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ABSTRACT This report describes the potential design of an optical sensor system, in which the localized
surface plasmon resonance (LSPR) type was used, coupled with digital microfluidic (DMF) technology.
To achieve this potential design, a dielectric material was layered on top of a metal grating nanostructure so
that the nanostructure was embedded in the dielectric matrix. Then, a hydrophobic layer was stacked on top of
the dielectric layer for micro/nanodroplet movement. Sensitivity and figure of merit (FoM) parameters were
analyzed to evaluate this potential design. In this research, various kinds of metal were investigated, and it
was found that a gold grating nanostructure embedded inside the SiO2 dielectric matrix with Teflon AF2400
as hydrophobic layer gave the optimum sensitivity. However, the iron grating nanostructure embedded
inside the SiO2 dielectric matrix with Teflon AF2400 as hydrophobic layer gave the optimum FoM of
1.481. Furthermore, noble metal grating nanostructures embedded inside a dielectric layer produce higher
photoelectric conversion and current density values than other types of metals that are usually used, such as
aluminum, cobalt, iron, copper, etc.

INDEX TERMS Digital microfluidic, embedded grating nanostructure, figure of merit, localized surface
plasmon resonance, sensitivity.

I. INTRODUCTION
Depending on what application of the device is, the choosing
of materials and the size would affect the characteristics of a
certain device, so this process should be done very carefully
in order to minimize the potential side effects in the device.
Some of these material properties and characteristics were
observed using certain methods, such as electron and opti-
cal microscopic, diffraction, spectroscopy, thermal, electrical,
magnetic, and mechanical experiments [1]. These methods
require a massive size of equipment and are not suitable for
usual use, especially for the field usage. To overcome this
limitation, researchers develop sensor technology to do mate-
rial characterization processes. This technology has some
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advantages, especially for its fast response time and on-site
usage. Furthermore, the development of nanotechnology also
influences the development of sensor technology, which gives
improvements on its sensing performances.

Based on characteristics and main application, a sensor is
classified into some types, they are based on its measurand
(A), technological aspects (B), detection means used (C),
sensor conversion phenomena (D), materials (E), and fields
of application (F) [2]. In this work, the sensor system was
classified as such: A7.1 Wave amplitude, phase (Optical);
B1 Sensitivity and B12 Figure of Merit (FoM); C3 Electric,
magnetic, or electromagnetic wave; D3.2 Photoelectric; E1
Inorganic; and F16 Materials characterization.

Optical sensor is a type of a sensor that convert light to elec-
trical signals because of the photoelectric effect. The presence
of an analyte will change the transmittance, reflectance,
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absorbance, luminescence, or refractive index parameters
which give the different output signal as well [3]. Optical
sensor was fabricated based on some phenomenon, such as
surface plasmon resonance (SPR), fluorescence, radiolabel-
ing, refractive index variations, refractometry, ellipsometry,
and evanescent wave. This type of sensor has some advan-
tages, such as real-time and in-situ detection, potential in
miniaturization and simultaneous detection [4]. This work
utilizes SPR phenomenon, specifically localized SPR (LSPR)
as a sensor system. SPR is an optical phenomenon where an
electron on a metal surface was excited by a photon with a
certain incident’s angle, then parallelly spread on the metal
surface [5]. There are some types of SPR configurations,
such as grating, prism coupler, waveguide, and LSPR [6].
The main difference between LSPR and the other types of
SPR sensor is the exploitation of nanoparticles instead of
thin film. Nanoparticles also produce SPR, but the resonance
wavelength would be localized inside a nanoparticle or a
nanostructure [7]. There are two types of LSPR setup, they
are transmission based and reflectance based.

Digital microfluidic is a platform that could potentially
realize a lab-on-a-chip system. The groundwork of this tech-
nology is the manipulation of a certain amount of a droplet
on top of a surface through a few mechanisms, such as elec-
trowetting, dielectrophoresis, thermocapillary transport, and
surface acoustic wave (SAW) transport. The digitalization
part in this technology is about the utilization of array of elec-
trode combinations to control some of the droplet parameters,
such as position and hydrophobicity [8]. There are a fewmain
components that construct a digital microfluidic device, there
are substrate, electrode and its configuration, dielectric mate-
rial and its thickness, hydrophobic material and its thickness,
and also the voltage applied to the device [9].

