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Abstract:
Metal-Insulator-Metal (MIM) structures possess a number of shortcomings which include optical loss,
tenability, nanofabrication challenges, chemical instability, incompatible manufacturing process etc. To
overcome these shortcomings, plasmonic properties of heavily n-doped silicon are studied and found to be
similar to those of conventional plasmonic metals like gold or silver. A plasmonic refractive index sensor
using n-doped silicon instead of metal is designed and analyzed numerically using Finite Element Method
(FEM). A maximum sensitivity of 4900 nm/RIU, which is higher than most of the MIM plasmonic refractive
index (RI) sensors proposed to date, is obtained here. The RI sensor reported here, provides a significant
improvement in the sensitivity of the device along with its compatibility with traditional nanoelectronics.
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1. Introduction:
Replacing slow electronic circuits with fast and still small alternative components has been one of the aims of the
researchers over the last few decades. Plasmonic devices are being considered as one the potential replacements of
traditional electronics due to their ability to confine electromagnetic waves to a metal-dielectric interface, allowing
for nanofocusing with tremendous field enhancement utilizing the Surface Plasmon Polaritons (SPPs) [1], [2]. SPPs
are produced due to the interaction of light with a metal creating an oscillation in metals electron cloud resulting to
electromagnetic wave propagation [3]. Considering plasmonics as one of the potential replacements of electronics,
different types of plasmonic devices are proposed and investigated both numerically and experimentally. These
devices include filters [4], [5], couplers [6], [7], splitters [8]–[10], sensors [11]–[13], Bragg reflectors [14]–[16],
Mach–Zehnder interferometers [17]–[19], etc. Among the plasmonic devices, plasmonic sensor is one of the most
suitable devices to be integrated optical circuits considering size, performance and application requirements. Using
conventional plasmonic MIM structures, different plasmonic sensors are proposed till date which includes refractive
index sensors [20]–[22], temperature sensors [22]–[24], gas sensors [25], [26], biosensors [12], [27], [28] etc.
Although a number of geometrical structures can be formed in order to guide SPPs, most common structures are the
Insulator-Metal-Insulator (IMI) and Metal-Insulator-Metal (MIM) waveguides. Since light confinement is one of the
key issues in case of plasmonic waveguides, MIM structures are more popularly used compared to IMI structures
due to their ability to guide light with high confinement.
Material technology is playing a vital role in the recent development of plasmonics and plasmonic devices. SPPs are
created depending mostly on the plasmonic property of a material once light is incident on it. Besides, the
propagation of SPP is greatly affected by the plasmonic property. Plasmonic materials also act as the building block

