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Abstract
Dispersion analysis on silicon nanowire optical rectangular waveguide (SNORW) has been presented in this paper by guid-
ing light inside low refractive index region. Dispersion engineering is an essential study to utilize any photonic integrated 
circuit-based waveguide in linear and nonlinear optical devices. This paper exhibits distinctive dispersion characteristics 
recognized in the wavelengths of S, C and L bands by tailoring physical parameters of SNORW. Modal investigation and 
numerical analysis have been carried out by finite element method (FEM), which shows that SNORW configuration ena-
bles the flat and low negative dispersion behavior. This paper also demonstrates the utilization of cladding materials and 
structural parameters of SNORW to tune the magnitude and behavior of dispersion for flat dispersion profile.

Keywords Dispersion · Silicon photonics · Optical waveguide · Silicon nanowire · Photonic integrated circuits · 
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1 Introduction

A structure with sub-wavelength periodicity has made 
great impact on photonic integrated circuit (PIC) technol-
ogy. Periodic optical nanowires, which are closely packed 
vertical silicon nanowires and placed over silicon-dioxide 
substrate, have shown capability as an optical waveguide 
[1, 2]. These silicon nanowire waveguides are fabricated by 
growing an array of silicon nanowires on silicon oxide sub-
strate and etching undesired portion of the silicon rods. 
Consequently, the remaining bunch of silicon nanowires 
works as a waveguide [1–3]. The envelope of mode profile 
in silicon nanowire waveguide is similar to silicon rectan-
gular waveguide. However, the principle of wave guidance 
is mostly correlated to slot waveguides, which is due to 
optical power confinement inside the low refractive index 
region. Various on-chip optical devices such as optical 
switches, ring resonators, optical amplifiers, modulators 
and interferometers can be made with silicon nanowire 

waveguide for potential optical communication devices. 
The properties of closely packed vertical silicon nanow-
ires are entirely different as compared to the block of 
silicon. Thus, the control on physical parameters of silicon 
nanowires such as diameter, gapping and height is crucial 
for attaining desired photonic, electronic, mechanical and 
sensing properties [4–6]. Optical properties that are essen-
tial for absorption [7, 8], photovoltaic [7], photodetector 
[9], luminescence and optoelectronic applications [10, 11] 
mainly rely on the arrangement of length and diameter of 
the silicon nanowires [12].

Fabrication of silicon nanowires in a controlled man-
ner with minimal orientation error is quite challenging. 
‘Bottom-up’ and ‘top-down’ approaches are two broad 
categories for the silicon nanowire fabrication. Several 
‘Bottom-up’ approaches have been proposed such as 
the vapor–liquid–solid (VLS) [13–16] method, molecular 
beam epitaxy (MBE) [17] technique, laser ablation tech-
nique [18], metal–organic vapor-phase epitaxy [19] and 
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thermal evaporation technique [20], whereas ‘Top-down’ 
approaches involve arrangement of silicon nanowires 
using lithographic technique [21], reactive ion etching 
(RIE) technique [22], metal-assisted chemical etching 
(MACE) [23] and electroless wet chemical etching (EWCE) 
technique [24]. These silicon nanowire growth approaches 
are required to be performed in a clean chamber under 
vacuum at enormously high temperature, which are 
generally expensive and time-consuming. Therefore, the 
present research study in this field is much concerned 
on exploring better ways to grow silicon nanowire with 
perfect orientation and controlled dimension, according 
to the determined applications. During the initial phase 
of silicon nanowire growth, the sigmoid function is used 
for optimal spatial arrangement [25]. Spacing between 
nanowires is found to be one of the crucial parameters 
for shadowing effect. Optical field intensity and confine-
ment factor are found to be quite high inside nano-slots 
of SNORW as compared to slot optical waveguide [26–30]. 
Thus, dispersion engineering is required to utilize SNORW 
as sub-wavelength structure in linear and nonlinear opti-
cal devices. A rigorous effort is required for optimizing the 
design of SNORW for an effective communication and also 
to improve the performance through appropriate electro-
magnetic field distribution.

