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Abstract—In this study, a plasmonic refractive index (RI) sensor 

using heavily n-doped silicon waveguide is designed and 

numerically simulated using finite element method (FEM). The 

reported sensor is based on gratings inside a heavily doped silicon 

waveguide structure instead of a conventional metal-insulator-

metal structure. This feature enables the device to overcome the 

limitations of conventional plasmonic devices like optical losses, 

polarization management, etc. Besides, it makes the device 

compatible with Complementary Metal Oxide Semiconductor 

(CMOS) technology and thus provides an easier way of practical 
fabrication and incorporation in integrated circuits. The 

presented sensor has a highest sensitivity of 1208.9nm/RIU and a 

resolution as small as 0.005 which is comparable with 

conventional plasmonic sensors reported to date. The main 

advantage of this plasmonic sensor is that it has a very simple 

structure and uses silicon instead of metal which provides an 
easier way of fabrication. 

Keywords-CMOS technology; heavily doped silicon; metal-

insulator-metal; RI sensor 

I. INTRODUCTION  

When light interacts with a metal, the free electron cloud 
inside the metal oscillates and creates an electromagnetic wave 
at the surface which tends to propagate along with the metal 
surface [1]. This electromagnetic wave is known as surface 
plasmon polaritons (SPPs) and is the basis of most of the 
advanced plasmonic applications. SPPs can confine 
electromagnetic field to a metal-dielectric interface, allowing 
for nanofocusing with tremendous field enhancement [2, 3]. 
The diffraction limit is one of the key factors for the 
minimization of optical devices [4, 5]. In order to overcome 
this diffraction limit in nanophotonic devices and photonic 
integrated circuits (PICs), SPPs are utilized. Thus, plasmonic 
devices are making their way towards realizing low cost, high 
sensitivity, and small size, leading to many biological, 
environmental, and chemical applications [6-9]. Recent 
plasmonic applications include a number of different plasmonic 
devices like plasmonic filters [10-12], plasmonic splitters [13-
15], Mach-Zehnder interferometers [16, 17], plasmonic Bragg 
reflectors [18-20], plasmonic sensors [10, 11, 13-18], etc. Most 
of the plasmonic devices reported to date are based on a metal-
insulator-metal (MIM) waveguide structure. Among the 

plasmonic devices, plasmonic sensor is one of the most 
important parts of the photonic integrated circuits as most of 
the integrated circuits require sensing a number of parameters 
in order to operate smoothly. As a result, plasmonic sensors 
have drawn a lot of attention in recent days. Different types of 
proposed plasmonic sensors include biosensors [21-23], 
temperature sensors [24, 25], refractive index sensors [24, 26, 
27], etc.  

Material technology is playing a vital role in the recent 
development of plasmonics and plasmonic devices. When light 
is incident on a material, SPPs are created depending mostly on 
the plasmonic properties of that material. Also, the SPP 
propagation is greatly affected by the plasmonic properties. 
Plasmonic materials also act as the building block while 
realizing the plasmonic devices practically. Thus, in order to 
have a realizable plasmonic device with good performance, a 
suitable plasmonic material is the most important thing to look 
for. Since plasmonic materials are mainly used for their ability 
to interact with light, their plasmonic properties can be 
described by two parameters, dielectric permittivity ε, and 
magnetic permeability µ [28]. But, at optical frequencies, the 
permeability becomes close to unity. Thus, their behavior can 
be fully described by the dielectric permittivity only. Gold and 
silver are the most common plasmonic materials used as the 
metal in the MIM structure. Both of these metals have a 
negative real part of the complex permittivity which is one of 
the most important requirements for SPP production and 
propagation. But they are always associated with losses 
because of loss mechanisms like interband transition, intraband 
transitions, and scattering losses [29, 30]. The higher amount of 
these three above mentioned losses makes the imaginary part of 
the complex permittivity larger. Also the large value of the real 
part of the permittivity causes a lot of problems in plasmonic 
devices which require a balanced polarization response [31]. 
Both the real part and the imaginary part of the permittivity 
depend on the carrier concentration of the material which is 
comparatively very high in natural metals like gold and silver 
(≈1023cm-3). Some of the above-mentioned problems could be 
solved if the carrier concentration could be reduced in natural 
metals. But the carrier concentration in a natural metal is not 
usually changeable keeping its other properties intact. Another 
important challenge is the fabrication of the devices using 
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metals. The optical properties of thin metal films are quite 
different compared to bulk metal [32, 33]. Metal films are very 
difficult to fabricate keeping their optical properties constant 
with conventional fabrication techniques. Thus, the plasmonic 
devices made up of metals like gold and silver are not 
compatible in most of the integrated circuits. 