To integrate an optical sensor system andDMF technology,
there are some things that should be considered carefully,
such as structural design parameters, materials choosing, and
fabrication technique. Straight canal structure is one of the
easiest designs to fabricate, it’s also simple and suitable
for DMF systems [10]. There are some suitable materials
for DMF fabrication, which also act as a substrate for an
optical sensor system. They are metals, ceramics, glasses,
composites, elastomers, thermoplastics, and papers. Glasses
were used as a substrate because of low prices, but it was hard
to produce on a smaller scale. To substitute it, elastomers, and
thermoplastics such as polydimethylsiloxane (PDMS) was
used, not only because of its light weight, but also transparent
and resistant to deformation, which was very ideal for optical
sensor system [11]. Lastly, there were lots of fabrication
techniques to produce a certain structure, for example, using
templating and 3D printing. Templating usually was con-
ducted using silicon wafer, then elastomers such as PDMS
was poured over the template. On a smaller scale, fabrica-
tions were conducted using electron beam lithography (EBL),
focused ion beam lithography (FIB), nanoimprint lithography
(NIL) techniques, etc. Especially for biomarkers detection,
structures, materials, and fabrication techniques were focused

on the device compatibility with the biomarker and its envi-
ronment [12], [13]. There were already works that integrated
optical sensor system with digital microfluidic technology,
one of them is colorimetry coupled with ITO arrays of
electrode based on active matrix electrowetting-on-dielectric
(AM-EWOD) which could detect glucose in a human blood
serum. It could reach the limit of detection (LoD) of 33 µM
[14]. Colorimetry coupled with arrays of gold electrode
also could detect nitrite with the LoD of 13 µg/L [15].
Another one is 58 actuator electrode and 3 reservoir electrode
EWOD-based DMF technology coupled with colorimetry
using AuNP could detect Hg2+ with the LoD of 0.01 µM
[16]. Other than calorimetry, there were other types of optical
sensor system that could be integrated with DMF technology
that has also been researched, one of them is optical resonator.
Nanophotonic microring resonator coupled with aluminum
actuator electrode using EWOD-based could conduct mul-
tidetection system of glucose, NaCl, and ethanol with the
sensitivity of 77±0.6 nm/RIU [17]. Optical microdisk res-
onator integrated with metal (Pt/Ti) on SiO2/Si substrate
could detect glucose with the sensitivity of 69 nm/RIU
and FoM of 197 [18]. SU-8 polymer optical resonator
coupled with Chromium EWOD-based DMF could detect
D-glucose with the sensitivity of 20 nm/RIU [19]. Based on
the development of optical sensor systems integrated with
DMF technologies, however, there was no research yet about
integrating LSPR sensors with DMF technologies and its
optimization. Furthermore, the optical sensor system and
DMF part usually was separated into a few chambers in
most studies. In this study, we proposed an embedded grating
nanostructure which could be integrated between two digital
microfluidic’s electrodes. This research was conducted by
simulation using ANSYS Lumerical FDTD.

II. DESIGN AND PARAMETERS
A. PROPOSED STRUCTURE OF OPTICAL SENSOR SYSTEM
USING EMBEDDDED GRATING NANOSTRUCTURE
In this research, the optical sensor system integrated with
DMF technology was proposed in Figure 1.

The optical sensor system design proposed was supposed
to be among the arrays of DMF electrodes. The droplets that
came from the inlet would move on the device, and when it
arrived on the optical sensor system, it would stop, and the
detection process of the droplet would begin. In the optical
sensor part, there were some main components that should be
addressed further, such as substrate, embedded grating nanos-
tructure, dielectric layer, hydrophobic layer, and analyte. The
structure of the optical sensor system design with and without
embedded grating nanostructure will be presented in Figure 2
and Figure 3.

B. MAIN COMPONENTS OF BASIC DESIGN
AND OPTIMIZATION
After modelling the structure for simulation, each material
parameter should be added according to the structure. Based
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FIGURE 1. Proposed design of optical sensor system integrated with DMF
technology.

FIGURE 2. DMF technology design without optical sensor system.

