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Abstract 

The terahertz (THZ) spectrum (0.3 – 3 THz) offers new opportunities to a wide range of emerging 

applications which demand high-quality THz sources, detectors, amplifiers, and integrated circuits. On-

chip integration of planar transmission line passive components degrades their performance due to the 

conduction loss. Therefore, a hybrid integrated technology in which all of the high-quality passive 

components are implemented using a suitable off-chip planar integrated technology and the active 

devices are placed on-chip, has become the most promising approach. 

In this thesis, a low-cost and low-loss silicon-on-glass (SOG) integrated circuit technology is proposed 

for THz/millimeter-wave (mmW) applications. Highly-resistive intrinsic silicon (Si) is selected as the 

main guiding region due to its high transparency at mmW/THz frequency ranges and the maturity of 

Si-devices fabrication. In the proposed technology, all of the passive components and waveguide 

connections are made of highly-resistive Si on a glass substrate. The proposed technique leads to a 

high-precision and low-cost fabrication process, wherein the alignment between the sub-structures is 

automatically achieved during the fabrication process. This is performed by photolithography and dry 

etching of the entire integrated passive circuit layout through the Si layer of the SOG wafer. The SOG 

dielectric ridge waveguide, as the basic component of the SOG integrated circuit, is theoretically and 

experimentally investigated. A test setup is designed to measure propagation characteristics of the 

proposed SOG waveguide. Measured dispersion diagrams of the SOG dielectric waveguides show 

average attenuation constants of 0.63 dB/cm, 0.28 dB/cm, and 0.53 dB/cm over the frequency ranges 

of 55 – 65 GHz, 90 – 110 GHz, and 140 – 170 GHz, respectively. 

Extending the SOG platform toward the THz range is achieved by new SOG waveguide structures 

wherein the glass substrates below the Si channels are etched to reduce the effect of greater glass 

material loss at higher frequencies (i.e., > 200 GHz). To fabricate these structures, the glass substrate 

is etched in hydrophilic acid before bonding to the Si. Four new SOG configurations, called the 

suspended SOG, corrugated SOG, rib SOG, and U-SOG waveguides are proposed with their respective 

fabrication techniques for the THz range of frequencies. In the suspended SOG waveguide, a periodic 

configuration of Si beams supports the Si guiding channel over the etched grove on the glass substrate. 

Measurements of two suspended SOG waveguides show low attenuation constants of 0.031 dB/λ0 and 

0.042 dB/λ0 (on average) over the frequency ranges of 350 - 500 GHz and 400 - 500 GHz, respectively. 

It is theoretically demonstrated that the rib SOG and U-SOG waveguides are promising candidates for 
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THz high-density and low-loss integrated circuits. Rib SOG waveguide and U-SOG waveguide test 

devices are designed over the frequency bands of 0.8 – 0.9 THz and 0.9 – 1.1 THz. The proposed SOG 

waveguide technology can easily be extended to several THz with no limitations. 

A new mmW low-loss dielectric phase shifter integrated in the corrugated SOG platform is designed, 

fabricated, and measured. Phase shifts of 111 ° and 129 ° at frequencies of 85 GHz and 100 GHz, with 

maximum insertion losses of 0.65 dB and 2.5 dB, are achieved during measurements of the proposed 

phase shifter. Millimeter-wave integrated SOG tapered antennas are developed and implemented. The 

idea of a suspended SOG tapered antenna is demonstrated to enhance the radiation efficiency and the 

gain of the SOG tapered antenna over 110 – 130 GHz. The suspended SOG tapered antenna, which can 

function under two orthogonal mode excitations, shows measured efficiencies of higher than 90 % for 

the two vertical polarizations. 
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Chapter 1  Introduction  

1.1 Motivation 

The terahertz (THz) spectrum refers to electromagnetic radiation whose frequency spans from 0.3 THz 

to 3 THz. The millimeter-wave (30-300 GHz; mmW) and THz frequency ranges offer new 

opportunities for a wide variety of emerging applications in high-speed communications, high-

resolution imaging, molecular spectroscopy, security imaging, medical imaging, and for various novel 

sensors with unique capabilities [1-15].  

Terahertz and mmW frequencies are attractive for communication systems due to their large bandwidth 

and high rate of data transfer capacities. However, due to the high atmospheric loss, these radiations 

cannot be used for long-distance wireless communication; instead, applications in ultra-fast short-range 

wireless systems are under development [2-8]. 

Radiation at THz frequencies penetrates nonpolar and nonmetallic materials such as paper, plastic, 

clothes, wood, and ceramics. This property makes them applicable for security scanning for the 

detection of concealed objects [9-11]. The low photon energy of THz radiation is not harmful to tissues, 

as opposed to X-ray radiation, and specific bandwidths of THz radiation can penetrate tissues which 

have a low water content to a depth of several millimeters and reflect the energy back. Different polar 

molecules absorb specific THz frequencies, and can be characterized and recognized by observing their 

absorption and refractive index spectra using THz spectroscopy. For example, in biochemistry, 

different tissues such as fat, muscle, healthy, or cancerous, can be recognized based on their absorption 

spectra. The short wavelength of THz radiation is very advantageous for high resolution imaging. This 

property, along with the spectral signatures of materials and biological tissues in the THz region, offer 

the possibility to combine spectral identification and spatial imaging. Numerous THz applications in 

body imaging, cancerous tissue recognition, burn injury characterization, and tooth decay identification 

are under development [12- 18]. 

Realization of the abovementioned applications demands high-performance technology platforms and 

devices such as sources, detectors, amplifiers, and integrated circuits. Due to the lack of appropriate 

technology, the THz band has been known as the THz gap for long time. During the past few decades, 

great progress has been made in shrinking the THz gap. However, more research and development 

efforts are needed to actually realize THz applications.  
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Low-loss and low-cost THz integrated-circuit technology is essential for realizing a vast number of the 

promising applications of this band in high-speed communication, security imaging, medical imaging, 

and molecular spectroscopy. Terahertz semiconductor amplifiers are under development and devices 

with operation frequencies of fmax ~ 1 THz and fT  > 500 GHz have been realized [19- 22]. These on-

chip active devices are conventionally integrated using metallic on-chip interconnects which have 

planar and compact geometries; these properties make them compatible to the chip manufacturing 

process. However, the on-chip integration of planar transmission line passive components suffers from 

excessive conductor loss due to the field singularities at the conductor edges, and the decreasing skin 

depth with higher frequencies [23-25]. Furthermore, they consume a large portion of the chip area and 

consequently increase the manufacturing costs. 

