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MATLAB Simulation based Study of a Lossy
Mode Resonance Sensor Design with
ImprovedDetection Accuracy
Arun Uniyal1*, Vipin Sharma2, Priyanka Dobhal Uniyal3, D.K. Dwivedi4

ABSTRACT: Lossy Mode Resonance (LMR) has become an attractive approach for optical sensing due to its high
sensitivity toward changes in the refractive index of various dielectric, semiconductor, or transparent conductive oxide (TCO)
materials. A novel type of prism-coupled multi-layer lossy mode resonance sensor (Prism / Cytop / ITO / TiO2 / Sensing
Medium) is designed and simulated by use of Transfer Matrix Method (TMM), which was written in MATLAB under angular
interrogation. Indium Tin Oxide (ITO) is used as the lossy mode resonance support layer, while cytop and TiO2 layers were
added to improve optical coupling, modal confinement and resonance performance. The effects of TM and TE polarizations,
cytop thickness, ITO thickness and TiO2 thickness on reflectance spectra are examined thoroughly. The sensor was tested
for refractive index values ranging from 1.33 – 1.41 at a wavelength of 633 nm. It can be seen that the TE polarization
mode shows a narrower resonant peak with smaller minima in reflection spectrum and better detection accuracy than TM
polarization mode. The optimization of multi-layered structure show that a 5nm thick TiO2 layer offers the strongest and
most defined LMR effect and therefore chosen as the best configuration.
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1. INTRODUCTION

The fast and precise determination of fluctuations
in the refractive index (RI), of biological, chemical,
or environmental mediums is critical for developing
new and advanced optical sensing systems. Because
they offer the advantages of being highly sensitive;
non-labelled; compact; resistant to electromagnetic
interference and potentially capable of continuous
measurement, there is currently much interest in
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optical sensing devices [1]. For example, Surface
Plasmon Resonance (SPR) is one of several optical
sensing mechanisms that have received extensive
investigation for both chemical and bio-sensing
applications due to its ability to measure small
RI variations in analyte mediums [2, 3]. However,
traditional SPR based sensors typically consist of at
least one layer made from a noble metal [4, 5] and
therefore suffer from limitations including higher
costs associated with the materials used, increased
complexities when manufacturing these devices
and reduced design flexibility in terms of selection
of sensing-layer materials. Therefore, researchers
have been interested in exploring other resonance
mechanisms that can provide similar levels of
sensitivity as SPR but which also allow for the use
of wider ranges of materials when designing optical
sensors. Lossy mode resonance (LMR), a recently
discovered optical phenomena, may represent a novel
method for obtaining highly sensitive refractive index
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sensing [6, 7]. LMR arises from the real part of the
permittivity of thin absorbing or lossy films being
greater than the imaginary part of the permittivity
of these films, such that lossy guided modes are
excited at the interface between the coating layer
and the surrounding medium [8, 9]. As opposed
to SPR, which is primarily associated with the
negative real permittivity of noble metals, LMR
can be supported by dielectric, semiconductor, and
transparent conductive oxide materials exhibiting
suitable optical properties [10, 11]. Therefore, LMR
offers considerable freedom in the selection and
engineering of functional sensing layers. Additionally,
LMR may exhibit narrow resonant features and a
pronounced shift in resonance position in response
to small changes in the surrounding refractive index,
making it attractive for high-resolution sensing
applications.
Del Villar et al. [12] created LMR for refractive

index (RI) measurement in 2010, no one knew
that LMR existed for optical sensing purposes.
The first RI sensor made from LMR and RI
measurements of water-glycerine mixtures was made
by using two different thicknesses of ITO film
(115nm and 220nm). It demonstrated sensitivities
for the RI of the solutions as follows; 1617.4
nm/RIU and 2952.6nm/RIU, respectively. At the
same time as Del Villar's research, Zamarreno et
al. published the development of an ITO coated
optical fiber refractometer that could measure the
refractive indices independently of the length of
the refracting area. On average, they found a
sensitivity of 3125 nm/RIU for the refractometer
which is comparable to that of SPR sensors [13].
In addition, researchers have used the LMR effect
for RH sensing and developed a RH sensor whose
RH sensitivity can be changed depending on the
ratio of deposited PAH/PAA layers. Sensitivity
comparison of tuned and non-tuned RH sensors
has been conducted. Also, VOC sensing was done
using an organometallic compound sensitive to
VOCs and a novel LMR-based vapor sensor for
VOCs was developed. A biosensor for diagnosing
celiac disease has also been designed utilizing
an LMR-sensing principle. Moreover, theoretical
discussions of exposing LMR to temperature sensing
were discussed previously [14].
SPRs and LMRs can be achieved using either

thin-film-coated optical fiber or thin-film-coated
optical prism. However, the conditions that lead to
the creation of an LMR will differ significantly from
the conditions needed to create a SPR. A SPR is
produced as soon as the thin film has a negative real
component that is larger than both its own imaginary
component and the permittivity of the material it is
surrounded with. Conversely, if the thin film has a

positive real component which is larger than both
its own imaginary component and the material it
surrounds, then the LMR is produced [15].

