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Directional and Polarized Lasing Action on Pb-free FASnI;
Integrated in Flexible Optical Waveguides

Isaac Sudrez,* Vladimir S. Chirvony, Jestis Sdnchez-Diaz, Rafael S. Sdnchez,

lvdn Mora-Serd,* and Juan P. Martinez-Pastor*

In this work, high-quality FASnl; (FA, formamidinium) lead-free perovskite
thin films are successfully incorporated in a flexible polyethylene terephtha-
late (PET) substrate to demonstrate amplified spontaneous emission (ASE)
and lasing. The waveguide (WG) consists of polymethylmethacrylate(PMMA)/
FASnI; bilayer deposited on a PET substrate and is properly designed to

allow single-mode propagation at the photoluminescence wavelength. This
geometry optimizes the excitation of the emitting FASnl3, enhances the
light—matter interaction in the semiconductor thin film, provides a preferable
direction for the emitted light and allows its direct outcoupling for on-chip or
fiber-optic applications. As far as the authors know, ASE and random lasing
are obtained for the first time in a flexible-based WG integrating a highly
efficient lead-free perovskite. The high quality of the deposited films and

the optimized design of the structure result in an extremely low ASE/lasing
threshold in the range of 1 1) cm~2, which is only ten times higher than that
measured in the same PMMA/FASnl; structure deposited on a rigid substrate
(Si/SiO,). More interestingly, these WGs exhibit a strong polarization anisot-
ropy for the outcoupled ASE/lasing light with a preferable transverse electric
polarization. This work is the base for the future development of ecofriendly,

1. Introduction

The development of a technology for flex-
ible photonics (FP) has become one of the
most important trends in the optoelec-
tronics community for the 2020 decade."?!
A photonic circuit that can maintain a
stable performance under mechanical
deformation will give rise to a large spec-
trum of vanguardist applications, ranging
from optical linksl®! to wearable sensors
directly in contact with skin or clothes.
As earlier proposed for flexible elec-
tronics,>® one of the main goals of FP
consists in reproducing previous achieve-
ments in rigid (silicon-based) micro(nano)
photonic circuits on a flexible substrate.
Successful examples include passive res-
onators,”l plasmonic crystals,® optical
amplifiers,”! organic light emitting diodes
or photodetectors.'%] In this scenario, the
demonstration of stimulated emission

flexible, and efficient photonic devices.
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in the FP device paves the road of much
more advanced functionalities derived
from the on-chip generation of coherent
light. The common strategies to imple-
ment an optical amplifier or a laser on a given substrate con-
sist of integrating a material with optical gain in Fabry—Perot,
distributed feedback or whispering gallery mode resonators.
However, to be effective these photonic structures need compli-
cated fabrication methods, which become more challenging in
the case of a flexible platform. Consequently, only a few publi-
cations developed the appropriate technology to demonstrate a
reliable stimulated emission device on a flexible substrate.[1112]
Ideally, a lasing flexible device should be fabricated by
means of simple and straightforward technology, allowing an
efficient coupling of the excitation beam together with direc-
tional light emission and efficient outcoupling. In this con-
text, the outstanding optical properties of halide perovskites
and their straightforward integration onto different substrates
seem optimum for developing such a lasing flexible technology.
Moreover, the use of nontoxic materials to be in contact with
human skin or tissues should also be a requirement for the
potential biomedical applications of this sort of future opto-
electronic/photonic sensing devices.376 Fortunately, lead-free
perovskites (LFP) have opened promising routes for such a new
generation of ecofriendly optical sources,’l as an alternative to
the lead halide perovskite (LP) families. Nevertheless, although
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LPs have been consolidated as excellent optical gain mate-
rials for traditional resonators®21l or random lasing (RL),?4
the use of LFPs for developing lasers or optical amplifiers is
still at its infancy.l?¥ There are only few experimental works
where amplified spontaneous emission (ASE) and/or lasing is
demonstrated with Sn-based perovskites, particularly MASnI;
(MA, methylammonium), FASnl; (FA, formamidinium), and
CsSnl;.2~%1 Nevertheless, the Sn-based perovskites demon-
strate an extremely low stability in air environment,?®l and ASE
was only observed under vacuum conditions. More importantly,
it is still not solved how to stablish an efficient pumping of the
LFP semiconductor and decouple the emitted light, which is
mandatory in an integrated optical technology. This require-
ment makes it more difficult to implement ASE/lasing devices
on flexible substrates and publications for such devices are
absent literature.

