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Design of Extremely Sensitive Refractive Index
Sensors in Infrared for Blood Glucose Detection

Sandeep Kumar Chamoli , Subhash Chandra Singh, and Chunlei Guo

Abstract—Simple and easy to fabricate sensors with high
sensitivity, high quality-factor (χ), large figure of merit (FOM),
and narrow bandwidth are highly desirable for immediate
point of care testing. In this article, we introduce a one-
dimensional periodic array of barium flint glass on active
plasmonic material, a thin gold film on silicon nitride (Si3 N4)
substrate. Reflection spectrum of the proposed structure
exhibits a clear rejection of certain wavelength on nor-
mal incidence due to the coupling between incident plane
wave and plasmonic wave. The effect of ambient refractive
index or glucose concentration has been studied to measure
the plasmonic sensitivity of the designed structure in blood
glucose detection. After optimizing geometric parameters,
the designed sensor achieved sensitivity and quality factor as high as ∼ 2600 nm RIU −1 (refractive index unit) and
∼1500 respectively. The calculated sensitivity, quality factor and FOM are much higher than the reported structures with a
similar geometry in IR. Owing only one rejection band with narrow bandwidth, the designed structure can also be realized
for optical filtering applications. Wide spectral tunability in the IR, close to 100 % peak absorbance and narrow bandwidth
make the designed structures as an ideal candidate for surface-enhanced infrared absorption (SEIRA) spectroscopy.

Index Terms— Surface plasmon resonance, optical sensors, optical filters, periodic structures, refractive index sensors,
plasmonic sensors.

I. INTRODUCTION

SURFACE plasmon polaritons (SPPs) are the excitation of
electromagnetic (EM) waves propagating on the boundary

between metal and air, and evanescently bound along the
perpendicular direction [1]. Surface Plasmon Resonance (SPR)
is a result of coupling between the incident electromag-
netic field and the conduction electron at the dielectric-metal
interface [2]. Prism and grating couplings are well known
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techniques to excite these surface plasmonic modes [2]–[4].
SPR properties of metals such as gold (Au), silver (Ag) and
aluminum (Al) are widely explored to enhance performance
of photonics and opto-electronic devices [5], waveguides and
splitters [6], enhanced transmission [7], and optical sen-
sors [5], [8]. Optical characteristics, such as permittivity of
metal significantly affect the performance of grating based
SPR sensors, so permittivity has a key role in designing SPR
based refractive index sensors. Gratings made of Au, Ag and
Al have their own advantage and limitation or drawbacks.
Au has become frequently used SPR metal for refractive
index sensor due to having high chemical stability. However,
Al demonstrate narrower SPR reflection curve but with low
chemical stability. To prevent oxidation of Al and Ag, Au
can be used as a protective layer [9], [10]. The conventional
approach of making optical filters and sensors is thin film
based multi-layered structure. Recently, sub-wavelength grat-
ing structures that utilize the properties of surface resonance
mode, such as guided-mode-resonance (GMR), are widely
used for plasmonic sensing and filter applications [9]–[15].
In order to achieve narrow bandwidth in sub-wavelength
grating structures, it is necessary to excite GMR modes along
the length of the substrate on which the grating structure
is formed [16]–[19]. Although sub wavelength grating filters
suffer from multiple rejection bands in the transmission and
reflection spectrum, plasmonic metallic structures also have
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Fig. 1. (a) Perspective view; (b) Schematic of proposed sub wavelength grating simulation setup and geometry. Parameters used are grating
thickness h, grating width W and grating period Λ. The dashed lines represent a unit cell of the periodic structure, enclosing the grating in the middle.
The incident wave is travelling in the negative y direction. Electric field oscillations are in x direction.

the same issue. Additionally, metallic grating based plasmonic
filters and sensors have wide bandwidth due to high optical
absorption in metals in visible spectral region.