Thin Film Material Permittivity:

ε = εr + iεi (1)

Where, εr = real part of permittivity; εi = Imaginary
component of permittivity

Indium tin oxide (ITO), are among the most
studied material for the excitation of LMR due
to its optical and electrical characteristics which
include a controllable amount of charge carriers,
as well as suitable permittivity [13]. The ability to
tailor the LMR response even further may also be
realized through variations in the coatings' thickness
and optical properties. A means to add additional
constraints on both the modal properties of the
waveguide and the degree of spatial confinement of
the electromagnetic fields within the structure can be
provided through the integration of high refractive
index dielectrics. Among those considered to be
candidates for such dielectrics is titanium dioxide
(TiO2), since it has a high refractive index, low
optical absorption in the visible spectral range, good
chemical stability, and will easily integrate into thin
film optical structures [16].
The selection of the substrate and the coupling

configuration will have an impact on producing both
high sensitivity and a well-defined LMR response.
For this research study, we have used a prism
coupled configuration and have utilized cytop as an
intermediate low refractive index layer. Cytop has a
low refractive index that results in low optical loss
and thus supports the generation of the desired LMR
mode by providing control over the optical coupling
conditions [17].
The proposed multi-layered arrangement composed

of; a 2S2G Prism / Cytop / ITO / TiO2 /
Sensing-Medium layer-structure has been numerically
examined utilizing the Transfer Matrix Method
(TMM) with respect to Angular Interrogation. A
systematic investigation was performed in order to
determine the optimal thickness for the TiO2 that
would yield the maximum Resonance Characteristics.

2. DESIGN CONFIGURATION

The schematic of the proposed prism-coupled LMR
sensor is simulated to be able to measure the RI
of biochemical solutions with enhanced performance
shown by Figure 1.
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Fig. 1. Sensor design of the current LMR sensor.

A laser emits incident light that is then directed
through the prism to be totally internally reflected
over a defined angle, which transfers the optical
energy into the lossy guided modes in the multi
layered thin-film stack consisting of a low-index
cytop buffer layer, ITO LMR-support film, and
high-index titanium dioxide TiO2 protective top
coat. Light interacting with the analyte solution
above the TiO2 surface causes the detector to
capture reflectivity dip characteristics of the system.
Through angled displacement measurements, when
target biological and chemical analytes are introduced
and cause the local refractive index to change, the
LMR condition shifts; thus, allowing real-time
quantitative monitoring of binding events and
concentration changes in the solution. The RI and
thickness values used in this simulation LMR study
at 633nm is tabulated in Table 1.

2.1 N-layer Transfer Matrix Method

The reflectance spectrum and resonance angle were
computed using the TMM within a MATLAB
framework. It uses the continuity of electromagnetic
fields across interfaces to model an arbitrary number
of layers that make up a multilayer optical system
allowing for rapid determination of reflectance

spectral variations caused by RI changes in the
sensor region. The effectiveness of the TMM for
comparison of theoretical results with simulated data
is also enhanced as a result of its ability to efficiently
model planar multilayer systems. All the layers are
stacked along the z-axis. The dielectric constant,
the thickness of the layers dk and the RI of the
kth layer is all defined. The transverse components
of the magnetic field at the interface between the
first and Nth layers are S1 and SN−1,whereas the
tangential components of the electric field at the
boundary between the first and Nth layers are R1

and RN−1, respectively [15, 18].

[
R1

S1

]
= M

[
RN−1

SN−1

]
(2)

Here, R1 and S1 specifies the electric and magnetic
components, respectively, at the initial boundary.
RN−1 and SN−1 shows similar components for the
last boundary. In the case of TM-mode polarized
light, it has been found that the transfer matrix can
be expressed by [23]:

Mij =

(
N−1∏
k=2

Mk

)
ij

, i, j = 1, 2 (3)
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Table 1. Specifications of the layers used at 633 nm for the proposed sensor.