In this manuscript, we demonstrate the production of ASE
under a very low pulsed laser pumping threshold by incorpo-
rating a FASnI; film in the planar waveguide (WG) configura-
tion illustrated in Figure 1. Low annealing temperature, 100 °C,
used for the crystallization of FASnl3, allows the deposition on
polyethylene terephthalate (PET) substrate and represents an
important breakthrough in low-temperature processing LFP
nanomaterials. Moreover, although Sn-based LFPs present
severe problems in terms of material stability?”] we recently
demonstrated that it is possible to increase notably the stability
of these films by the use of appropriate additives and light
soaking treatment.?% In this way, our FASnl; films manifested
a relatively good stability with an almost constant ASE inten-
sity operation over more than 30 min at room temperature and
ambient conditions. Improved stability and longer runtime
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experiments (2-3 h) were possible by using flowing N, on top
of the device surface. The configuration of the WG consisted
of a polymethylmethacrylate (PMMA)/FASnl; bilayer structure
deposited on top of a flexible PET substrate. To clarify the con-
straints produced in the system using a flexible substrate, these
WG structures on PET were compared with identical struc-
tures, but deposited on a rigid Si/SiO, substrate. The PMMA
cladding layer of the WG enables an efficient pumping by the
propagation of the excitation beam at 532 nm (green curve in
Figure 1) end-fire coupled at the input edge of the WG, while
the semiconductor thin film enhances the light-matter inter-
action due to the high confinement through the fundamental
mode of the WG structure (red curve in Figure 1).332 Here, an
optimum thickness of 200 nm is chosen to allow single-mode
propagation at the photoluminescence (PL) peak wavelength
(890 nm) of FASnI; and to enhance the optical gain of the
transverse electric (TE) polarization mode at the expense of the
transverse magnetic (TM) one. Consequently, the device shows
a preferable TE polarization for the emitted light in analogy to
the I11I-V quantum well epitaxial lasers.?3 This interesting fea-
ture is, to the best of our knowledge, the first time that it has
been reported in a bulk perovskite material and paves the road
for applications where the polarization of the light is required,
such as wavelength filtering or multiplexing.

The high quality of the fabricated FASnI; films and the
benefits of the WG configuration are clearly demonstrated
by enhanced light emission and efficient outcoupling. In the
case of a flexible PET substrate the device shows an extraordi-
narily low threshold for ASE, =1 uJ cm™2, which is much lower
than values reported in literature for Sn-based perovskite thin
films deposited on rigid substrates and using back-scattering
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Figure 1. Scheme of the waveguide structure (center) and optical modes (bottom-right), the experimental setup (left and top-right) and waveguided

emitted light spectra (top): PL, ASE and RL.

Adv. Optical Mater. 2022, 2200458 2200458 (2 of 11)

© 2022 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

ADVANCED
OPTICAL
MATERIALS

www.advancedsciencenews.com

geometry,**?/ and also lower than those reported for MAPbI;

films deposited on flexible substrates. Moreover, we obtained a
lower ASE threshold of 100 n] cm™ in our FASnI;-based WG
structures prepared on rigid Si/SiO, substrates, which is not far
from the best values we obtained for MAPDI; integrated in a
similar WG geometry.?132 Moreover, we observed more fasci-
nating results derived from the generation of narrow spikes in
the ASE band that can be attributed to waveguided RL. Finally,
the lasing/ASE generated in FASnI; flexible WGs was studied
as a function of the convex curvature produced by mechanical
bending applied to this device. We believe that present results
will be the basis of new functionalities in future integrated
silicon, flexible photonics, and wearable laser-based chips pro-
duced by using solution processed lead-free perovskites.

2. Optimum Configuration for ASE

FASnl; films were fabricated following the procedure detailed
in the Experimental Methods section. The layers show a poly-
crystalline morphology with a grain size of 600-1000 nm, see
SEM image in Figure S1 (Supporting Information), and a uni-
form thickness of =200 nm provided by the fabrication condi-
tions, such as spincoating velocity and annealing temperature
(4000 rpm and 100 °C, respectively, in the present work). In
analogy with polycrystalline LP,*¥ FASnI; films show a high
absorption coefficient (> 10° cm™) below 600 nm, see Figure S2
(Supporting Information). Concretely, the band edge absorption
at room temperature is located at =850 nm, and the absorption
coefficient reaches approximate values of @, = 1708 um™ and
o, =0.216 um™! at the pump (532 nm) and PL signal (890 nm)
wavelengths, respectively. The PL spectrum is centered at
890 nm, orange line in Figure 1, which is characterized by a
decay time of 7; = 1.4 ns, see Figure S3 (Supporting Informa-
tion). The reflectivity of the films deposited on silicon, see
Figure S4 (Supporting Information), allows a good estimation
of the real part of the refractive index for the FASnI; film with
the phenomenological law n = 2.6 exp(-10™* 1), where A is the
wavelength in nm. This law for n was obtained from the best
fitting of the calculated reflectivity using the transfer matrix
method (TMM) to the experimental reflectivity.> This function
gives a refractive index of =2.4 in the visible-IR range, which is
consistent with reported values for this material.[3¢-3]

