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Femtosecond induced third-order optical
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Ruddlesden—Popper perovskite is a class of layered halide perovskite which gained much attention
over the past few years in the field of photovoltaics. Herein, we have presented a compendious
sketch of third-order nonlinear optical (NLO) properties of (PEA),Cs4PbsBrig, a quasi-two-dimensional
(2D) perovskite using femtosecond Z-scan technique at 800 nm. Our open aperture (OA) Z-scan
measurements unveiled saturable absorption (SA) behaviour of the 2D perovskite with a nonlinear

Received 22nd June 2022, absorption coefficient of —13.83 cm GW™%, which is an order of magnitude higher than other 2D

Accepted 16th August 2022 materials. Nonetheless, the self-defocusing effect has been demonstrated using a closed aperture
(CA) Z-scan measurement. High nonlinear absorption coefficient and intensity

(38.81 GW cm™2) infer that (PEA),CssPbsBrig perovskite film could be useful for ultrafast photonic
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Introduction

Nonlinear optics has broad applications in laser technology
which includes optical parametric amplification, electro-optic
switching, frequency doubling and mixing. The study of non-
linear optical (NLO) properties becomes imperative from the
technological point of view to design NLO devices and for the
understanding of underlying mechanisms governing light-matter
interaction. Ultrashort laser pulses can be generated by exploiting
the NLO property, saturable absorption (SA) and hence saturable
absorber is the key optical component in pulsed lasers. Semicon-
ductor saturable absorber mirror (SESAM) is commercially used
as a saturable absorber because of its high stability, but it has
disadvantages of complex fabrication processes and limited
bandwidth." To develop ultrafast lasers, different NLO materials
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have been investigated over recent years.” For example, carbon
nanotubes (CNTs) were reported to possess excellent NLO
responses. But, this NLO behaviour depends on the distribution
of the diameter of CNT.>* On the other hand, graphene and
graphene analogue two dimensional (2D) materials like transition
metal dichalcogenides (TMDCs), transition metal monochalco-
genides (TMMCs.), black phosphorous and related materials have
shown application potential in ultrafast photonics because of
their striking NLO response.” ™

Recently, perovskites materials have gained much importance
in the field of photonics owing to their NLO properties.’* Li et al.
reported an SA response from the CsPbBr; quantum dots (QDs)
with nonlinear absorption coefficient (c) —0.35 cm GW ' and
saturation intensity (I, 11 GW ecm™>." In another study, cubic
crystals of CsPbBr; have been shown to exhibit two-photon
absorption (TPA) responses with a TPA coefficient of 9.7 x
107> em GW ' Ruddlesden-Popper perovskite (RPP), are
quasi-2D perovskites with the general formula A*,(4),_1Pb,X3,+1,
where A* is long-chain aromatic ammonium or alkyl cation, 7 is
the number of octahedral layers in the perovskite-like stack and if
n is large (infinity) the resultant structure will be an ordinary 3D
perovskite. This class of layered halide perovskite material is on
the rise with improved ambient stability.">'® Cao et al and
Qiu et al. in separate reports demonstrated the role of solvent
choice and spin coating conditions in enhancing the stability of
2D perovskite films."”'® Recently, Liang et al. reported less than
10% efficiency degradation in 2D Ruddlesden-Popper perovskites
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under continuous light illumination for 1100 hours." There
might be other approaches under trails that are intelligently
engineered to combat stability related issues.

