crystal lattice in the form of trapped electrons in
the lattice vacancies, which may constitute this medium.

Photoluminescence study to evaluate STE and infrared
emission

Photocurrent excitation (PC), absorbance (ABS), PLE spectra,
and PL emission between 400 and 800 nm were used to under-
stand the origin of transition observed in these three systems,
as shown in Fig. 3a. A huge Stokes shift characterized the PL
due to the STE formation.""?" Along with broadband emis-
sion, weak line structures related to the typical f-f transitions
of Er’* ions were observed at the wavelength ranges of 530-570
and 650-680 nm. A notable detail is that the normalized emis-
sions for all three samples looked similar. However, the inten-
sity varied remarkably from very weak for Cs,AgInClg:Er to very
strong for Cs,Ag, 4Nag ¢Ing 9,Big 0sCle:Er as shown in Fig. 3c. A
total of two bands in Cs,AgInClg:Er and three bands in
Cs,AgIng 95Bi.0sCle:Er and Cs;Agp.4Nag gIng o2Big 0sCls:Er were
identified based on a comparison of the ABS, PLE, and PC
spectra: (A) an optical band with maxima in the range of
300-350 nm; (B) an optical band at 350-380 absent in
Cs,AgInClg:Er; and (C) an optical band with maxima in the

Nanoscale, 2022,14,17735-17742 | 17737
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Fig. 3 (a) Photocurrent excitation (PC), absorbance (ABS), photo-
luminescence excitation (PLE at Aem: 620 nm) and photoluminescence
(PL at Aex: 315 nm) spectra of Cs,AgInClg:Er, (pink) CsAglng.92Big 0sCls:
Er (blue), and Cs,Ago.4Nag slno 92Bio.0sCle:Er (red). (b) The diagram pre-
sents a possible transition. (c) PLE (Aem: 1540 nm) and PL (ley: 352 nm)
spectra of Cs,AgInClg:Er, Cs;AgIng 92Bip.0sCls:Er, and Cs,Agp.4Nag slng.o2
Bio 0sCle:Er at the emission and excitation wavelengths of 1540 and
352 nm, respectively.

range of 320-380 nm, absent in the PC spectra for all the
samples. A simple transition diagram is shown in Fig. 3b,
where A is related to the excitation of electrons from the
valence band (VB) to the conduction band (CB) and defines
the bandgap energy. The B feature is related to the presence of
Bi*" in Cs,AgIng o,Big 0sCls:Er and Cs,Ago 4sNag ¢Ing ozBio 05Cle:
Er. The observed transition may be related to the charge trans-
fer transition (from the ground state of Bi to the conduction
band) or that between the local states of bismuth ('So—>P;).
However, considering the photocurrent results, the excited
state of Bi** (°P,) in this case degenerated with the CB. The C
features are from the excitation spectra to the direct excitation
of the FE state. Due to the rapid relaxation to the lower STE
state, FE-related emission was not observed at atmospheric
pressure. However, as the pressure increased, the position of
the STE state changed, and the transition from the FE state
was observed. In this part, the pressure- and temperature-
dependent optical studies are discussed further. In addition,
the fast relaxation to the STE state resulted in the absence of
the C feature in the PC spectra because the exciton binding
energy was too large for thermally activated charge generation.
The PLE and PL emission spectra were recorded between 400
and 1600 nm and are presented in Fig. 3c. The PL spectra were
recorded under 352 nm excitation and the PLE spectra were
recorded when 1540 nm emission was observed. Cs,AgInClg:Er
showed very weak emission at 1540 nm related to the 1,5, —