In general, the performance of any sensor is evaluated
by its sensitivity, quality factor and figure-of-merit (FOM),
and a higher quality factor is related to higher sensitivity
and ultimately higher wavelength resolution. A wide range
of plasmonic materials have been used in optical sensing
applications [20]–[29]. Zhengqi et al. proposed a multispectral
ultra-narrow band absorber based optical sensor with high
sensitivity of 1000 nm/RIU, but very low, only 5, value of
FOM [27]. Liu et al. suggested a refractive index sensor based
on network type metasurface with FOM of ∼ 68.57 [28]. The
metal-metal-dielectric-metal (MMDM) structure proposed by
Luo et al. demonstrated FOM as high as 1054 [25]. To fur-
ther enhance the sensitivity of plasmonic sensing devices,
many geometrical structures, including nanorings [30], nan-
odisks [31], [32], and nanorods [33], are proposed. Shen et al.
proposed a structure based on gold mushroom arrays with
10nm bandwidth and FOM of 108 [34]. A nanoslit microcavity
based design, reported by Lu et al., is able to achieve band-
width of 8nm [35]. Due to their relatively complex geometry,
and low performance metrices, proposed sensor designs are
time consuming and costly to fabricate using available fabri-
cation techniques. The design of easy to fabricable plasmonic
sensor structure with high performance metrices is highly
desirable for the development of cost-effective sensing devices
for immediate point-of-care in developing countries.

Performance of plasmonic sensors in the UV-visible region
get hindered by high intrinsic optical absorption of the mate-
rials in that spectral region. On the other hand, most of the
target biomolecules such as DNA and proteins do not absorb
in the visible region but have strong vibrational and rotational
transitions associated absorption in the infrared [34], [35].
However, resonance in the IR is wider and weaker as compared
to that in UV-visible spectral region due to the underlying
quantum mechanical limitations. Therefore, realizing narrow
bandwidth plasmonic resonance in infrared and hence design-
ing high performance refractive index sensors is challenging.
In this paper, we report the design of a 1-D grating plasmonic
sensor with high responsivity for glucose detection in the
infrared region. We used barium flint glass, as grating material,

on thin gold film deposited on silicon nitride substrate to
design a novel plasmonic sensor. The calculated sensitivity
for the designed sensor is around 2600 nm/RIU with quality
factor as high as 1500. The narrow bandwidth and strong
absorption at resonance make the designed structure very
reliable for plasmonic sensing applications. Moreover, the pro-
posed structure is easy to fabricate. The designed structure
enables only one narrow bandwidth (2.5 nm) rejection band
that can be also used for filtering applications. Wide spectral
tunability in the infrared, close to 100 % peak absorbance and
narrow bandwidth make the designed structures as an ideal
candidate for surface-enhanced infrared absorption (SEIRA)
spectroscopy [36]. By spectral tuning and overlapping the
resonance of designed plasmonic structure with a specific
absorption band of target biomolecule in IR, a selective
vibrational mode can be excited to achieve large signal from
ultra-small volume. The proposed structure can be used for
the fabrication of ultra-narrow band rejection filter, SEIRA
substrates, and plasmonic sensors, and can be extended to
other spectral regions.

II. DEVICE STRUCTURE AND SIMULATION PARAMETERS

Figure 1 (a) and (b) demonstrate the design of a 1-D grating
structure made of barium flint (BAF 10) on gold (Au) thin
film as an active plasmonic metal on Si3N4 substrate. The
structural parameters, such as period of grating (�), grating
height (h), and grating width (W ) were swept to design a
highly responsive plasmonic sensor. A finite difference time
domain (FDTD) method created by Yee and developed by
lumerical Solution Inc. is used for the simulation of proposed
sub wavelength grating structure [36]. The Lorentz-Drude’s
material model was used to calculate the optical constants of
Au [37]. The refractive index of BAF – 10 is calculated using
following expression:

n2 − 1 = 1.5851495λ2

λ2 − 0.00926681282

+ 0.143559385λ2

λ2 − 0.0424489805

+ 1.08521269λ2

λ2 − 105.613573
(1)
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The Perfectly Matched Layer (PML) boundary conditions
are used in the Y-direction while periodic boundary conditions
are used in the X-direction.

A 2-D simulation has been used to estimate the electric
field distribution and optical response in the grating structure.
The light incidents normally on the structure and allowed
to propagate in the Y-direction with electric field oscillation
along the X-direction. The grating is infinitely extended in the
Z-direction, therefore plasmonic modes cannot be observe for
Z-polarized wave. To simulate optical reflection data of the
structure, an optical power monitor is placed in between the
source and upper PML boundary.

