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We report temperature-dependent photoluminescence (PL) in the temperature range between 77 K and
300 K, and room temperature nonlinear optical (NLO) properties of solution processed lead-free Cs,NaBilg
(CNBI) and CsKBilg (CKBI) perovskite films. The de-convolution analysis of temperature-dependent PL spectra
showed thermal quenching behavior of free-exciton (FX) emission, an unusual blue-shift of PL emission, and
line broadening with increasing temperature as a consequence of strong exciton—phonon interaction. The
nonlinear refractive index (ny) and nonlinear absorption coefficient () of both the CNBI and CKBI films are
determined using a closed aperture (CA) and open aperture (OA) Z-scan technique, respectively. Both the
CNBI and CKBI perovskites exhibited features of saturable absorption (SA) with f ~ —6.23 x 1072 cm WY,
and —114x 1072 cm W2, respectively. The CA measurements depicted a self-defocusing effect in both the
samples with n, values ~—1.06 x 107 cm? W and —1.337x 107** cm? W2, respectively. With such emis-
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Introduction

In recent years, organic-inorganic hybrid halide perovskites have
gained wide attention for designing efficient optoelectronic and
optical devices including light emitting diodes (LEDs)," nonlinear
optical switches and lasers etc.,” owing to their excellent absorp-
tion characteristics in the visible region, long-carrier diffusion
lengths, low trap state densities,” small exciton binding energies,"
and high nonlinear absorption coefficients.** In the literature,
recently some efforts have been made to improve the performance
of LEDs.® With this aim, Xiao et al” have reported ~10%
efficiency in nanometre-sized crystallites of perovskites, Xu et al.
achieved ~21.6% efficiency by weakening the bonding between
the passivating functional moieties and the organic cations,’
Matsushima et al. achieved ~30% efficiency by incorporating
perovskite transport layers with high carrier mobilities into
OLEDs with high color purity.® Also, these perovskites are known
to exhibit a high solar cell efficiency exceeding ~ 20%.** In spite
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of the improved device efficiencies of lead-halide based organo-
metallic perovskites, these materials suffer from durability issues
with respect to moisture and heat, which hinders their utilization
for large scale industrial integration. In order to develop alter-
native routes to improve the stability of perovskite materials,
recently attempts have been made to synthesize inorganic
perovskites.">** Among the various inorganic halide perovskites
reported in the literature, caesium based inorganic lead halide
perovskite quantum dots (QDs) exhibit narrow emission line
widths, quite bright and tunable emission profiles along with a
very high quantum yield">™ with no requirement for a surface
passivation layer due to their high defect tolerance."® Apart from
the promising optoelectronic properties, CsPbBr; perovskites have
also shown low lasing thresholds (t ~ 4 pJ cm ™ ?),"® a high-quality
factor, (Q ~ 2256)*° and non-linear optical (NLO) behavior*
with two-photon absorption (TPA)/multi-photon absorption
characteristics.>*>* With such extraordinary features, caesium
based perovskites have been posited as an alternative to
organic-inorganic hybrid perovskites for designing potential
optoelectronic and non-linear optical devices. However, the
presence of lead in CsPbX; perovskite hinders its application for
a wide range of eco-friendly practical purposes, as lead is toxic and
Pbl, is carcinogenic. In this context, synthesis of stable lead-free
inorganic perovskites with outstanding NLO characteristics along
with a deep understanding of their fundamental photo-physical
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properties is required. In the search for an alternative to the toxic
and poor open environment stability of lead-based organic per-
ovskites, bismuth based perovskites have been explored recently,
owing to their better thermal and moisture stability.>> By con-
sidering the outstanding optoelectronic characteristics of cesium
based lead-halide perovskites, replacement of Pb by Bi with
proper charge neutrality can combine the optoelectronic proper-
ties with improved thermal and moisture stability. Since the
incorporation of Bi** into the lattice may also introduce vacancies,
and can be minimized by incorporating a mono-valent alkali
metal into the host lattice, thus giving a structure of double
perovskite A,B,Xs (X = I, Cl, Br).>*” In this work, we have
synthesized two lead-free caesium based double perovskites
namely, Cs,NaBils (CNBI) and Cs,KBils (CKBI), and investigated
their photo-physical properties using temperature-dependent
photoluminescence (PL) spectroscopy in the temperature range
from 77 K to 300 K, NLO characteristics Ze. a nonlinear refractive
index coefficient (n,) and absorption coefficient (f5) using a single
beam Z-scan technique in ambient conditions. The temperature-
dependent PL study includes investigation of exciton dynamics
through changes in PL intensity, spectral shift and line width.