The waveguide dispersion nature plays an important 
role in on-chip optical communication [31–34]. Disper-
sion engineering consists of various essential features, for 
instance, (i) slope of dispersion, (ii) normal or anomalous 
sign of dispersion, (iii) numeral order and location of zero 
dispersion wavelengths and (iv) dispersion flatness profile. 
Control of these parameters simultaneously is quite dif-
ficult in dispersion engineering [35]. Ultrafast communi-
cation can be achieved by lowering the dispersion effect 
for a particular wavelength. Bit rate can be improved with 
lesser inter-symbol interference in the case of low disper-
sion effect. Beside low dispersion, the flat dispersion effect 
is also an important assessment which is to be considered 
in WDM and DWDM networks. Rapidly fluctuating and 
strong waveguide dispersion in silicon waveguide creates 
difficulties in achieving flat dispersion. However, with the 
evolution of low refractive index (RI) guided waveguide, 
this difficulty can be removed [36]. Flat dispersion pro-
file for wide wavelength range is found to be obtained 
either by increasing the waveguide cross-sectional size or 
by replacing the waveguide cladding material with high-
refractive-index material [37, 38].

Lesser inter-symbol interference can be found during 
signal processing as a result of flat and low dispersion coef-
ficient. Flat dispersion profile also leads to equal broaden-
ing of DWDM wavelengths and creation of overlapping 
between adjacent signals in same proportion. In fact, flat 
and low dispersion in any optical waveguide is desirable 

to achieve International Telecommunication Union (ITU) 
band applications, such as signal processing, femtosecond 
pulse propagation or octave spanning spectral broaden-
ing [36–39]. Flat and low chromatic dispersion coefficient 
in 1460–1625 nm optical wavelengths is very important 
to utilize the worldwide communication standards in 
larger wavelength range. The range of 1460–1625 nm 
wavelength is divided into three bands, i.e., S, C and L 
bands. The short (S) band starts from 1460 nm and ends 
at 1530 nm, commonly used in passive optical network 
systems as a downstream wavelength. The conventional 
(C) band starts from 1530 nm and ends at 1565 nm, mostly 
used in ultra-long-haul transmission systems with WDM 
and EDFA technologies. The long (L) band starts from 
1565 nm and ends at 1625 nm, mainly used to expand 
the capacity of DWDM optical networks. The optical 
waveguides are mainly needed to be designed to work 
for these three wavelength bands where low transmission 
losses are present. In silicon-on-insulator (SOI) waveguide, 
flat and low dispersion profiles are necessary to achieve 
phase matching [38] and super-continuum wave genera-
tion [39, 40]. The flat and low dispersion in waveguide 
also has the potential to explore new nonlinear proper-
ties like parametric amplification, wavelength conversion, 
ultrafast pulse manipulation, ultra-broadband signal pro-
cessing, modulation and propagation [41–43]. However, 
these characteristics are related to group velocity disper-
sion parameter (D) and their relationship to the structural 
parameters of SNORW has not been explored yet.

In this paper, group velocity dispersion coefficient of 
SNORW is tailored by varying waveguide parameters at 
wavelengths of S, C and L bands. Waveguide dispersion 
mainly depends upon the change in effective refractive 
index with different geometries of the waveguide and 
operating wavelengths [43, 44]. Accordingly, dispersion 
is thoroughly studied with key parameters of SNORW 
structures. The theoretical outcome shows that SNORW 
has interesting and unique dispersion profile which influ-
ences their potential applications.

2  SNORW structure

Waveguides based on silicon nanowires are fabricated by 
growing an array of silicon nanowire over silicon oxide 
substrate and etching undesired portion of the silicon 
nanowires. Consequently, the remaining bunch of silicon 
nanowires works as a waveguide, which seems to be simi-
lar with silicon bulk rectangular waveguide only in context 
of mode envelope pattern. These silicon nanowires are in 
vertical rod-shaped sub-wavelength structure, and the 
resultant waveguide is known as ‘silicon nanowire opti-
cal rectangular waveguide’ (SNORW) [26–29]. In SNORW, 
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nanowire rods having high refractive index are vertically 
aligned on the surface of substrate material in an arrayed 
pattern. The nano-slots between the nanowire rods are 
filled with a low refractive index material. Nano-slots 
along with upper cover layer are known as cladding and 
are occupied by air or fused silica. In this research, SOI-
based waveguides are considered; therefore, the substrate 
and nanowires are made up of fused silica and silicon, 
respectively, as shown in Fig. 1a. This SNORW structure 
has periodic alignment of nanowires with sub-wavelength 
dimensions where the height of nanowire is ‘h,’ the width 
of nanowire is ‘d,’ and the width of the nano-slot is ‘g,’ as 
shown in Fig. 1b.