An electromagnetic (EM) wave incident on the 1D periodic
grating structure at a given incident angle excites the surface
plasmon wave. The wave vector that corresponds to the surface
plasmon and the phase matching condition is given by the
following formula [1].

ksp = k0

√
n2

1

n2
1 + εm

(2)

where k0 = 2π
λ0

, k0 represents the wave vector in free space,
n1 is refractive index of incidence medium, and εm is the
permittivity of metal with m an integer.

k0n1 sin θinc + m
2π

�
= ±

{
k0

√
n2

1εm

n2
1 + εm

}
(3)

Equation (3) is known as phase matching condition. For a
given incidence angle θinc, the wavelength that satisfies the
phase matching condition is known as resonance wavelength
λ0 Similarly, for a given wavelength, λ the incident angle
that satisfies phase matching condition is termed as θsp . From
equation 2, one can see that refractive index, n1, of the medium
can control phase matching condition and hence it can tune
resonance wavelength (λ0) and resonance angle (θinc = θsp )
for a given plasmonic structure. This dependence of λ0 and θsp

on refractive index of the ambient can be utilized in refractive
index sensors for analyte detection. Generally, the response of
such a sensor is determined by measuring the variation in the
specular reflectance at a given wavelength. The characteristics
of such a sensor rely on the resonance wavelength, angle
of incidence, and FWHM of resonance peak. Sensitivity of
refractive index sensor can be defined as follows:

S = �θsp

�n1
or S = �λ0

�n1
(4)

where �θsp and �λ0 are the shift in resonance angle and
resonance wavelength respectively corresponding to change in
the refractive index �n1 of ambient. For a high sensing per-
formance, high sensitivity and narrow bandwidth are required
to detect the small variation in the ambient refractive index.
Eventually the performance of a refractive index sensor can be
defined using its quality factor (χ) and Figure-of-merit (FOM),
where these performance metrices depend on the sensitivity,
FWHM and dip strength as follows:

χ = Sensi tivi ty

FW H M
(5)

FO M = Di pstrength

FW H M
(6)

here, we studied reflection from plasmonic structure for
a normal incidence light in the wavelength range from
1000 to 2000 nm. For the optimization of geometric para-
meters of plasmonic structure, water (n = 1.33) was first
used as ambient medium. Later, optimized plasmonic structure
was used for numerical detection of glucose concentration in
water. For this purpose, the refractive index of the medium was
numerically varied from 1.33 to 1.38 to simulated concentra-
tion of glucose from 0 g/100 ml (pure water) to 30 g/100 ml.
The maximum calculated FOM and quality factor for the
designed plasmonic structure are 0.38 and 1500, respectively.
All the simulation has been done using one-unit cell of the
structure.

III. RESULTS AND DISCUSSIONS

A. Equations Numerical Optimization for Geometric
Parameters of Plasmonic Grating

We numerically simulated spectral reflectance from
designed plasmonic 1D grating by sweeping its different geo-
metric parameters such as grating width (W), grating height (t),
and grating period (�). First, we swept grating width W in
the range of 300-900 nm with the step of 300 nm by keeping
grating period (� = 1064 nm) and grating thickness (t =
125 nm) constant.It is interesting to note that dip strength
(peak absorbance) increases by increasing grating width from
300 to 600 nm with strong red shift in the resonance peak posi-
tion. However, further increase in the grating width to 900 nm,
results decrease in dip-strength with longer wavelength shift
in the resonance wavelength. Fig 2 (b) demonstrates a 2 D
plot between reflectance and wavelength for different grating
width. Strong absorption peak is due to coupling between
surface plasmon mode and incident EM wave. A clear red
shift in the resonance wavelength can be seen with increasing
grating width due to red shift in surface plasmon mode. Since
a minimum FWHM and maximum absorbance correspond to
the W = 300 nm, therefore we used this grating width as a
fixed parameter during further optimization of other geometric
parameters. To further optimize the structure, we next study
the variation in resonance peak position and peak width with
varying grating thickness. Figures 2 (c) and (d) demonstrate
line and 2D plots for variation in spectral absorbance with
grating thickness. We swept grating thickness in the range
of 10-200 nm nm. Strong coupling can be observed from
t = 104 nm and designed structure achieves almost 100 %
absorbance for t = 155 nm. The resonance peak position shows
a longer wavelength shift with an increase in the grating thick-
ness. After optimizing grating width (W ) and thickness (t), we
studied the effect of grating period on the reflectance dip and
resonance wavelength. We can observe that resonance peak
wavelength significantly depends on the grating period and a
continuous red shift in resonance wavelength can be observed,
Fig. 2 (e)(f).

B. Spatial Distribution for Electric and Magnetic Field at
Optimized Grating

In the previous section, we designed a 1D plasmonic
grating and numerically optimized its geometric parameters as
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Fig. 2. (a, b) Reflection spectra for varying grating width W, keeping
grating period = 1060 nm and grating thickness t = 125 nm fixed.
(c), (d) Reflection spectra for varying grating thickness t, keeping grating
period Λ = 1060 nm and grating width W = 600 nm fixed. (e), (f) Reflec-
tion spectra for varying grating period Λ, keeping grating thickness t =
125 nm and grating width W = 600 nm fixed.

