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Grating-coupled plasmonic sensor for sucrose
sensing fabricated using optical fiber-based
interference lithography (OFIL) system
Jian Yi Pae, Pankaj K. Sahoo, and Murukeshan Vadakke Matham

Abstract—A grating-coupled plasmonic sensor for sucrose
sensing was fabricated and experimentally validated in the
spectral interrogation mode. The grating structures were
fabricated on a silicon wafer using an optical fiber-based
interference lithography (OFIL) system. The system can be easily
reconfigured to write 1D grating features with a periodicity
ranging from 514 nm to 1,646 nm. The patterned area can also be
controlled from 5 mm down to 0.6 mm for energy efficient, device
scale fabrication. The results demonstrated the potential of using
the OFIL system as a highly versatile and low-cost method to
fabricate grating-coupled plasmonic sensors for healthcare
applications.
Index Terms—Biosensors, interferometric lithography, optical
fibers, optical sensors, plasmons

I. INTRODUCTION

I

nterference lithography (IL) techniques have long played an
important role in the fabrication of nanoscale features with a
wide variety of applications [1]–[4]. The major benefit of IL
over other conventional nanofabrication techniques is the
relative ease in generating large area 1D, 2D, or even 3D
interference patterns [5]–[9] with relatively simple optical
components. The interference patterns could then be recorded
in a photoresist layer and transferred to other substrates or
materials for a wide variety of applications such as photonic
crystals, solar cells, high-density data storage devices and
biosensors [10]–[13].
Various methods can be adapted to split a single coherent
light beam into multiple sub-beams necessary for generating the
desired interference pattern [14], [15]. Conventionally, beam
splitting is achieved by using beam splitters or partially
reflecting mirrors [16]. However, such systems, when set up in
free-space, can be quite challenging to align due to the sheer
number of optical components and optomechanical mounts
[17]. This creates a major concern as the optical path difference
between the sub-beams needs to maintain within the coherence
length of the light source for interference to occur. This problem

becomes more evident when forming interference patterns from
multiple beams to fabricate highly complex structures [18].
Recently, single-input/multiple-output (SIMO) optical fibers
have also been demonstrated as an alternative approach for IL
[19]. The SIMO optical fiber would serve the purpose of a beam
splitter as well as provide a flexible medium for beam delivery.
The main benefit of this is that the end faces of the optical fiber
can be repositioned easily for delivery of the sub-beams at a
desired angle of incidence without the use of mirrors or
reflectors. In addition, the polarization of each of the sub-beams
can also be controlled independently to maximize the contrast
of the pattern [20]. Hence, an optical fiber-based interference
lithography (OFIL) system would greatly enhance the
versatility of an IL system and greatly reduce its complexity.
In this paper, a 2-beam OFIL system is developed for
fabricating the nanoscale 1D grating features for plasmonicbased sensing applications. The advantage of the developed
OFIL system is that the 2 end faces of the optical fiber are
mounted on rotation stages that are aligned on the same rotation
axis, hence, the angle of incidence of the sub-beams can be
varied easily with minimal realignment or adjustment for
fabricating 1D grating features with different periodicities. In
addition, the use of a fiber collimation package allows the laser
spot diameter to be confined to only the targeted pattern area so
as to maximize the laser energy efficiency in writing the
interference pattern.
After the grating features are fabricated, it is then developed
into a gold grating coupled plasmonic sensor and its potential
as a biosensor for sucrose sensing was demonstrated. It is
envisioned that the OFIL system could be easily integrated with
other micro and nanoscale fabrication processes which would
allow greater versatility and efficiency in the fabrication of
micro–nanoscale features for the mass production of photonics
devices, such as optical sensors and lab-on-a-chip devices for
medical and healthcare applications.
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TABLE I
REQUIRED ANGLE OF INCIDENCE FOR THE TARGETED PERIODICITY AND THE
ACTUAL MEASURED PERIODICITY.
Targeted periodicity,
Λt (nm)
500
1000
1600

Fig. 1. Schematic model of the optical fiber interference lithography system
(laser beam path is illustrated in blue).

II. OFIL SYSTEM
The schematic model of the proposed OFIL system is shown
in Fig. 1. A diode-pumped solid-state (DPSS) laser (CNI Co.,
Ltd.) with 405 nm emission wavelength is selected as the light
source whose long coherence length (>1 m) is ideal for IL. The
optical fiber is designed to be single-mode for 405 nm and the
input end is split, using a custom-fabricated fused fiber splitter
(FONT Co.), into two output ends with a 50:50 splitting ratio.
The input end is first mounted on a fiber launch system with 3axis adjustability to ensure maximum coupling of laser light
into the optical fiber. A 0.10 NA 4X microscope objective
(Olympus Corp.) is also used to tightly focus the laser light into
the optical fiber. Each of the output ends is then mounted on
separate optical rails which are attached to individual rotation
stages that are aligned on the same rotation axis. Therefore, the
interference plane would always be at the same distance from
the fiber output end regardless of the rotation angle which
reduces the need to realign the laser beam after each adjustment.
A 3-axis sample holder is then added to position the substrate
at the interference plane for recording the interference pattern.