The modal properties of SNORW structure are analyzed 
by full vectorial finite element method (FEM)-based COM-
SOL software. During FEM analysis, non-uniform meshing 
of triangular elements by quadratic Lagrange function is 
used. Maximum mesh size is selected to be 50 nm, while 
the minimum mesh size is taken to be 0.1 nm, which is 
1/20 of the least dimension in structure. For illustration, 
mode field distribution profile along X-axis is defined with 
‘k’ = 33, ‘g’ = 2 nm, ‘d’ = 20 nm and ‘h’ = 220 nm at communi-
cation wavelength of 1550 nm, which is shown in Fig. 1c. 
This figure shows that the confinement of field inten-
sity is found inside nano-slots of SNORW. Moreover, the 

pattern of intensity shows maxima at center and gradual 
decrease at both waveguide ends, consequently referring 
to 0th-order quasi-TE mode of SNORW. However, due to 
low refractive index of air as compared to  SiO2, air-filled 
cladding has high field intensity inside nano-slots than 
 SiO2-filled cladding.

3  Theory and numerical results

In SNORW, high optical power is confined inside the low 
RI of nano-slots between silicon nanowires, which obey 
the same principle of wave guidance as of slot wave-
guide. Nanowires-based photonic devices are smaller in 
dimension and can be excellent in PIC-based communi-
cation performance. Therefore, the study to investigate 
the dispersion tailoring under the variation of relevant 
parameters of SNORW is vital. Analysis of modal propaga-
tion constant for fundamental 0th-order guiding mode is 
used to obtain modal effective index (neff). Standard dis-
persion parameter (D) is further calculated which depends 
on modal effective index (neff), operating wavelength (λ), 
speed of light in vacuum (c) and angular frequency (ω). 
The value of D for a homogeneous medium covers both 
waveguide dispersion as well as material dispersion. The 

Fig. 1  a Structure of SNORW (3D view); b front view of three encircled nanowires; c mode field profile with X-cut plane of SNORW for air-/
SiO2-filled cladding region
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dispersion parameter is determined from the second 
derivative of wavelength-dependent effective mode index 
[45] as shown below:

In order to calculate dispersion parameter (D), wave-
length-dependent refractive index of silicon (nSi) [46] and 
fused silica ( nSiO2

 ) [47] is determined using Sellmeier equa-
tion as

Here, the Sellmeier coefficients for the sili-
con are A1 = 11.6858, A2 = 0.939816 × 10−12  m2, 
A3 = 8.10461 × 10−3  m−2 and A4 = 1.1071 × 10−6  m. The 
Sellmeier coefficients for the fused silica are B1, B2, B3, B4, 
B5 and B6, and the values are 0.6961663, 0.0684043 μm, 
0.4079426, 0.1162414 μm, 0.8974794 and 9.8961610 μm, 
respectively.

The refractive index of silicon and fused silica at S, C 
and L wavelength bands is obtained from Eqs. (2) and (3), 
respectively. Wavelength and wavelength-dependent 
refractive index of material are used in the calculation 
of material dispersion parameter from Eq. (1), by replac-
ing the modal effective index (neff) by material refractive 
index. The calculated refractive index and material disper-
sion of silicon as well as fused silica with the wavelength 
range between 1460 and 1625 nm are plotted in Fig. 2a, 
b, respectively. From Fig. 2, it is observed that the refrac-
tive index of both silicon and fused silica decreases with 
increase in wavelength of light propagating through 
silicon and fused silica. However, the material dispersion 
of both silicon and fused silica increases with the wave-
length. The value of material dispersion for fused silica 
 (SiO2) is positive (> 0), and material dispersion for silicon 
(Si) is negative (< 0).

The method applied to bulk material for the calculation 
of material dispersion has been considered to calculate 
the dispersion of SNORW from effective refractive index. 
The concept of dispersion calculation from the effec-
tive refractive index is same for bulk material as well as 
for waveguide case. For analysis, the illustrative values of 
h = 220 nm, d = 20 nm, g = 2 nm and k = 33 are taken. The 
material of cladding is assumed to be air with refractive 
index of 1 or fused silica with refractive index obtained 
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from Eq. (3). The modal effective index corresponding to 
the dominant mode is calculated under different wave-
length conditions. While calculating modal effective index, 
the refractive index of material is determined by using Sell-
meier equations (2) and (3) for silicon (Si) and fused silica 
 (SiO2), respectively. The effective refractive index (neff) of 
propagating mode inside SNORW is calculated and plotted 
against the wavelength in Fig. 3a. From this figure, it can be 
observed that SNORW with  SiO2-filled cladding has higher 
neff than air-filled cladding due to higher refractive index of 
 SiO2. The plot of D in ps/km nm of  SiO2-filled SNORW and 
air-filled SNORW modes is shown in Fig. 3b. In this figure, 
high dispersion values for  SiO2-filled cladding can be seen 
for entire S, C and L bands of wavelengths. Further, in next 
section, the same study is continued to silicon nanowire 
waveguide structure by varying its structural parameters.