One existing approach to alleviating the on-chip loss problem is the implementation of passive 

components off-chip. These passive components are then integrated with the on-chip active devices in 

a hybrid configuration. In this technology, the connection to the chip is achieved by a transition between 

the on-chip and off-chip planar transmission lines using a compatible passive elements technology. One 

current approach for the realization of mmW/THz hybrid integrated circuits uses the miniaturized 

metallic rectangular waveguides in planar form. The main issue with planar metallic waveguides is 

their fabrication complexity at mmW/THz frequencies. 

In this research, the focus is on the development of a new silicon (Si)-based technology platform for 

mmW/THz hybrid integrated circuits. Current state-of-the-art mmW planar dielectric waveguides 

cannot provide low-loss platforms for high-density integrated circuits as the frequency increases toward 

the THz range. Furthermore, their implementation at high frequencies fails due to the lack of high-

precision and automated fabrication techniques. Based on this fact, the main goal of this research is to 

develop a low-loss and high-density integrated-circuit technology which is compatible with a low-cost 

and high-precision fabrication technique and which eliminates the requirement for any manual 

alignment of the substructures.  

The frequency range of interest in this thesis falls between 50 GHz and 1.1 THz. It is worth mentioning 

that the proposed SOG waveguide technology can easily be extended to several THz with no limitation. 

However, the proof-of-concept prototypes are fabricated between 50 GHz to 1.1 THz merely because 

of test instrument limitations. As the basic components of the passive integrated circuits, high-

resistivity Si waveguides are designed and fabricated on glass substrates. In order to maintain the low-

loss characteristics of the silicon-on-glass (SOG) dielectric waveguides over the THz range, where the 
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material loss in the Pyrex glass increases, novel SOG waveguide structures with etched grooves on the 

glass substrates below the Si guiding channels are proposed and developed. The low attenuation 

constants of the proposed SOG waveguides are theoretically and experimentally demonstrated over 

different mmW and THz frequency ranges up to 1.1 THz.  

1.2 Thesis Overview 

Chapter 2 reviews the state-of-the-art mmW/THz hybrid integrated-circuit techniques. Different 

mmW/THz planar metallic waveguide and dielectric waveguide structures are studied and compared to 

each other in terms of their loss characteristics, fabrication simplicity, and potential extension to higher 

THz frequencies.  

In Chapter 3, an SOG platform is proposed for mmW high-density integrated circuits up to 200 GHz. 

Forming the basic component of an SOG integrated circuit, SOG dielectric waveguides are designed 

and fabricated. Si-confined modes in the SOG ridge dielectric waveguides are defined and their cutoff 

conditions and frequencies are studied. A test setup is designed for measuring the attenuation constant 

of the SOG waveguide. The low-loss performance of the SOG waveguides is theoretically and 

experimentally confirmed up to 170 GHz. The high performance of the SOG platform is compared with 

that of state-of-the-art techniques in terms of fabrication simplicity and attenuation constant. 

Chapter 4 investigates the extension of the SOG platform to higher frequencies above 200 GHz from 

different standpoints of fabrication feasibility and dielectric material properties. It is shown that the 

SOG fabrication technique, which provides sub-micron dimensional accuracy, can be easily extended 

to THz frequencies. However, the increasing Pyrex glass material loss as the frequency rises degrades 

the SOG waveguide’s performance above 200 GHz. The problem of greater glass material loss at higher 

frequencies is overcome by new configurations, where the glass substrates below the Si guiding 

channels are etched. Two new SOG waveguide structures, called the suspended SOG and corrugated 

SOG waveguides, are introduced. The new waveguide structures are designed, fabricated, and tested. 

The low attenuation constant of the suspended SOG waveguide is experimentally and theoretically 

demonstrated over the frequency range of 350–500 GHz. 

Chapter 5 discusses the drawbacks of the suspended SOG waveguide for THz high-density integrated 

circuits. To overcome these drawbacks, and to attain a high-performance waveguide at higher 

frequencies ~ 1.1 THz, two novel dielectric waveguide structures called the rib SOG waveguide and 

U-SOG waveguide are proposed along with their respective fabrication techniques. Full-wave 
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simulations are conducted to study the effect of different parameters on the performances of these two 

novel waveguides. Rib SOG and U-SOG waveguides are designed for fabrication and measurement 

over the frequency ranges of 0.8–0.9 THz and 0.9–1.1 THz. The fabrication of the U-SOG waveguide 

is underway.  

Chapter 6 discusses mmW integrated passive components implemented in the proposed SOG platform. 

Two new mmW fully-dielectric phase shifters are proposed and implemented in the SOG platform and 

their low-loss characteristics are compared with those of state-of-the-art techniques. SOG tapered 

antennas are designed, fabricated, and tested over the frequency ranges of 50–75 GHz and 110–130 

GHz. The idea of etching the glass substrate below the Si tapered antenna is demonstrated in order to 

achieve a better antenna performance in terms of gain and efficiency.  

Chapter 7 summarizes the achievements of this research and provides directions for possible future 

research work. 
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Chapter 2  Terahertz and Millimeter-Wave Integrated Circuits: A 

Technology Overview  

The richness of terahertz (THz) radiation has become a strong motivator for the realization of high 

performance THz systems. During the last two decades, optical and microwave technologies have made 

great progress in closing the THz gap. In terms of millimeter-wave (mmW) and THz hybrid/integrated 

circuits, the state-of-the-art technologies and fabrication techniques can be categorized into two main 

approaches: 

 Miniaturization of conventional microwave metallic rectangular waveguides in planar form. 

 Planar dielectric waveguides inspired by optical integrated circuits and guided-wave structures. 

In this Chapter, the existing mmW and THz integrated waveguide technologies are discussed in some 

detail. 