In this paper, an investigation is made to find a suitable 
alternative of metal which can support SPP propagation and 
will help overcome the problems with conventional metals at 
the same time. Since the optical behavior of metals is described 
by the dielectric permittivity, which has got a negative real part 
and a positive imaginary part for metals. Similar dielectric 
permittivity can be achieved for silicon semiconductor when 
doped over a certain carrier concentration. The doping 
concentration in silicon can be controlled during the doping 
process which will make its dielectric permittivity tunable. 
Thus, most of the problems with metals can be overcome. 
Besides, silicon photonics is CMOS compatible which will 
provide an easier way of fabrication. The plasmonic refractive 
index sensor reported here is of a very simple structure. A 
straight waveguide is formed with air inside doped n-silicon 
layer which has a number of gratings in it. The n-doped silicon 
will support SPP propagation when the electromagnetic wave 
will be incident at one terminal. The material under sensing 
will be placed inside the hollow space with silicon at both 
sides. The proposed sensor can have a sensitivity of 
1200nm/RIU which is comparable with the sensitivity of other 
reported plasmonic refractive index sensors. It can detect 
refractive index change as small as 0.005. The sensor has a 
much simpler structure compared to the other plasmonic 
sensors which make it convenient for being incorporated in an 
integrated circuit. 

II. THEORETICAL MODELING AND DEVICE DESIGN  

The relative permittivity of a material is a complex quantity 
with a real part and an imaginary part. The permittivity of 
optical materials is also a frequency-dependent quantity. The 
complex relative permittivity of highly doped silicon can be 
described by Lorentz-Drude model [34] as follows: 
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If the real and imaginary parts are separated, (1) becomes: 
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where ωp is the plasma frequency, ε∞  is the infinite frequency 

relative permittivity or the background permittivity, τ is the 
electron/hole relaxation time, ω=2πc/λ is the angular 
frequency, c is the speed of light in vacuum and i is the 
imaginary unit. In the case of the highly doped degenerate 

intrinsic semiconductor, 2 2

0p eff
Ne mω ε= and 

eff
m eτ µ=  where 

N is the free carrier concentration, µ is the electron/hole’s drift 
mobility and meff

 
is the averaged electron/hole effective mass 

[35]. Usually, the angular frequency 
pω ω�  and 1ωτ � [36]. 

Thus (2) can be rewritten as: 
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where, eNσ µ≈ is the conductivity of the doped silicon, e is the 

charge of an electron, and ε0 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 [37, 38]. Here, µ=80 [39] and meff=0.26×m0, 
where m0 is the mass of the electron [40]. 

In order to support SPP propagation like metal, the real part 
of the complex permittivity must be negative. The real part and 
imaginary part of the complex permittivity value for different 
carrier concentrations and at different wavelengths can be 
calculated from (2). At 1550nm wavelength, the carrier 
concentration required for achieving a negative real 
permittivity of -1 is 16×1020cm-3. The relationship of the real 
part and the imaginary part of the complex permittivity with 
carrier concentration at different wavelengths is shown in 
Figure 1 and the relationship with wavelength at different 
carrier concentration is shown in Figure 2. 