4  Parametric analysis

In a waveguide structure, the dispersion coefficient 
strongly depends on the modal characteristics and param-
eters of the waveguide. Analogously, the diameter of 
nano-rods ‘d’ can significantly affect the dispersion param-
eter of SNORW. To analyze the dispersion parameters of 

Fig. 2  a Refractive index and b material dispersion of silicon and 
fused silica
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SNORW, three sets of design parameter, ‘d’ = 18 nm, 20 nm 
and 22  nm, are considered for waveguide. The wave-
length-dependent dispersion is plotted in Fig. 4 for each 
considered value of ‘d.’ As the diameter of silicon nanow-
ire increases, the dispersion of SNORW slightly shifts to 
lower dispersion values for the entire wavelength range 

of 1460–1625 nm. The SNORW with fused silica-filled clad-
ding has higher negative dispersion coefficient than air-
filled cladding. Also, the dispersion coefficient of fused 
silica-filled cladding can be seen stable over varying wave-
length for nanowire diameter ‘d’ = 20 nm. From Fig. 4, it 
can be inferred that dispersion is highly influenced by the 
diameter of nanowire in waveguide.

Further, the effect of gapping ‘g’ between silicon nanow-
ires and cladding material on dispersion is studied by tak-
ing diameter ‘d’ of silicon nanowire rods as 20 nm. To illus-
trate the dispersion effect against ‘g,’ three distinct values 
are considered for ‘g’ as 2 nm, 3 nm and 4 nm. The filling 
material of cladding segment is considered to be same as 
fused silica and air. As shown in Fig. 5, when ‘g’ is increased 
for  SiO2 as a cladding material, the dispersion coefficient of 
SNORW is found decreased toward negative side. Fused sil-
ica-filled cladding showed higher negative dispersion than 
the air-filled cladding. Dispersion for air-filled cladding is 
low with positive slope for different values of ‘g’ between 
nanowires. However, cladding filled with  SiO2 shows a flat-
tened dispersion profile showing lesser dispersion with 
decrease in value of ‘g.’ For example, when ‘g’ = 2 nm for 
 SiO2-filled cladding material, the dispersion curve is almost 
flat with 455 ps/km nm dispersion with wavelength range 
of 1460–1625 nm. It is inferred from Fig. 5 that the value 
of dispersion significantly gets affected by the cladding 
material and gapping between the silicon nanowires of 
SNORW. Flat and low chromatic dispersion coefficient is 
achieved for  SiO2 as a cladding material; hence, SNORW 
with fused silica as cladding can be utilized in the world-
wide PIC communication for larger wavelength range of 
1460–1625 nm. However, SNORW with air as cladding 
can be utilized as a PIC-based sensing device due to its 
linear variation of dispersion coefficient with respect to 
wavelength. Moreover, the increasing value of ‘g’ indicates 

Fig. 3  a neff and b dispersion dependence on SNORW with air-filled 
and  SiO2-filled cladding region

Fig. 4  Dispersion dependence on ‘d’ of SNORW with air- and 
 SiO2-filled cladding region

Fig. 5  Dispersion dependence on ‘g’ of SNORW with air- and 
 SiO2-filled cladding region
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increase in the surface-to-volume ratio of waveguide and 
the support of dispersion slope aids in increasing the sen-
sitivity of a waveguide toward any measurand.

The dispersion profile variation is further analyzed by 
changing the number of nanowires ‘k’ in one of the arrays 
of SNORW. To represent this variation, three different val-
ues of ‘k’ = 30, 33 and 35 are plotted in Fig. 6. The diameter 
of nanowire and gapping between nanowires are kept at 
its optimal estimated value of 20 nm and 2 nm, respec-
tively. It is inferred from Fig. 6 that air-filled cladding has a 
positive slope of increase in dispersion with wavelength, 
which again supports the sensing performance of SNORW 
with air cladding. However, higher refractive index of clad-
ding has subsequently increased the dispersion value of 
the waveguide. As the value of ‘k’ is increased for  SiO2 clad-
ding, the value of dispersion has also increased, as shown 
in Fig. 6. But when the value of ‘k’ is fixed to 33, the value 
of dispersion gets flattened for  SiO2 cladding. Thus, this 
flattened dispersion indicates equal broadening of DWDM 
wavelengths with overlapping between adjacent signals 
in same proportion inside a silicon nanowire-based PIC 
communication.