2.1 Metallic Rectangular Waveguides for Millimeter-Wave and Terahertz 

Integrated Circuits  

Metallic rectangular waveguides are widely used in the microwave range of frequencies due to their 

low insertion loss. However, these waveguides suffer from difficulty with integration due to their non-

planar form. To overcome this issue, researchers have focused on finding planar realizations of these 

waveguides. A planar realization of the rectangular waveguide, with the potential to be integrated with 

active devices in a hybrid configuration, was reported in [26]. In their structure, called the substrate 

integrated waveguide (SIW), two rows of periodic metallic vias in a double-sided substrate play the 

roles of the metallic sidewalls of the rectangular waveguide (Fig. 2.1) [26- 32]. However, it is not 

practicable to realize low-loss mmW/THz integrated circuits based on the SIW approach due to the 

difficulty of fabricating the miniature metallic vias with high precision. In SIW, optimal field 

confinement is determined by the proper design of the periodic metallic vias dimensions; these 

requirements will soon extend beyond the capacity of current technologies as frequency increases. The 

highest reported operation frequencies for SIW systems are 94 GHz and 140 GHz, for antenna array 

structures fabricated on printed circuit boards (PCB) [30], and low temperature co-fired ceramic 

(LTCC) technologies [31, 32], respectively. The highest frequency at which a measured attenuation 

constant was reported for the SIW structure was 27-81 GHz [29]. Measurements of this structure, which 

was fabricated on an RT/Duriod 5880 substrate, showed an insertion loss of 0.31 dB/cm at mid-band. 

http://en.wikipedia.org/wiki/Printed_circuit_board
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Fig. 2.1  SIW structure. 

 

The main drawback in the realization of planar miniaturized metallic waveguides at high mmW/THz 

frequencies, where finer dimensions and higher dimensional accuracies are needed, is their complex 

and difficult fabrication. Therefore, in [33- 48] micromachining techniques were involved to deal with 

these difficulties. In [33- 41], the waveguide channels were formed in a planar substrate first and then 

metal-coated using the sputtering technique. To form the waveguide channel, three different techniques 

have been reported. These techniques are: i) ultraviolet (UV) exposure of an SU-8 photoresist layer 

[33], ii) wet etching of a silicon (Si) substrate [34, 35], and iii) deep reactive ion etching (DRIE) of Si 

[36- 41].  

The first method, UV exposure of SU-8 photoresist [33], was demonstrated up to 325 GHz and 

waveguides with operating frequencies over 110-170 GHz, 140-220 GHz, and 220-325 GHz were 

tested with insertion losses of 0.5 - 0.8 dB/λ, 0.6 - 1 dB/λ, and 1.1 - 1.6 dB/λ, respectively. In [34], two 

Si wafers were etched in potassium hydroxide (KOH) to form the two half-waveguide channels. The 

fabricated waveguide was actually a stack of four bonded Si layers which formed the waveguide top 

face, two half-waveguide channels, and the bottom supporting slab, respectively. The measured 

insertion loss of this structure was 0.04 dB/λ at 100 GHz. A critical aspect of the fabrication of split-

waveguide circuits is the challenging high-precision alignment required between the two waveguide 

halves.  

Using the DRIE process to form the guiding channel was reported in [36- 41]. This technique is capable 

of providing vertical sidewalls with less surface roughness than the other two techniques which create 

sloping profiles with poor sidewall quality. The technique was used to construct a metallic rectangular 

waveguide in the form of a two-layer stack [37]. The whole waveguide channel was made by DRIE 

halfway through one Si wafer, while the other Si wafer formed the waveguide top face. These two 

wafers were bonded after gold metallization. A measured attenuation constant of 0.15 dB/mm at 600 

GHz was reported for this waveguide, which was designed for operation over 500-750 GHz [37]. Using 

the same technique, a measured average attenuation constant of 0.068 dB/mm was reported over 350-
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460 GHz by [36]. Three important factors that contributed to the reported attenuations were the 

conductor loss, surface roughness, and imperfect metal coverage [37]. A 385 GHz metallic waveguide 

band-pass filter based on DRIE of Si was reported in [38]. The lowest measured band-pass insertion 

loss for this filter was 2.7 dB. The measured 3 dB bandwidth was 15 GHz, while the filter was designed 

for a 10 GHz bandwidth. 

The techniques reported in [33- 41] require a large number of steps for construction and a high degree 

of fabrication complexity; a significant challenge at mmW/THz frequencies. Of particular difficulty in 

the abovementioned fabrication processes, is the bonding between the two plated wafers to form the 

waveguide. This is a critical fabrication step where any discontinuity, or misalignment in the case of 

the split-waveguide, would significantly increase the waveguide attenuation and degrade its 

performance. In [33- 41], during fabrication the waveguide corners needed to be inspected for 

continuity and smoothness at the bonding site between the two wafers. In order to ensure complete 

metal coverage over the entire vertical waveguide boundaries, the waveguide channels were metallized 

using combinations of sputtering and electroplating. In [40], Si compression pins were used to improve 

the alignment accuracy in split-waveguide circuits. 

The challenge of the difficult and costly fabrication of mmW/THz metallic rectangular waveguides 

becomes even more problematic when the demand arises for integration with active devices. 

Furthermore, very often it is not possible to make all of the required passive components in the same 

waveguide technology. For active integration, a transition structure implemented on an E-plane 

membrane centered inside the waveguide was designed to couple the TE10 waveguide mode to the 

coplanar waveguide (CPW) mode in [37, 41]. The entire fabricated structure was a three-dimensional 

assembly of four individually fabricated Si and membrane wafers which were bonded to each other; 

precise alignment between the bonded layers is crucial for stack structures [37]. In [42], an array of 

glass lens antennas arranged on a Si substrate was reported. The antenna array was excited with metallic 

rectangular waveguides which were coupled to the antennas through etched holes within the Si 

substrate. The reported 500-600 GHz test prototype was a three dimensional arrangement of glass 

antennas on top a Si substrate coupled with Si-micromachined metallic waveguides [42].  

A different fabrication approach for integrated rectangular waveguides was reported in [43- 45]. The 

measured attenuation constant of the 3 THz test structure was 0.12 dB/λ [43]. The fabrication process 

of this waveguide began with a Si substrate whose top face was covered with metal. This metal layer 

acted as the bottom metallic face of the waveguide. Other metallic walls were realized by electroplating 
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a photoresist mold, which was coating the waveguide bottom metal face. The main disadvantage of this 

technique is the additional loss due to the periodic configuration of access holes laid on the deposited 

top metallic wall of the waveguide (Fig. 2.2(b)). These holes were used to remove the photoresist from 

the waveguide interior after electroplating the sidewalls [43].  

 

  

(a) (b) 

Fig. 2.2  a) Si-micromachined metallic waveguide made of two half-waveguide channels [38] and b) 

fabricated metallic waveguide with access holes on the top metallic wall [44]. 