FIGURE 3. Proposed design of optical sensor system integrated with DMF
technology. The optical sensor part consists of substrate layer, embedded
grating nanostructure, dielectric layer, hydrophobic layer, and analyte.
This part was obtained from FIGURE 1 inside the purple circle.

on optical characteristic, each materials have refractive index
of complex number n, where the real part of n was described
as quantization of light velocity’s reduction when light passes
through more polarized materials rather than vacuum. The
imaginary value of n, represented as k , was described as
quantization of light attenuation in the materials because
of absorption. The complete refractive index equation was
described as such:

n = n+ ik (1)

Usually, increased k value will lead to more opaque mate-
rials. However, this trend would not always true to every
wavelength because of dispersion characteristics would vary,

meaning that the transparency of materials was affected by
the comparison between the effect of real and imaginary value
for every wavelength in every material [20], [21]. In this
section, we will further discuss the optical characteristics of
the materials used to build the optical sensor system’s design.

The first one is substrate layer. Substrate layer has a main
purpose as a medium to put nanostructure. Usually, glass and
silicon were used because of its sturdy, stable, and consistent
characteristics. However, upon further inspection, this mate-
rial has high energy loss when reduced to nanometer size.
That’s why there were lots of research to find the perfect
substitute for this material. Some of the materials proposed
in the research were indium tin oxide (ITO), polyethylene
terephthalate (PET), polystyrene (PS), indium phosphate
(InP), polydimethylsiloxane (PDMS), etc. This research uses
PDMS as a substrate not only because it has suitable optical
characteristics, but also it has a lot of potential in the devel-
opment of a flexible sensor system [22]. The suitable optical
characteristic of PDMS is marked by modest but discernible
anisotropy, with values of ∼6.2/25% for the dielectric con-
stant and loss tangent, respectively. This optical property
gives advantage to the bending effect so that when bending
occurs, the anisotropy effect of dielectric constant can be
balanced on the substrate’s surface [23]. The transparency
and hydrophobicity of PDMS also led some researchers to
utilize it as both dielectric layer and hydrophobic layer [24],
[25]. The parameters of this material were obtained from
research where this material was fabricated using the ratio
of main:curing agent of 10:1 and it was measured at normal
temperature and pressure. The thickness of the substrate was
set to 100 nm [26]. This value was chosen because as of now,
the thinnest PDMS substrate layer that could be fabricated
for flexible sensor purpose has a thickness value of around
100 nm [27].

The next component is nanostructure. There are lots of
shapes and size that could be used in this research. However,
this research will focus on developing optical sensor system
using grating nanostructure. The type of materials used in
this research is metallic, especially the ones that are often
used for sensor development. Those materials are silver (Ag),
aluminum (Al), gold (Au), cobalt (Co), copper (Cu), iron
(Fe), nickel (Ni), palladium (Pd), and zinc (Zn) [28], [29].
The optimization for this structure was done for the width of
the gold grating nanostructure, then variation of the materials
would be investigated to obtain the most optimum result. The
thickness of the grating nanostructure was set to 30 nm. This
value was used to match the thinnest DMF electrode that had
ever been fabricated at room temperature before using Indium
Tin Oxide (ITO) [30].

The dielectric layer actually has a main purpose to build
charge and electric field gradients on the DMF device. Fur-
thermore, this layer also prevents electrolysis and restricts
the electric current flow to flow through only in the elec-
trode [31], [32]. The materials used for this layer are usually
from silicon nitride, silicon oil, decane, hexadecane, etc [33].
On the optical sensor system part, the dielectric layer added
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on the nanostructure could give some advantages, especially
for protecting the nanostructure by increasing the thermal
and oxidative stability [34], [35]. The next development for
this structure could be for fabricating a detection system that
could be used repeatedly instead of only once. Furthermore,
some dielectric materials could also add the reactivity of
metal nanostructure embedded in the dielectric layer [31].
In this research, there were some dielectric materials that
would be investigated, such as CdS, CdSe, PbS, SiO2, ZnO,
andWO3 [36], [37], [38], [39], [40], [41]. In this research, the
thickness of dielectric layer was set to 50 nm. This value also
referred to the thinnest of these dielectric materials proposed
that could be fabricated with an embedded structure as of now
[42], [43], [44].

