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Abstract 

State of the art of most popular passive device-silicon optical waveguide 
is discussed here. The first wave guiding through the single layer crystal 
silicon waveguide to the recent silicon based hybrid plasmonic waveguide 
and reconfigurable photonic crystal waveguide are covered sequentially.  
The development of the technologies or fabrication methods to fabricate 
the waveguide and its performance in terms of losses are considered. 
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I. INTRODUCTION1 

An optical waveguide is a light conduit 
consisting of a slab strip or cylinder of 
dielectric material embedded in another 
dielectric material of lower refractive index. 
The light is transported through the inner 
medium without radiating into the 
surrounding medium. Light confinement is 
carried out by successive total internal 
reflection on the two interface guide-substrate 
and guide-superstrate. Optical waveguides 
can be classified according to their geometry 
(planar, strip, or fiber waveguides), mode 
structure (single mode, multimode), refractive 
index distribution (step or gradient index) and 
material (glass, polymer, and semiconductor). 
The discussion here will be on material based- 
Optical Waveguides. In 1985 new material, 
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single crystal silicon was used to fabricate 
optical waveguide [1]. In case of the optical 
waveguides the key concern goes to different 
kind of losses. At the very beginning the 
propagation loss was found for a planner 
waveguide as 1 dB/cm [2]. By inventing new 
technology the propagation loss decreases 
gradually from 0.8 to 0.04 dB/cm as reported 
in [5,11,18,19,22]. The performance of the 
waveguides also depend on fabrication 
technology [9,19]. Materials used for 
waveguides fabrication and related wavelength 
also affect the performance [12]. Here we 
mostly considered the silicon based optical 
waveguides to discuss the state of the art.  

II. DEVELOPMENT 

The focus will be mainly on the fabrication 
methods and performance of various 
waveguides. It was reported for the first time 
in 1985 by Soref and Lorenzo that the 
waveguiding is possible in silicon. They 
demonstrated the slab and channel wave 
guiding at wavelength 1.3 µm in high resistive 
single crystal layers of silicon [1]. These were 
the devices which were fabricated using highly 
doped silicon substrates. Due to this highly 
doped substrate the refractive index is 
increased in the upper layer of the silicon. As 
we know that the light always try to stay in a 
higher refractive index area so light is confined 
in it and propagates through the high 
refractive index layer. Other substrates such 
as Silicon on Sapphire (SOS) and Silicon on 
Insulator (SOI) also used for the wave guiding 
purpose. In the nineties, silicon waveguides 
were developed using IMplantated OXygen 
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(SIMOX) substrates, and Bond and Etch-back 
SOI (BESOI) [2].  

A. Single Mode Waveguide Realization 
In the late seventies Petermann tried to 

realize the geometrical constraints necessary 
to enable realization of large cross-sectional 
single-mode rib waveguides. Later on, Soref 
normalised the Petermann’s equations to 
determine the necessary cross-sectional 
dimensions for a single-mode rib waveguide. 
This was formulated considering the Fig. 1 as 
[3]:  
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Fig. 1. Dimensions for a single mode Rib waveguide 
for (1) [3]. 

 
In 2004 it was proved that (1) was not 

completely correct to realize a single mode 
waveguide [4]. The formula is correct with 
some modifications. In the following year a 
single mode curved rib-waveguide was realized 
with the same formula as mentioned below 
with a modification that the formula is 
applicable when h/H≥0.5 (Fig. 2) 
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Fig. 2. Microscopic photograph showing a cross 

section of the realized rib-waveguide structure with 
dimensions [5]. 

  We know that one of the reasons for the loss 
in the waveguide is due to the facet roughness 
which is caused by the etching process 
usually for dry etching. This roughness 
produces scattering of light which is one of the 
main reasons for loss in waveguide. If a facet 
is smooth then the scattering losses will be 
negligible. So using this idea in [5] they used 
the anti-reflection coating at the end facet of 
the waveguide to make it smooth by atomic 
layer deposition.  They measured the 
propagation loss as 0.13 ± 0.02dB/cm at 
telecom wavelength for curved waveguide. To 
get smooth facet the etching depth is an 
important parameter to get a single mode 
waveguide. 