The Z-scan measurements of both the perovskite films
exhibit appreciably high NLO (5*)) characteristics at moderate
power levels. These films exhibit a self-defocusing effect in
closed aperture (CA) configuration and saturable absorption
(SA) behaviour in open aperture (OA) configuration. With the
observed promising emission, and NLO characteristics, the eco-
friendly and stable CNBI and CKBI perovskite films could be an
alternative for optoelectronic applications.

Experimental specification

Materials

Cesium iodide (99.999%), sodium iodide (Nal, 99.5%), potas-
sium iodide (KI, 99%), bismuth iodide (Bil;, 99.998%) and
fluorine doped tin oxide (FTO) glass slides (13 Q) were pur-
chased from Sigma Aldrich India. Anhydrous y-butyrolactone
(GBL), toluene (AR), isopropyl alcohol (AR), and acetone (AR)
were all purchased from Merck India. All the reagents except
toluene were used without any further purification; toluene was
distilled before use.

Synthesis of perovskite absorbers and film preparation

Although both CNBI and CKBI are brownish-red crystalline
powders, CKBI appears to be darker. CNBI was synthesized by

CNBI/ CKBI/

solution Intermediate film

-
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mixing a 2:1:1 equivalent molar ratio of cesium iodide,
sodium iodide and bismuth iodide in 4 mL GBL inside a
double-neck round-bottom flask (RBF).

2CsI + Nal + Bil; = Cs,NaBilg (1)
2CsI + KI + Bil, = Cs,KBil )

The RBF was kept in a silicone oil bath for 4 h with continuous
stirring and argon purging; the temperature of the solution was
maintained at 100 °C. Furthermore, the final product was kept in
a vacuum oven at 60 °C for 24 hours. The synthesis procedure for
CKBI was the same as above. For spin coating of the films FTO
coated glass substrates (20 mm x 20 mm) were cleaned in multi-
steps; ie. first, they were ultrasonicated with Hellmanex III soap
solution (v/v = 2.5:100 in water) for 30 min under warm condi-
tions followed by ultrasonication in isopropyl alcohol and a warm
acetone-water mixture (v/v = 1:1) respectively for 15 min in each
step. Before deposition, substrates were UVOj; treated for 30 min.
0.44 M perovskite solution was prepared by dissolving GBL at
55 °C with simultaneous stirring for four hours. Spin coating
(60 pL perovskite solution) was performed on preheated (100 °C)
substrates at 2500 rpm for 30 seconds. Furthermore, 20 pL
toluene (antisolvent) was swiftly sprayed on the perovskite film,
just after 10 seconds of spin followed by annealing at 100 °C for
10 min. A schematic diagram of the film deposition is illustrated
in Fig. 1.

Characterization

The crystal structure of both the perovskite films was investi-
gated using an X-ray diffraction (XRD) technique in grazing
incidence geometry. Room temperature absorption character-
istics were studied using UV-visible spectroscopy, in which an
un-polarized light incident on the sample at an incident angle
of 45° with respect to the normal to the sample surface and the
absorption spectra were recorded in the wavelength range from
400 nm to 800 nm. The emission behavior of both the samples
was studied as a function of temperature using confocal
temperature-dependent PL measurements in a temperature
range from 77 K to 300 K. A 532 nm laser with spot size of
~1 pm was used as an excitation source, and PL spectra were
recorded using a Peltier cooled CCD detector. NLO measure-
ments were performed using a Z-scan technique, and a sche-
matic of the experimental setup is shown in Fig. 2.%®

A pulsed Yb-doped fiber laser (Model: Cazadero, M/S Calmar
Inc., USA) is used as a pump source, which emits Fourier-transform

Antisolvent /
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(Toluene) /
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Fig. 1 Schematic diagram of a single step spin coating process with toluene treatment for CNBI/CKBI thin film coating.
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Fig. 2 Schematic diagram of the Z-scan experimental setup.