(a) 

 

(b) 

 
Fig. 1.  Relative permittivity: (a) real part (b) imaginary part versus carrier 

concentration at different wavelengths 

The basic structure of the sensor is very simple. It consists 
of a hollow straight waveguide with grating inside a layer of n-
doped silicon. The hollow space in the straight waveguide will 
be used to hold the material under sensing. The number of 
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gratings may vary depending on the application. Here, the best 
result is obtained for two gratings in the waveguide. The basic 
model of the sensor is shown in Figure 3. For practical 
designing, a silicon substrate must be used under the main 
sensor structure. The width of the straight waveguide and the 
grating w is chosen to be 20nm, the length of the grating 
h=450nm and the gap between two gratings, d=250nm. 

(a) 

 

(b) 

 
Fig. 2.  Relative permittivity: (a) real part (b) imaginary part versus 

wavelength at different carrier concentrations 

Though, for practical designing, the height of the device is 
also an important parameter, the sensor proposed here has been 
simulated in 2D like most other proposed work in order to 
enforce an efficient simulation [41]. Practically, any height 
greater than 50nm will provide a result which will be very 
close to the simulation result [21]. The 2D designing 
parameters of the sensor are varied during the simulation 
process and the best parameters are chosen after observing the 
transmission characteristics. 

III. RESULTS AND DISCUSSION 

To simulate the designed sensor, commercial simulation 
software COMSOL Multiphysics is employed [42]. For the 
simulation purpose, it utilizes FEM with scattering boundary 
condition. The device is simulated for a single grating, two 
gratings, and three gratings sequentially. The transmission 
characteristics are shown in Figure 4. It is observed that the 
transmission peak with a single grating is not sharp enough. As 
a result, the shifting of the wave shape with the change of 

refractive index will not be detectable very easily. Thus, it is 
not considered as a suitable structure to be used as a refractive 
index sensor. As the next step, the number of grating is 
increased to two. As the wave shape with two gratings 
indicates, the resonance peak is sharper than the peak with a 
single grating and thus, can be considered as a suitable 
structure for the refractive index sensor. With three gratings, 
two resonance peaks are obtained. But, the transmittances of 
both peaks are lower than the peak with two gratings. 
Nevertheless, it can also be utilized for the sensor structure. 
The number of gratings is not increased further since more 
gratings will cause the transmittance to be much lower. 

 

(a) 

 

(b) 

 

(c) 

 

Fig. 3.  The basic structure of the sensor with (a) single grating, (b) two 

gratings, (c) three gratings 

The width of the straight waveguide and the gratings w is 
then varied and the transmission characteristics are observed. 
As w increases, the transmittance increases and the resonance 
peak suffers a left shift. Since we tried to design a sensor that 
operates between 1300nm and 1400nm, we have chosen 
w=20nm. For the sensors which will be operated in any other 
ranges like greater than 1400nm, 1100nm to 1200nm, smaller 
than 1100nm, the values of w=15nm, 25nm and 30nm 
respectively may be chosen. For the values of w less than 
20nm, the transmittance is too low which may degrade the 
performance of the device. The distance between the two 
gratings d is then varied from 200nm to 350nm and the 
transmission characteristics are analyzed. The transmission 
characteristics are shown in Figure 6. 
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Fig. 4.  Transmission characteristics with different number of gratings with 

w=20nm, h=400nm, and d=250nm 

 
Fig. 5.  Transmission characteristics of the sensor with h=400nm, 

d=250nm for different values of w 

 
Fig. 6.  Transmission characteristics of the sensor with w=20nm, h=400nm 

for different values of d 

With the increase in distance between the gratings, the 
transmittance of the resonance peak gradually reduces and the 
resonance peak suffers a right shift. The structure with a 
smaller gap between the gratings has provided a better 
transmittance of the resonance peak. The resonance peak of the 
smallest gap, d=200nm, is obtained in the range smaller than 