 
TABLE I. Mode characteristics depending on 
etching depth [6]. 

r=3.17 (μm) 

Width, 

w 
(μm) 

Etch Depth, e (μm) 

0.34 0.68 1 1.28 1.68 2.01 

1.69 
TE00, 

TM00 

TE00, 

TM00 

TE00, 

TM00 

TE00, 

TM00 

TE00, 

TM00 
MM 

2.79 
TE00, 

TM00 

TE00, 

TM00 

TE00, 

TM00 
MM MM MM 

3.62 
TE00, 

TM00 

TE00, 

TM00 
MM MM MM MM 

4.5 
TE00, 

TM00 
MM MM MM MM MM 

5.47 
TE00, 
TM00 

MM MM MM MM MM 

6.37 
TE00, 
TM00 

MM MM MM MM MM 

r-silicon over layer thickness, w-rib waveguide width, e-
etch depth, MM-multimode 
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    From TABLE I we can see that to get a 
single mode waveguide we have to consider an 
optimized design for width and etching depth. 
Otherwise the waveguide becomes multimode. 
Another way to find out the mode in a 
waveguide is the normalized frequency or V-
number, which is used to characterized the 
mode characteristics of a waveguide (usually 
for optical fiber). V-number is independent of 
waveguide geometry. If V≤ 2.405 then only one 
mode will exist in the waveguide i.e. single 
mode, otherwise it will be multimode 
waveguide. For example let us consider Fig. 3. 

 

Fig. 3. Relative effective index ‘b’ vs. V-number ‘v’ 

for a three layer slab waveguide with asymmetry 
parameter [7]. 

In Fig. 3 above ‘m’ is the TE modes and 
asymmetry parameter a=0, 1, 10, ∞. We can 
see that when V≤ 2.405 then only the 
fundamental mode exist. i.e. it works as a 
single mode waveguide. When V≥2.405 then it 
will be multi-mode waveguide. 

B. Technology 

In 1988 Silica-based embedded single-mode 
channel waveguide was introduced with a low 
propagation loss. The loss was evaluated as 
0.1 dB/cm. This embedded single-mode 
channel waveguides were fabricated by a 
combination of Flame Hydrolysis Deposition 
(FHD) and Reactive Ion Etching (RIE) [8]. In 
1990 silica glass planar waveguide technology 
based on a combination of flame hydrolysis 
deposition, photolithographic and reactive ion 
etching processes were developed to ensure 
high performance and cost effective waveguide 
circuits [9]. The TABLE II below is taken from 
[9] to have an idea about the performance of 
the silica waveguide at that time. 

 

 

 

 

 
TABLE II. Performance of silica waveguide [9]. 

Waveg

uide 

Core 

size  

Index 

Diff.  
Loss  

Fiber-coupling 

loss 

(Type) (um) Δ (%) 
(dB/

cm) 

Measur

ed  

Calcula

ted  

Single-
mode 

buried 

8x8 0.25 <0.1 
<0.05 

dB/poi

nt* 

0.01 
dB/poi

nt* 

Single-

mode 
ridge 

8x8 0.25 0.3 

0.2 

dB/poi
nt* 

- 

Multim
ode 

ridge 

40x40 1.0 0.2 

1.8 

dB/(in
put+ou

tput)** 

1.7 

dB/(in
put+ou

tput)** 

*Single-mode fiber: core = 8.9 um Δ=0.27% 

**Multi-mode fiber (GI): core = 50um Δ= 1% Uniform mode 

excitation 

It was always desired to form the optical and 
electrical or electronic components on the 
same substrate so that the IC fabrication 
becomes easy and economic. As a result of 
this idea in 1991 the formation of optical 

waveguides on metalized 32OAl substrates by 

using FHD method was reported. The purpose 
of this invention was to form optical waveguide 
on metalized substrates. So that optical 
waveguides and integrated optical circuits can 
be formed on a common substrate with IC 
chips to enable the integration of optical 
integrated circuit and electronic integrated 
circuits on the same component [10]. In 1996, 
0.1 dB/cm waveguide loss was reported at a 
wavelength of 1.3 µm for SOI rib waveguides 
fabricated by wet chemical etching method. 
According to the widely used formula, the 
single-mode waveguides have a large cross 
section which introduces field mismatch 
losses. The loss was reported as approximately 
0.17 dB/facet for both polarizations [11]. This 
loss can be compared with the loss obtained 
from the waveguide fabricated by the dry 
etching with atomic layer deposition. The 
losses from these two cases are approximately 
same. But in case of wet etching method we 
do not need the atomic layer deposition step. If 
we consider the loss in the waveguide the wet 
etching method was more economic than the 
dry etching method. In 2008, a new 
technology to fabricate waveguide by using the 
Femto-Second Laser Pulses was introduced 
[12]. By using this laser pulses we can write 
the waveguide or waveguide based devices on 
the substrate by moving the laser beam as 
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shown in Fig. 4. So there is no need of 
complex fabrication steps anymore. 

