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Generation of lossy mode resonances (LMR)
using perovskite nanofilms

Dayron Armas!, Ignacio R. Matias®!?*, M. Carmen Lopez-Gonzalez3,
Carlos Ruiz Zamarrefo!?, Pablo Zubiate?, Ignacio del Villar}? and

Beatriz Romero3

The results presented here show for the first time the experimental demonstration of the fabrication of lossy mode reson-
ance (LMR) devices based on perovskite coatings deposited on planar waveguides. Perovskite thin films have been ob-
tained by means of the spin coating technique and their presence was confirmed by ellipsometry, scanning electron mi-
croscopy, and X-ray diffraction testing. The LMRs can be generated in a wide wavelength range and the experimental
results agree with the theoretical simulations. Overall, this study highlights the potential of perovskite thin films for the de-
velopment of novel LMR-based devices that can be used for environmental monitoring, industrial sensing, and gas de-

tection, among other applications.
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Introduction

Lossy mode resonance (LMR) is an optical phenomenon
that has attracted great research efforts in the field of
sensing applications'. It has many benefits over previ-
ously explored and commercially exploited sensors like
those based on localized surface plasmon resonances
(LSPR) or long-period fiber gratings (LPFG), for ex-
ample. Among those advantages, LMR based sensors
permit to achieve very high sensitivities, more than
14000 nm per refractive index unit (nm/RIU) if the sur-
rounding medium is water’> and more than 1000000
nm/RIU if the surrounding medium approaches the re-
fractive index of silica, around 1.45°. In addition, unlike
surface plasmon resonances (SPR), LMR can be ob-

served for both Transversal Electric (TE) and Transvers-
al Magnetic (TM) polarization modes, and if the coating
thickness is properly adjusted, the LMR position can be
tuned and also several resonances can be observed in the
spectrum®.

The key in order to generate an LMR is to choose the
material for the thin film properly. In this sense, the ma-
terial must satisfy the following conditions: the real part
of the permittivity thin film has to be positive and high-
er in magnitude than its own imaginary part and higher
than the real part of the permittivity of both the optical
waveguide and the external medium surrounding the
thin film!. Many materials have already been studied in
order to obtain LMR devices, that include, metal oxides
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such as, tin oxide’, zinc oxide®, titanium oxide’, indium-
tin oxide®, aluminum-zinc oxide (AZO)’, indium-galli-
um-zinc oxide (IGZO)'" or hafnium and tantalum'l,
polymers such as poly(acrylic acid) (PAA) and
poly(allylamine hydrochloride) (PAH)' or silicon ni-
tride’*. Each of these materials can change its properties
in the presence of different physical and chemical para-
meters, such as humidity'¥, volatile organic
compounds'®, etc., and therefore, it is possible to design
sensors based on LMRs for different applications.

The operating principle of LMR-based devices is the
following: LMR will suffer a wavelength shift if either a
variation in the properties of the LMR support film
(either refractive index or thickness) or a change in the
optical properties (refractive index) of the surrounding
media occurs'. In this sense, the number of applications
for sensors based on LMR continues to grow and in-
cludes detection of refractive index, pH, temperature,
chemical composition, bending, strain, voltage, and
volatile organic compounds'. Moreover, platforms based
on LMRs can be used as chemical sensors and bio-
sensors with significant improvements in detection lim-
its over preceding technologies, such as 0.01 mg/mL of
avidin protein', 150 ng/mL of immunoglobulin G or
100 ng/mL of D-dimer antigen'®. Some research is also
being conducted dedicated to multiparameter sensing
applications using multiple coatings in the same
sensor'>%,

However, further research is needed on materials that
allow the generation of new LMR-based devices. Here, it
is important to note that both the real part of the refract-
ive index and the dispersion of the material are critical
for the sensitivity of the device, while the imaginary part
of the refractive index rules the depth of the LMR?*"%,
and deep resonances permit to accurately monitor the
LMR shift. Finally, it is also important to remark that the
utilization of new materials that present adequate condi-
tions for the generation of LMRs at longer wavelengths
would permit to achieve higher sensitivities.