 

In [46, 47], a Si-filled metallic waveguide with a trapezoidal cross section was reported. The fabrication 

process was based on the KOH wet etching of a high-resistivity Si wafer which was glued on a glass 

substrate with two intermediate deposited metal layers. Aluminum was sputtered onto the surfaces of 

the structure to form the top and side metallic walls. This waveguide was tested over 77-110 GHz where 

an average insertion loss of 0.2 dB/mm was obtained. To provide better geometrical accuracy, [48] 

reported a Si-filled metallic waveguide with rectangular cross section formed using DRIE through a 

high-resistivity Si wafer. However, the metallization of the vertical sidewalls was a technological 

challenge. The measured attenuations for an 80-110 GHz test structure fabricated using this technique 

were 0.125 dB/mm and 0.121 dB/mm at frequencies of 100 GHz and 105 GHz, respectively.  

2.2 Planar Dielectric Waveguides for Millimeter-Wave and Terahertz Integrated 

Circuits  

Dielectric waveguides are commonly used in optical integrated circuits. Researchers began several 

decades ago to investigate dielectric waveguides for mmW integrated circuits [49- 54]. Alumina was 

the material most commonly used to fabricate the guiding channels in insulated image guides, which 

were then thermally bonded to the ground plane using a low-permittivity insulating film [52]. Insertion 

of the melt-processable insulating film solved the problem of mechanical mounting of the guiding 
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channel on the ground plane. The insulating film also reduced the waveguide attenuation due to the 

conduction loss and surface roughness at the ground plane. The very high precision alignment required 

by the manual assembly of the complex structures is the main drawback to realizing mmW/THz 

integrated circuits based on this technique. In 1991, ridge dielectric waveguide structures with 

alternating low and high permittivity layers were designed and fabricated for operation over 0.1-0.3 

THz and 0.3-2 THz frequency ranges [55, 56]. The fabrication of these waveguides, which were 

optimized for field confinement within the low-permittivity regions, was based on etching of 

multilayered wafers.  

The idea of using dielectric waveguides for mmW/THz integrated circuits did not continue in the 1990s, 

and no measurement results for the fabricated structures were reported until 2003, when mmW 

rectangular rod waveguides were reported [57, 58]. Based on the introduced structure, an array of 

antennas made of sapphire was designed, fabricated, and measured [57]. In [58], transitions from 

rectangular rod waveguides made of polyethylene into micro-strip and slot lines were designed and 

tested. The antenna array and transition structures are shown in Fig. 2.3. Theoretically, dielectric rod 

waveguides would eliminate the effects of conduction loss, as opposed to image guides. However, no 

mechanical supports were introduced for these waveguide structures to make them practically 

appropriate for implementing mmW/THz integrated circuits.  

 

  

(a) (b) 

Fig. 2.3  a) An array of antennas made of dielectric rod waveguides [57] and b) transitions from 

rectangular rod waveguides into micro-strip and slot lines [58]. 

 

To facilitate assembly of the complex structures required by the conventional insulating image guide 

topology [52], a substrate integrated image guide (SIIG) was introduced in 2005 [59]. In the SIIG 
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structure, as shown in Fig. 2.4(a), the guiding channel of the image guide is surrounded by a lattice of 

periodic air holes inside the guiding substrate to create regions with low effective permittivity. The 

perforated substrate is then bonded to the ground plane using a low-permittivity insulating film [59- 

65]. A transition from the coplanar waveguide to the SIIG on an alumina substrate (εr = 9.8 and tanδ = 

0.002) was designed, fabricated, and tested over the frequency range of 80-110 GHz [60]. An array of 

metallic-strip antennas fed by SIIG on a 381 μm thick alumina substrate was presented at 94 GHz [61]. 

A tapered dielectric antenna fed by SIIG fabricated on alumina substrate was also reported at 94 GHz 

[62]. In all of the reported SIIG structures, polyethylene (εr ~2.3) was used as the insulating film 

material. High-resistivity Si (εr = 11.7 and tanδ = 0.0007) wafers with a thickness of 525 μm were used 

to fabricate the SIIGs over the frequency range of 65-110 GHz [59]. A measured attenuation constant 

0.25 dB/cm was reported at the single frequency of 72 GHz based on comparison loss measurements 

of two lengths of this waveguide.  

Although the insulating film in the SIIG structure reduced the conduction loss to some extent, this 

waveguide still suffered from additional losses due to the finite conductivity and surface roughness at 

the ground plane. To reduce the field concentration close to the ground plane, an SIIG supported on 

small copper strips, which formed a thick gap between the waveguide slab and the ground plane, was 

reported [64, 65]. A measured attenuation constant of 0.7 dB/cm at 90 GHz was reported for a 

fabricated alumina test structure operating in the higher order Ex
11 mode (electric field parallel to the 

ground plane) [64]. 

The design and simulation of complex perforated structures requires significant memory and 

computational time. The wave guiding principle utilized in the perforated SIIG is based on the variation 

in the effective permittivity created by a lattice of air holes (Fig. 2.4(a)). This technique suffers from 

additional scattering loss due to the periodic holes. To realize a quasi-homogeneous effective 

permittivity in the perforation zone, and to prevent the occurrence of stop-band in the operation 

frequency band, the lattice dimensions should be chosen to be smaller than a fraction of the guided 

wavelength. Therefore, the perforation of the dielectric slab is a crucial fabrication step; for high-

performance waveguides a complex and high-precision perforation method is needed. In order to create 

a high refractive index contrast between the guiding channel and the perforated zone, a large portion of 

the substrate material should be removed by perforation at the expense of reducing the mechanical 

stability. Furthermore, high-density integration using this method is quite difficult due to the 
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requirement of several rows of holes to be made between two dielectric guiding regions to minimize 

coupling and leakage. 

 

  

(a) (b) 

Fig. 2.4  Perforated SIIG structure [59] and b) fabricated LTCC-based SIIG leaky-wave antenna [67]. 

 

To overcome the issues consequent to the insertion of air holes in the perforated SIIG configuration, an 

SIIG implemented in LTCC technology was reported [66- 68]. The LTCC-based SIIG offers better 

fabrication reliability and more efficient simulation time as compared to the perforated SIIG [66]. 