limited (FTL) ultra-short pulses (At = 370 fs) at an operating
wavelength of 4 = 1030 nm. The Yb-fiber laser system delivers a
fixed pulse energy of 30 pJ across a broad range of pulse repetition
rates (RR), ranging from 780 Hz to 200 kHz. In our investigation, we
fix the repetition rate at 1 kHz to minimize the thermally-induced
effects during the NLO measurements. A combination of a half-
wave plate (HWP) and a polarizing beam-splitter (PBS) is employed
for incidence of optimum laser fluence on the samples. A convex
lens (f= 150 mm) is used to focus the beam at the sample (z = 0).
The beam spot-size at (z = 0) is measured to be w, = 52 pm which
results in a Rayleigh-length of ~30 mm. Therefore, we could safely
assume thin-sample approximation for estimating the NLO coeffi-
cients. Furthermore, we translate the sample to be about 110 mm
in length which helps in acquiring sufficient information for
obtaining normalized transmission. The CA as well as OA trans-
mitted power were recorded using a photodiode sensor PD1
(model: PD3003W-V1, M/S Ophir Inc., USA).>®

Results and discussion

In this work, we successfully synthesized two new halide based
lead-free double perovskites, i.e. CNBI and CKBI, using the
solution processing method. Fig. 3 shows a grazing angle XRD
pattern of both the CNBI and CKBI thin films. As both the
perovskites are newly synthesized, and not explored much, the
literature lacks any standard JPDC card available for them. We
have compared these XRD patterns with the already reported
XRD pattern of CNBI powder,*® consistent with a similar double
perovskite, MA,AgBils.>" The consistency of our XRD patterns
with the reported data implies the formation of double per-
ovskites of hexagonal crystal with the symmetric space group of
P63/mmc.** In the XRD pattern of the CNBI sample, the peaks
marked with a star symbol (*) are associated with the CNBI
double perovskite peaks. Similarly, for CKBI, the Bragg peaks
labeled with the A symbol are assigned to CKBI double per-
ovskite peaks. In addition, peaks at ~21.1, 38.5, and 51.5° with
low intensity are also observed in both the XRD patterns, which
are formed by the decomposition of CNBI/CKBI into a second-
ary phase of Cs;Bi,l, (CBI).*° In general, the CBI structure is
formed by the partial decomposition of a double perovskite
during the chemical process as temperature drops. The crystal
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Fig. 3 X-Ray diffraction patterns of CNBI and CKBI thin films. The peaks
marked with (#)originate from the FTO coated glass substrate.

structure of CBI is reported as a two-dimensional structure with
two face-sharing metal-halide octahedra separated by cesium
ions.*® In Fig. S2 and S3 (ESIY), we observed that both the CNBI
and CKBI perovskite films were stable for a duration of six
months, without the emergence of any new peaks and no
structural degradation. Fig. 4(a and c) shows the Fourier
filtered images of the CNBI and CKBI powder samples,
respectively.

An analysis of these images exhibits an almost equal inter-
planar spacing (d) of approximately 3.52 A and 3.53 A, respec-
tively, and is in agreement with the XRD values. The selected
area electron diffraction (SAED) patterns of both the samples
were recorded and are shown in Fig. 4(b and d). Both the
images exhibit circular ring patterns, which reveals the poly-
crystalline nature of the samples. The d values for both the
CNBI and CKBI samples were calculated from the SAED pat-
terns and were found to be ~3.47 A, and 3.53 A, respectively.
The observed small difference between the inter-planar spacing
shown in Fig. 4(c and d) could be attributed to the error that
occurred while analysing the SAED data. In order to evaluate
the absorption edge, UV-visible absorption measurements were
performed. Fig. 5(a) shows the absorption spectra of the as
synthesized films of the CNBI and CKBI samples. The results
reveal that the CKBI perovskite sample shows maximum
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Fig. 4 (a and c) Fourier filtered high resolution transmission electron
microscope (HRTEM) images of the CNBI and CKBI samples. (b and d)
SAED patterns recorded from the CNBI and CKBI samples, respectively.

absorption in the 550 to 650 nm wavelength range, whereas the
absorption maxima of the CNBI sample is a little red-shifted
(580 to 670 nm). We further analysed these absorption spectra
and converted them into Tauc plots using the Tauc relation,
which reveals the optical band gap of CNBI and CKBI thin films
~1.94 and 1.98 eV, respectively (Fig. 5(b)).