while realizing the plasmonic devices practically. Thus, in order to have a realizable plasmonic device with
enhanced performance, a suitable plasmonic material is the most important thing to look for.
The optical properties of metallic films have been thoroughly investigated by Rakic et al. [29] and the modeling
parameters have been found for eleven metals, including mostly used plasmonic metals, silver and gold. Though
metals like gold and silver are mostly used materials in plasmonic applications due to their ability to produce and
guide SPPs, they have a number of disadvantages. These disadvantages of natural metals like gold and silver limit
the performances of the plasmonic devices to a great extent. One of the main disadvantages of conventional
plasmonic materials is that they suffer a substantial optical loss due to the large imaginary part of the complex
dielectric permittivity. At optical frequencies, loss mechanisms like interband transitions, intraband transitions, and
scattering losses play a crucial role [30]. A higher amount of these three above mentioned losses makes the
imaginary part of the complex permittivity larger. As a result, the plasmonic devices formed by the materials suffer
a huge optical loss. Natural metals also have a fixed carrier concentration in the range of 10 23 cm-3. Due to their high
carrier concentration, the real and imaginary part of the complex dielectric permittivity is very large compared to
insulators. The large value of the real part of the permittivity causes many problems in plasmonic devices which
require a balanced polarization response [31]. In most of the plasmonic devices, metals are used as very thin films.
The morphology of metal film is quite different from the bulk metal. Bulk metal is generally composed of larger
grains compared to the much smaller grains of thin metal films. Thus, metal films grown or deposited on the
substrate do not have the same optical properties as expected [32]–[34]. Also, in the case of thin-film, smaller grains
cause grain-boundary scattering loss in metals [35], [36]. Optical losses in thin metal films can be three to four times
more due to grain-boundary scattering loss. The optical loss also arises in ultrathin metal films due to surface
roughness [37], [38]. Conventional plasmonic metals like gold, silver, or copper easily react with air or oxygen
present in air and humidity and forms compounds. Copper forms oxides in the air [39], [40] and, silver is sensitive to
sulfur and forms silver sulfide [41], [42]. As a result of these chemical reactions, they suffer a huge degradation in
their optical properties. Besides, metals like gold and silver are not compatible with standard silicon manufacturing
processes. Thus, plasmonic devices cannot be manufactured using conventional nanofabrication technologies. They
can be diffused into silicon which will alter the optical properties and thus severely degrade the performance of the
device [43], [44]. Thus, plasmonic metals like gold and silver are still outside the scope of being manufactured using
standard silicon manufacturing technologies and yet to be incorporated in nanoelectronics integrated circuits.
From the models shown by Rakic et al. [29], it has been observed that the dielectric permittivity of metal is a
complex parameter. The real part of it accounts for the polarization response, and the imaginary part is responsible
for the optical loss. At optical frequencies, the real part of the dielectric permittivity of metal is negative, which is
one of the most important plasmonic properties of metals [45]. This negative real part of the permittivity supports
the propagation of SPPs at the interface when the material is interacted with light. Thus, researchers are searching
for better alternatives which can show similar behavior like metals and will be compatible with traditional
nanoelectronic technologies. This paper also reports one of such approaches to use an alternative plasmonic material
to form a plasmonic RI sensor with enhanced performance and compatible manufacturing process.

2. Theoretical model and device design
(a) Material Selection and Mathematical Model
To fabricate optical components and integrated circuits, silicon photonics is one of the key technologies nowadays
[39, 40]. It is already being implemented in the commercial-scale [46]. If heavily doped silicon can be used as an
alternative to metal, silicon plasmonics has a great possibility in the near future [47]–[49]. Silicon can be doped with
arsenic, antimony, phosphorus, etc., group V elements, to make it n-type. It can be doped with group III elements
like boron, gallium, aluminum, etc. to make it p-type. Different optical properties of doped silicon have been
investigated by Balkanski et al. [50] and Schroder et al. [51]. The solubility of boron, phosphorus, and arsenic
impurities in silicon has been investigated by Trumbore [52]. Use of n-type silicon would be advantageous because
of the smaller effective mass of electrons compared to holes [53] which will require lower doping concentration to

achieve a negative compared to p-type silicon. Thus, n-doped silicon has been used here as an alternative plasmonic
material.
Since plasmonic materials are mainly used for their ability to interact with light, their plasmonic properties can be
described by two parameters, dielectric permittivity, ɛ and, magnetic permeability µ [54]. However, at optical
frequencies, the permeability value becomes close to unity. Thus, their behavior can adequately be described by the
dielectric permittivity only. The frequency-dependent complex dielectric permittivity of highly doped silicon can be
described by the Lorentz-Drude model [55].
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meff is the averaged electron/hole effective mass [56]. Usually, the angular frequency Ꞷ >> Ꞷp and Ꞷτ >> 1 [61].
Thus, (2) can be rewritten as,
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where,   eN  is the conductivity of the doped silicon and e is the charge of an electron and  0 is the free space
permittivity. The infinite frequency relative permittivity or the background permittivity is the high-frequency
limiting value that is approximately 11.7 for silicon and is independent of the doping concentration [57], [58]. Here,
µ = 80 [51] and

meff = 0.26* m0 , where, m0 is the mass of the electron [59]. The relationship of the real part and

imaginary part of the complex dielectric permittivity of n-doped silicon is depicted in Fig 1 which clearly shows that
for different wavelengths, after a certain doping concentration the real part of dielectric permittivity becomes
negative which is the main requirement to support SPP production and propagation. The refractive index of a
material can be calculated using (4).

n  i    
where,

(4)

n is the real part of the refractive index which indicates the phase velocity and  is the imaginary

part of the refractive index which is also called the extinction coefficient. Fig 2 shows the variation of real
and imaginary part of refractive index of n-doped silicon with carrier concentration for different wavelengths.