However, the insulating film in the LTCC-based SIIG structure, which was realized with a single 

ceramic layer that had dielectric characteristics similar to those of the guiding channel, was unable to 

reduce the field concentration close to the ground plane as opposed to the perforated structure. An 

LTCC-based SIIG with dielectric characteristics (εr = 5.9 and tanδ = 0.002) was fabricated and tested 

over 57-67 GHz. Comparison loss measurements of two lengths of this waveguide at 62 GHz showed 

an attenuation constant of 0.29 dB/cm. Fig. 2.4(b) shows a fabricated leaky-wave antenna on LTCC-

based SIIG waveguide platform. 

A high-resistivity Si rod dielectric waveguide fabricated using photolithography and DRIE of a Si 

wafer, was presented recently and waveguides with operation frequencies over 90-140 GHz and 140-

220 GHz were designed, fabricated, and measured [69]. In the measurement setup, supporting beams 

were added to the structure and then the fabricated structure was manually mounted in a groove on a 

metallic slab to support the waveguide (Fig. 2.5(a)). 

In [70, 71], a resonator and switch based on photonic crystal structures were designed and fabricated 

on high-resistivity Si wafers. As shown in Fig. 2.5(b), the photonic crystal Si slabs were held manually 
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in the air during the measurements. However, to develop an integrated circuit technology, a supporting 

slab would be needed. The requirement for a supporting slab becomes more important as the operation 

moves to higher frequencies and the Si substrate becomes thinner and consequently more fragile. 

 

  

(a) (b) 

Fig. 2.5  a) Test setup of the high-resistivity Si rod dielectric waveguide [69] and b) test setup of the 

photonic crystal resonator devices mounted between two metallic ports [71]. 

Using dielectric waveguides for mmW/THz integrated circuits offers several advantages over using 

metallic waveguides. As the frequency increases the skin depth decreases by a factor of 1/√f and, 

consequently, the conduction loss increases dramatically. In addition, the metallic waveguide 

performance is degraded by surface roughness of the conducting boundaries. Dielectric waveguide 

attenuation is primarily determined by the dielectric material loss. Finding a highly transparent material 

enables the dielectric waveguide to operate with lower loss compared to a rectangular metallic 

waveguide. It is fortunate that some dielectric materials, such as highly resistive Si, high-resistivity 

gallium arsenide, and sapphire, have low-loss characteristics over the mmW/THz frequency ranges. 

Furthermore, dielectric waveguide structures are in a planar form; highly appropriate for implementing 

integrated circuits.  

Despite the advances in developing dielectric-waveguide-based mmW/THz integrated circuits, more 

research needs to be performed to realize a technology platform which addresses the practical 

requirements of emerging mmW/THz systems. To this end, in addition to a highly transparent dielectric 

guiding medium, the other crucial steps include identifying a low-loss supporting substrate, developing 

a low-cost and feasible fabrication process, and specifying a high-precision implementation with 

minimal requirements for manual mounting, alignment, and assembly of the sub-structures in an 
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integrated circuit. Finally, the sought for technology platform should support high-density integration 

and particularly integration with active devices. 

2.3 Planar Goubau Line  

Beyond the two main approaches mentioned above, the potential applications of the planar Goubau line 

for mmW and THz integrated circuits was investigated in [72- 74]. The Goubau line, which consists of 

a single metallic circular line coated with dielectric material, was first introduced in 1960 by Goubau 

[75]. In the planar structure, a rectangular metallic strip, mounted on a dielectric substrate, plays the 

role of the metallic circular line in a conventional Goubau line. Researchers in [73] fabricated and tested 

back-to-back transitions from coplanar waveguides to planar Goubau lines designed on a quartz 

substrate with metallic strips made from silver, gold and titanium-gold. The test results for 1.5 mm 

lengths of these lines at 300 GHz showed insertion losses of 2.8 dB, 3.6 dB, and 3.8 dB, respectively 

[73]. The main issue with the reported structures is the challenging fabrication of the squared metallic 

strips. To simplify the fabrication, and to make it compatible with current fabrication techniques, the 

square metallic strip can be thinned to less than 20 μm. Nevertheless, this will increase the waveguide 

attenuation and causes strong deviations of the electromagnetic field distribution from that of the 

conventional Goubau line. 
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Chapter 3  Silicon-on-Glass Dielectric Waveguide for Mmillimeter-

Wave Integrated Circuit 

3.1 Introduction 

Realization of millimeter-wave (mmW) high-resolution imagers, high-speed communication systems, 

and a wide variety of attractive mmW applications, depend on the availability of cost-effective 

technology platforms for high-quality integrated circuits. Low-loss and high-performance mmW 

integrated circuits require low-loss waveguide structures with minimal dispersion.  

Dielectric waveguides are promising candidates for mmW and terahertz (THz) hybrid integrated 

circuits due to their intrinsic planar form. The waveguide attenuation is dominantly determined by the 

material loss of the dielectric medium which forms the guiding channel. Extensive research has been 

conducted to characterize different dielectric materials over the THz range [76- 85]. Based on these 

studies, dielectrics such as polymer (the polyethylene family), germanium (Ge), gallium arsenide 

(GaAs), sapphire, quartz, and high-resistivity silicon (Si) have low absorption in THz. Many potential 

applications of these dielectrics for THz wave-guiding have been demonstrated [49- 71, 86- 88]. 

Regarding planar dielectric waveguides for mmW/THz, however, despite the achievements of the past 

two decades, some practical aspects have remained unaddressed. More research is required to realize 

novel dielectric waveguide structures which satisfy the following requirements: 

 Low-loss supporting substrate 

 High-precision, uniform, and low-cost fabrication technique 

 Minimal need to manually assemble or align the sub-structures 

 High-density integration and particularly ease of integration with active devices 

In this Chapter, a low-loss silicon-on-glass (SOG) dielectric ridge waveguide is introduced for mmW 

integrated circuits. The proposed SOG technology is a promising solution to the aforementioned 

challenges. In the SOG dielectric waveguide structure, the guiding channel is made of high-resistivity 

Si and the glass plays the role of the thick cladding substrate. A high-precision and uniform fabrication 

technique which is fully compatible with the currently developed techniques for Si-device fabrication, 

is developed for the proposed waveguide structure. The fabrication technique eliminates the need for 

the excessively difficult and costly alignment of the sub-structures used in the conventional insulated 
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image guide [52]. The proposed SOG technique can serve as a platform for various types of mmW 

complex passive components and integrated circuits.  