The WG configuration proposed in this work consists of a
PMMA/FASnI; bilayer structure deposited on a flexible PET
substrate, as illustrated in Figure 1, and the same structure fab-
ricated on a SiO,/Si substrate (2 um of SiO,) for benchmarking
purposes of ASE (and lasing) action. The bilayer configura-
tion has been chosen according to previous results obtained
with polycrystalline MAPDI; films,[1%31321 where we demon-
strated the generation of ASE under extremely low thresholds
(=10 nJ cm™2). Briefly, the proposed structure provides an effi-
cient excitation of the active medium together with a strong
light-matter interaction, which is due to the high electromag-
netic confinement in the fundamental mode. For this pur-
pose, the WG is defined by the refractive-index contrast (An)
between its different layers of the structure and was modeled
by a TMM algorithm.B% According to the mode analysis devel-
oped for the PMMA/MAPDI;/SiO, waveguide,!l a perovskite
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film thicker than 250 nm results in multimode propagation
at the PL wavelength and the PMMA should be thicker than
0.5 um to increase the propagation length of the pump beam
at 532 nm (for 0.5 um the effective absorption is =1 um™).5l
Here, similar conclusions can be extracted, and the thicknesses
of FASnl; and PMMA layers were fixed to d; =200 nm and d, =
600-1000 nm, respectively, because these values optimize the
propagation along with the WG of the pump beam at 532 nm
and the emitted light at 890 nm, see section S2 (Supporting
Information).

The excitation beam at 532 nm is end-fire coupled at the
input edge of the WG and propagates along its entire length
(1 mm) through the TE, (TM;) cladding mode (see the green
curve in the bottom-right inset of Figure 1 and Figure S5, Sup-
porting Information), whose power distribution is mainly con-
fined in the PMMA. At the same time, emitted light at 890 nm
is excited along with the WG by the evanescent field of that
mode, which has previously proved an efficient method.l3!
In fact, the PL signal at 890 nm propagates through the TE,
(TM,) fundamental and unique mode of the WG structure
(see the red curve in the bottom-right inset of Figure 1 and
Figure S5, Supporting Information). In particular, the mode
analysis indicates an effective refractive index higher for the
TE, mode (higher confinement) in the LFP semiconductor
and a preferable TE polarization for the emitted light. Besides,
the overlap of emitted light with the active medium is a neces-
sary condition to enhance stimulated emission. Consequently,
above a relatively low threshold, our WG structure shows the
spectrum-narrowing characteristic of ASE, the red spectrum
in Figure 1, and the appearance of spikes typical of lasing, the
brown spectrum in Figure 1. Furthermore, the WG configura-
tion enables the direct end-fire outcoupling of waveguided PL
or ASE signals.

3. ASE and RL in Rigid Waveguides

3.1. Generation of ASE and Lasing

A PMMA/FASnl; WG fabricated on a rigid SiO,/Si substrate
was prepared and measured for benchmarking purposes, see
Figure 2a for the experimental laser-pumping/light-collection
scheme and Figure 2b for a SEM cross-section image of the
WG structure. When the excitation beam at 532 nm was end-
fire coupled at the input edge of the WG, a bright PL line at
890 nm was decoupled at its output edge, as shown in the CCD
image of Figure 2c. This outcoupled PL line corresponds to the
near field distribution of the fundamental TE, mode of the WG,
which is highly confined in the semiconductor film.

The waveguided PL spectrum demonstrates a progressive
narrowing by increasing the excitation fluence (I), due to the
production of ASE after a certain threshold, see Figure 2d.
Moreover, in case of high excitation fluence, the ASE spectrum
exhibits sharp peaks, which are a distinctive feature of lasing
action (see inset in linear scale).*! In fact, the log-log plot
of the waveguided PL intensity (Ip;) as a function of fluence I
shows the typical S-shaped curve characteristic of lasing action
(hollow brown circles in Figure 2e), in parallel to the progressive
reduction of the full width at half maximum (FWHM) of the

© 2022 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH
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Figure 2. ASE and lasing on FASnl; rigid waveguide. a) Scheme of the sample. b) SEM cross section of the FASnl; film. c) TE, at 890 nm collected at
the output edge of the WG. d) PL spectra for different excitation fluences. Inset show the detail of the lasing lines. e) PL peak intensity and FWHM as
a function of the excitation fluence. Brown solid line corresponds to the modelling with a standard laser equation.