Temperature-dependent PL study

Fig. 6 summarizes the temperature-dependent emission char-
acteristics of both the perovskite films. The PL spectra of the
CNBI and CKBI samples are shown in Fig. 6(a) and (b),
respectively, where each spectrum shows a strong PL peak
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centered in the visible region. From the plots, it is observed
that with increasing temperature from 77 K several changes in
the emission profile appear including changes in the intensity,
peak position, and line-width. Thermal dissociation of an
exciton may be a possible reason for the suppression of
radiative recombination (PL emission) with increasing tem-
perature, and may also significantly enhance the electron-
phonon temperature as has been found in other conventional
semiconductors.>***? In order to investigate these changes in
PL emission characteristics with temperature-variation, we
de-convoluted each PL spectrum into Gaussian peaks using
commercial software (PeakFit). Fig. 6(c) and (d) demonstrate
sample images of the de-convoluted PL spectra of CNBI and
CKBI samples, respectively, both recorded at 77 K. Here, it is
worthwhile to mention that while de-convoluting, we corrected
each peak position by adopting the approach suggested by
Bebb and Williams,*° followed by baseline correction to remove
the background signal. In panels (c) and (d) the black traces
represent raw data, and red traces the theoretical fitted data.
The fitting of the PL spectrum shown in Fig. 6(c) shows that the
raw data is best fitted with a strong peak centered around
~649 nm (1.910 eV) followed by an additional weak peak at
~720 nm. A similar trend is observed from the fitting of the PL
spectrum of the CKBI sample shown in panel (d), where the
major peak is centred at ~645 nm (1.9225 eV) with an addi-
tional peak at ~720 nm, at the same peak position as of CNBI.
We mark these intense peaks as peak P; (1.910 eV), and peak P,
(1.9225 eV), respectively. In general, trap emissions in semi-
conductors show temperature-dependent localization behavior,
i.e. strongly localize at low temperatures and disappear at high
temperatures (even below room temperature).** However, in
this study, neither peak P; nor peak P, show any temperature-
dependent localization behavior, thus omitting any possibility
of the emergence of these lines from trap emissions. Addition-
ally, a close match of these lines with the absorption edge at
1.94 and 1.98 eV, respectively, further confirms the emission
not from the trap centers but from the excitonic transitions.
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Fig. 5 (a) Room temperature absorption spectra of the CNBI and CKBI perovskite films. (b) Tauc plots of the CNBI and CKBI perovskite films.
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Fig. 6 (a and b) Temperature-dependent PL spectra of samples CNBI and CKBI, respectively. Inset of (a) and (b) demonstrate the room temperature PL

spectra of the respective samples. (c and d) Plots of deconvoluted PL spectra of CNBI and CKBI samples recorded at 77 K, respectively.

These excitonic transitions include both the possibility of an
exciton bound to a very shallow trap state, and free-exciton (FX)
recombination. Generally, at low temperatures, the emission
lines originating from an exciton bound to a very shallow trap
state show no thermal broadening due to the lack of kinetic
energy.®® By considering all these facts we attribute peaks P,
and P, to the FX recombination. Here, it is worthwhile men-
tioning that before recording the PL spectra of the perovskite
samples, we also recorded the PL spectrum of the bare sub-
strate, which shows a weak line originating at 720 nm."” Hence,
we attribute the additional peak emerging in the de-convoluted
PL spectra to the FTO coated glass substrate. Taking these low-
temperature PL spectra as a reference for the respective sam-
ples, we de-convoluted the PL spectra of the entire temperature
range and observe that temperature variation strongly affects
the emission characteristics of both CNBI and CKBI films, as
evident in panels (a) and (b). Post de-convolution, we extracted
the integrated intensity (area under the curve) of the FX peak of
both the films, and plotted it as a function of temperature in
Fig. 7(a), where the blue and green dotted curves represent the
experimentally obtained integrated intensity of peaks P, and P,.
Here, we observe that the integrated intensity of the FX peaks of
both the samples exhibit distinct temperature-dependent
quenching behavior. Noticeably, from the plots it can be easily

This journal is © the Owner Societies 2022

seen that the temperature-dependent quenching in the inte-
grated intensity of peak P; in CNBI is more rapid beyond a
temperature of 157 K compared to that of peak P, in CKBI.

Additionally, the plots also show that the population of
radiative transitions (PL yield) at low temperature (77 K) is
almost double for CKBI than for CNBI and is significant up to
160 K. The population of radiative recombination depends on
several factors including the quality of the film, defect densi-
ties, the concentration of non-radiative transitions, temporary
storage of charge carriers, dark-fraction losses, band-edge
losses, electron-phonon interaction, and dissociation of an
exciton.”! In the present case, as we didn’t observe any line
originating from the defect centers, which omits the possibility
of a non-radiative carrier transfer to the defect centers.**
However, the factors mentioned above may also play a small
role, but the high activation energy (exciton binding energy,
calculated in the next section) suggests the dissociation of free
excitons into the continuum states is the most possible mecha-
nism among others for the quenching of the FX intensity.'” The
observed thermal quenching of the FX emissions could be well
described with the familiar Arrhenius equation:**

Iy

I = e (Bl T) )
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https://doi.org/10.1039/d1cp04896a

Published on 17 January 2022. Downloaded by Indian Institute of Technology Kanpur on 3/9/2023 5:16:10 AM.