The optimized parameters of SNORW are found to be 
‘k’ = 33, ‘h’ = 220 nm, ‘g’ = 2 nm and ‘d’ = 20 nm. ‘h’ = 220 nm 
is considered as a standard height for silicon-on-insulator 
(SOI) platform technology. Gapping between nanowires 
and diameter of nanowires are fundamentally relying on 
seed size, density and nanowire growth technology. In 
SNORW, high optical power is confined in the low index 
nano-slots between silicon nanowires, which obey the 
same principle of guiding wave confinement in a slot 
waveguide. In nano-scale regime of ultra-small wires, 
confinement of light in two dimensions initiated various 
new physical effects to the dielectric region. This behav-
ior of wave guidance is similar to band-gap engineering 

which provides new possibilities for various optoelec-
tronic devices, including optical computing applications 
and logic gates. High surface-to-volume ratio due to lower 
dimension of ‘g’ and ‘d’ allows better electrostatic control, 
which gives freedom to perform band-gap engineering 
to silicon nanowires. This allows the wide range of wave-
lengths to pass through an array of silicon nanowires, cov-
ering complete band of S, C and L wavelengths. Due to 
the possibilities of wavelength propagation within gaps 
of these nanowires, resulted waveguide is found to have 
significant characteristics such as high surface-to-volume 
ratio, ultra-sensitivity, high confinement, low power con-
sumption and fast response.

In SNORW, transmission medium is nano-slot regime 
of ultra-small wires, where Si and  SiO2 are used as wave-
guide materials. This SOI waveguide confines the optical 
field to ~ 200 times lesser area when compared to mode 
effective area of waveguide. Also, nonlinear effects such 
as Kerr and Raman effect are much more dominant in the 
case of SOI waveguides. Therefore, it is expected that this 
SNORW waveguide will show nonlinear optical effects 
when low input power will propagate through it. After 
analyzing the optimized SNORW physical parameters for 
low and flat dispersion, this SNORW structure having same 
spectral broadenings appears for all sequence channels 
in S, C and L bands. Additionally, the number of different 
wavelength signals can be increased inside SNORW due 
to reduction of cross-phase modulation with low and flat 
dispersion profile. Nanowires-based photonic devices are 
infinitesimal in dimension with excellent operational per-
formance. The above analysis and discussion on disper-
sion properties of this waveguide configuration provide 
crucial information, which could remarkably enhance the 
performance of SNORW to counter dispersion effects dur-
ing on-chip integrated photonic communication.

5  Conclusion

The concept of numerical analysis for dispersion charac-
teristics of SNORW is one of the contemporary researches 
which helps the photonic society tremendously. SNORW 
as a sub-wavelength periodic structure based on SOI 
technology is used for dispersion engineering. Variation 
in modal dispersion is investigated by taking two varieties 
of cladding material. In SNORW, light matter interaction 
occurs in an infinitesimal region with significant confine-
ment factor for varied dispersions. Results are obtained 
for a wide range of wavelengths which covers complete 
S, C and L optical bands. Effective index for the dominant 
mode of SNORW is computed by using Finite Element 
Method (FEM), and the corresponding dispersion is calcu-
lated numerically. Dispersion is evaluated for the standard 

Fig. 6  Dispersion dependence on ‘k’ of SNORW with air- and 
 SiO2-filled cladding region
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silicon height of 220 nm as per SOI technologies. From the 
above results, it is found that dispersion behavior is almost 
flat for  SiO2-filled cladding. Decreasing ‘k,’ ‘d,’ and increasing 
‘g’ value will result in decrease in field intensity of SNORW 
mode profile. A flattened dispersion over 1460–1625 nm 
wavelength and a normal negative dispersion with low 
magnitude can be potentially useful for super-continuum 
generation, phase matching, wavelength conversion, par-
ametric amplification, ultrafast pulse manipulation, high 
data rate telecommunication and enhancing nonlinear 
interactions of optical waves. This research on SNORW is a 
contribution to the future research focusing on compact 
nano-optical devices.
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