LayerStack Layer-1 Layer-2 Layer-3 Layer-4 Layer-5
Material 2S2GPrism Cytop ITO TiO2 SensingMedium
Thickness Semi-infinite 2500nm 500nm 5nm Semi-infinite
RI 2.358 1.34 1.858+i*0.058 2.5837 1.33+Δn
Reference [19] [20] [21] [22] –

Mk =

[
W11 W12

W21 W22

]
=

 cosβk

−i sinβk

qk
−iqk sinβk cosβk


(4)

The βk is the optical admittance and qk denotes the
phase factor. The reflection coefficient expression for
the p-polarized light may be observed by [24]:

rp =
(M11 +M12qN)q1 − (M21 +M22qN)

(M11 +M12qN)q1 + (M21 +M22qN)
(5)

Finally, reflected intensity is calculated as
follows[25]

Rp = |rp|2 (6)

3. MATLAB SIMULATION BASED RESULTS
WITH ITS DISCUSSIONS

The simulated results with both TE and TM mode
shown in this section. The proposed sensor’s
performance was also evaluated in the wide 1.33 to
1.41 RI range.

3.1 LMR response with dependency of
polarization

With Cytop=2500nm, ITO=500nm, TiO2=5nm
thickness, the Figure 2a and 2b reflectivity spectra
were obtained for TE and TM modes keeping RI of
sensing medium 1.33. A sharp resonance curve with
Rmin almost zero was obtained for TE mode when
compared to TM mode. TM mode produces sallower
with broader resonance curve with higher Rmin
value. Although same resonance angle observed for
both the modes, but still TE indicates high suitability
for its applicability in LMR sensing.

3.2 Effect of Varying Cytop thickness

Figure 3a and 3b illustrates the angular reflectance

Fig. 2. Reflective response observed at RI=1.33 (a) TE
and (b) TM mode.

Fig. 3. Reflectance spectra observed for different cytop
thickness for (a) TE and (b) TM modes.
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characteristics of the 2S2G prism/Cytop/ITO/TiO2

multi-layer LMR sensor for cytop thicknesses
of 1500 to 3500 nm for TE and TM modes
respectively. BK7 is the optical coupling prism,
cytop is the low-index match coating, and ITO is
the lossy thin-film (responsible for exciting LMR).
The TiO2 layer has an effect on the modal index and
electric-field distributions at the sensing surface. The
minima of reflectance seen in the angular spectra
occur when the LMRs are excited; these occur when
the propagation constant of a lossy waveguide mode
satisfies the phase matching condition with incident
illumination.
The optical path length and degree of modal

confinement in the multi-layer structure change
as the cytop thickness increases; thus, the LMR
resonance angle moves from 34.33° to 34.54°
while the resonance depth and line-width will vary.
These variations show that cytop thickness affects
phase matching, field confinement, and the coupling
efficiency of the LMR mode. The RI of the sensing
medium considered is 1.33.

3.3 Effect of varying ITO thickness

Fig. 4. Reflectance spectra observed for different ITO
thickness for (a) TE and (b) TM modes.

Figure 4a and 4b shows the LMR sensor's reflectivity
response to different ITO layer thickness variations

from 200 to 600 nm, when using both TE and TM
polarized light. A variety of parameters relating to
the resonance characteristics are affected by the ITO
layer thicknesses as well. These results indicate that
the ITO layer is an important factor in the design and
operation of the LMR sensor because it can be used
to optimize its performance. For TE mode for 500
nm and for TM mode 300 nm, the Rmin values are
the lowest.
The influence of ITO layer’s thickness on SPR

performance was studied by means of minimum
reflectivity values (minimum Rmin), FWHM and
DA for both TE and TM polarization states shown
with the help of Table 2. For TE-polarization
state the thinnest ITO-layer (400 nm) showed
the smallest FWHM value of 0.01, and therefore
the best detection accuracy of 100°-1. However,
this ITO-layer shows the greatest Rmin value of
0.4819. On the other hand, the ITO-layer of 500
nm thickness provides the deepest TE-polarization
resonance with a very small Rmin value of 0.00092,
which is caused by a larger FWHM value of 0.03°,
resulting in a smaller DA value of 33.33°-1. In case
of TM-polarization state the 300 nm thick ITO layer
provides the smallest Rmin value of 0.1071, thus
providing the largest resonance depth, but it has the
largest FWHM value of 0.07 as well. As a result, it
has the smallest DA value of 14.28°-1. The largest
TM-polarization DA value of 25 were obtained for
the three ITO-layers with thicknesses of 200 nm,
400 nm, and 600 nm, all of them have similar
FWHM values of 0.04°. Thus, we conclude that for
maximal detection accuracy in TE-polarization mode
the 400 nm ITO-layer should be used. If one wants
to achieve the largest possible resonance depths in
TE- or TM-polarization modes then either 500 nm
or 300 nm thick ITO-layers could be chosen.