17738 | Nanoscale, 2022, 14,17735-17742
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1,5/, Er*" transition and weak STE emission. After the substi-
tution of Bi*" at the In*" site in the Cs,AgInClg:Er system, both
STE-derived broadband emission around 620 nm and emis-
sion at 1540 nm were enhanced. These results are similar to
those previously reported, where Bi**-doped systems had
higher emission intensity than the undoped ones.”> In the
extended work, after alloying with Na' at the Ag" site, the
intensity of the broadband STE increased compared with
that upon doping with Bi only, which could be attributed to
the relaxation in the parity-forbidden transition after the Na"
alloy."* The intensity of the characteristic peak at 1540 nm
of "3 — “I;s5» also increased. As a result, the emission
intensity at 1540 nm of Cs,Ago 4Nag INg 92Big.0sCle:Er was 25
times higher than that of Cs,AgInClg:Er and 2 times higher
than that of Cs,AgIngo,Bip0sCls:Er. The relative enhance-
ment in the PL intensity of Er*" could be attributed to the
energy transfer from the STE to Er’* states. Fig. 3c shows
the PLE spectra recorded at the emission wavelength of
1540 nm presenting STE-Er®* energy transfer. The excitation
spectra of Er** show the presence of two bands: a (B) optical
band with maxima in the range of 350-380 nm and (C) the
optical band at 320-380 nm along with an absorption band
at 521 nm, which correspond to the *I;5, — (*H,'G);q,, tran-
sition.”” The B band is related to the presence of Bi** ions
and the C band to the direct absorption of the electron
from the valence band to the free exciton state. The B exci-
tation pathway produces the electron for the conduction
band and the relaxation of such an excited state could be by
electron and hole capture by the FE state, resulting in STE
emission and Er’* emission. Along with this, the C exci-
tation pathway produces electrons that excite to the free
exciton state and then relax to the STE state. This pathway
of STE emission is highly populated and majorly contributes
to electron transfer to the excited Er’" states. In addition,
the STE emission spectrum is completely overlapped with
the absorption of Er*" at 521 nm of the "I;5, — (°H,'G)11/2
transition (see Fig. S4t), thus fulfilling the criteria of the
Forster-Dexter theory concerning energy transfer, namely the
spectral overlap of the PL of the donor with the absorption
of the acceptor.”*?*

PL decay dynamics were also recorded for all three systems
at the excitation wavelength of 352 nm and emission wave-
length of 1540 nm as shown in Fig. S5.7 Cs,AgInCls:Er showed
bi-exponential decay with lifetime components of 1.27 and
10.9 ms (average of 9.24 ms). The Laporte parity selection rule
of f-f transitions in Er** (*I,3,, — *I;5/,) causes the optical tran-
sitions to be strongly forbidden and, consequently, a lifetime
is in milliseconds. Cs,AgIn, ,Big.0sCls:Er also showed a single
exponential decay with a lifetime of 17.9 ms. This result is
similar to the previously reported result of the PL decay of
Bi*"-Er** co-doped Cs,AgInCls."> The Cs,Ag, 4Nag¢Ing ozBio os
Clg:Er system showed a single exponential decay with a life-
time of 18.9 ms. The enhancement in lifetime decay suggested
that the Na alloy and Bi-doped Cs,AgInCls system improve the
crystalline surrounding the Er’" ions, thus reducing the trap
states.’

This journal is © The Royal Society of Chemistry 2022
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Temperature-dependent photoluminescence study