3.2 Material Characterization 

Physical mechanisms determining the absorption characteristics of materials in the THz range are 

different from those in optics and microwaves. Consequently, some materials commonly used in the 

optical and microwave ranges of frequencies show high absorption at THz frequencies. However, there 

are remarkably transparent dielectric materials in the THz range [1].  

A high dielectric constant in the main guiding region of the waveguide is highly advantageous as it 

provides strong field confinement within the waveguide, which consequently enhances the possibility 

of higher density circuit implementation. Among high dielectric constant materials commonly used for 

waveguide fabrication, intrinsic Si, sapphire, intrinsic Ge, alumina, and high-resistivity GaAs have been 

recognized for their low absorption at mmW/THz frequencies. Time-domain THz spectroscopy has 

been used to measure different materials’ absorption coefficients and refractive indices in THz [76- 

85]. The reported measurment results based on this technique are summarized in Tables 3.1, 2. These 

studies show that crystalline high-resistivity Si is surprisingly transparent up to and beyond 3 THz [1, 

81- 83]. 

Crystalline Si, whose electrical and mechanical properties have been extensively studied and reported, 

is the most important material in the THz spectrum. High-purity, float-zone crystalline Si is the most 

transparent and also the least dispersive medium at mmW/THz frequencies [1, 80- 83]. While early 

measurements of intrinsic Si had shown higher THz absorptions, recent experiments have concluded 

that previously reported absorption rates were dominated by free carriers due to residual impurities and 

are not the properties of intrinsic Si. Measurements of high-resistivity Si samples show that absorption 

is mainly due to free carriers and is dominantly controlled by carrier concentration. High-purity Si, 

produced by the float-zone crystal growth, has a remarkably low carrier concentration and consequently 

high resistivity. Measurements for float-zone, high-resistivity Si (ρ > 10 KΩ.cm), show a power 

absorption coefficient of less than 0.025 cm-1 up to 2 THz and less than 0.15 cm-1 up to 4 THz. These 

measurements demonstrate a remarkably constant refractive index of n = 3.4175 with small changes of 

0.0001 over the entire 0.5-4.5 THz band [1, 81- 83]. 

High-purity float-zone Si wafers are available at low-cost. Furthermore, Si-device fabrication is a well-

developed technology and numerous fabrication techniques are available for Si-devices [89- 92]. In this 
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research, Si wafers with high-resistivity ranging from 10 KΩ.cm to 20 KΩ.cm are used to implement 

the main guiding region. 

  

Table. 3.1. Reported Measured Loss Characteristics of Dielectrics (data from [1, 78- 83]). 

Dielectric material Loss characteristic (unit) Measured value frequency  

high-resistivity GaAs (ρ = 10 MΩ.cm) power absorption coefficient (, cm-1)  = 0.2 / 0.4 0.25 / 0.5 THz 

intrinsic Ge power absorption coefficient (, cm-1)  > 0.5 0.2 – 2 THz 

o-Sapphire power absorption coefficient (, cm-1)  = 0.1 / 1 0.5 / 1 THz 

e-Sapphire power absorption coefficient (, cm-1)  = 0.1 / 1.1 0.5 / 1 THz 

high-resistivity Si (ρ > 10 KΩ.cm) power absorption coefficient (, cm-1)  < 0.025 /  

 < 0.15 

0.1 - 2 / 

 0.1 - 4 THz 

Alumina loss tangent, tanδ 0.004 / 0.02  1 / 3 THz 

power absorption coefficient (, cm-1) 254 / 3870  1 / 3 THz 

 

Table. 3.2. Reported Measured Dielectric Constants (data from [1, 78- 83]). 

Dielectric material refractive index (n) / dielectric constant (εr) frequency  

high-resistivity GaAs  n = 3.59 - 3.61 0.3 - 2 THz 

intrinsic Ge n = 3.992 - 4.004 0.3 - 2 THz 

o-Sapphire n = 3.066 - 3.083 0.3 - 2 THz 

e-Sapphire n = 3.414 - 3.437 0.3 - 2 THz 

high-resistivity Si n = 3.41745 - 3.41755 0.5 - 4.5 THz 

Alumina n = 3.04 - 3.08 0.5 - 3 THz 

 

State-of-the-art planar dielectric waveguide structures for mmW/THz are basically supported by metal 

ground planes [52, 59- 68]. These structures suffer from excessive attenuation due to the conduction 

loss and problems consequent to the manual alignment of sub-structures in integrated circuits. To 

overcome these challenges, in this research, a low-permittivity and low-loss dielectric substrate with 

the potential of bonding to Si is suggested. Different glass materials are studied for this purpose; among 

them, Pyrex 7740 is selected as the glass substrate of choice.  

The THz absorption coefficient and refractive index spectra for different types of glasses have been 

derived using THz time domain spectroscopy [84, 85]. These glasses include amorphous silica, 

polycrystalline quartz, Pyrex, and different types of Schott glass such as BK7, B270, and NZK7. These 
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studies show higher refractive indices for these glasses in THz as compared to those seen in optics. 

Silica and quartz, which are actually two different compounds of silicon-dioxide with different 

fabrication processes, have fairly similar absorption and dispersion characteristics in the THz range. 

These two glasses have an almost constant refractive index of n = 1.95 in THz range and a power 

absorption coefficient which is less than 1.3 cm-1 up to 0.5 THz, reaching ~ 2.7 cm-1 at 1 THz. Pyrex’s 

refractive index, which is n = 2.1, is almost constant with small variations of ± 0.05 over the THz range. 

Material loss in Pyrex is low up to about 200 GHz but increases rapidly above 200 GHz, reaching 7 

cm-1 at 0.5 THz [85]. The Schott glasses investigated have higher absorptions than Pyrex, silica, and 

quartz [84, 85]. 

A comparison among the mentioned glass materials confirmed remarkably low THz absorptions for 

silica/quartz [85]. However, fabrication of the SOG waveguide using silica and quartz is much more 

challenging and, ultimately, quite costly. The main difficulty is the high complexity of the Si-

quartz/silica bonding process which requires plasma assisted bonding techniques [93- 95].  

The main difficulty in Si – quartz direct bonding is due to the difference in the thermal expansion 

coefficients of the two materials; quartz has a thermal expansion coefficient of 14.5 - 16.9 × 10-6, while 

that of Si is 4.9 × 10-6 at 300 °C [93]. For high bonding strength, high temperature annealing is required. 