In this work we focus on the perovskite as novel LMR-
supporting thin film material. Perovskites have already
been studied for generating LMR but just in theoretical
cases®?*. Perovskites are a family of materials with out-
standing optical and electrical properties that have been
extensively used as the active layer of LEDs*, photode-
tectors?, including X ray photodetectors”, sensors®, and
photovoltaic solar cells®.

This report presents the first experimental generation

of LMRs based on mixed-cation mixed-halide per-
ovskite thin films. The experimental results are further

supported by theoretical simulations.

Experimental section

Fabrication of perovskite film
Samples were fabricated on soda lime silica glass sub-
strates from Sigma-Aldrich with dimensions of 18x18x
0.15 mm and optical properties found in ref.*. Along
with these, other samples were fabricated on single side
polished silicon wafer substrates from Sigma-Aldrich
with 76.2 mm of diameter and 0.5 mm of thickness. The
former were utilized for the spectrometry analysis of the
transmitted light, and the latter for the ellipsometry,
scanning electron microscopy (SEM) and X-ray diffrac-
tion (XRD) tests. Prior to fabrication, substrates were
brushed with Hellmanex solution in water (2:98 %V) and
rinsed with deionized water. After that, they were se-
quentially cleaned in consecutive ultrasonic baths for 15
minutes with Hellmanex solution, deionized water, isop-
ropanol, and acetone. Finally, the substrates were dried
with a nitrogen flow. Next, they were treated with UV/O;
for 15 minutes using an Ozone Cleaner. Once the sub-
strates were cleaned, a thin layer of PEDOT:PSS was
spin-coated on top at 3000 rpm for 30 s followed by an-
nealing at 120 °C for 10 min and then transferred into a
nitrogen glovebox (O, and H,O levels below 0.5 ppm).
Thin perovskite films have been fabricated with differ-
ent molar precursor concentrations, i.e. 0.4 M, 0.8 M and
1.5 M (concentration relative to the DMSO:DMF (di-
methyl sulfoxide and N,N-dimethylformamide)) based
on mixed-cation lead mixed-halide perovskite. In partic-
ular, the perovskite is composed of formamidinium lead
triiodide (FAPbI3) and methylammonium lead tribrom-
ide (MAPDbBr3) solutions (5:1%V, respectively) both in
1:4%V DMSO:DMF, to which it was added 5%V of cesi-
um iodide (CsI) solution in DMSO and 5%V of rubidi-
um ioidide (RbI) solution in 1:4%V DMSO:DMF.
(Cs0.05Rbg.05(MAg.17FAg 83)
0.9Pb(Io.83Bro.17)3) was deposited by spin-coating on top

The perovskite film

of the PEDOT:PSS layer using a two-step program: 1)
1000 rpm, 10 s; 2) 6000 rpm, 20 s. During the second
step, chlorobenzene was added as antisolvent on the
spinning substrate 5 s before the sample stopped. After
that, the samples were annealed at 100 °C for 60 min us-

ing a hot plate.

230072-2



Armas D et al. Opto-Electron Adv 7, 230072 (2024)

Experimental setup

Figure 1 illustrates the experimental setup used to char-
acterize the device. It consisted of a broadband white
light source with a multimode optical fiber pigtail con-
nected at its output. The cleaved end of the pigtail is po-
sitioned in front of one lateral side of the coverslip for a
microscope glass slide, which acts as a planar waveguide.
The perovskite coating is applied to one of the two faces
of the coverslip. The output light leaves the coverslip and
passes through a polarizer. Afterwards, it is collected by a
multimode optical fiber pigtail. The other end of the
multimode optical fiber pigtail is connected to a spectro-
meter.