Next, to evaluate the effect of temperature on the optical pro-
perties of Cs,Ag.4Nag sIng 0,Big 0sCls:Er, temperature-depen-
dent PLE, PL, and luminescence decay were studied. Fig. 4a
presents the temperature-dependent normalized PLE spectra
of Cs,Agy.4Nay eIng 9oBig 0sCle:Er. At low temperatures, three
bands, A, B, and C, appeared. However, with the increase in
temperature, the A and B bands diminished and only the C
band was present at 500 K. These results confirmed the deloca-
lization of carriers observed in photocurrent measurements, in
which after photoexcitation, the electron is transferred to the
conduction band and ceases to effectively excite the STE.
Fig. 4b presents the temperature dependence of the PL spectra
of Cs,Ags 4Nag 6Ing 92Bip.0sCls:Er at temperatures ranging from
80 K up to 440 K, excited by 315 nm UV LEDs. Fig. S6t
shows the analogous results of Cs,AgInClg:Er and
Cs,AgIng 9,Big 0sCl:Er. The spectra show the temperature evol-
ution of the spectral shape visible as the spectrum shifts
towards higher energies and a widening of the bandwidth. The
narrow line peaks and dips present in all of the PL spectra are
related to Er ions in the lattice resulting from the emission
(peaks) or reabsorption (dips) of light. The PL intensity is very
sensitive to temperature, as shown by the rapid diminishing of
the relative height of the PL spectra when moving from cryo-
genic temperatures to room temperature. The lifetime decays
of Cs,Ago.4Nag 6INg 02Big 0sCle:Er (Fig. 4c) and Cs,AgInClg:Er
and Cs,AgIn ¢,Bi.0sCle:Er (Fig. S7a and S7b,T respectively) are
also obtained. PL intensity versus temperature is calculated by
integrating the PL spectra as shown in Fig. 4d for
Cs,Ag0.4Nag 61N 9,Big 0sCle:Er. The dashed lines denote the
theoretical approximation of the PL versus temperature curve
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Fig. 4 Temperature-dependent (a) photoluminescence excitation (PLE,
Aem: 620 nm), (b) photoluminescence emission (PL, Aey: 315 nm) spectra,
(c) luminescence decay, (d) luminescence intensity vs. temperature and
theoretical approximation of eqn (1) and (2) for Cs,Ago.4Nagelnosz
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by fitting to a model assuming a single activation barrier AE
for non-radiative quenching as follows:

Iy

R (AE) (1)
1+—exp
p

' kT

1(T)

where I, is the PL intensity at T — 0 and p,,, and p, are non-
radiative and radiative transition probabilities, respectively.
The p, could be taken directly from the low-temperature decay
time measurement and it is equal to 12.9 ps. The obtained
activation energy AE is equal to 2200 cm™ (273 meV), while
Purlpr = 1.7 x 10%.

The observed decay profile is non-exponential as shown in
Fig. 4c. Therefore, only the average luminescence decay times
for the tested materials could be determined. The tempera-
ture-dependent luminescence decay curves present the average
decay times calculated based on decay curves I(¢) from Fig. S71
using eqn (2) as follows:

The temperature dependence of the average decay time 7
presented in Fig. 4d (blue balls) shows that the diminishing of
the decay time is a two-step process; the first step engages at
the lowest temperatures, while the second activates at ca.
200 K. The second shortening process lines up relatively well
with the temperature diminishing of the PL intensity shown in
Fig. 4d. This finding indicated that the diminishing of the
luminescence decay time results from the luminescence
quenching process. In the case of Cs,Agq 4Nag ¢Ing 92Bip.0sCle:
Er at low temperatures, two components are observed in the
luminescence decay in Fig. 4c: a short one in the ns range and
a long one in the ps range. Using time-resolved spectroscopy at
10 K, careful analysis showed an additional emission at low
temperatures. Fig. S8af presents a streak image of
Cs,Ag0.4Nag 6INg 9,Big 0sCls:Er at 10 K showing two distinct
luminescence processes, one in the ns time range (orange box)
and the other in the ps time range (blue box). Fig. S8b¥ pre-
sents time-resolved emission spectra obtained at time intervals
denoted by the boxes in Fig. S8a.t Fig. S8b{ shows that the ns
emission is prominent. It blue-shifts at low temperatures and
then gradually merges with the pus emission spectrum at high
temperatures up to 100 K. Above 100 K, such an additional
emission becomes unnoticeable. This emission is not related
to the FE or STE state and it is probably related to other
luminescence centers, such as surface defects.