In RPPs, organic ligand layers are bonded via van der Waals
forces and as a result they can be exfoliated easily into 2D
flakes. RPPs display fantastic optical properties such as large
exciton binding energy, bandgap tunability over ultraviolet to
visible by changing layer number and strong light-matter
coupling.*®*' Benefiting from these properties, RPPs have
shown promise for applications in solar cells, LEDs, photo-
detectors and field-effect transistors.”>>* However, a compre-
hensive sketch of the third-order nonlinear properties of RPPs
is still missing. Herein, we have deciphered the NLO properties
of highly optical stable quasi-two-dimensional (PEA),Cs,PbsBr;
(Ruddlesden-Popper) perovskite film (PEA= phenylethylammo-
nium) using open and closed aperture Z-scan techniques. The
film of an RPP, (PEA),Cs,PbsBr;s was prepared by adopting a
synthesis method from previous literature.”® The RRP film
exhibits NLO behaviour due to single photon absorption result-
ing in saturable absorption and we also observed self-defocusing
behaviour. We compared the results with different reported
materials near the IR regime which indicated that the 2D RRP
film has superior optical nonlinear behaviour. This research has
important research value for furthering the important applica-
tion of Ruddlesden-Popper perovskites in the field of photonics
devices.
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Preparation and characterization of the
perovskite film

For the preparation of the (PEA),Cs,Pb5Br;s perovskite film
molar stoichiometric ratios of all the components were dis-
solved in 1 ml DMSO (0.5 mmol PbBr,, 0.37 mmol CsBr and
0.25 mmol PEABr) followed by spin coating on a coverslip
at 1200 rpm for 10 s. Chlorobenzene was dropped as an
antisolvent before 30s of the final spin-coating process fol-
lowed by annealing the film at 90 °C for 10 min. The thin films
were stored in the glove box under an inert atmosphere. The
film crystalline structure has been characterized by grazing-
incidence wide-angle X-ray scattering (GIWAXS) measurements.
2D GIWAXS patterns (Fig. 1a and b) have been acquired at the
surface- and depth-sensitive conditions, i.e. at incident angles
of 0.22 and 1.3 degrees with corresponding X-ray penetration
depths of 3.7 nm and 234.9 nm into the (PEA),Cs,PbsBr6
film.>® The former is characterized by prominent diffraction
spots (Fig. 1a) indicating the presence of a few-layer perovskite
structure at the surface. The appearance of the diffuse rings in
the latter (Fig. 1b) suggests that the orientation of the layered
structure becomes more random inside the film. To reveal the
crystal orientation relative to the substrate three-dimensional
structure indexing has been performed using an orthorhombic
CsPbBr; phase®® and overlaid with 2D GIWAXS patterns.”’
It has been found that a mixture of two orientations in the

in-plane

Fig.1 2D GIWAXS patterns of the (PEA),Cs4PbsBrig (RPP) film acquired at an incident angle of 0.22° (a) and 1.3° (b). (c) Azimuthal integration of the
GIWAXS pattern depicted in panel (b) (black curve) and simulated powder diffraction (red sticks). (d) Two crystal orientations have been used to index the
most prominent reflections in 2D GIWAXS patterns shown in (a and, b). The left orientation is represented by black and white markers, while yellow
markers are used for the right orientation. The peaks highlighted in blue colour in (b and c) originate from PEA layers. The CsPbBrz crystal data are taken

from ref. 22.2°
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film gives rise to the most prominent diffraction spots. One
orientation is characterized by the crystal b-axis perpendicular
to the substrate plane, i.e. (010) is the out-of-plane direction,
and another one is with (101) orientation in the out-of-plane
direction as depicted in Fig. 1d. The latter orientation is more
preferable and constitutes 58.8% of all crystalline grains
(Fig. S1, ESIT). The average grain size has been estimated at
28.4 £ 3.3 nm using the Scherrer formula which accounts for
the resolution of the apparatus.”® Three diffraction rings origi-
nating from PEA layers have also been identified (Fig. 1b and c).
Their intensity distribution with pronounced maxima in the
out-of-plane direction and d-spacing of 1.67 nm (Fig. 1b) sug-
gests that PEA multilayers are preferentially oriented parallel to
the substrate. Additionally, it suggests that 1.67 nm is the
distance between the layered perovskites.?®