Required angle of
incidence, θ
23.89°
11.68°
7.27°

Measured periodicity,
Λm (nm)
514
980
1646

The optical components are mounted on a cage system to
simplify the aligning process. In addition, different optical
components, such as polarizers and lens, can be easily added to
the system in a controlled way to reshape the beams for
achieving the desired contrast, type of interference pattern and
pattern area. In the system, a fiber collimator is attached directly
to the fiber end face to collimate the laser beam and a series of
plano-convex lenses are then used to expand the diameter of the
sub-beams to approximately 5 mm. A polarizer is also added to
ensure the sub-beams are s-polarized for the best contrast in the
interference pattern.
Before recording the interference pattern, the output power
from each end of the optical fiber is first measured using a
power meter (PMA100A from Thorlabs, Inc.). The power in
both sub-beams is then tuned using a 3-axis fiber launch system
(Thorlabs, Inc.) and made to be equal at approximately 0.6 ±
0.05 mW. Considering the spot size of the beams, the intensity
of each beam is calculated to be approximately 3.06 mW/cm2.
Therefore, the required exposure time necessary for patterning
can be derived from the exposure dosage of the photoresist. A
mechanical shutter, with a temporal resolution of 10 ms, is used
to control the exposure time.
Next, a silicon (Si) wafer is prepared by spin-coating a layer
of negative-tone photoresist (NR7-500P from Futurrex, Inc.) at
4,000 rpm over the surface. The photoresist is then soft baked
at 150 °C for 60 s and cooled to room temperature before it is

Fig. 2. SEM images of the respective grating features at (a)-(c) 3,500x and (d)-(f) 20,000x magnifications for the respective Λm.
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mounted on the sample holder. After exposing the photoresist
for 900 ms, the Si wafer is then baked at 100 °C for 60 s and
developed in a diluted developer solution (RD6) for 1 min. The
substrates are then inspected using scanning electron
microscopy (SEM) to confirm its periodicity.
The versatility of this system is demonstrated by fabricating
1D grating features with different periodicities by rotating the
optical rails to realize different angles of incidence. For a simple
2-beam IL system, the resulting periodicity of the interference
pattern is described as Λt = λ / 2 sinθ [21], where λ is the
wavelength of the laser light and θ is the angle of incidence.
Table 1 shows the targeted periodicity (Λt) in the interference
pattern and the required angle of incidence. The measured
periodicity (Λm) of the fabricated 1D grating features is also
given in the last column for comparison purposes. These values
are calculated by analyzing the line profile plot of the SEM
images.
The SEM images of the different 1D grating features and
their respective targeted periodicity are shown in Fig. 2. The top
3 images show the features at 3,500x magnification while the
bottom 3 images are at 20,000x magnification. The grating
features are observed throughout the entire patterned area and
have good contrast. Therefore, this demonstrates the versatility
of using the optical fiber IL system to fabricate a wide range of
nanoscale and microscale grating features.
The Λm is calculated from the line profile plot measured from
the SEM images using an image processing software (ImageJ).
After image filtering, the individual peaks are identified based
on the maximum relative grayscale intensity values and Λm can
be calculated by taking the average of their respective peak-topeak value. As shown in Fig. 3, the line profile plot of the
sample with Λt of 500 nm, corresponding to Fig. 2 (a), is plotted
in terms of its grayscale intensity. The measured periodicity of
the 1D grating features agrees well with the values derived
using the theoretical formula. The difference in the two values
can be attributed to the zero error with respect to the
interference plane and due to the accuracy of the rotation stage
(1° resolution). This error can possibly be minimized by using

Fig. 3. Line profile plot of the sample with 500 nm targeted periodicity

3

Fig. 4. Actual image of the samples showing different colors at a viewing angle
of approximately (a) 10°, (b) 45° and, (c) 80°

a stepper motor for more precise control of the rotation stage.
This demonstrates the potential of the optical fiber IL as a
highly versatile method for the fabrication of grating features
with different periodicities.
Fig. 4 shows the actual images of the 500 nm periodicity
grating sample when viewed from different angles. As can be
seen from the images, the reflected light changes color from
blue to yellow when the viewing angle is increased. This is due
to the diffraction of white light when it is reflected off the
grating features. This method allows us to quickly verify and
confirm the successful patterning of the grating features without
the need for any microscopy techniques.