(a)

(b)

Fig 1 Relative permittivity (a) real part, (b) imaginary part versus carrier concentration at different wavelengths.

(a)

(b)

Fig 2 Refractive index (a) real part, (b) imaginary part versus wavelengths at different carrier concentrations.

(b) Device Design
The main objectives of the researchers are to improve the sensitivity, Figure of merit (FOM), resolution of the
sensor. Some of the already proposed plasmonic sensors have very high sensitivity. Since plasmonic sensors need to
be integrated into other optical circuits, one of their main requirements is to be compatible with the optical circuit
system where it needs to be integrated. Thus, designing plasmonic sensors with CMOS compatible material like
doped silicon may provide a way towards combining conventional electronics and plasmonics. Here, a plasmonic
refractive index sensor is designed with CMOS compatible material instead of metal with a very simple ring
resonator structure. The sensor has a higher sensitivity compared with the other proposed sensors.
The basic scheme of the plasmonic sensor is composed of a straight waveguide of silicon-air-silicon structure which
is connected with a ring cavity inside the silicon layer in which there will be the material under sensing. Fig 3 shows
the schematic diagram of the sensor proposed here. The simulation result of this work is simulated in 2D. Most of
the proposed plasmonic sensors are also simulated in 2D for an efficient simulation and lower loss [60]. For
practical experiments the result will exactly match with 2D simulation result for the ideal case which is h= ∞. For
any height greater than 50 nm, the result will be stable and very close to the simulation result [12].

nSilicon
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A
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Sensing Material
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Fig 3 Schematic diagram of the proposed sensor.

1. Results analysis and discussions
For the simulation purpose, commercial simulation software COMSOL Multiphysics is used [61]. For numerical
analysis, it employs Finite Element Method (FEM) with scattering boundary conditions. To find out the appropriate
carrier concentration of n-silicon, A straight waveguide is formed with n-doped silicon/silver and air interface as
shown in Fig 4(a) and simulated to obtain the transmission characteristics. The transmission characteristics obtained
for different carrier concentration of n-doped silicon is compared with silver-air-silver waveguide of the same
structure which is shown in Fig 4(b). The transmittance for the waveguide shown in Fig 4(a) as well as the proposed
sensor structure can be obtained by, T = Pout / Pin , where, Pout is the output power obtained at port B and Pin is the
input power at port A.

nSilicon/Silver
Air
A

B

(a)
(b)
Fig 4 (a) Silver/n-silicon waveguide, (b) Transmission characteristics shown by the waveguide.

From the transmission characteristics shown in Fig 4(b), it is observed that the transmittance of the waveguide
increases with the increase in doping concentration in silicon. However, to achieve higher doping concentration in
silicon is still a challenge. To achieve a transmittance more than silver-air-silver waveguide, minimum doping
concentration required is 13.2×1021 cm-3. The highest doping concentration reported to date is 2×1022 cm-3 by Nobili
et al. [62] where Arsenic doping is used in silicon. To achieve a better performance than silver-air-silver waveguide
devices, a doping concentration of 13.2×1021 cm-3 is used here. However, depending on the applications, this doping
concentration can be decreased or increased up to maximum reported doping concentration when necessary.
The structure shown in Fig 3 has been investigated here using heavily doped n-type silicon instead of silver which is
used is conventional plasmonic devices. The transmission characteristics of the device has been analyzed and tuned

to obtain a higher sensitivity of the device. The sensitivity, S of the device can be calculated from the resonance
peak using the formula,


n
where,  is the resonance peak shift in nm and n is the corresponding refractive index change.
S

(4)

For the structure with typical values i.e. the gap between the ring and straight waveguide, g = 10 nm, the radius of
the ring, r = 170 nm and, the width of the ring and straight waveguide, d = 50 nm, the resonance peaks occur at
1573.5 nm, 1589 nm, 1604.3 nm and 1619.5 nm for n = 1, 1.01, 1.02 and 1.03 respectively. The sensitivities
obtained are 1550 nm/RIU, 1530 nm/RIU and 1520 nm/RIU, respectively. Thus, a maximum sensitivity of 1550
nm/RIU is obtained for the device structure. The transmission characteristics of the device and the resonance shift
for different refractive indices have been shown in Fig. 5. Different parameters of the device like the width of the
ring, dr, the width of the straight waveguide, ds; the radius of the ring, r and the gap between the straight waveguide
and ring waveguide, g is then varied to obtain a higher sensitivity.