Paper
2.5x10° —
(a) A 3 1.
. 2.0x10°1 i
5 @ CNBI :
i — Fitted :
~ 15x10°{ A ck8I p
= ——Fitted
- 5 Temperature (Kelvin)
B 1.0x10" 1
<
&b "
9 5.0x10" 1
g
RS
0.0
50 100 150 200 250 300

Temperature (Kelvin)

View Article Online

PCCP

1.940

(b) @ CNaI

1.9354 A CKBI

1.930 4
1.925 1
1.920 1

1.915

Peak Position (eV)

1.9104

1.906 — T T T T
50 100 150 200 250 300
Temperature (Kelvin)

(c) @ cnai
400+ —— Fitted
A CKBI

— Fitted

Linewidth (meV)
N w
g B

N

S

o
1

(&3}
o

100 150 200 250 300

Temperature (Kelvin)

Fig. 7 (a) The blue and green dotted curves plot the integrated intensity of the FX peaks of samples CNBI and CKBI, respectively, and the solid lines show
theoretical fits. The inset displays variation in the integrated intensity of peak P, in the temperature range between 77 K and 200 K. (b) Temperature-
dependent variation in the energy of FX peaks P; and P,, and the solid lines are a guide to the eyes. (c) Temperature-dependent line broadening of the FX
peaks obtained from de-convolution of the PL spectra of CNBI and CKBI films.

where I, is the zero temperature intensity, E, is the activation
energy of nonradiative transitions or the exciton dissociation
process, kg is the Boltzmann constant and A4 is a normalization
constant. Considering this equation we estimated the value of E,
for both peaks P; and P,, as 36.5 = 0.9 meV and 38.7 &+ 1.2 meV,
respectively, from which a difference of ~2.2 meV significantly
supports our argument that exciton dissociation is responsible for
a low PL yield of the CNBI sample compared to CKBI. The photo-
physical processes not only affect the recombination but also have
an impact on the emission energy. Fig. 7(b) shows that both peaks
P, and P, show a blue-shift with increasing temperature. Gener-
ally, in conventional semiconductors, the FX peak shows a
red-shift with increasing temperature due to both the electron-
phonon interaction and the lattice dilation.*****> However, in the
literature, a blue-shift has been reported in perovskites. In this
series, a report by Lee et al'’ attributed this blue-shift to the
widening of the valence band maxima (VBM) and conduction
band minima (CBM), where both the VBM and CBM of lead
halide perovskites (ABX;) are formed by B,X,, antibonding
orbitals and B,,X,, antibonding orbitals, respectively. Reports

4070 | Phys. Chem. Chem. Phys., 2022, 24, 4065-4076

by Ghosh et al.,*® Kumar et al.*” and Davies et al.*® suggested that
the blue-shift in perovskites arises from the two types of emissions
i.e. excitonic and free-charge carrier recombination whose relative
contributions change with temperature.

In addition to this, the literature also claims that the contribu-
tion of the electron-phonon interaction is negligible, and the
emphatic contribution of lattice thermal expansion with a positive
temperature coefficient leads to a widening of the bandgap.*’
However, the underlying physics behind this blue-shift of the FX
peak with increasing temperature is debatable and detailed
theoretical and experimental investigations are strongly required
for a better understanding of its origin. In context to caesium
based perovskites, the band gap calculation of CsSnBr; also shows
that the VBM is formed between the p orbit of Br and the s orbit of
Sn,”*" and we hypothesized a similar behavior for our CNBI and
CKBI films. However, detailed band calculations and a study of
the relative contributions from excitonic and free-charge carrier
recombination of these perovskites are needed and remain an
open problem, which may provide better understanding about the
fundamental mechanism behind this blue-shift and support for