signal spectrum above the ASE threshold (hollow blue circles in
Figure 2e). This dependence reveals three different regions sep-
arated by vertical dashed lines in Figure 2e. Region SE observed
for 1 < 100 n] cm™2 where the PL spectrum is characterized by
a Gaussian shape centered at 890 nm with a FWHM =100 meV
(64 nm) that corresponds to the spontaneous emission of
FASnlI; due to exciton recombination at room T,/**/ and hence
exhibiting a linear variation with fluence, Ip; o I. Region ASE
begins above a fluence threshold of =I =100 n] cm~2, where the
spectrum of waveguided emitted light progressively collapses
down to a narrow Lorentzian line of 10 meV (6.4 nm) that
shows a superlinear increase (Ipje< I3?). This behavior is a clear
signature of stimulated light emission and indicates the suita-
bility of the proposed WG as optical amplifier. Indeed, the ASE
threshold of 100 n] cm™ measured here is about one order of
magnitude higher than that found for MAPbI; films integrated
in a similar WG configuration, />332 and significantly smaller
than values reported for Sn-perovskite films pumped under
backscattering geometry until now.?*?’l Finally, the RL region
observed for I > 300 nJ cm™ is characterized again by a linear
growth of Ip; with the excitation (Ip;e< I) and the appearance of
very narrow spikes (< 1 nm, see the inset in Figure 2d) over the
already narrow ASE line, which is attributed to lasing action.
Since there is not any integrated optical resonator within the
WG, the lasing action is ascribed to the formation of random
cavities, where a positive feedback is provided by the strong
scattering in the polycrystalline grains.263-* Moreover, RL
spectra collected at different zones of the rigid WG show dif-
ferent peak wavelengths, as depicted in Figure S6a (Supporting
Information) (four different points). In this way, the statistics
obtained over 200 RL lines indicate that the frequencies of their
peak wavelengths exhibit a distribution consistent with the pro-
file of the ASE spectrum, as observed in Figure S6b (Supporting
Information). A Fast Fourier Transform procedure carried out
with these spectra, Figure S6c—d (Supporting Information),
indicates average cavity lengths in the range L, =231-244 um,
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which is consistent with that found for CsSnI;?% or MAPbI,
thin films." The benefit of our WG structure is given by
such very low ASE/lasing thresholds (100/300 n] cm™),
which are smaller than the RL reported for films of CsSnl,
(18 mJ] cm?2),2) MAPbBr; (800 uj cm2),¥ MAPbI,
(30150 pJ cm2),¥431 CsPbBr; quantum dots (40 u cm=2)* and
tin-based Ruddelsden—Popper perovskites (0.5-3 uJ cm™2),14>40]
all pumped under surface/backscattering excitation.

It is interesting to note that ASE/lasing lines broaden by
increasing the excitation over 1y cm™ producing the fusion of
RL lines within the ASE shape. The broadening can be attrib-
uted to several mechanisms working separately or in different
combinations: i) saturation effects caused by thermal heating;
i) the fact that the carrier density at such excitation fluences,
[0.46-1.38]-10'® cm3, has reached the Mott transition in the tin
perovskite, =10'® cm™, and the ASE becomes broader because of
the influence of the electron-hole plasma;P*! iii) the fact that such
a level of excitation is above the carrier density threshold where
Auger recombination becomes non-negligible, 2.5-107 cm™;#
and iv) a more important contribution of the waveguided
extended modes responsible for the ASE compared to the (scat-
tering-induced) localized modes responsible for narrow RL peaks.

The generation of stimulated emission in our WGs can be
understood by the comparison of the experimental carrier den-
sity at threshold (Ny) and the theoretical value expected from
the theory of semiconductor optical amplifiers.?”] On the one
hand, the experimental carrier density (G) at low excitation flu-
ences (below or close to threshold) can be estimated with the
equation:

6(2)= 72 M)

where « is the absorption at the pump wavelength, I is the

excitation fluence, and hv is the excitation photon energy. At
these conditions, the thresholds for the ASE and RL regimes

© 2022 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH
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yield Ny =4.5 x 10" cm™ and N, =2 x 107 cm™, respectively.
On the other hand, the theoretical threshold of optical gain
in a semiconductor can be estimated from the transparency
condition (gain = losses) through the electron (f}) and hole (f,)
occupation probabilities, (i.e., f. =f, = 0.5).31 By using the elec-
tron and hole effective masses for FASnI;, m. = 0.28 m, and
my, = 0.11 my, respectively,®l the transparence carrier density at
threshold (Ny,) reaches the value Ny = 1.34 x 10®® cm™3. The
large difference between the experimental values of Ny, and
Ny can be ascribed to the benefits induced by the optical WG
structure, which leads to an enhancement of emitted light by
the coupling to a given optical mode.’l Indeed, the transparent
concentration for ASE, N, = 4.5 x 10'® cm™3, is smaller than
previously reported values for FASnI; films excited under fem-
tosecond laser pulses at 800 nm,!?! and close to that obtained
in MAPDI; films integrated in similar WG geometry.*Y Consid-
ering the experimental transparency for RL N, = 2-107 cm™,
a, =17.08 um™ and 7, = 1.4 ns measured for our FASnI; films
and the mode analysis described in S2 (Supporting Informa-
tion), the variation of the emission intensity with the laser flu-
ence can be nicely reproduced with the standard semiconductor
laser model (solid brown line in Figure 2e), as described in sec-
tion S4 (Supporting Information). The optical gain (g), tran-
sient time of the photons in the cavity (7,), and the spontaneous
emission factor (f), are the figures of merit that can be extracted
from this model to fit the experimental lasing curve (hollow
brown circles in Figure 2e). The WG structure based on FASnl,
in the present work yield g =1600 cm™, which corresponds to a
material gain of 2000 cm™ and a net gain of 23 cm™ averaged
along the whole length of the structure (1 mm). Besides, the
model suggests a photon lifetime in the cavity =7, =2-3 ps and
a spontaneous emission factor § =0.70.
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The parameter frepresents the fraction of the spontaneously
emitted light that is coupled to the lasing/amplified mode. The
aleatory paths characteristic of a standard random laser usu-
ally results in a limited value of f. For example, theoretical
studies predict that this factor is limited to S = 0.1 in a generic
random laser® or B = 0.04 in a random laser based on MIE
resonances.”? Similar values have been obtained experimen-
tally in a suspension of TiO, nanoparticles inside a dye solu-
tion, B=0.07,5% in a Nd:LuVO4 crystal powder, 8= 0.18,>4 and
MAPDBr; perovskite film deposited on PET, = 0.14.°%] These
low values of S are usually correlated with high RL thresholds
(=m] cm™2). Nevertheless, this parameter can be enhanced by
providing some directionality for the RL light, for example
by using a disordered photonic crystal waveguide, where
B=0.315% or the present result, = 0.7. Such a high value of
indicates that most of the emitted light is coupled to the lasing
mode attributable to the strong electromagnetic field confine-
ment in the waveguide, also leading to the measured low ASE/
RL thresholds of =100/300 nJ cm™2.