A multimode optical fiber (FT200EMT with 200/225
um core/cladding diameter) was purchased from Thor-
Labs and used to prepare the pigtails that transport the
optical signal. Broadband white light source (Takhi-HP
halogen) was obtained from Pyroistech. Two spectro-
meters (USB2000 and Nirquest with wavelength ranges
from 400 nm to 1000 nm and from 900 nm to 1700 nm
respectively), from Ocean Insight were used to monitor
the spectral responses of the devices. Two different po-
larizers, both from ThorLabs, were used to filter the wide
spectral range, one for the visible and the other for the
near-infrared ranges, and allowed to separate Transvers-
al Electric (TE) and Transversal Magnetic (TM) light po-

larization modes.

Ellipsometry, SEM and XRD analysis

A scanning electron microscopy (SEM), model Ul-
traPlus FESEM from Carl Zeiss Inc, with an in-lens de-
tector at 3 kV and an aperture diameter of 30 um, was
used to carry out thickness measurements of perovskites
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on the coverslips samples.

In addition, an X-ray diffraction (XRD) tool was used
to determine the chemical elements present in a film of
perovskite coated onto glass substrate. The measure-
ments were performed with PANalytical model X’Pert
PRO MRD PANalytical diffractometer operating at 45
kV and 40 mA, employing Cu K, radiation with a sec-
ondary monochromator to filter Kg and a sealed Xenon
point detector. A step size of 0.04° and 2 seconds per step
was employed in a range of 10°-100°.

The elliposemetry measurement was used to determ-
ine the refractive index of the material. The chart was ob-
tained by using an ellipsometer UVISEL, with spectral
range of 0.6-6.5eV (190-2100 nm), an angle of incid-
ence of 70° a spot size of 1 mm, and software
DeltaPsi2TM (from Horiba Scientific Thin Film Divi-
sion) were used. All these values, specifically the thick-
ness and index of the material, were used to carry out the
simulations

Theoretical analysis

For the theoretical analysis of the experimental setup of
Fig. 1, after the deposition of the perovskite film, the op-
tical response was estimated by a means of a numerical
software calculations based on the well-known plane
wave method for a one-dimensional multilayer wave-
guide®!, validated for both SPR*> and LMR*. The refract-
ive index of the coverslip was calculated for every
wavelength using the dispersion formula (1) of the soda
lime glass®:

n = 1.5130 + 0.003169A> + 0.0039621 "~ . (1)

The refractive index of the perovskite coating used for
the analysis was obtained by performing ellipsometry

Mg = 31.16K
Signal= 1.000

L |
Coverslide - |

. .
Multimode fiber

~._  perovskite coating .-~

- Spectrometer
s Linear P -

_—polarizer

Fig. 1 | Experimental setup used to characterize the sample and cross-section detail of perovskite coating on the coverslips.
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(UVISEL 2 from Horiba) to a sample deposited onto a
slice of silicon wafer (see Results section).

Results and discussion

The impact of the proposed perovskite film was ana-
lyzed from a theoretical and experimental point of view.
In this sense, and to carry out a complete study, three
sensors with three different thicknesses of perovskites
were manufactured. For that, the film deposited on the
coverslips carefully analyzed by means of SEM imaging,
together with X-EDS, thus obtaining the thickness and
the chemical elements present of the deposited per-
ovskites. In addition, for the development of the simula-
tions it is also necessary to know the refractive index (1)
and the extinction coefficient (k). Consequently, ellipso-
metry measurements were also carried out.

Figure 2 shows three SEM images of the cross-section

https://doi.org/10.29026/0ea.2024.230072

corresponding to three different samples coated with
three different perovskites thickness. Here, it is import-
ant to note that the film thickness was measured from
several images on different portion of the samples in or-
der to calculate the mean thickness and the standard de-
viation for each sample. In the case of the first sample, as
can be seen in Fig. 2(a), the mean value of the per-
ovskites thickness was 114+33 nm. Regarding the second
sample, as shown in Fig. 2(b), the measured thickness of
the film was 276+19 nm. Lastly, in the case of the third
sample, as seen in Fig. 2(c), the thickness obtained was
648+41 nm.