Fig. 2a represents the SEM image of quasi 2D perovskite
film measured using NanoSem 450 (FE-SEM) to analyse the
submicrometre-scale structural morphology. The inset of Fig. 2a
is a high-resolution SEM image, which confirms 2D type faceted
platelets with roughly rectangular shapes with sizes between
50 nm and 300 nm. Fig. 2b shows the absorption spectrum of the
perovskite film, recorded using a Lamda 950 UV-Vis spectro-
photometer depicting a sharp optical absorption peak around
510 nm. Photoluminescence (PL) was measured on Edinburgh
FLS980 using a He-Cd laser (380 nm) at room temperature
(Fig. S2, (ESIY)). The PL spectrum is broad with a maximum
at 513 nm. The observed broad PL emission could be due to the
presence of trap states formed during synthesis.>**° Both the
absorption and PL maxima are consistent with the earlier reports.>*
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Moreover, time resolved PL measurement provided some clue
about the existence of intermediate states in our sample. It can
be seen that the PL intensity in Fig. 2c decays quickly at the
initial time and then the decay becomes slower. We fitted
the decay curve using a biexponential function which reveals
short (400 ps, 80%) and longer time components (1.7 ns, 20%)
with an average PL lifetime of ~690 ps. The initial fast
decay component could be assigned to the recombination
process via trap/defect states and the long component could
be ascribed to the band to band radiative recombination of
carriers.>*?"3?

A spin coated film of the perovskite on a coverslip was used
to carry out the NLO study. To scrutinize the ultrafast nonlinear
response, we carried out conventional open aperture (OA) and
closed aperture (CA) Z-scan measurements in the near IR
wavelength region (800 nm). The Z-scan setup used in this
study has already been described in our previous work.**** The
output from a Ti:sapphire regenerative amplifier (Spitfire ace,
Spectra Physics) seeded by an oscillator (Mai Tai SP, Spectra
Physics) was used as the excitation source. After bouncing from
a couple of mirrors laser was finally focused on a sample
mounted over a computer-controlled transitional stage with
the help of a convex lens of focal length 10 cm. The transmit-
tance of the sample as a function of sample position is recorded
with the help of photodetectors from the Pascher instrument.
The beam waist at the focus was measured to be 33.05 pm. The
pulse width of the laser light operated at 1 kHz repetition rate
(RR) at the sample position was 57 fs. The Z-scan setup used to
carry out nonlinear optical measurement is shown in Fig. 3.
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Fig. 2 (a) SEM images of perovskite film (Inset: high-resolution SEM image). (b) Absorption and (c) PL decay kinetics of the perovskite film recorded using
TCSPC.
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Fig. 3 Schematic representation of the Z-scan setup used for the NLO
study.

Z-Scan experiment and discussion

Fig. 4 shows the plots of normalised transmittance (for OA
Z-scan) as a function of sample position. Clearly, as the samples
approach toward the focus, the normalized transmittance of the
sample increases, which could be ascribed to the SA process.
The decrease in absorption of the sample due to SA results in the
increased intensity of transmitted light. Nonetheless, as the
input fluence increases the strength of the peak transmission
signal increases and becomes maximum at a higher fluence.
Since the bandgap of the RPP is 2.4 eV, an incident photon
(1.55 eV) does not have enough energy to lift an electron from the
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valence to the conduction band. However, excitation photons
can cause transitions of electrons (from valence band) into
intermediate states. Thus, the observed SA behaviour could
be attributed to the filling of defect or intermediate states.>®
However, these trap states act like a bridge for electrons to jump
into the conduction band from the valence band by absorbing
multi-photons with lower energy thus making the photo-
bleaching effect possible. As excitation intensity increases the
excitation and re-excitation of electrons from the valence band
to a higher energy level (conduction band/trap states) became
very fast while the reverse relaxation process slows down. When
the excitation rate is faster than the relaxation rate the net
electrons population increases in the excited state inducing
reduction of photon absorption (SA effect). When excitation
intensity is strong enough, at that condition due to Pauli
blocking principle all available states at a higher energy level
get occupied and are unable to accommodate extra photo-
generated carriers resulting in a photo-bleaching effect.*®

The steady state and time-resolved PL suggested the
existence of defect/trap states, which form optically active
intermediate states below the bandgap in the (PEA),Cs,PbsBr;,
perovskite.