3.2. Stability, Directionality, and Polarized Emission

Beyond the optical effect, the PMMA cladding serves as a
protective layer against water or oxygen moisture and hence
enhancing the stability of Sn-based perovskite.?2 As a result,
the evolution of ASE spectra in the FASnl;-based WG as a
function of time shows only small changes in the linewidth and
intensity of the RL lines. The recorded waveguided PL at O s,
Figure 3a, and 1500 s, Figure 3b, presents the same RL wave-
lengths with a slight broadening/narrowing of the linewidth,
and almost constant intensity, see the map in Figure 3c. The
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Figure 3. Evolution of the RL action during the time in a rigid substrate. a) Spectra at t = 0. b) Spectra at t = 1500 s. c) Map of the PL spectra as a
function of the time. d) Evolution of the integrated PL intensity of the ASE band (/p) and the RL peak intensity at 888 nm (green symbols) and 892 nm

(brown symbols), all normalized at t =0.
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peak intensity of the RL lines and the integrated intensity of
the whole ASE band exhibit a variation lower than 30% of the
average value, see Figure. 3d. The more or less periodic fluc-
tuations observed at 150, 600, and 900 s can be explained by
variations of the RL threshold. This behavior is characteristic
of a random laser system when the excitation pulse duration is
comparable to or longer than the spontaneous PL lifetime,’!
which is the case of the FASnI; waveguide used in this work.

Although emitted light produced by exciton recombination
is initially omnidirectional, the WG configuration selects a
preferable momentum for the emitted light parallel to the TE,
mode, which stablishes a directional extraction of light from
the output edge of the WG and appropriate outcoupling to a
fiber optic (Figure 4a) or on-chip devices. Figure 4 compares
ASE light collected in the TE (blue), TM (red), and TOP (black)
directions, using the experimental configurations depicted in
Figures 4a-b. The three collection conditions show a similar
spectrum (Figures 4c—d) and laser fluence threshold (Figure 4e),
being the outcoupled emitted light much more intense along
the WG direction. In particular, the emission of the film shows
a preferential TE polarization. For spontaneous emission, the
ratio Itg/ Ity =3.5, while it grows more than 100%, Itg/Iry > 7,
above the ASE threshold (at the maximum excitation power), as
shown in Figure 4f.

Again, it is worth mentioning that the directionality provided
by the WG represents a cheap and elegant way to increase the
signal-to-noise ratio and provide a direct outcoupling of laser
light from the WG without expensive technology or compli-
cated pump systems.’?~"] Moreover, the outcoupled RL light
from the WG is polarized parallel to the TE polarization, which
is observed for the first time in perovskite thin films, to the best
of our knowledge, but previously observed in ZnO thin films, >l
in liquid crystals® or plasmonic systems.[®%]

4. ASE and Lasing in Flexible Waveguides

One of the many advantages of LPs is their extraordinary optical
and electrical quality in polycrystalline form, leading to very
efficient optoelectronic and photonic devices, even fabricated
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on flexible substrates.l®!l It is important to say that the demon-

stration of optoelectronic functionalities in flexible structures is
always challenging due to the particular technique used for dep-
osition and the film formation (and adhesion) on a plastic sub-
strate, other than its posterior behavior under mechanical strain
and deformation conditions. These limitations could be eventu-
ally more important in the case of Sn-based LFPs, because their
films can exhibit pinholes and poor stability under ambient con-
ditions, even if they are deposited on rigid substrates.?8! Contra-
rily, this is not the case for our FASnl; layers,% see Experimental
Methods for further details of thin film fabrication. This success
is the basis for expecting good results with optical WGs fabricated
on flexible substrates, particularly PET, one of the most used in
the market for many applications. In analogy to the rigid struc-
ture, the flexible WGs also allows the simultaneous propagation
of the excitation beam at 532 nm and the emitted light signal at
890 nm through the TE, and TE; (TM,) modes of the WG ( S2,
Supporting Information), respectively, which can be decoupled at
the WG output edge as shown in the image of Figure 5a.