Hydrophobic layer is the uppermost layer of the DMF
that has a direct contact with the analyte. This hydrophobic
layer has a main function to lower the surface energy of
the analyte and the device’s surface [45]. Then, the voltage
that was applied to activate the electrode will change the
wettability rate of the analyte and the device [46]. In this
way, the analyte can move according to which electrode was
activated. There were lots of materials that could be used
as hydrophobic layer for DMF device, such as Teflon AF,
Parylene C, Cytop, PDMS, polytetrafluoroethylene (PTFE),
and many more [47], [48], [49]. In this research, the mate-
rials that would be investigated were Teflon AF with three
grades, 1300, 1601, and 2400 [50]. Teflon AF was chosen
for this research because it’s easy to obtain, and there were
some variations of grades that we could investigate further
so that the design proposed could produce optimum perfor-
mance. The thickness was also set to 12 nm in this research.
It referred to the optimum thickness of hydrophobic layer
for the EWOD system obtained from research of Teflon AF
and Cytop [47]. Both materials have the critical thickness,
meaning the minimum value of thickness in which it could
produce hydrophobic characteristics. The critical thickness of
Cytop and Teflon AF is 3 nm and 7 nm, respectfully. When
these materials have a thickness of more than 12 nm, the
hydrophobicity would decrease.

In this research, there were two analytes used to investigate
the performance of the device. They were blood and water
[51], [52].

C. SIMULATION AND PERFORMANCE PARAMETERS
There were some main parameters that should be considered
in this research, such as reflectance, transmittance, excitation
source, field monitor, FDTD, meshing, optical power absorp-
tion. The general setup of the simulation on the ANSYS
Lumerical FDTD’s window was attached in Figure 4.

The simulation was done in 3D simulation type, the bound-
ary condition of the X and Y axis is periodic, and for the
Z axis is a perfectly matched layer (PML). PML was used
to reduce back reflection [53]. The wavelength used in this
simulation was in the range of 300 nm to 2500 nm. This
range of value was used to investigate the behaviour of the

FIGURE 4. General simulation setup in this research using ANSYS
Lumerical FDTD.

structure when exposed to different wavelengths (near ultra-
violet (UV), visible light, near-infrared (IR), and mid-IR)
so that the data obtained from this research could act as a
reference to determine which light source that could produce
the optimum detection results for the experiment setup. The
mesh step was calculated using the following equation:

Nλ =
λ

1x · n
(2)

where the 1x represent the mesh step across a dimension of
a lattice, λ represent the smallest wavelength from the excita-
tion source used in the simulation, and n represent the highest
value of the refractive index of the structure. The ideal mesh
step has Nλ value of 10 to ensure the tradeoff between the
accuracy and resource needed for 3D type of simulation [54].
However, in this research, Nλ value for embedded grating
nanostructure would be set to more than 10 to make certain
of the accuracy of the simulation.

Reflectance and transmittance profile was obtained by
adding frequency domain power monitors on top of the exci-
tation source and below the proposed design, respectively.
Absorbance was obtained by using the following equation:

A = 1 − R− T (3)

where R represent the reflectance, T represent transmittance,
and the value 1 represent the 100% of light that was produced
by the light source before passing through the optical sensor
system.

Power that passes through an active region is described as
absorption per unit volume. For ANSYS Lumerical FDTD,
absorption per unit volume can be measured using advanced
power absorbed objects from the object library. After the
optical power value was obtained, optical generation rate, G,
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represented as number of excited electrons per volume unit
per time could be obtained from the following equation:

G (r⃗, ξ) =
Pabs(r⃗, ω)

ℏ · ω
=
Psource(ω)

ℏ · ω

PFDTDabs (ω)

PFDTDsource(ω)
(4)

In which ω represent the angular frequency, ℏ represent
reduced Planck constant, Pabs(r⃗, ω) represent the optical
power absorbed. However, to calculate the generation rate of
a real experimental setup, the normalized absorbed power,

PFDTDabs (ω)

PFDTDsource(ω)

which is calculated from the FDTD simulation, should be
multiplied by the experimental source power, Psource inWatts.
In this research, the value ofPsource was set to default of 1Watt
[54], [55].

After G value was obtained, photoelectric conversion (PC)
could be calculated by integrating G value over the embed-
ded grating nanostructure’s volume. Then, the number of
electrons can be converted to current by multiplying it by
q = 1, 60217663 × 10−19C .