It is worth noting that no SA response was observed from the
coverslip under the same excitation (Fig. S3a, ESIt). We mea-
sured the absorption spectrum of the irradiated area of the
perovskite film after Z-scan measurements to verify the sample
decomposition. Almost identical absorption behaviour of the
perovskite film after measurements (Fig. S3b, ESI{) suggests
that the possibility of sample degradation under intense laser
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Fig. 4 Open aperture (OA) Z-scan curves obtained at an excitation wavelength of 800 nm for (a) 35.36, (b) 84.76, (c) 134.16 and (d) 208 GW cm 2 input
intensities. The solid line in each figure represents the fitting of experimental data.
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light is very slim. Furthermore, as we have employed ultrashort
pulses at 1 kHz nonlinear scattering and thermal effects are
expected to be much weaker.?”*® It is worth mentioning that for
laser pulses operated at an MHz repetition rate thermal con-
tribution plays a significant role in nonlinear parameters.*®

To quantitatively estimate the NLO coefficient of the
(PEA),Cs,PbsBr;¢ perovskite film, we switched to fitted Z-scan
curves using the following nonlinear propagation equation.

dr
— = —(op + oanr.12)1- 1
i CUR AN WO 1)
where o, and oy, are linear and nonlinear absorption coeffi-
cients and I, is the intensity of incident light at position z.
Transmittance through the sample can be expressed as'?
S m
—qo(z

m=0 (m + 1)2/2

IyL . . .
0Zell 5, m is an integer and equal to 1 in

1 ( z )
)
the present case.

1 — ek . . :
Legr = is the effective path length, I, is the on-axis

peak intensi%ro at the focus and z, is the Rayleigh range. The
given path length, L was measured from the cross-sectional
SEM image (Fig. S4, ESIT) and found to be around 2.422 pm. It
is clear from Fig. 4 that the experimental data is fitted well with
eqn 2. The extracted values of nonlinear absorption coefficients
(onr) from fitting are tabulated in Table 1. The values of oy, at
800 nm are as high as —13.83 x 10~° cm W™, Furthermore, to
extract the value of saturation intensity, we plotted transmit-
tance as a function of intensity (Fig. 5a) and used the following
equation to fit the curve.®

where qo (Z) = ONL

T=1-

— Ons (3)

I
where I. = 0
z
20
nonsaturable component, and I, is the saturation intensity.
Fitting results (using eqn 3) reveal that perovskite film exhibits
a saturation intensity of 38.81 GW c¢cm > and a modulation
depth of 8%. The scheme of the SA process involved is shown in
Fig. 5b.
We have made a comparison of NLO properties of our
quasi 2D perovskite film with other contemporary materials.
Nonetheless, both blue and green emissive CsPbBr; quantum

5, %s is the modulation depth, oy is the

Table 1 Calculated values of nonlinear absorption coefficient (xy.) and
refractive index (n,) at different input intensities

S.n0 I, (GWem™?) o x 10°° (em W) 1y x 107 (em? W)
1 35.36 —13.8 4.1
2 84.76 —6.7 1.8
3 134.16 —-4.6 1.3
4 208 —4.3 1.4