However, due to the large thermal expansion coefficient difference, the bonded wafers will break unless 

one of the wafers is thinned to a submicron thickness. Si – quartz direct bonding is performed through 

multiple time-consuming steps of low-temperature initial bonding, long-time storage at a constant 

temperature, and multi-temperature consecutive annealing with low temperature ramping rates (1 °C 

/min). This multi-step bonding process is performed over several days [94]. In order to achieve low-

temperature and quicker Si - quartz direct bonding, oxygen plasma surface activation techniques has 

been used [95]. Oxygen plasma-assisted treatment increases the initial bonding strength by providing 

a highly hydrophilic and contamination-free contact surface due to the bombardment of energetic ions 

[95]. By using the plasma-assisted bonding technique, better bonding energies at lower bonding and 

annealing temperatures can be attained and the bonding time can be decreased to several hours (~ 10 

hours) [95]. However, even with the plasma activation technique the bonding strength of Si - quartz is 

still lower than that of bonded Si – Pyrex wafers. Furthermore, plasma-assisted bonding needs to be 

performed in special advanced equipment which is not accessed in most laboratories. 

Thin films of silica can be grown on Si surface via thermal oxidation methods. This is the method used 

to form thin layers of silicon-dioxide in silicon-on-insulator (SOI) technology, a well-developed 
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technology for optical integrated circuits and microchips. At optical wavelengths, the oxide layer is 

thick enough to act as a low-permittivity cladding layer. However, in the mmW/THz ranges a thin oxide 

layer is not sufficient due to the much longer wavelengths. Therefore, the main issue is that the growth 

of a large thickness of oxide film on the Si surface, required as a cladding layer at mmW/THz 

frequencies, becomes quite challenging. 

Pyrex glass is a widely used substrate material in Si-based micro-electromechanical systems (MEMS) 

technology due to its attractive features and compatibility with Si for fabrication [96- 98]. The other 

desirable properties include optical transparency and electrical isolation. Pyrex’s thermal expansion 

coefficient (2.9 × 10-6 / °C) is almost the same as that of Si (2.6 × 10-6 / °C) [96]. The other important 

advantage is that Pyrex is appropriate for bonding to Si via anodic bonding without using any 

intermediate adhesive. Si – Pyrex anodic bonding is a quick process (< 1 hour) and provides a strong 

connection between the two wafers [99- 103]. Pyrex and Si can be bonded permanently and hermitically 

through applying high voltage and temperature during the anodic bonding process. The sodium and 

oxygen ions in the Pyrex substrate become mobile under the high temperature (300 – 500  ̊C). These 

mobile ions move toward the Si interface and form strong molecular Si-O bonds between the two wafers 

[99].  

For the proposed SOG waveguide structure, considering mmW/THz transmission properties and 

fabrication feasibility, Pyrex is selected as the glass substrate. Up to 200 GHz, Pyrex substrate meets 

all the requirements in terms of transmission properties and fabrication simplicity. 

3.3 Silicon-on-Glass Dielectric Waveguide Structure 

The proposed SOG dielectric waveguide, as shown in Fig. 3.1, consists of a high-resistivity Si 

rectangular channel that forms the main guiding region of the waveguide. In order to support the Si 

guiding channel and to realize an integrated waveguide structure, the Si is attached to a low-loss and 

low-permittivity dielectric substrate. The large contrast between Si and Pyrex results in strong field 

confinement within the Si channel.  

Si-based optical integrated circuits using SOI is a matured technology. At optical wavelengths, the 

oxide layer is thick enough to act as a low-permittivity cladding layer. In [105], an optical SOG 

dielectric waveguide based on Pyrex glass was reported for the purpose of realizing future waveguides 

with preprocessed claddings or ultrathin nano-sized Si waveguides. However, in mmW/THz frequency 
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ranges, due to the much longer wavelengths, a thin oxide layer cannot work as cladding and a thick 

glass substrate is needed to realize an effective cladding layer.  

 

 

 

Fig. 3.1  Structure of the SOG dielectric waveguide made of the SOG wafer [104]. 

 

In the proposed SOG structure, a large thickness of Pyrex substrate makes it superior over other mmW 

dielectric waveguide structures which were basically supported on the metallic ground plane [52, 59- 

68]. In those structures, although the low-permittivity bonding insulator reduced the conduction and 

surface-roughness loss due to the ground plane to some extent, metallic loss still made a significant 

contribution to the total transmission loss. As the frequency increases, the skin depth decreases by a 

factor of 1/√f and metallic loss affects the guide performance more drastically.  

The high permittivity of Si leads to strong field confinement inside the guiding channel. This large 

index contrast is essential to maintain low scattering (radiation) loss at the bends, to minimize the 

coupling between adjacent waveguides, and to support single-mode operation by an appropriate choice 

of the guiding channel dimensions. These properties make SOG technology appropriate for high-

density integrated circuits. As a result, SOG provides a large index-contrast medium with minimal 

attenuation for mmW/THz signal propagation. 

3.4 Computational Simulations and Studies 

Modal analysis of the proposed SOG dielectric waveguide is conducted in high frequency structure 

simulator (HFSS). In all the simulated structures in this Chapter, the high-resistivity Si has a relative 

permittivity of εr = 11.7 and an equivalent conductivity of σ = 0.01 S/m. Pyrex’s relative permittivity 

is εr = 4.41 while its loss characteristics vary with frequency.  
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From measured data collected via THz time domain spectroscopy [84], the equivalent conductivity of 

Pyrex is estimated as 0.02, 0.0987, 0.2508, and 0.4861 S/m at frequencies of 50 GHz, 100 GHz, 150 

GHz, and 200 GHz, respectively. To extract Pyrex’s equivalent conductivity from the measured 

absorption coefficient [85], the expression σ =  n / Z0, in which n, σ, , and Z0 are respectively the 

refractive index, the equivalent conductivity, the measured power absorption coefficient, and the air 

characteristic impedance, is used. 

3.4.1 Modal Analysis 

Fig. 3. 2 shows dispersion diagrams for the first four propagating modes of the SOG dielectric 

waveguide with dimensions W = 1.6 mm and H = 0.5 mm (Fig. 3.1). These modes are called Ex
11, Ey

11, 

Ex
21, and Ey

21, in which the superscripts indicate the numbers of cycles of variations along the x- and y-

directions, respectively [106- 108]. 