ASE and narrow RL lines are also observed by increasing
sufficient excitation fluence, as shown in Figure 5b, similarly to
the WG fabricated on Si/SiO,. The evolution of I, and FWHM
of outcoupled light spectra with the excitation laser fluence is
shown in Figure 5c (brown and blue solid circles, respectively).
The ASE/RL thresholds derived from the superlinear increase
of Ip. and the narrowing of the FWHM are =1.5/3 uJ cm™.
These values are one order of magnitude higher than those
found for our best benchmark lead-free perovskite device fab-
ricated on the Si/SiO, substrate (100 nJ cm™2). This difference
can be correlated with the different decay time measured under
similar conditions in the FASnlI; film spincoated on Si/SiO,
(see Figure S3, Supporting Information of the revised Suppl.
Information) and PET (see Figure S7, Supporting Informa-
tion): the decay time is =0.5 ns for the PET sample, as com-
pared to 1.4 ns in the reference Si/SiO,. This means a more
important influence of nonradiative recombination for FASnlI;
on PET, hence explaining the observed increase in its ASE/RL
thresholds. The worse quality in this case may be attributable to
different grain nucleation, dislocation concentration, and adhe-
sion to the substrate.

© 2022 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH
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Figure 5. ASE and RL on FASnl; a flexible waveguide. a) TE, at 890 nm collected at the output edge of the WG. b) PL spectra for different excitation
fluences. c) PL intensity and FWHM as a function of the excitation fluence. Brown solid line corresponds to the modeling with a standard laser equa-

tion. d) Zoom of the RL emission. e) FFT of the RL spectra in Figure 5d.

In spite of the lower quality of FASnI; on PET, the values of
ASE/RL thresholds found in the present work (1.5/3 pj cm™)
are still remarkably lower than values reported for other sem-
iconductor materials. For example, a typical RL threshold
of =1 m] cm™ is usually reported for dyes!'*" or colloidal
quantum dots,[®62 in both cases prepared as thin films on
rigid substrates. In the case of LPs, the threshold of RL is
reduced down to 1-10 uJ cm™ in the case of thin films depos-
ited on rigid substrates, 424456364 byt it increases up to
0.1-1 mJ cm™? for similar films on flexible ones (polyimide, Ni
foam).[*005] Moreover, a threshold as high as 10 m] cm™ was
reported for a tin-perovskite deposited on (rigid) mica.[°!

The reported threshold for FASnI; on PET is now taking
place for a transparent carrier density (Equation 1 in section S4,
Supporting Information) Ny = 6-107 cm™, by considering the
experimental values of ¢, =171 um™ and 7, = 1.4 ns for our
FASnl; perovskite. In this way, the Ip;-I curve in Figure 5c can
be nicely fitted with the standard lasing rate equation model,
see section S4 (Supporting Information), by including a non-
radiative decay rate of A,, = 1.3 ns™!, which may possibly be
associated to a higher density of point or linear defects in the
film deposited on PET.I°® Indeed, the recombination measured
for the FASnl; films deposited on PET decreased from 1.4 ns
down to 0.5 ns (see Figure S7, Supporting Information), which
can be model by A+A,, = 1/0.5 ns}, where A, =1/7, =0.7 ns..
Interestingly, the figures of merit extracted with the lasing rate
equation model, see section S4 (Supporting Information), are:
net gain of 23 cm™, a cavity time 7, = 3 ps and spontaneous
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emission factor of f = 0.7, that is, the same f found for the
FASnl; WG fabricated on Si/SiO,. The analysis of RL lines
indicates a linewidth of =2.5-3.8 meV (1.6-2.4 nm), as observed
in Figure 5d, which would correspond to a quality factor Q =
370-550. The corresponding FFT, see Figure 5e, exhibits Fou-
rier harmonics located at d; =152 um and d, = 386 um, again
close to the values found in the rigid WG (see section S3, Sup-
porting Information). The time evolution of the waveguided
emitted light spectra under operational conditions in the
ambient atmosphere (N, flowing on top of the WG) indicates
good stability of the RL lines, because only small changes are
observed in the linewidth, see Figures S8a—b (Supporting Infor-
mation), and intensity, see Figures S8c—d (Supporting Infor-
mation). In fact, we have measured light emission spectra in
similar samples (FASnI; on PET) under backscattering geom-
etry, where clear and intense RL lines are observed within small
excitation regions of =100 um? (Figure S10, Supporting Infor-
mation). Finally, our flexible WGs still provide good direction-
ality and a strong preferential polarization of outcoupled ASE/
RL light, with 86% of the total intensity in TE polarization, as
shown in Figure S10 (Supporting Information).