© 2022 The Author(s). Published by the Royal Society of Chemistry
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dots possess nonlinear absorption coefficients (o) of —1.7
and —0.68 cm GW ', respectively at 800 nm.*® Rao et al.
reported a saturation intensity (Is,) of 500 and 95 GW cm 2
for CsPbBr; cubic nanocrystals and nanorods, respectively under
600 nm laser excitation.”’ The value of oy (—116 to —69 x
10> ecm GW ) is reported to be very high for the 2D sheet of a
RRP, (BA),Pbl,. This extremely large value of ay;, was attributed
to a pondermotive and relativistic nonlinear effect triggered by
plasma formation.*> SA behaviour has been demonstrated in
Cs,NaBilg and Cs,KBil, inorganic double perovskite films with
oang, Of —6.23 x 107° and —1.14 x 1072 em GW ', respectively
using a 1030 nm laser light of pulse width 370 fs.* Likewise, the
MAPDI; film was carefully inspected by Kalanoor et al. under
laser pulses of different repetition rates, pulse widths and
wavelengths. According to them, the large value of oy, of MAPDI
at 1028 nm could arise due to substantial contribution from
free carrier absorption.** Furthermore, we compare the NLO
properties of our 2D perovskite with other 2D materials.

It is clear from the comparison that the value of the non-
linear absorption coefficient for the (PEA),Cs,Pb;Br;¢ perovskite
film is comparable to other perovskites, but two to three orders
of magnitude larger than 2D transition metal dichalcogenides
(TMDCs), transition metal monochalcogenides (MMCs), black
phosphorous and few layer MXenes. The saturation intensity of
(PEA),Cs,PbsBr;¢ is found to be much lower as compared to
other 2D materials and comparable/lower than other perovskites
(Table 2). It is important to mention that the input intensity
employed in previous studies is of the order GW cm™2.">>%*
Passive Q-switched laser operation had been demonstrated
using perovskites (0D, 2D), TMDCs, and MXenes showing
a saturable absorption response at input intensities of the order
of GW ecm ™ 2.'%3%%23 we gpeculate, based on previous studies,
that pulsed laser operation could be possible using our
(PEA),Cs,PbsBr, perovskite based saturable absorber, which
further requires realistic experimental validation.

Next, we move on to closed aperture (CA) measurements
under different excitation intensities. Each curve possesses a
“peak-valley”’ type structure which arises due to self-defocusing,
a third-order nonlinear optical process (Fig. 6). The occurrence
of a peak (prefocal transmittance maximum) followed by a valley
(postfocal transmittance minimum) suggests that the perovskite
has a negative nonlinear refractive index (n, < 0). CA curves
were obtained after division with OA data to eliminate the
contribution of nonlinear absorption and fitted using the follow-
ing equation®*

4Dbo(0) -
; z 2 Z 2
[(5) H} {(5) 49

2
where A¢gy(t) = knyloLesr is the on-axis phase shift at focus, k = —n
A

(4)

and 4 is the excitation wavelength. The magnitude of the
calculated values of nonlinear refractive index using eqn 4 is
shown in Table 1. Next, we made a comparison of the nonlinear
refractive (1,) index with other perovskites. 2D flakes of layered
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Fig. 5 (a) Normalised transmission as a function of intensity for 208 GW cm~2. (b) Schematic sketch of the mechanism behind SA in the sample.

Table 2 Comparison of NLO properties of related 2D materials and nanocrystals

Materials Excitation ong X 107° (em W) ny x 107" (em® W) I, (GW cm ™) Ref.

SnS sheets 800 nm, 100 fs, 1kHz —4.65 x 10> — 158 45

Graphene 800 nm. 100 fs —8.28 x 107 — 764 46

Black phosphorus 800 nm. 100 fs —1.38 x 10?2 — 459 46

MoS, sheets 800 nm, 100 fs, 1kHz —2.42 x 10> — 381 47

MoTe, sheets 800 nm, 100 fs, 1kHz —3.7 x 10 — 217 47

MoSe, sheets 800 nm, 100 fs, 1kHz —2.54 x 10° — 590 47
Au-CsPbBr; cubic nanocrystals 800 nm, 130 fs, 76 MHz —9.93 x 10 >t0 2.34 x 10" ' — — 48