(a)

(b)

Fig 5 (a)Transmission characteristics, (b) Resonance Peak shift of the sensor with g = 10 nm, r = 170 nm and d = 50 nm for different values of n.

The width of the ring, dr is varied for getting maximum sensitivity. For dr = 40 nm, 50 nm and 60 nm, the
transmission characteristics are observed for n = 1 and n = 1.01, which is shown in Fig 6. The resonance peaks and
the sensitivities for different values of dr are shown in Table 1 and it is observed that the sensitivity increases with
the decrease of the radius of the ring. The resonance peaks obtained for dr = 20 nm is at 2204 nm, and sensitivity is
as high as 4201.9 nm/RIU.
The width of the straight waveguide, ds is then varied for n = 1 and n= 1.01 to obtain the value of ds for maximum
sensitivity. The transmission characteristics and the resonance peaks for different values of ds are shown in Fig. 7
and Table 2, respectively. The sensitivity of the device increases with the increase of ds and ds = 80 nm is chosen
where the sensitivity obtained is 4650 nm/RIU. The other parameters to choose are the radius of the ring, r and the
gap between the straight waveguide and ring waveguide, g. These parameters are also varied similarly, and the best
values of r and g are chosen for best sensitivity. The transmission characteristics with the variation of r and g are
shown in Fig. 8 and Fig. 9 respectively. The best value of r is chosen to be 170 nm, and the best value of g is chosen
to be 10 nm. With all the suitable values for the sensor as dr = 20 nm, ds = 80 nm, r = 170 nm and g = 10 nm, the
transmission characteristics are observed for different values of n from 1 to 1.03 with a step of 0.005. The
transmission characteristics for different values of n are shown in Fig. 10. The resonance peaks for different values
of n and sensitivity is shown in Table 3. Fig 11 shows the resonance wavelength shift and sensitivity change with the
change of refractive index. From Fig 11(b), it is observed that the sensor shows higher sensitivity for higher values
of n. Thus, it is possible to obtain much higher sensitivity of the device for sensing liquids whose refractive indices
are comparatively higher than gases.

Fig 6 Transmission characteristics of the sensor with w = 10
nm, r = 170 nm and ds = 50 nm for different values of dr for n
= 1 and n = 1.01.

Fig 7 Transmission characteristics of the sensor with w = 10
nm, r = 170 nm and different values of ds for n = 1 and n =
1.01.

Table 1
The resonance peaks and the sensitivities for
different values of ring width.
Ring
Resonance peaks (nm)
Sensitivity
width,
(nm/RIU)
n=1
n = 1.01
dr (nm)

Width of the
straight waveguide,
ds (nm)

20

2204.881

2246.9

4201.9

30
40
50

1827.5
1674.2
1574

1844.7
1689.8
1589

1720
1689.8
1589

60

1501.7

1516.05

1516.05

Table 2
The resonance peaks and the sensitivities for different values of
the width of the straight waveguide

Fig 8 Transmission characteristics of the sensor with g = 10
nm, dr = 20 nm and ds = 80 nm for different values of r for n =
1 and n = 1.01.

Resonance peaks (nm)
n=1

n = 1.01

Sensitivity
(nm/RIU)

20
30

2204.881
1827.5

2246.9
1844.7

4201.9
1720

40

1674.2

1689.8

1689.8

50

1574

1589

1589

60

1501.7

1516.05

1516.05

Fig 9 Transmission characteristics of the sensor with ds = 80
nm, r = 170 nm and different values of g for n = 1 and n =
1.01.