W = 600 nm, t = 135 nm and � = 1060 nm to get maximum
FOM for plasmonic mode. The simulation results, obtained in
the previous section, suggest that the designed structure can
be realized for broadband tuning of resonance peak in the NIR
region. by adjusting its geometric parameters. Understanding
the spatial distribution of spectral electric and magnetic field,
at resonance wavelength, for optimized plasmonic structure
is highly important. Field distribution corresponding to a
power monitor above FDTD simulation region is shown in
Fig. 3 (a) and (b). When a X polarized electromagnetic wave
propagates in the y direction the electric field distribution of
x component dominates. The electric field distribution shows
the excitement of surface plasmon resonance at resonance
wavelength. It can be seen that maximum field confinement
is around at 1500 nm, which is resonance wavelength for the
optimized structure.

For an optimized structure, we also put a transmission mon-
itor below the silicon nitride substrate to calculate absorption
using A =1-T-R. Fig. 4 presents reflection and calculated
absorption spectra of the proposed structure, under normal
incidence, with a grating period of � = 1060 nm, W =
700 nm and t = 135 nm on 300 nm gold film over silicon
nitride substrate. The refractive index of dielectric substrate
Si3N4 is fixed around 2.05. Due to large thickness of gold

Fig. 3. (a) Electric and (b) magnetic field distribution from power monitor
above for broadband with following parameters: grating period Λ =
1060 nm, grating width W = 600 nm and grating thickness t = 135 nm.

Fig. 4. Reflection and absorption of the proposed structure using
following parameters: grating period Λ = 1060 nm, Λ = 1060 nm, grating
width W = 700 nm and grating thickness t = 135 nm.

layer the structure has almost negligible transmission in the
studied spectral range, therefore 1-R can be safely considered
as absorbance for the structure. Due to the thickness of gold,
the transmission characteristic of the structure is perfectly sup-
pressed by the structure. So, the absorption can be calculated
using A = 1-R, Where R and T are reflection and transmission
respectively. To excite SPP mode at 1550 nm and considering
narrow line width, lowest reflection and strong coupling, we fix
our grating period at � = 1060 nm, W = 700 nm and t =
135 nm for all further calculations.

Fig. 4 is showing the normal incident reflection and absorp-
tion spectra for the proposed structure with a grating period of
� = 1060 nm, W = 700 nm and t = 135 nm thick BAF-10
grating on 300 nm gold film over silicon nitride substrate.
The refractive index of dielectric substrate Si3N4 is fixed
around 2.05.

It can be observed from the curve that there is only one
sharp rejection band at λ0 = 1550 nm, which is known as
resonance wavelength. The sharp rejection, or dip, indicates
the coupling of surface plasmon modes. It can also be observed
that the structure has narrow bandwidth (FWHM of 2.5 nm)
resonance absorption with nearly unit peak absorbance. The
designed structure can be also used to selectively excite a
vibrational mode of any biomolecule in water or other solvent
to get its SEIRA signal without exciting mode of water
molecules.
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Fig. 5. (a) Electrical field distribution at resonance wavelength λ0 =
1550 nm. (b) Magnetic field distribution at resonance wavelength λ0 =
1550 nm, using following parameters: grating period Λ = 1060 nm,
grating width W = 700 nm and grating thickness t = 135 nm.

Spatial distribution of electric and magnetic fields at res-
onance wavelength is important to understand the spatial
localization of power. Therefore, field distribution correspond-
ing to a resonance wavelength λ0 = 1550 nm has been
calculated and shown in Fig. 5(a) and (b). The black dashed
line shows a unit cell of optimized grating structure. The field
strength is represented by color code. From Fig. 5, it can be
observed that the electric field resonance mode is localized
at the interfaces made by lower two corners of BAF grating
and gold film, while magnetic resonance is localized at the
center of BAF grating and gold film interface. This is due to
the strong coupling of surface plasmon mode at resonance
wavelength. Enhancement in the electric field intensity at
resonance wavelength or frequency is the fundamental point
for biosensing applications.