PC =

∫
V
(G (r⃗, ξ) · q)dV (5)

The assumption used by this conversion is that one photon
can produce only one electron. To obtain current density,
we will calculate the difference of photoelectric conversion
value when blood and water is used as analytes, then dividing
it by cross-sectional area of embedded grating nanostructure.
Photoelectric conversion can be utilized to see where the
wavelength can potentially produce the optimum current den-
sity that pass through the grating nanostructure’s grid. This
optimum current density corresponds to the optimum perfor-
mance that could be achieved in a sensor system design [56].

There are lots of parameters that can be used to describe the
performance of a sensor. However, only sensitivity and figure
of merit (FoM) were used in this research. Refractive index
sensitivity was measured by detecting the LSPR resonance
peak shift when there is a change in the analyte’s refractive
index value. Refractive index sensitivity was calculated by the
following equation:

S =
1λ

1n
(6)

where λ represent the resonance wave peak wavelength and n
represent the refractive index value of an analyte [57]. In this
research, resonance peak wavelength was obtained from the
LSPR absorbance peak wavelength profile.

LSPR detection is one of the detection techniques based on
the wavelength peak shift. The precision level is determined
from the sensitivity value and the width of the resonance
wave peak line. Larger nanostructures tend to have a high
sensitivity value, however, the peak produced is usually from
multipolar excitation and damping radioactive. To confirm
the detection capabilities of a nanostructure, FoM is obtained

by dividing the sensitivity, S, by the resonance line width
(FWHM):

FoM =
S

FWHM
(7)

III. SIMULATION RESULTS AND DISCUSSION
A. OPTIMIZATION OF THE GOLD GRATING
NANOSTRUCTURE’S WIDTH
In this first optimization step, gold grating nanostructure’s
optimum width was investigated without the dielectric and
hydrophobic layer. The simulation setup was attached in
Figure 5.

FIGURE 5. Simulation setup of the optimization of gold grating
nanostructure’s width.

Based on the structure above, the result of the detection
performance by variating the grating nanostructure’s width
will be attached in Table 1.

TABLE 1. Gold grating nanostructure’s width optimization.

Based on the table above we could see that the optimum
width is 30 nm. Furthermore, the FoM value obtained from
the simulation was found within the range of the most single
nanoarray-based LSPR sensor, which is 0.35 to 17. However,
based on the complexity and the size of a nanostructure,
single gold nanoarray usually has a very low FoM value
below [58], [59], [60].
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B. OPTIMIZATION OF DIELECTRIC LAYER’S MATERIAL
After optimizing the gold grating nanostructure’s width, the
effect of adding the dielectric layer was investigated. The
dielectric layer covered over the gold grating nanostructure
so that it was embedded inside the dielectric layer. The sim-
ulation setup was attached in Figure 6.

FIGURE 6. Simulation setup of the optimization of dielectric layer’s
material.

Based on the simulation setup above, the optimization of
dielectric layer’s material was attached in Table 2.

TABLE 2. Dielectric layer’s material optimization.

From the result above, we could see that gold grating
nanostructure embedded in SiO2 dielectric material has the
optimum performance in both sensitivity and FoM. Based
on the optimization of gold grating nanostructure’s width
result, it could be concluded that adding SiO2, ZnO, andWO3
as dielectric layer can produce better performance rather
than without adding the dielectric layer. In CdS, CdSe, and
PbS, the k value of the refractive index of these materials
are quite high, which means that these materials tend to be
quite opaque. While in SiO2, ZnO, and WO3, the k values
are very low, and the lowest k value was present in SiO2
throughout the simulation wavelength range. Furthermore,
SiO2, ZnO, and WO3 have the tendency to reduce bulk
conductivity of embedded grating nanostructure so they can
help the localization of the SPR phenomenon that happens
inside the embedded gold grating nanostructure. In addition,

TABLE 3. Embedded grating nanostructure’s material’s optimization.

SiO2 has inert characteristics so that this material would never
interfere with the internal reaction in embedded gold grating
nanostructure.