1200nm. Thus the value of d is chosen to be 250nm in order to 
have a reasonably high transmittance (>0.3) of the resonance 
peak and also to keep the operating point between 1300nm and 
1400nm. The length of the grating h is varied and the effects 
are evaluated. The smallest value of h is chosen to be 300nm, 
as the transmittance becomes very low with h smaller than 
300nm. h is then varied up to 450nm. The transmission 
characteristics with different values of h are shown in Figure 7. 
We can see that the transmittance of the resonance peak is 
highest for the largest value of h. The resonance peak is also 
within the operating range of 1300nm to 1400nm. Thus, 
h=450nm is chosen for further simulations. With the 
parameters of the sensor structure chosen to be w=20nm, 
d=250nm and h=450nm, the refractive index of the material 
under sensing n is gradually increased from 1 with a step of 
0.005 and the transmission characteristics are observed as 
shown in Figure 8. The resonance peaks are observed to be 
shifted with the change of the value of n. The sensitivity can be 
calculated from the resonance shift by using (4): 

S
n

λ∆
=
∆

   (4) 

where, S is the sensitivity, ∆λ is the resonant wavelength shift 
and ∆n is the change of refractive index. 

 
Fig. 7.  Transmission characteristics of the sensor with w=20nm, d=250nm 

for different values of h  

 
Fig. 8.  Transmission characteristics of the sensor with w=20nm, 

d=250nm, h=450 nm for different values of n 
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The resonance peak shift with the change of refractive 
index of the sensing material and the sensitivities for different 
values of n are shown in Table I. We can see that a maximum 
sensitivity of 1208.9nm/RIU is obtained for the designed 
sensor. It can detect a change in the refractive index as small as 
0.005. The plot of the resonance peak against the refractive 
index is shown in Figure 9 which shows that the resonance 
wavelength shift with the change of refractive index is almost 
linear. Thus, it can be expected to have a linear resonance shift 
for refractive indices beyond 1.03 and can be used to sense 
those. The number of gratings nanofocusing to three and the 
transmission characteristics are analyzed for refractive indices 
1 and 1.01. The transmission spectrum is shown in Figure 10.  

TABLE I.  RESONANCE SHIFT AND SENSITIVITY FOR VARIOUS 

VALUES OF n  

n 
Resonance 

peak (nm) 

Resonance 

shift (nm) 

Sensitivity 

(nm/RIU) 

1 1337.7 ------- ------- 

1.005 1343.1 5.4128 1082.6 

1.01 1348.9 5.7879 1157.6 

1.015 1354.4 5.4754 1095.1 

1.02 1360.3 5.9145 1182.9 

1.025 1365.8 5.5395 1107.9 

1.03 1371.9 6.0444 1208.9 

 

 
Fig. 9.  Resonant wavelength shifts with the change of refractive index 

 
Fig. 10.  Transmission characteristics of the sensor with three gratings with 

w=20nm, d=250nm, h=450nm and n=1 and 1.01 

The resonant peaks are obtained at 1050.3nm and 
1058.5nm for n=1 and n=1.01 respectively. The sensitivity 
obtained here is 825.64nm/RIU. Since the sensitivity of the 
device reduces for this structure, the sensor with three or more 
gratings is not taken into consideration. 

IV. CONCLUSIONS 

A plasmonic sensor with heavily doped n-silicon was 
designed. The sensor has a very simple structure having only a 
straight waveguide with gratings. Thus, it can be easily 
manufactured and incorporated in photonic integrated circuits. 
The device is made up of silicon only, which makes it similar 
to silicon-on-insulator (SOI) structures. Thus, it is compatible 
with CMOS technology and can provide an easier way of 
fabrication. The maximum sensitivity of the device is 
1208.9nm/RIU and it can sense refractive index change as 
small as 0.005 which is comparable with the other proposed 
plasmonic sensors. Thus, it can be used in the integrated 
circuits for refractive index sensing applications very easily.  
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