Few layer MXenes Ti;C,T, (T = F, O, or OH) 800 nm, 95 fs, 1IkHz ~ —11.7 x 10~° —4.66 x 107° 88.6 49
(PEA),Cs,PbsBry6, quasi 2D perovskite film 800 nm, 57 fs, 1kHz —4.3 —1.4 38.81 Present work
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Fig. 6 Closed aperture (CA) Z-scan curves captured at an excitation wavelength of 800 nm for (a) 35.36, (b) 84.76, (c) 134.16 and (d) 208 GW cm™~2 input
intensities.
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RRP, (BA),(MA)Pb,I, and (BA),(MA);Pb,l;; exhibited a nonlinear
refractive index of —4.7 x 107'% and —2 x 10™'* cm®> W},
respectively.>® Li et al. reported a nonlinear refractive index of
—0.14 x 10~** em®* W™ for CsPb(Cl, 53Br,.47); cubic crystals.>®
Furthermore, self-defocusing was reported in CsPbBr; nanocrystals
(n, ~ 107" em™® W' at 600-800 nm) under femtosecond
pulse excitations.*’ A laser pulse (216 ps) was generated via
mode-locking with CsPbBr; nanocrystals.”” Wei et al. showed
the potential of CH;NH;PbBr; perovskite crystals in modulating
spectral and temporal laser profiles, optical limiting and optical
stabilization.’® In inorganic double perovskite, Cs,NaBil and
Cs,KBil, films self-defocusing led to a negative nonlinear refrac-
tive index of —1.06 x 107" and -1.34 x 107" ecm® W},
respectively.”®> A negative nonlinear refractive index (—0.24 x
10" em® W™ ') was observed in a MAPbI; film under excitation
by a femtosecond laser (514 nm) pulse due to self-defocusing
behaviour.** We can infer from the above discussion that our 2D
perovskite which has same or even higher values of n, as
compared to other perovskites could be useful in mode lock-
ing/Q-switching as well as in pulse shaping.

It is important to mention that we used the same parameters
in fitting both OA and CA Z-scan curves. CA curves show little
asymmetry which could be due to distortion of the Gaussian
profile of the laser beam caused by thickness inhomogeneity in
the film.>® Estimated error in the measurement is expected to
be 10-15% which may arise in measuring peak intensities,
fluctuation in laser output and fitting.

It has been found that increasing the input fluences results
in a decrement of n, which eventually saturates at higher
intensities (Fig. 7). This decrease in the nonlinear refractive
index can be understood from the following equation.

&N (@)

An=ny) +>—= (5)
Iy

Here An is the effective nonlinear refractive index, N(t) is the
carrier density, ¢, is the change in refractive index per unit
density of conduction band electrons and I, is the on-axis peak

© 2022 The Author(s). Published by the Royal Society of Chemistry
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intensity. As inferred from the above equation, the decrease in
refractive index is due to its dependence on light intensity and
charge carrier density which tends to saturate at higher
intensities.

Conclusion

In conclusion, we investigated third-order nonlinear optical
(NLO) properties of the (PEA),Cs,PbsBr;, perovskite film using
an open and closed aperture femtosecond Z-scan technique.
Our OA Z-scan study uncovers the saturable absorption beha-
viour in the (PEA),Cs,PbsBr;¢ perovskite film which exhibits a
low saturation intensity, high nonlinear absorption coefficient,
low nonsaturable loss and has the ability to withstand very high
input intensity. Moreover, the CA Z-scan reveals a negative
nonlinear refractive index because of the self-defocusing effect
in our 2D perovskite. Our pioneering research based on 2D RPPs
has great implication in strengthening the area of nonlinear
research and applications. This demonstration of intriguing
NLO properties of the (PEA),Cs,PbsBr;s perovskite is expected
to accelerate the development of the Ruddlesden-Popper per-
ovskite based on ultrafast photonic devices.
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