Pressure-dependent Raman spectroscopy study

Raman spectroscopy was carried out for all these three systems
as shown in Fig. S9,f and in situ high-pressure Raman experi-
ments of Cs,Agp.4Nag 6INg.95Big.0sCle:Er up to 114 kbar at room
temperature were conducted. The lattice vibrations observed in
the Raman spectra were affected by the continuous changes in
the bond length between the ions in the crystal structure and
the abrupt structural changes (phase transitions) under
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Fig. 5 (a) Raman spectra and (b) photoluminescence excitation and (c) emission of Cs;Ago 4Nag elNo.92Bio.0sCls:Er as a function of pressure. (d) The
configuration coordination diagram of Cs,Agg 4Nagslng.92Bio.0sCle:Er at ambient and high hydrostatic pressure around 30 kbar. Pressure depen-

dence PL decay curve (e) before and (f) after the phase transition 70 kbar.

pressure. Fig. 5a shows a series of pressure-dependent Raman
spectra of Cs,Ag, 4Nag ¢lng 0,Big 0sCle:Er. At ambient pressure,
Cs,Ag0.4Nag 6INg 9,Big 0sCl:Er possesses a cubic structure with
the space group Fm3m. This double perovskite structure is a
network of 3D corner-sharing octahedra, where alternating
(Ag/Na)Cls and (In/Bi)Clg octahedra are arranged in a rock salt
configuration with Cs atoms occupying the cubic octahedron
cavity.>® The Raman spectrum consists of three vibration
' at ambient conditions. According to
the assignment of analogs in previous studies, the bands at
297 and 250 cm ™" were assigned to the stretching vibrations of
(Ag/Na)Cle and (In/Bi)Cls octahedra with different vibrational
symmetries of E, and A, while the bands observed at 113,
142, and 174 cm™' could be attributed to the breathing
vibration with the T,, symmetry of Bi-Cl, Ag-Cl, and In-Cl
bonds, respectively.>*® The energy of all the Raman peaks
increased with pressure. This increase was observed with a

modes below 360 cm™

slightly different pressure rate for all lines; the most intensive
vibration peak A, increased with a tremendous rate of
approximately 1 cm™" kbar™'. This finding resulted from the
continuous decrease in the bond length in the (Ag/Na)Cls and
(In/Bi)Clg octahedra with pressure. A notable effect occurred
above 70 kbar, where a significant change in the Raman line
structure was observed. In the pressure range between 70 and
87 kbar, additional peaks appeared in addition to the most
intensive vibration peak A, Its intensity increased when
pressure was further applied. Such Raman changes could indi-
cate a pressure-induced phase transition of Cs,Ag, 4Nag ¢Ing o
Bi.0sClg:Er above 70 kbar. Zhang et al.>® have shown that the
very similar double perovskite Cs,AgBiCls underwent a phase

17740 | Nanoscale, 2022,14,17735-17742

transition from a cubic Fm3m to the tetragonal I4/m structure
at a pressure of approximately 50 kbar, which was proven by
XRD and Raman results under pressure. The phase transition
could explain the discontinuous change in the PL spectra at
approximately 80 kbar, as presented in Fig. 5c, where the
quenching of narrow emission at 400 nm is observed together
with the appearance of a new faint luminescence band at 550 nm.

Pressure-dependent photoluminescence study

Fig. 5b and c present the pressure dependence of normalized
PLE and PL spectra of Cs,Ago 4Nag ¢INg.92Bip.0sCls:Er. Fig. S107
presents the pressure-dependent PL spectra with retained rela-
tive intensity. The pressure-dependent PL spectra are
measured at the excitation wavelength of 325 nm, while the
observation wavelength for pressure-dependent PLE spectra is
set to the maximum of the PL. The PLE spectra revealed a
gradual diminishing of the A and B bands relative to the C
band. We did not observe any significant shift in the optical
band of PLE spectra; however, above 60 kbar pressure the
luminescence from the sample became very weak and the PLE
spectra could no longer be measured. The pressure-dependent
PL spectrum showed the broadband peak center at ~615 nm
shifting towards the higher energy, as presented in Fig. 5c. The
emission peak shifts towards shorter wavelengths at a rate of
148 cm™' kbar™' within the pressure range of 0.1-44 kbar
(black dots in Fig. S117). Afterward, the emission peak shifts
with increasing pressure to 74 kbar at the rate of 33 cm™*
kbar™". In addition, the emission becomes gradually narrower
throughout the range of 30-50 kbar (red dots in Fig. S117).
Importantly, this change in PL spectrum width is not related