C. OPTIMIZATION OF THE EMBEDDED GRATING
NANOSTRUCTURE’S MATERIAL
In this optimization step, the embedded grating nanostruc-
ture’s materials were varied to be investigated further. The
width and the thickness of grating nanostructure would be
set to 30 nm, based on the optimization of single gold
grating nanostructure that has been conducted before. The
SiO2 was selected as a dielectric material based on the
previous optimization step. The result of the optimization
of the embedded grating nanostructure’s material would be
presented in Table 3.

Based on the result, we can find that the gold grating nanos-
tructure embedded in the SiO2 dielectric layer still provides
the optimum results among the variation of the embedded
grating nanostructure’s material.

D. OPTIMIZATION OF THE HYDRPHOBIC LAYER’S
MATERIAL
After optimizing the dielectric layer and embedded grating
nanostructure’s material, in this section we optimized the
hydrophobic layer’s material. By adding this layer, the opti-
mization of the proposed design would be completed in this
research. The setup of the complete optimization would be
presented in Figure 7.

The result of the optimization of the hydrophobic layer’s
material would be presented in Table 4.

Based on the results obtained, it could be concluded that
grating nanostructures embedded in the SiO2 dielectric layer
would achieve optimum performance when Teflon AF2400
was used instead of Teflon AF1300 and Teflon AF1601.
This is possibly caused by the k value of Teflon AF2400’s
refractive index was lower than the other grades. It means that
Teflon AF2400 exhibits a transparent characteristic so that
incident light could pass through it easily rather than Teflon
AF1300 and Teflon AF1601.
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FIGURE 7. Simulation setup of the optimization of hydrophobic layer’s
material.

TABLE 4. Hydrophobic layer’s material optimization.

However, when compared to the structure without
hydrophobic material, the complete design had a slightly

TABLE 5. Comparison of performance parameter of another similar
published research work.

decreased performance represented in both sensitivity and
FoM value.

It could also be concluded from the result that cobalt (Co),
copper (Cu), iron (Fe), nickel (Ni), palladium (Pd), platinum
(Pt), and zinc (Zn) could act as an alternative for embedded
grating nanostructure’s material for the proposed design other
than gold (Au) because even though they had lower sensitivity
rather than Au, they had higher FoM value. Also, based on
some research, they had a lower price for fabrication rather
than gold (Au).

E. THE PROFILE OF PHOTOELECTRIC CONVERSION AND
MAXIMUM CURRENT DENSITY OF THE
COMPLETE DESIGN
After having the complete design from the previous optimiza-
tion steps, we will investigate the photoelectric conversion
value and the highest current density that could be pro-
duced from the proposed design, with a variation in the
embedded grating nanostructure’s material. The photoelec-
tric conversion of the proposed design with the variation
of embedded grating nanostructure’s material would be pre-
sented in Figure 8.

F. RESULT OBSERVATION
There was already lots of research that utilize grating nanos-
tructure to conduct plasmonic detection for lots of kinds of
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FIGURE 8. The profile of photoelectric conversion of the complete design by variating the embedded grating nanostructure’s materials, such as
Au (a), Ag (b), Al (c), Co (d), Cu (e), Fe (f), Ni (g), Pd (h), Pt (i), Zn (j). The dielectric and hydrophobic layer’s material used were SiO2 and Teflon
AF2400, respectively.

samples. However, there were still only few research that
use embedded nanostructure in dielectric design. There were

some similar design structures used in some research that
would be compared to this research.
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IV. CONCLUSION AND FUTURE PERSPECTIVE
In this research, we’ve presented optimization steps when
building an optical sensor system that has potential to be
integrated with DMF technology. Gold nanograting structure
still has the optimum performance in sensitivity, however,
some other materials, such as cobalt, copper, iron, nickel,
palladium, platinum, zinc, has the potential as an alternative
of gold as they produce higher performance in FoM value of
1.46, 1.455, 1.481, 1.403, 1.397, 1.398, 1.399, respectively.
Based on the profile of photoelectric conversion, it could be
concluded that throughout the simulation wavelength, most
metal materials for grating nanostructure have the maximum
value under simulation wavelength of 1500 nm. The highest
current density value of the proposed design by using com-
parison of water and blood as an analyte was obtained when
the embedded grating nanostructure was made from noble
metals. We believe this research could pave the next genera-
tion research of integrating optical sensor system, especially
LSPR sensor, with DMF technology that could improve mea-
surement result.
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