III. DEVELOPMENT OF A GRATING-COUPLED PLASMONIC
SENSOR
In order to demonstrate the potential of this system as a
nanofabrication tool, 1D gold gratings with 500 nm periodicity
are fabricated for the development of a grating-coupled
plasmonic sensor. Surface plasmon (SP) is described as a
collective oscillation of free electrons at a metal-dielectric
interface [22], [23]. The SP propagates along the interface and
can be excited with an external transverse-magnetic (TM)
electromagnetic wave if they have the same propagation vector
[24]. This can be achieved with a metallic diffraction grating
when the following condition is satisfied [25].
2π
(1)
k0 nd sin(θ) + m
= ±Re(k SP )
Λ
Here k0 is the propagation constant in vacuum, nd is the
refractive index of the dielectric medium, θ is the angle of
incidence of the light on the diffraction grating, m is the
diffraction order, Λ is the periodicity of the grating and k SP is
the propagation vector of the SP wave. When the above
condition is satisfied, there is a resonant coupling of energy
transfer from the incident light to the SP which would result in
a drop in the reflected energy [26]. Therefore, by observing the
spectrum of the reflected light, we can identify the resonance
wavelength as a sharp dip [27], [28]. Since kSP is governed by
the refractive index of the dielectric medium, therefore, by
monitoring the shift in the resonance wavelength, a plasmonic
sensor can effectively function as a refractive index sensor [29].
A two-step lift-off process was used to fabricate the gold
metallic diffraction grating features. First, a layer of gold is
sputtered over the Si wafer followed by coating a layer of
photoresist for recording the 1D grating interference pattern.
Next, a second layer of gold is deposited over the patterned
photoresist which fills the gaps in between the grating features.
Subsequently, the photoresist is lift-off in an acetone bath
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Fig. 5. Schematic illustration of the gold grating-coupled plasmonic biosensor
configured for spectral interrogation mode.

leaving behind a gold grating pattern. The gold grating was then
developed as a plasmonic sensor in the spectral interrogation
mode as shown in Fig. 5. A broadband halogen light source is
first collimated and directed through a polarizer and a beam
splitter to incident TM polarized light normally to the surface
of the gold grating. The reflected light from the gold grating is
then collected by a collector lens which is coupled to a
spectrometer (USB4000, Ocean Optics, Inc.). The fluidic cell is
formed using polydimethylsiloxane (PDMS) which covers the
surface of the gold grating [30]. The sample dielectric fluid is
then injected into the fluidic chamber through the inlet and
outlet of the fluidic cell and the reflection spectrum of the
sample is analyzed using the spectrometer.
Fluids with different concentrations of sucrose were then
introduced into the fluidic cell which covers the surface of the
grating and the measured reflection spectra are shown in Fig.
6a. From the figure, a sharp dip in the reflection spectra is
clearly observed, at the resonance wavelength for all the sample
fluids and there is a red shift with increasing sucrose
concentration. This confirms that the sucrose concentration has
a direct effect on the refractive index of the sample fluid which
would affect the resonance condition at the metallic-dielectric
interface formed by the gold and sucrose fluid. The respective
sucrose concentration values were then converted into molar
concentration (M) and then plotted with the observed resonance
wavelength as shown in Fig. 6b to establish the relationship
between the two values. From this, the sensitivity of the
plasmonic sensor can be estimated from the linear fit to be 13.1
± 0.5 nm/M and the detection limit of the system is calculated
to be 16.61 mM.
In order to confirm that the reflectance is indeed due to the
plasmonic effect, a controlled experiment was also performed
by recording the reflection spectrum with s-polarized light.
There is no distinctive drop in the reflectance which suggests
that there is no resonant coupling of light to the excite the
surface plasmons. This is because the polarization direction is
orthogonal to the grating direction and therefore, the incident
light could not be coupled to the interface for excitation of the
SP.

Fig. 6. (a) Spectrum of the reflected light collected by the spectrometer for each
sucrose concentration, (b) plot of the observed resonance wavelength against
the respective refractive index of the sucrose solutions

IV. CONCLUSION
An optical fiber-based IL system offers the benefits of
flexibility and reduced complexity as compared to conventional
IL systems. In this paper, we demonstrated the versatility and
robustness of the configured OFIL system to fabricate
interference patterns of approximately 5 mm diameter with
multiple periodicities ranging from 514 nm to 1,646 nm. The
patterned area could also be easily varied by adjusting the
distance between the lens or using a lens with different focal
length without affecting the alignment of the laser beams. As a
result, the time needed to readjust and realign the optics for
realizing different interference pattern or a specific design is
significantly reduced. Additionally, a more energy efficient
fabrication process is realized as the laser beam is expanded
only to the desired pattern area with minimal losses as the
unnecessary regions are not patterned. Therefore, it is
envisioned that the OFIL system allows for a more efficient
approach to realize a multitude of micro-nanoscale periodic
features with optimized designs and geometries for specific
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device scale fabrication such as the demonstrated plasmonic
sensor.
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