3.4 Effect of varying TiO2 thickness

The influence of the thickness of TiO2 layer
on the optical properties of the suggested 2S2G
Prism/Cytop/ITO/TiO2/Sensing medium structure
is shown through changing TiO2 layer thicknesses
from 5 to 20 nm. Reflectance spectra for both TE
and TM polarization states at different thickness of
TiO2 layers are demonstrated in Figure 5a and 5b.
A great influence is found due to modification in
TiO2 layer thickness, as it modifies the effective
optical thickness and mode coupling conditions of
the layers Cytop/ITO/ TiO2. For the case of TE
state, an increase in TiO2 layer thickness will cause
shift of the resonant angle towards higher values. In
addition, narrowing of the resonant peak occurs due
to the decrease of FWHM of resonant peak; from
0.110 for 5 nm thick TiO2 layer to 0.050 for 20 nm
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Table 2. Rmin, FWHM and DA observed for varying ITO thickness for TE and TM modes.

ITOThickness Rmin Rmin FWHM FWHM DA DA
(nm) (TEMode) (TMMode) (TEMode) (TMMode) (TEMode) (TMMode)
200 0.3232 0.1983 0.03 0.04 33.33 25.00
300 0.3983 0.1071 0.03 0.07 33.33 14.28
400 0.4819 0.2494 0.01 0.04 100.00 25.00
500 0.00092 0.1453 0.03 0.19 33.33 5.26
600 0.4088 0.1508 0.03 0.04 33.33 25.00

thick TiO2 layer. As a result of this narrowing of
the resonant peaks, the degree of detection improves
from 9.090−1 to 200−1.

Fig. 5. Reflectance spectra observed for altering TiO2

thickness from 5 to 20nm for (a) TE and (b) TM modes.

For TM state, increase in TiO2 layer thickness
causes an increase in depth of resonant minima with
decreasing value of Rmin; from 0.1453 to 0.01064.
Correspondingly, decrease in value of FWHM also
occur; from 0.190 to 0.130. Hence, the DA improves
from 5.26 to 7.690−1. The data presented in Table

3 show that there are various options to modify the
LMR by varying the thickness of TiO2. Increasing
the thickness of TiO2 will result in sharper LMR
peaks however based on the data provided the best
option is the 5nm thick layer as it produces the
strongest and most defined LMR signal (deepest
minimum) and therefore has been selected as the
optimal configuration for future development of
Prism/Cytop/ITO/TiO2/SM.

Fig. 6. Spectral reflectivity response (a) TE and (b) TM
mode at wide RI range 1.33-1.41.

Table 3. Rmin, FWHM and DA observed for varying TiO2 thickness for TE and TM modes.

TiO2 Thickness Rmin Rmin FWHM FWHM DA DA
(nm) (TE Mode) (TM Mode) (TE Mode) (TM Mode) (TE Mode) (TM Mode)

5 0.0009157 0.1453 0.11 0.19 9.09 5.26
10 0.0476 0.0915 0.09 0.18 11.11 5.55
15 0.1413 0.0421 0.06 0.15 16.66 6.67
20 0.236 0.01064 0.05 0.13 20.00 7.69
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3.5 Proposed sensor application at wide RI range

Figure 6, the spectral reflectivity graph shows surface
wave resonant behavior for both TE and TM modes
throughout a RI range from 1.33 to 1.41. The RI
range spans common aqueous media, biological fluid
systems, and many organic solvents.

Fig. 7. Parameters evaluated: (a) FWHM, (b) DA and (c)
Rmin for TE mode.

With an increase in the RI of the sensing medium,
both polarizations (TE and TM) have a similar
rightward shift in the resonant angle at approximately
θr=34.45° with slight differences in dip amplitude
and line shape-most notably evident in the TM mode,
as the minimum reflectivity rapidly approaches zero
as the RI of the sensing medium is increased beyond
1.35. Together, the complementary responses of the
TE and TM polarizations within this wide refractive
index range make this optical sensor suitable for
integration into lab-on-a-chip systems for biosensing
and chemical diagnostic applications. The dynamic
range of this sensor system provides dual-mode
measurements of biological binding events (e.g.,
antibody-antigen interactions or DNA hybridization
at approximately ns = 1.33 to 1.35 while providing
simultaneous measurements of higher-RI liquids such
as glucose concentration, protein solution purity, and
food-quality indicators up to ns = 1.41.
The combined use of both TE and TM

polarizations enhances the accuracy of sensing
through cross-polarized state referencing and enables
the mitigation of thermal drifts, allowing for
continuous monitoring in medical, environmental,
and food processing applications.