XRD analysis was performed on the samples in order
to determinate the crystal structure of the perovskite thin
films. The XRD spectrum (Fig. 2(d)) clearly shows the
characteristic peaks of a stable perovskite film located at
14.09° (001), 19.91° (011), 24.59° (111), 28.41° (002),
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Fig. 2 | SEM image of the cross section of a coverslips coated with perovskite film: (a) The mean value of the thickness measured on different

portions from sample was 114 nm. (b) The mean value of the thickness of the sample 2 was 276 nm. (c) The mean value of the thickness of the
sample 3 was 648 nm. (d) XRD pattern of perovskite. () Complex refractive index real part (Re N or n) and imaginary part of extinction coeffi-

cient (Im N or k) of perovskite obtained from spectroscopic ellipsometry.
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31.86° (012), 35.04° (112), 40.69° (022), 43.31° (003) and
50.43° (222). No database has been used to identify the
main peaks observed in XRD spectrum since this four-
cation two-halide PVK is a new composition, and there
isno database available. However, the main peaks ob-
served in the spectrum match the standard peaks in
MAPI and CsFAPbIBr*-*°. Additional peaks appearing
in the spectrum require a more detailed analysis to be
identify, which is beyond the scope of this work.

Figure 2(e) shows the dispersion curves of the refract-
ive index RI () and the extinction coefficient (k) of per-
ovskites films as a function of the wavelength obtained
using an ellipsometer, where the refractive index and ex-
tinction coefficient meet the requirements for LMR gen-
eration in all the studied wavelength range.

One of the typical characteristics of LMR is that the
position of the resonance can be easily tuned along the
optical spectrum by changing the thin film thickness. In
addition, while increasing the thickness of the thin film,
higher order resonances emerge'. In order to analyze and
demonstrate experimentally the perovskites as LMR sup-
porting coating, the three devices were characterized us-
ing the setup of Fig. 1. The transmission spectra were re-
corded both at TE and TM polarization in a wavelength
range covering from 750 nm to 1700 nm of the optical
spectrum.

Regarding the sensing platform, LMRs can be gener-
ated with both planar configuration and optical fiber.
Here, planar configuration is preferred instead of optical
fiber due to several advantages, such as an easy-to-handle
and cost-effective setup that avoids the need for optical
fiber splices. Moreover, the planar configuration enables
to control the polarization with a linear polarizer instead
of more complex setups used in optical fiber where a po-

https://doi.org/10.29026/0ea.2024.230072

larizer controller and an in-line-polarizer are required
and where it is also necessary to readjust the system each
time a new experiment is performed’.

The transmission spectra of a theoretical perovskite
coated sample were calculated by the plane wave meth-
od for a one-dimensional multilayer waveguide**!, for
the wavelength range from 750 nm to 1700 nm and for a
coating thickness range from 85 nm to 650 nm. These
results are shown in Fig. 3 using a heat map where dark-
er blue areas represent the deepest attenuation of the
spectrum, corresponding to LMR central wavelengths.
Therefore, Fig. 3 shows the evolution of the LMR trans-
mission as a function of the coating thickness deposited
onto the planar waveguides. Here, it is possible to identi-
fy three LMR. In fact, from Fig. 3 it can be observed a
first transmission minimum for an approximate thick-
ness of 50 nm, which corresponds to the first LMR. In
addition, shift to
wavelengths when the coating thickness is increased. Un-

first LMR experience a long
der the same argument, it can be observed that the
second LMR starts to be visible for thickness 235 nm and
the third LMR for thickness 430 nm.

As can be seen in Fig. 3, the three fabricated samples
are represented by vertical dotted lines, while the central
wavelengths of the experimentally obtained LMRs are in-
dicated by red circles. Overall, the experimental LMRs
demonstrate good agreement with the calculated LMRs
for the same coating thickness, with a minor shift ob-
served towards longer wavelengths in the experimental
data.