C. Sensitivity to Change in Ambience Refractive Index
and Glucose Concentration Detection

After optimizing geometrical parameters and observing field
distribution, we will present the response of the proposed
structure for the detection of glucose concentration in a water.
The reflection response of designed and optimized structure
is simulated for different glucose concentration in the range
0 g/100 ml (pure water) to 30 g/ 100ml. Refractometric method
is used for determination of sugar percentage in a water. This
method basically determines the refractive index of known glu-
cose concentration to make a line-of-calibration. The obtained
line-of-calibration can be used to determine concentration of
unknown glucose concentration from its measured refractive
index. The following expression calculates the refractive index
of an aqueous solution of glucose:

n = nW + aC (7)

here nW stands for the refractive index of water at 25
◦
C,

a = 0.00143 is constant, and C is sugar concentration in
g/100 ml. First equation (7) is used to determine refractive
index of glucose concentration in the range of 0 to 30 g
in 100 ml of water, and then obtained index is used to simulate
corresponding spectral response of designed structure. Refrac-
tive index of ambient, in the grooves and top of the grating,
is varied numerically following the equation (7) to determine
reflectance response of the structure for different concentration
of glucose in the water. According to LC equivalent circuit

Fig. 6. (a) Reflection with varying ambient refractive index; (b) Glucose
concentration versus refractive index (left) and corresponding resonance
wavelength (right), (c) FWHM (d) Quality factor (e) Dip strength and
(f) FOM using following parameters: grating period Λ= 1060 nm, grating
widthW = 700 nm and grating thickness t = 135 nm.

model [38], an increase in the refractive index and hence
permittivity between two ridges of the grating increases its
capacitance that attributes longer wavelength shift in the reso-
nance wavelength. Fig 6 (a) shows spectral reflectance from an
optimized plasmonic structure (� = 1060 nm, W = 700 nm
and t= 135 nm) at different glucose concentration. An increase
in the glucose concentration causes shift in the resonance
wavelength towards longer wavelength with decrease in dip-
strength. Fig 6 (b) shows variation in refractive index and
resonance wavelength with glucose concentration. Fig. 6 (b)
helps us to choose glucose concentration and its corresponding
resonance wavelength and refractive index. We characterize
the proposed structure by calculating its sensitivity, FWHM,
quality factor, dip strength and FOM. Sensitivity is the slope
of fig. 6 (b), higher the slope means better sensitivity.

The bandwidth (FHWM) of resonance peak shows accuracy,
so better accuracy corresponds to narrower SPR peak. Dip
strength is calculated by subtracting minimum reflectivity from
maximum. Dip strength should be large enough for clear
observation of peak. Quality factor and FOM are calculated
using equations 4 and 5 and presented in figure 6 (d) and (f)
respectively. The calculated sensitivity and quality factor of
the designed plasmonic sensor for the glucose detection are
∼ 2300 nm/RIU and ∼1500 RIU−1 respectively with a narrow
bandwidth of 2.5 nm. From these simulation results, we
believe that performance metrices of plasmonic sensors that
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will be fabricated following the designed structure would be
highly satisfactory in the detection of low concentration of
blood glucose.

IV. CONCLUSION

In summary, we designed an easy to fabricate plasmonic
sensor with high sensitivity and high-quality factor in infrared
for biomolecular detection. The designed structure is based
on 1-D grating pattern of barium flint glass on gold thin
film deposited on silicon nitride substrate. The effects of
different geometric parameters such as grating width, thickness
of gold film and grating period on the characteristics of
resonance absorption have been thoroughly investigated to
optimized plasmonic structure. The grating parameters are
found fine reliable knobs to tune resonance peak position in
broad spectral range in infrared. This capability of designed
structure along with narrow spectral bandwidth make it per-
fect surface-enhanced-infrared absorption (SEIRA) substrate
to selectively excite vibrational modes of target biomolecule
in solution without effecting the vibrational mode of matrix
molecule (such as water) for single molecule detection. The
performance of designed and optimized structure is tested for
the detection of glucose concentration in water with sensitivity
and quality factor as high as ∼ 2300 nm/RIU and ∼1500
RIU−1 respectively with spectral bandwidth as narrow as
2.5 nm. Furthermore, due to having a very narrow rejection
band, proposed structure can also be used as a narrow band-
rejection filter in the infrared. The aforementioned benefits,
especially high FOM and sensitivity, show that the proposed
structure could be a reliable candidate for bio sensing applica-
tions, gas detection, and bio-medical diagnosis. In the future,
we will fabricate designed plasmonic structure for realization
of low cost but high value narrowband rejection filters, SEIRA
substrates, and plasmonic sensors.
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