Finally, the ASE/RL emission is analyzed as a function of
the convex bending curvature of the substrate, ¢, in order to
establish the limits of the flexible device under practical opera-
tion, i.e., subjected to a certain mechanical bending condition.
Figure 6a illustrates the experimental set-up scheme used to
characterize the WG on the curved substrate and Figure S11
(Supporting Information) shows a photograph used to calculate

© 2022 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH
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symbols) and FWHM (open symbols) as a function of I for TE polarization and the different curvatures.

the bending radius (p). In particular, we compared the perfor-
mances of flat substrate (¢ = 0) with several bending radius
p =0.2, 0.4, and 0.7 cm corresponding to curvatures ¢ =14, 2,
and 5 cm™. The emission spectra above threshold (> 2 uJ cm™)
for the different curvatures are plotted in Figures 6b for TE
polarization (TM shows a similar spectra). For flat substrates
or small bends (¢ = 1.4 mm™) the PL consists of an ASE band
centered at 890 nm with a FWHM = 10 nm and containing
the RL narrow spikes, as previously observed in Figure 5b and
also in the benchmark devices. For higher bending curvatures
(c = 2-5 mm™), however, the ASE band broadens up to 27 nm,
RL-lines are no longer observed in the range of excitation flu-
ences used in the experiments and shows, on average, a pro-
gressive blueshift, see dashed line in Figure 6b.

It is interesting to note here that the applied bending pro-
duces uniaxial compression along the radial direction (p) and
biaxial tensile strain in the azimuthal direction, hence the
observed blue shift observed for ASE would mean that it can
be determined by the increase of the bandgap energy due to
the biaxial tensile strain in the radial direction, similar to the
observation with strained perovskites!® %8 or II1I-V quantum
well lasers.3% This effect deserves to be investigated with more
detail in next future.

The increase of the ASE threshold with the mechanical
bending is ascribed here to a shorter nonradiative exciton
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recombination time, possibly associated to a higher dislo-
cation concentration and/or pinholes in grain boundaries
by increasing the layer strain conditions produced by the
bending,®! or the opening of more nonradiative channels asso-
ciated to cracking, breakage or even exfoliation/detaching.*”"!

The analysis of the ratio between the TE and TM
intensities (Itg/Iry) indicates that the preferable polar-
ization effect decreases with the curvature from
Ig/Iry = 4.8 (¢ = 0) to Iyg/Ity = 2.7 (¢ =5 mm™), as shown in
Figure 6c, i.e., at the level of the polarization ratio measured for
spontaneous emission in the reference WGs fabricated on rigid
substrates (figure 4f). Interestingly, this effect can be useful
for applications where the tunning of the polarization degree
would be needed, such as filtering, multiplexing, or bending
sensors. The log-log plots in Figure 6d contain the evolution
for Ip; and FWHM of the outcoupled waveguided emitted light
as a function of the laser fluence for the flat substrate (c = 0)
and three bending conditions. Clearly, the threshold (Ey,), indi-
cated in the Figure 6d with a dashed line, increases with the
curvature from 1 uJ cm™ (¢ =0) to 7 uJ cm™2 (¢ = 2 mm™).
For ¢ =5 mm™ (very high convex bending) the Ip; intensity
does not show a clear transition between a linear and super-
linear dependence, even if the linewidth exhibits a decrease at
fluences in the order of 10 ] cm™ (similar to the threshold for
¢c=2mm™).

© 2022 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH
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Lastly, it is worth mentioning that the bending effect on ASE
was perfectly reversible during the duration of the experiments.
The characterization of the waveguides under mechanical
bending was performed in different samples, in different points
of the same sample and forward-reverse of convex bending con-
ditions in the range ¢ =0 to ¢ =5 mm™, approximately, and
back to ¢ = 0. The samples always demonstrated similar ASE
spectra under the same ¢ with threshold ranging in the range
1-5 uJ cm™? and a FWHM = 8 nm (see Figure S12, Supporting
Information). Only slightly different ASE thresholds and RL
peak wavelengths were found in our experiments and ascribed
to a different coupling efficiency or RL paths rather than sample
damage of the sample during the mechanical bending experi-
ments. Of course, multiple bending processes, convex-concave,
and other mechanical deformations are needed to complete this
study in the measure the stability of the tin-perovskite will be
increased to develop much longer experimental runs.