This journal is © the Owner Societies 2022
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our hypothesis. Fig. 7(c) summarizes the temperature-dependent
line broadening (FWHM) of peaks P, and P,, where the dotted
curves represent the experimental data. From the plots we can see
that the FWHM of both peaks P; and P, broaden monotonously
with increasing temperature. For comparison, we have listed the
observed line broadening along with other reported perovskites in
Table 1. From the table it is seen that the line broadening in both
the CNBI and CKBI samples is larger than for the lead based
perovskites, and we attribute this to the inhomogeneous broad-
ening of the emission due to size dispersion, surface roughness,
and phonon coupling as the dominant spectral broadening
mechanism.>

The temperature dependent line broadening observed in
Fig. 7(c) can be explained by the following model:****

I'o
I(I)=To+mT+ exp(fhoro/KeT) — 1 @
where I'y is the inhomogeneous broadening contribution, y;, is
the exciton-acoustic phonon interaction strength, I'; is the
carrier-LO phonon coupling coefficient, and %w;o is the LO
phonon energy. The solid line in Fig. 7(c) represents fitting of
the above equation. From the fitting it is observed that both the
acoustic and longitudinal optical phonon scattering contribute
to the line broadening, and the extracted parameters are listed
in Table 2. The obtained fitting parameters indicate that the
exciton-phonon interaction (both acoustic and LO) is stronger
in CNBI compared to in CKBI, which may also affect the
population rate as seen in the integrated intensity plots.

Third-order optical nonlinear measurements

The measurements of third-order nonlinear coefficients (i.e. n,
and f) were obtained using a single excitation beam technique
(Z-Scan). This technique is used to determine the sign and
values of n, and f directly. In Z-Scan, the variation in the
transmission of the excitation laser is measured in the far-field
as the sample is translated along the direction of propagation
of the focused beam. This results in alteration of the phase-
front as well as the power in the optical beam, recorded by a
suitable detector through an aperture, which could be a partially
closed aperture (CA)-configuration or it could be completely open
aperture (OA)-configuration. The nonlinear measurements were
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Table 2 Extracted fitting parameters for line broadening of CNBI and
CKBI perovskite films, and some other perovskites

Vph
Iy (meVv I'o horo

Sample (mev) K1 (meVv)  (meV) Ref.
Cs,NaBilg 32.7 0.94 190.2 88 This

work
Cs,KBilg 35.3 0.47 199.4 78 This

work
FAPDI; 19 40 11.5 54
FAPbBr; 20 61 15.3 54
MAPDI; 26 40 11.5 54
MAPDbBTr; 32 58 15.3 54
(PEA),Pb,1, 30 70 29 57
(PEA),(CH;NH,),[Pb,I,,] 79 231 49 57
CsPbBr; 37.20 13.78  45.02 58
CsPbBr, 55Cly -5 28.49 20.28 65.72 58

performed with a beam energy density ~150 GW cm > at a pulse
repetition rate of 1 kHz. The measured CA and OA transmissions
are shown in Fig. 8 (black dotted-curves). In order to rule out the
contribution from the substrate in our NLO measurements, we
obtained the Z-scan transmission traces for the FTO coated glass
substrate in both CA and OA configurations at identical pump
powers and subtracted them from the actual measurements of the
perovskite films. It is worthwhile mentioning that the alteration of
pump power from 50-150 GW cm ™2 resulted in a very small
change in the normalized transmission for both the CA and OA
configurations and the transmission profile remained
unchanged. The CA transmission could contain a contribution
from nonlinear absorption (if significant) in addition to the
signature of nonlinear refraction. The measured CA normalized
transmission for CNBI and CKBI films are shown Fig. 8(a) and (b),
respectively. It is apparent that both the samples exhibit a pre-
focal maximum (peak) followed by a post-focal minimum (valley)
which is a typical signature of the self-defocusing effect or
alternately, the nonlinear refractive index (1,) bears a negative
sign.®® In order to estimate the values of nonlinear coefficients,
the normalized transmittance is fitted with eqn (5).>%*°

4A¢x 2(x? + 3)A¥,

T(z,A¢y) = 1*(X2+9)(x2+1)7(x2+9)(x2+1) &)

where, x = 2/z, is the relative sample position, A¢d, = knloLe is the
phase change due to nonlinear refraction, AW, = fI,L.¢ represents

Table 1 Comparison of the line width of CNBI and CKBI perovskite films with some other perovskites

Sample Structure / (nm) Temperature (K) FWHM Ref.
Cs,NaBilg Film 532 77-300 228-353 meV This work
Cs,KBilg Film 532 77-300 273-400 meV This work
CsPbBr; Quantum dots 1064 30-290 190-233 meV 17
CsPb(Br/I); Quantum dots 1064 30-290 205-210 meV 17