 

 

Fig. 4. Writing setup used to fabricate optical 

waveguide devices [12]. 
 

It was reported recently in 2009 that the 
recent modern technology can be used to 
fabricate waveguide using surface plasmons. 
Silicon and Metal was used to do so as shown 
in the Fig.5. 

It was reported that the propagation 
distance which is more, than the conventional 
pure dielectric waveguide can be achieved 
through this hybrid plasmonic waveguide. 
Moreover the light confinement for the 

proposed hybrid plasmonic waveguide is 
higher than the conventional waveguides [13]. 
In 2010 the above theoretical approach is 
implemented experimentally and found almost 
the same performance as theoretical [14]. 

 

 

Fig. 5. Silicon based hybrid plasmonic waveguide 

[13]. 

C. Performance 
The performance of a waveguide depends on 

the losses. The losses in the waveguide depend 
on the materials, wavelength and fabrication 
method used. We can have an idea from 
TABLE III, how the materials and fabrication 
method affect the loss in the waveguide [15]. 

 

TABLE III. Materials, Wavelengths, Growth Method and Corresponding Loss [12]. 

Material Growth Method Wavelength (µm) Structure α (dB/cm) 

On GaAs 

GaAs-AlGaAs OMCVD 1.15 DH, SM 0.65 

GaAs-AlGaAs MBE 1.15 SH,SM 1.9 

GaAs-AlGaAs MBE 1.52 DH,SM 0.4 

GaAs n-/n+ VPE 1.06 LE,SM 1.5 

GaAs n-/n+ LPE 1.3 SH,SM 2 

On InP 

InGaAsP-InP OMCVD 1.52 DH,SM 0.18 

InGaP-InP OMCVD 1.32 DH,MM 1.25 

InGaAsP-InP CBE 1.67 ARROW 0.9 

InGaAlAs-InP MBE 1.55 SH,MM 2.2 

InGaAsP-AnP LPE 1.3 BH,SM 6 

Lattice-mismatched 

GaAs-AlGaAs on Si OMCVD 1.3 SH,SM 0.95 

GaAs-AlGaAs on InP OMCVD 1.52 SH,SM 0.9 

OMCVD-Organo Metalic Chemical Vapor Deposition, MBE-Molecular Beam Epitaxy, LPE-Liquid Phase Epitaxy, CBE-

Chemical Beam Epitaxy, VPE-Vapor Phase Epitaxy, SH (DH)-Single (Double) Heterostructure, BH-buried Heterostructure, 
IID-Impurity Induced Disordered, SM (MM)-Single (Multi) mode 

 

It can be observed from TABLE III that at 
1.15 µm wavelength for the GaAs-AlGaAs 
material on GaAs the loss varies due to the 
growth method variation. The propagation 

losses 0.65 dB/cm and 1.9 dB/cm are 
measured for the growth methods OMCVD 
and MBE respectively. So the losses are 
varying here due to the growth method. It is 
also clear from the TABLE III, that when we 
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change the material or the wavelength then 
the losses are also changing. By using 
oxidized porous silicon waveguide loss can be 
further reduced. The waveguide 
characteristics can be improved by optimizing 
the technological processes such as removing 
the swirl defects, controlling the porosity and 
by using the silica mask. The waveguides 
based on oxidized porous silicon are less lossy 
than others because it reduces the planar 
losses by swirl-defect neutralization. It was 
found that maximum loss value in the visible 
range is not higher than 0.8dB/cm [16]. 
Another source of loss in the waveguide is the 
dispersion. The loss due to dispersion in the 
waveguide is highly dependent on the 
structure of the waveguide. In 2008 it was 
shown for a slot waveguide the dispersion 
effect varies due to the slot and slab size 
variation [17]. So a tradeoff between 
waveguide size and dispersion is required. 

 From the discussion it is clear that the 
performance of the waveguide depends on the 

loss. One of the losses comes from the inner 
wall roughness of the waveguide. The total 
loss in a waveguide can be expressed as [6]- 

cvsssat LLLLL     (3) 

Where- 

tL  = Total loss 

aL  = Absorption loss 

ssL  = Interface induced scattering 

vsL = Volumetric refractive index inhomogenity 

scattering 

cL  = Coupling of guided modes to substrate 

modes 

The loss due to roughness can be reduced by 

using the different fabrication method such as 

SOI Anisotropic Etching and SOI Oxidation 

Smoothing [19]. It is shown in Fig. 6.  