Table 3
Resonance peaks and sensitivities for different values n
n

Resonance peak (nm)

Sensitivity
(nm/RIU)

1

2284.9

--------

1.005

2307.94

4608

1.01

2331.47

4706

1.015

2355

4706

1.02

2379

4800

1.025

2403

4800

1.03

2427.5

4900

Fig 10 Transmission characteristics of the sensor with ds = 80
nm, r = 170 nm and dr = 20 nm and w = 10 nm for different
values of n.

(a)

(b)

Fig 11 (a) Resonance shift, (b) Sensitivity variation with refractive index for the proposed sensor.

Proposed Sensor
Sensor proposed in this paper
Wu et al. [22]
Al Mahmud et al. [63]
Al Mahmud et al. [64]

Rakhshani et al. [65]
Butt et al. [66]
Zhang et al. [11]
Zhang et al. [12]
Butt et al. [13]
Tu et al. [67]

Table 4
Comparison with other proposed sensors
Maximum
Structure
Sensitivity
Used
(nm/RIU)
4900
Si-I-Si
3460
M-I-M
2713
M-I-M
2325
M-I-M
2320
M-I-M
1367
M-I-M
1200
M-I-M
1160
M-I-M
800
Si and M-I-M
363
Si

CMOS
Compatibility

Year

Yes
No
No
No
No
No
No
No
No
Yes

2021
2014
2021
2021
2017
2018
2019
2018
2018
2017

From Table 3, it is observed that a highest sensitivity of 4900 nm/RIU can be obtained for the sensor. Comparison
between the other proposed sensor and the sensors proposed is shown in Table 4. Among the other proposed
sensors, the sensor proposed by Wu et al. [51], has the highest sensitivity. However, it was designed using silver as
the plasmonic metal which makes it incompatible with CMOS technology. The other proposed sensors have very
low sensitivity compared to the sensor proposed here despite using various complex structures. Moreover, they are
also not CMOS compatible except the sensor proposed by Tu et al. [70] which has got a very low sensitivity of 363
nm/RIU only.

4. Conclusions
In order to overcome the limitations of conventional plasmonic metals, the plasmonic properties of an alternative
plasmonic material is studied and found to show similar properties like gold and silver. Heavily n-doped silicon can
not only replace gold or silver in plasmonic devices but also can enhance the performance of the plasmonic devices
to a great extent. The plasmonic sensor studied and tuned here can show a maximum sensitivity of 4900 nm/RIU, a
sensing resolution of 2.041×10-4 RIU which is the highest reported till date to the best of our knowledge. Moreover,
the all silicon approach used here makes the device compatible with Complementary Metal Oxide Semiconductor
(CMOS) technology. This feature enables it to be incorporated in conventional nanoelectronic circuits for on chip
sensing applications. The wide sensing range of the device is also suitable for using the device as a gas sensor as
well as biosensor.
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Figures

Figure 1
Relative permittivity (a) real part, (b) imaginary part versus carrier concentration at different wavelengths.

Figure 2
Refractive index (a) real part, (b) imaginary part versus wavelengths at different carrier concentrations.

Figure 3
Schematic diagram of the proposed sensor.

Figure 4
(a) Silver/n-silicon waveguide, (b) Transmission characteristics shown by the waveguide.

Figure 5
(a)Transmission characteristics, (b) Resonance Peak shift of the sensor with g = 10 nm, r = 170 nm and d
= 50 nm for different values of n.

Figure 6
Transmission characteristics of the sensor with w = 10 nm, r = 170 nm and ds = 50 nm for different
values of dr for n = 1 and n = 1.01.

Figure 7
Transmission characteristics of the sensor with w = 10 nm, r = 170 nm and different values of ds for n = 1
and n = 1.01.

Figure 8
Transmission characteristics of the sensor with g = 10 nm, dr = 20 nm and ds = 80 nm for different
values of r for n = 1 and n = 1.01.

Figure 9
Transmission characteristics of the sensor with ds = 80 nm, r = 170 nm and different values of g for n = 1
and n = 1.01.

Figure 10
Transmission characteristics of the sensor with ds = 80 nm, r = 170 nm and dr = 20 nm and w = 10 nm
for different values of n.

Figure 11
(a) Resonance shift, (b) Sensitivity variation with refractive index for the proposed sensor.