FAPDI; Film 398 10-370 20-100 meV 54
FAPDbBr; Film 398 10-370 20-210 meV 54
MAPDI; Film 398 10-370 20-120 meV 54
MAPDbBTr; Film 398 10-370 30-135 meV 54
CsPbBr; Nano-crystals 400 300-373 75-86 meV 16
CsPbX;,(X =Cl, B, I) Colloidal solution of nano-crystals 365 300 12-42 nm 15
CsPb,Mn; _,Cl; Colloidal solution of quantum dots 340-380 423-463 12-80 nm 55
MAPDBTr; Film 405 78-320 50-170 meV 56
MAPDI; Film 405 78-320 45-85 meV 56
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Fig. 8 (a and c) Z-scan traces of the CNBI film recorded in CA and OA configurations, respectively. Similarly, traces of the CKBI film recorded in CA and
OA configurations are plotted in panels (b) and (d) (black dotted-curves), respectively.

the phase changes due to nonlinear absorption, I, is the on-axis
intensity of the laser beam at the focal point, and L.y is the
effective sample thickness. A prior knowledge of f assists in
obtaining a better fit to CA transmittance and hence, a more
accurate estimation of n,. Therefore, the OA transmittance is
measured for both the CNBI and CKBI samples which exhibit a
peak at the focal point and are presented in panels (c) and (d) of
Fig. 8. The appearance of this transmittance peak at the focal
point is a signature of saturable absorption (SA) behavior. For an
OA configuration, the normalized transmittance is essentially
dictated by eqn (6):**

BloLesy

T(z7s:1):l—m

(6)

It is important to appreciate that eqn (5) and (6) are derived
using a Gaussian beam decomposition method and it assumes
the incident laser beam to have M” = 1. Any scattering mecha-
nism which distorts the Gaussian beam wave front would
essentially result in an error in estimation of n, as well as f.*
The non-uniformity in the CNBI film tends to distort the beam,
which adversely affects the fit in panel (c¢) in comparison to that
of CKBI in panel (d). From the fitting, the obtained NLO
parameters are summarised in Table 3. In addition to this,
the reported NLO coefficients for a few perovskites are also
tabulated. A comparison elucidates that  for CNBI and CKBI is
less with respect to the Pb based perovskites. The usually high

4072 | Phys. Chem. Chem. Phys., 2022, 24, 4065-4076

p value reported in ref. 4 and 62 is essentially due to the
significant contribution from free carrier and two-photon
absorption mechanisms. Similarly, our 7, values are less than
the Pb based perovskites. In general, the third-order ()
nonlinear optical processes could essentially be due to resonant
or non-resonant interactions of the medium with coherent EM-
radiation. The thermo-optic manifestations, which are
mediated through phonon-photon interaction usually fall into
the non-resonant category and have negligible contribution
when the excitation sub-picosecond laser has a low repetition
rate (a few kHz). The resonant intensity nonlinearity, on the
other hand, are slow and attributed to real transitions. It is
worth mentioning that the perovskites typically exhibit absorp-
tion bands (due to linear absorption) in the visible band of the
EM-spectrum. Therefore, in order to avoid any resonant (linear
as well as nonlinear) optical effects, the nonlinear absorption
measurements were carried out at near-infrared (at 1030 nm
wavelength). Consequently, the optical nonlinear response
observed in the CNBI and CKBI films is essentially dominated
by simultaneous absorption of multiple photons through vir-
tual transitions. This non-resonant multi-photon absorption
process could be attributed to the bound charges, which lead to
a significant dipole moment change upon ultra-short pulsed
excitation. Additionally, the SA behavior in both the CNBI and
CKBI films is a signature of the Pauli blocking effect, which
comes into effect when the excitation intensity is high. In this
case, the intensity is ~150 GW cm™? at the focus, which leads
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Table 3 Summary of the NLO parameters of CNBI and CKBI perovskites along with some perovskites/other materials reported in the literature