Fig. 8. Parameters evaluated: (a) FWHM, (b) DA and (c)
Rmin for TM mode.

The performance of the LMR sensor is compared
in the Table 4 for TE and TM polarized light for
various refractive indices. As the RI for TE polarized
light increases from 1.33 to 1.41, the FWHM, which
represents how wide or narrow the peak is, decreases
by approximately 0.03 and the DA increases by about
3.42.

Table 4. TE and TM mode performance matrix for RI
ranging from 1.33 to 1.41.

TE Mode

RI FWHM DA Rmin (a.u.) θ (deg)

1.33 0.11 9.09 0.00091 34.44
1.35 0.09 11.11 0.02279 34.45
1.37 0.08 12.50 0.03139 34.45
1.39 0.08 12.50 0.03867 34.45
1.41 0.08 12.50 0.0452 34.45

TM Mode

RI FWHM DA Rmin (a.u.) θ (deg)

1.33 0.19 5.26 0.1453 34.44
1.35 0.13 7.69 0.0243 34.45
1.37 0.12 8.33 0.01164 34.45
1.39 0.11 9.09 0.00606 34.45
1.41 0.11 9.09 0.00321 34.45

The lowest FWHM value obtained was 0.08 with
peak DA of 12.50. With this increase in the
refractive index, the resonance angle remains
virtually unchanged (i.e., 34.44-34.45 degrees).
Similar results are observed when increasing the
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Fig. 9. Fabrication feasibility of presented LMR sensor.

refractive index from 1.33 to 1.41 for TM-polarized
light. In addition, FWHM decreases from 0.19
to 0.11°; a noticeable enhancement in the DA
value from 5.26 to 9.09°−1 was also observed.
These results show that TE-polarized light has a
narrower resonance and provides greater DA than
TM-polarized light, therefore providing superior total
performance for the proposed LMR sensor. Table 4
shows these parameters (FWHM, Rmin, θr and DA
values).
Figure 7 and 8 presents the variation in FWHM,

DA, and Rmin as a function of RI; it can be seen
that the TE mode has a narrower resonant profile,
better DA than the TM mode, and therefore has
better sensing performance than TM.

4. FABRICATION FEASIBILITY OF THE
PROPOSED LMR SENSOR CHIP

The feasibility of creating this 2S2G/Cytop/ITO/TiO2

layering structure shown by Figure 9 is practical
due to each layer being created using common
thin-film processing techniques. TiO2 and ITO are
commonly deposited on surfaces via sputtering or
pulsed-laser-deposition methods with good optical
properties. Cytop is also easily spin-coated onto a
surface, forming a smooth, low-index polymer film.
Similarly, 2S2G is easily formed into a dielectric
using thermal evaporation or sputtering methods.
Due to the small tolerance for fabrication errors
(e.g., the amount of material used to form the

individual films) that may affect either the film's
thickness or its refractive index, will likely not
interfere with achieving resonance. Therefore, with
common surface treatment and packaging methods
available to address the issue of film adhesion and
long-term stability, this new design can be built and
tested using standard cleanroom equipment and can
be incorporated into existing planar or fiber-optic
SPR-based systems.

5. CONCLUSION

A numerical study of an ITO-based prism-coupled
LMR sensor was carried out by applying the transfer
matrix method to a structure consisting of 2S2G
Prism/Cytop/ITO/TiO2/Sensing medium in order
to understand how varying polarization, cytop
film thickness, ITO film thickness and TiO2 film
thickness will affect the LMR characteristics under
angular interrogation. The research showed that
this multi-layered structure can be used to generate
LMR signals and also to provide large changes in
reflectivity when changing the refractive index from
1.33 to 1.41. It was found that there are significant
differences in the behaviour of the two polarization
states (TE and TM), where the TE state had a deeper
resonance and was thus more sensitive than the TM
state. It was also observed that changing the ITO
film thickness affected both the resonance intensity
and detection accuracy, where films at 500nm gave
the largest resonance depth. In addition, it was
found that the TiO2 thickness greatly influenced
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the width of the resonance and the amount of
energy coupled into the waveguide. While thicker
TiO2 layers produced narrower resonance profiles,
thinner TiO2 layers provided stronger resonance
signals; as such, a 5 nm thick TiO2 layer provided
the best-defined resonance and was chosen as the
optimal configuration for this application.
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