5. Conclusions

In this manuscript, we successfully exploit the excellent emis-
sion properties of lead-free perovskite thin films to implement
waveguide laser devices with an extremely low threshold and
reasonably good stability. In particular, a PMMA/FASnI; bilayer
is used as the cladding/core of a WG structure on both rigid
Si0,/Si and flexible PET substrates. These WGs enhance the
generation of stimulated emission by an efficient pumping and
strong light-matter interaction at the semiconductor thin film.
As a result, the emitted light signal decoupled at the output of
the rigid WG device showed ASE above = 100 nJ cm™2, close
to the thresholds reported with perovskite materials containing
Pb and this significantly improves previous results obtained
with Pb-free perovskites. Similarly, WGs implemented on PET
substrates exhibit a threshold in the range of 1 uj cm™2, which
is a value much better than those reported in flexible devices
based on Pb-perovskites and represents the first time where
the optical gain is demonstrated for a flexible device based on
a lead-free perovskite. Moreover, the intensity of the emitted
light outcoupled from tin-perovskite WGs exhibit a S-shape as
a function of the excitation fluence, which is characteristic of
lasing operation together with the appearance of narrow spikes.
These intensity spikes were attributed to the formation of RL
loops caused by the strong scattering in the polycrystalline
grains. A standard rate equation lasing model properly repro-
duces that S-shape for the WG outcoupled light, from which we
deduce a B-parameter as high as 0.70, indicating that most of
the emitted light is coupled to the lasing mode. Consequently,
the WG configuration imposes a preferable directionality for
the emitted light reducing the ASE threshold and allowing the
formation of localized loops with high Q factors (Q > 1000) and
narrow random lasing lines (< 1 nm). More importantly, the
ASE/lasing light outcoupled from the WG shows a preferable
TE lasing polarization, which is a particular signature of the
high electromagnetic confinement in the WG, in contrast to the
case of a bulk perovskite laser, where the emitted light is usually
isotropic. Furthermore, the flexible WG continues to operate
under mechanical bending conditions, demonstrating that
ASE threshold, its peak wavelength, and the polarization ratio
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Ig/I7) ratio, can be tuned with the curvature radius imposed
to the PET substrate. We believe that the proposed device can
be used in future sensing and telecommunication applications
and represents an important step toward the development of a
future cheap and ecofriendly perovskite flexible/wearable tech-
nology. Future work will address the study of similar devices
after multiple bending processes, convex-concave, and other
deformations in the measure. We will be able to increase the sta-
bility of the material to develop much longer experimental runs.

6. Experimental Section

Fabrication  Procedure: Tin (ll) iodide (Snl, 99.99%), tin(ll)
fluoride (SnF,, 99%), N,N-dimethylformamide (DMF, 99.8%) and
dimethylsulfoxide (DMSO, 99.8%) were purchased from sigma-aldrich.
Formamidinium iodide (FAl. 99.99%) was purchased from Greatcell
Solar Materials. These materials were used as received with no further
purifications.

Dipropylammonium iodide salt was synthesized with the following
procedure.”110 g of dipropylamine was added to 30 mL of cold EtOH.
Then 13 mL of HI was added dropwise to the flask under vigorous
stirring. The white solid formed after the addition of HI was filtered and
washed with 100 mL of cold diethylether and it was recrystallized using
EtOH.

To prepare the FASnl; precursor solution, 298 mg of Snl, (0.8M),
123.8 mg of FAI (0.72M), 36.65 mg of Dipl (0.16 M), 1.9 mg of NaBH,
(0.05 M) and 12.48 mg of SnF,(0.08 M) were dissolved in 1 ml of a
mix solution of DMSO:DMF (9:1, v/v) and stirred over night at room
temperature. After the fabrication process, a 3-day light soaking
treatment was made inside a N, filled glovebox, using a white LED lamp,
following our previous results on the beneficial effect of additives and
light soaking.2%

The different substrates (quartz, Si, SiO,/Si or PET) were washed
with ethanol, acetone, and isopropanol, respectively in a ultrasonic bath
for 5 min each. After the wash, the substrates were dried with N, flux,
and right before the perovskite film, they were treated with UV-Ozone
for 20 min. The perovskite film was deposited by one step antisolvent
method, by spin-coating at 4000 rpm a FASnl; precursor solution for
50 s and 400 pl of Chlorobenzene for 20 s, followed by an annealing at
70 °C and 100 °C for 1 min and 19 min, respectively. Finally, the PMMA
solution (100 mg mL™") was spin-coated on top of the perovskite film at
3000 rpm for 30 s and baked at 70 °C for 1 min and 100 °C for 4 min. In
the waveguide structures (SiO,/Si and PET substrates) the samples are
cleaved for characterization using end-fire coupling of the excitation laser.

Optical Characterization: Waveguides were characterized by end
fire coupling a Nd:YAG laser doubled to 532 nm (1-ns pulses at 1-kHz
repetition rate) at the input edge of the sample with the aid of a 40 x
microscope objective mounted on an XYZ stage. The intensity of the
excitation beam is controlled by neutral density filters. Waveguided
photoluminescence (PL) was collected at the output edge of the sample
with a 20 x microscope objective, also mounted on an XYZ stage. The
outcoupled waveguide PL signal was collected, after a 550 nm long-pass
filter and a linear polarizer, with the aid of a cylindrical lens and dispersed
by a grating spectrograph (DNS-300 from DeltaNu) and detected by a
back-illuminated Si CCD (DV420A-OE from Andor) at its exit.

Absorption measurements were carried out by using a commercial
spectrofluorometer (HP8453 UV-VIS from Mettler) on a 200 nm FASnl;
film deposited on quartz. The Reflectivity of a FASnl; film deposited on Si
was measured by means of a commercial reflectometer (NanoCalc-2000
from Mikropack) to extract the refractive index of the film.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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