Sample Structure n, (em®> w) B(emw™) J (nm) Pulse duration Ref.
Cs,NaBil Film —1.06 £ 0.081 x 10°** —6.23 £3.9 x 107> 1030 370 fs This work
Cs,KBil, Film —1.34 £ 0.20 x 107 —1.14 4+ 0.27 x 10°** 1030 370 fs This work
CH;NH,PbI, Film 2.1 x 1072 —0.5 x 10°° 1028 200 fs 4
CsPbBr; Quantum dots 8.5 x 107! 800 100 fs 22
(CH;(CH,);NHj;),(CH3NH;);Pb,l;;  Powder 9.6 x 10" 2.19 x 108 1064 30 ps 62
CsPbl, Colloidal solution 3-8 x 10~ 3-5% 1070 1064 1ns 63
MAPby 555N 5515 Film 1.15 x 1073 1535 400 fs 64
(Cs0.06FA¢.70MA 15) Pb(Ig s5Bro.15);  Film 1x 10" (100-0.43) x 107° 790 50 fs 65
(PEA),PbI, Film 211.5 x 10°° 800 100 fs 66
(BA),MAPb,1,/(BA),Pbl, Film 44.0x 107° 800 100 fs 67
(CH3(CH,)3NH;),(CH;NH;) PbyI,  Quantum dots 720 x 107° 532 68
(BPSCA),MAPb,], Film 1.2 x 101 11.25 £ 2.0 x 10°° 800 100 fs 69
CsPbCly Nanocrystal 7.91 x 107" 630 100 fs 70
CsPbCl, Quantum dots 1.36 x 10~ 787 100 fs 71
CsPbl, Quantum dots 1.54 x 10! 787 71
MAPbI, Film —4.6 x 107 1560 2.8 ps 72
MAPbDI, Film —152 x 10°° 532 40 ps 73
MAPbI, Nanosheet —1.934 x 10°° 800 140 fs 74
MAPDI; Single crystal —1.934 x 10°° 1064 30 ps 75
Zno Nanorods 2.1 x 107 3.5 x 107° 532 0.7 ns 29
Silicon Crystalline 5.41 x 10~ 3.26 x 1078 1064  11.5ns 76
GaAs Film —9.4 x 10" 3.25 x 107" 1550 73
CdTe Quantum dots 2.5 x 1012 1.5 x 1077 800 77
Bi,Te; Nanostructures 9.402 x 10° 532 4 ns 78

to accumulation of bound charges in the near-bottom levels of
the higher valence band. This tends to adversely affect the
two-photon (or multi-photon) absorption probability and sub-
sequently, the SA signature at high laser intensity.*

Conclusion

Given the challenges of finding air-stable, non-toxic alternatives
to the lead halide perovskites, it is highly encouraging to find
double perovskites with band gaps that are comparable to their
lead based perovskite analogs. In summary, lead-free and eco-
friendly CNBI and CKBI perovskite films were deposited on
FTO coated glass substrates using a drop cast method. The XRD
patterns confirm the synthesis of double perovskites. The
optical band gaps of the CNBI and CKBI perovskites were
estimated to be 1.94 and 1.98 eV, respectively, from their
UV-Vis absorption spectra. The temperature dependent exci-
tonic emission characteristics and room temperature NLO
properties of both the CNBI and CKBI films were investigated
under ambient conditions using PL spectroscopy and Z-scan
techniques respectively. The PL spectra of the CNBI and CKBI
samples showed temperature-dependent excitonic emission
behavior, where thermal quenching of the FX emission along
with temperature-dependent line broadening and a blue-shift
of the FX peaks with increasing temperature were observed. We
attribute this thermal quenching of the FX peaks to dissocia-
tion of excitons with increasing temperature. The temperature-
dependent line broadening of the FX peaks in both the CNBI
and CKBI samples fits well with the model incorporating
inhomogeneous broadening, exciton-acoustic phonon inter-
action strength and exciton-LO phonon coupling. The blue-
shift in the FX peaks may either arise due to widening of the
band gap through slight changes in the potential energy in the

This journal is © the Owner Societies 2022

VBM and CBM, or the change of relative contributions from
the excitonic and free-charge carrier recombination with tem-
perature. However, detailed theoretical band calculations and
investigation of the relative contributions from these two types
of emissions with the temperature of these perovskites are
needed, which may provide a better understanding of the
fundamental mechanism behind the blue-shift. In NLO mea-
surements, the self-defocusing effect (negative n, value) is
evident from both the CNBI and CKBI samples. The observed
SA characteristics of the samples are attributed to the unavail-
ability of unoccupied states for the nonlinear optical transi-
tions to take place. The apparent excellent excitonic emission
characteristics and NLO properties of the CNBI and CKBI
perovskite films in ambient conditions indicate their applic-
ability for designing cost-effective and lead-free optoelectronic
and NLO applications.
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