TABLE IV. State of the art: WG performance 

Year WG Type 
 

Loss 
 

Thickness/ 
Width/Length

/Bend 
Technology 

Ref. 
[#] 

1989 
Planar  

Silicon WG 

 

1 dB/cm 
(prop.) 

 

0.2 µm (thick) 

 

SOI, With Burried Oxide 
(SiO2-Si-SiO2-Si-SiO2-

Si) 
 

02 

1991 

 

Silicon Rib 

WG 
 

0.5 dB/cm 

(prop.) 
 

7 µm (rib width) 

 

SIMOX (Si-SiO2-Si) 

 
18 

1996 

 

SOI Rib WG 

 

0.1 dB/cm  
(prop.) 

 

8 µm (width) 

 

BESOI  (SiO2-Si-SiO2-
Si) 

 

11 

2001 

 

Strip Silicon 
WG 

 

0.8 dB/cm  
(prop.) 

 

0.5 µm (width) 

 

SOI, Photolithography, 
RIE (Si-SiO2-Si) 

 

19 

2005 
 

Curved 
Silicon WG 

 

0.13±0.02 dB/cm 
(prop.) 

 

114 cm (length) 
 

SOI, DEP (Si-SiO2-Si) 
 

05 

2005 

 

Single 
Crystal 

Silicon WG  
 

1.9 dB/cm (prop.) 

 

630 nm (width) 

 

SOI, Photolithography, 
WCO (Si-SiO2-Si) 

 

20 

2008 
 

Silicon WG 
 

6.7 dB/cm  

(prop.) 

 

3.5 µm (core 

width) 

 

Proton Beam Writing 

(250KeV) 

 

21 

2010 

 

Hybrid 
Silicon 

Waveguide 
 

Higher Light Confinement  

(Nanoscale) 
 

LOCOS 

 
14 

2011 Planar WG 
0.045±0.04 dB/m 

(prop.) 

2.15 to 15 μm 

(core width) 
LPCVD 22 

2011 Planar WG 3 to 9 dB/m 
2 to 0.5 mm 

(bend radius) 
TriPlex LPCVD 23 
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2012 PhC WG Reconfigurable WG 
Selective Liquid 

Infiltration 
24 

WG- Waveguide, Prop- Propagation, SOI-Silicon on Insulator, SIMOX- Separation by IMplantated Oxygen, BESOI- Bonded 

and Etched-Back Silicon-On-Insulator, RIE- Reactive Ion Etching, DEP- Dry Etching Process, WCO- Wet Chemical 
Oxidation, LOCOS-Local Oxidation of Silicon, LPCVD-Low Pressure Chemical Vapor Deposition, PhC-Photonic Crystal. 

 

Fig. 6. Roughness loss reduction using SOI Anisotropic Etching and SOI Oxidation  

Smoothing, where σ:Lc is sidewall: roughness values [19] 

 

   Recently it is reported that the propagation 
loss as well as the loss at bend can be reduced 
using the LPCVD and TriPlex LPCVD 
technology [22-23]. They got 0.045±0.04 dB/m 
propagation loss having core width 2.15 to 15 
μm and they got 3 to 9 dB/m bend loss having 
the bend radius as 2 to 0.5 mm. Moreover a 
new kind of photonic waveguide is introduced 
in [24], this waveguide’s properties are flexible. 
That means we can reconfigure the waveguide 
as per our need. As mentioned before the 
waveguide loss also depends on the 
fabrication technology and it is reported in 
[25] that bonded thermal oxide approach (one 
of the fabrication technologies) has lower 
propagation loss. 

III. CONCLUSIONS 

The development of the first silicon 
waveguide and the recent silicon based hybrid 
17 lasmonic waveguides and reconfigurable 
photonic crystal waveguides are discussed. 
The losses in the waveguides generally depend 
on three key factors- 1) materials for 
fabrication, 2) fabrication method and 3) the 

wavelength dependence. The loss also depends 
on the dimensions of the waveguide. Still now 
the development is going on to reduce the 
propagation, bend and total loss in the 
waveguide as well as to get the best 
performance in nanometer sized waveguide. 
So to get a good performance from a 
waveguide a tradeoff is required among the 
fabrication method, material selection and 
cost. 
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