Subsequently, a detailed analysis was performed on
the three fabricated samples to compare the calculated
and experimental spectra individually (see Fig. 4). Figure
4(a) illustrates the numerical and experimental spectra
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Fig. 3 | Evolution of calculated LMRs in the transmission spectrums vs. coating thickness and overlay of the experimental LMRs minimums.
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Fig. 4 | Theoretical and experimental transmission spectra of perovskite thin films with different thicknesses on planar waveguides: (a) 114 nm,

(b) 276 nm, (c) 648 nm.

obtained from the first device, which exhibits two dis-
tinct resonances. It has been previously demonstrated
that the TE polarization resonance (LMRryg) is always
followed by the TM polarization resonance (LMRrp)?.
Therefore, it is possible to associate the longer
wavelength resonance with the first order TE resonance
(LMRrtg;) and the shorter wavelength resonance with the
first order TM resonance (LMRrm1).

Figure 4(b) illustrates the numerical and experimental
spectra obtained for the 276 nm perovskite coating thick-
ness. In this case, the first order LMR falls outside the de-
tection range of the optical spectrum analyzer, while the
second order LMR becomes visible. Specifically, a well-
defined resonance can be observed, which corresponds
to the second order resonance generated by TE polariza-
tion (LMRrgz). Additionally, an initial emergence of a
resonance associated with TM polarized light can be ob-
served at the left side of the spectrum.

The final device consisted of a 648 nm perovskite coat-
ing, and its numerical and experimental spectra are
shown in Fig. 4(c). This device exhibits five resonances:
the longer wavelength resonances correspond to the
second order TE and TM resonances (LMRyg, and LM-
Rrmz), and the shorter wavelength resonances corres-
pond to the third order resonances (LMRrg3 and LM.
Rrms). Additionally, a clear resonance corresponding to
the fourth order TE resonance (LMRrTgy) is observed at
765 nm. However, the fourth order resonance associated
with TM polarization (LMRrms) falls outside the
wavelength range that was monitored in this experiment.

The separation between LMRt1g and LMRry, as well
as the difference in spectral widths of different-order
LMRs, are crucial parameters to consider in understand-
ing the behavior of LMRs. Previous studies have shown
that with higher-order resonances, the separation
between LMRTg and LMRry;, as well as the spectral
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widths, decrease. This trend is also observed in our res-
ults. As shown in Fig. 4(a), the separation between LM.
Rrg1 and LMRTy for the first-order resonance is 630
nm. For the second and third-order LMRs, as presented
in Fig. 4(c), the separation between LMRtg and LMRy
is 217 nm and 72 nm, respectively. This characteristic is
closely related to the progressive reduction in sensitivity
observed for higher-order LMRs. Our analysis of the
spectral response of the devices confirms the reduction
in spectral width for higher-order resonances, support-
ing the unique nature of LMRs in both fiber optics and
planar waveguides®.

Conclusions

This study represents a significant step forward in the
development of novel devices based on LMR, by demon-
strating the feasibility of using perovskite thin films as
active materials. The experimental observation of LMRs
based on perovskites in a planar configuration opens up
new possibilities for the design of compact and versatile
photonic devices. Moreover, the variation in thicknesses
of the perovskite thin films plays a significant role in
shaping the optical characteristics of the developed
devices. As the thickness increases, we observed a trans-
ition from lower-order to higher-order LMRs in the
transmission spectra. Additionally, the spectral widths of
the LMRs showed a trend of decreasing with higher-or-
der resonances. These variations in thickness directly im-
pact the resonance wavelengths and spectral properties
of the devices, highlighting the importance of carefully
controlling and optimizing the thickness of the per-
ovskite coatings for tailored LMR-based applications.
Furthermore, the use of a polarizer in conjunction with
the planar configuration has allowed us to separate the
TE and TM polarization modes, leading to resonances
with a reduced spectral width.

In conclusion, this work provides new insights into
the potential of perovskite thin films for use in the devel-
opment of novel LMR devices with important sensing
properties. The findings presented here open up oppor-
tunities for the application of perovskite-based LMRs in
a wide range of optical sensors for environmental monit-
oring, industrial sensing, and gas detection, among oth-
er areas. These results may have significant implications
for the development of future generations of optical
sensors and pave the way for further research on the use
of perovskite materials in the development of advanced
optical sensors.
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