This journal is © The Royal Society of Chemistry 2022
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to the phase transition as it occurs below the 74 kbar
threshold. The appropriate explanation of this behavior is that
the position of the STE state increases with pressure and the
FE state becomes the lowest excited state from which emission
occurs at around 400 nm. Around the 70-80 kbar threshold,
the emission spectrum changes abruptly, with the emission
peak returning to 600 nm (however, with much lower intensity)
and the smaller constituent remaining at ~400 nm. This
finding coincides well with the cubic-to-tetragonal phase tran-
sition inferred from the pressure-dependent Raman spectra. It
is important to emphasize that the emission at 600 nm in the
tetragonal phase above 74 kbar is from an unknown origin
and possibly unrelated to the STE. Following the pressure-
dependent PL and PLE results, a configurational coordinate
diagram of the energy structure of Cs,Ag, 4Nag ¢lng 9,Big.0sCle:
Er is presented in Fig. 5d. The brown parabola denotes the
ground state of the system and the orange parabola shows the
STE level characterized by a very strong Stokes shift (the red
arrow denotes a radiative transition to the ground state). In the
diagram, AE denotes the activation energy for non-radiative
luminescence quenching due to the crossing of the STE and
ground state parabolas. The value of the barrier varies among
Cs,AgInClg:Er, Cs,AgIng o,Big.0sCle:Er, and Cs,Agy 4Nag ¢lng o
Big.0sCls:Er. The blue parabola presents the FE state, with an
arrow labeled as C denoting the direct transition from the
ground state to the FE state. The emission from the FE state
(dashed arrow) is not observed at ambient pressure due to the
direct transfer to the STE state. However, because of the strong
pressure, the STE state shifts towards higher energy and, con-
sequently, the FE emission becomes visible at elevated
pressure. We have observed a similar transition in our previous
study on Bi-doped Cs,AgInClg.>' The pressure-dependent PL
decay curves before (a) and after (b) phase transition above 70
kbar are shown in Fig. 5e and f, respectively. A rapid pressure-
induced shortening of the decay curves is observed below the
70 kbar threshold and it is related to the approach of the STE
state to the FE state. Above the phase transition, the decay
time stabilizes. However, the two constituents of the PL spec-
trum at 410-430 and 500-600 nm show different shapes of
decay curves (faster in the former and slower in the latter
case). This finding indicates that the two constituents of the
PL emission above 70 kbar are not related to a single optical
center. Based on Fig. 5e and f, the average decay times were
calculated using eqn (2) and are presented in Fig. S12.f The
luminescence decay time shortened from the initial 3 ps by
more than an order of magnitude before the phase transition
and stabilized in the range of 40-60 ns.

Conclusions

In conclusion, STE-derived energy transfer is used in the Er
double perovskite complex for the enhancement of emission
at 1540 nm by 25 times for optical telecommunication appli-
cations. The acid precipitation precursor method is applied to
synthesize the three complexes Cs,AgInClg:Er, Cs,AgIng o,

This journal is © The Royal Society of Chemistry 2022
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Big.0sCls:Er, and Cs,Ags.4Nag elng 95Bip.0sCle:Er. Synchrotron
X-ray diffraction techniques demonstrated the possible incor-
poration of Na*, Bi**, and Er** co-doping and maintained the
cubic phase of Cs,AgInCls. Moreover, with the increase in
pressure from ambient to 70 kbar, the structure remained
cubic. However, the pressure increase split the breathing and
stretching modes, thus confirming the distortion in the cubic
system. In pressure-dependent PL, the crossover of STE and FE
emission was observed at 30 kbar. This study provides insights
into the use of double perovskite-based STE-derived energy
transfer to Er’”, which could be the lowest use of optical fiber
for the entire optical telecommunication wavelength bands.
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