Figs. 3.2 (a-b) respectively show the normalized phase constant (β/k0), which is also referred to as the 

“effective refractive index” (neff), and the attenuation constant (dB/mm) diagrams for these modes. 

These four modes have cutoffs at frequencies of 56 GHz, 78 GHz, 92 GHz, and 105 GHz, respectively. 

The attenuation constant plots show that the loss is quite low even at high frequencies above 100 GHz. 

The attenuation constant of Ex
11 mode decreases from 0.022 dB/mm at 60 GHz to 0.012 dB/mm at 120 

GHz. This decrease is a result of better field confinement inside the Si channel as the frequency 

increases. 

Studies of modal field distributions show that for the Ex (Ex
nm) modes, the transverse dominant 

component of the electric field is in the x-direction, while the other transverse component of the electric 

field is negligible everywhere except at the corners of the guiding channel. For the Ey (Ey
nm) modes, the 

transverse dominant component of the electric field is in the y-direction. The designation of the modes 

as Ex
nm and Ey

nm originates from the aforementioned facts.  

Figs.3.3, 4 show the distributions of the electromagnetic field components of Ex
11 and Ey

11 modes at 

110 GHz, for the SOG waveguide studied in Fig. 3.2. Fig. 3.5 shows the distributions of the dominant 

transverse electric field components of Ex
21 and Ey

21 modes at 110 GHz 
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(a) 

 

(b) 

Fig. 3.2  Propagation constant of the SOG waveguide, (a) normalized dispersion (β/k0) and (b) 

attenuation constant (dB/mm) [104]. 

 

For the abovementioned modes, the electromagnetic field components are oscillating inside the Si 

guiding channel and exponentially decaying in the outer region. The single mode operation extends 

over 56-78 GHz. Over the single-mode operation bandwidth, only the Ex
11 mode has its energy confined 

inside the Si guiding channel while higher order modes are below the cutoff. 

In the proposed SOG waveguide, depending on the Si channel dimensions, either the Ex
11 or the Ey

11 

mode will be dominant. When W is greater than H, Ex
11 will be the dominant mode, while a choice of 

W smaller than H makes the Ey
11 mode dominant. In this thesis, only SOG waveguides with dominant 

Ex
11 modes are studied; SOG dielectric waveguides with dominant Ey

11 modes are studied in [109]. 
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(a) (b) (c) 

   

(d) (e) (f) 

Fig. 3.3  Distribution of the electromagnetic field components of the Ex
11 mode at 110 GHz: (a) Ex 

component, (b) Ey component, (c) Ez component, (d) Hx component, (e) Hy component, and (f) Hz component. 

 

   

(a) (b) (c) 

   

(d) (e) (f) 

Fig. 3.4  Distribution of the electromagnetic field components of the Ey
11 mode at 110 GHz: (a) Ex 

component, (b) Ey component, (c) Ez component, (d) Hx component, (e) Hy component, and (f) Hz component. 
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(a) (b) 

Fig. 3.5  Dominant transverse electric field component distribution at 110 GHz: (a) Ex of Ex
21 mode and 

(b) Ey of Ey
21 mode [104]. 

In the HFSS simulations, the Pyrex and air regions are truncated by PML (perfect matched layer) 

boundaries at appropriate distances from the guiding channel to model two cladding half-spaces. 

However, in reality the Pyrex substrate has finite dimensions. In the fabricated SOG test structures, the 

thickness of the Pyrex substrate is T = 0.5 mm and the waveguides are supported on test setups made 

of aluminum (Fig. 3.16). 

To study the effect of the metal plane of the measurement setup on the propagation characteristics of 

the SOG waveguide, modal analysis simulations are conducted for two different structures: I) SOG 

waveguide on a Pyrex half-space, and II) SOG waveguide on a grounded finite-thickness Pyrex 

substrate. In these two structures, the guiding channel dimensions are W = 1.6 mm and H = 0.5 mm. In 

the second structure, the Pyrex substrate has a thickness of T = 0.5 mm and it is supported on a metal 

plane made of aluminum with a conductivity of σ = 3.744×107 S/m. Fig. 3. 6 shows the propagation 

constants of the first four modes of these two structures for comparison.  

In the first structure, where the Si channel is supported on a Pyrex half-space, the Ex
11, Ey

11, Ex
21, and 

Ey
21 modes start at the frequencies of 56, 78, 92, and 105 GHz, respectively. However, in the second 

structure, the modes with oscillating (non-evanescent) field inside the glass substrate are also supported 

due to the total reflection at the glass-metal interface. As a result, the four modes mentioned for the first 

structure are also supported by the second structure, but with different cutoff frequencies of 42, 28, 52, 

and 60 GHz, respectively. It is interesting to note that similar modes are supported if the glass-metal 

interface is replaced by a glass-air interface. These modes have properties similar to those of the 

cladding modes in optical fibers [110]. 

The large index contrast between the Si channel and the surrounding media results in a strong field 

confinement inside the Si channel. This effect, along with the considerable thickness of the Pyrex 
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substrate, minimizes the effect of the metal plane on the propagation characteristics of the Si-confined 

modes. For a Si-confined mode, a large portion of the power propagates through the Si channel and 

only a small part goes through the substrate, the field amplitude being vanishingly small at the glass-

metal interface. 

 

  

(a) (b) 

Fig. 3.6  Propagation constants of two SOG structures: (a) normalized dispersion (β/k0) and (b) 

attenuation constant (dB/mm) [104]. 

 

As the frequency increases above the cutoff frequencies of the Si-confined modes, the modal 

confinement inside the Si increases and the modal dispersion diagrams of the SOG waveguide on the 

finite-thickness Pyrex substrate approach those of the SOG waveguide on the Pyrex half-space. This 

property can be clearly observed in Fig. 3.6. However, higher order modes are supported in the actual 

SOG waveguide test structures. Additional attention should be applied during the test setup design to 

make sure undesired higher order modes are not excited. 

It is worth mentioning that the ground plane below the glass substrate (Fig. 3.16) in the fabricated test 

structures is part of the measurement setup. For a number of applications under consideration, the 

proposed structure in packaged form does not need a ground plane. Non-metallic packaging for the 

proposed applications is under development.  
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3.4.2 Parametric Studies 

To gain a deeper understanding of the SOG waveguide behavior and effect of different parameters on 

the dispersion characteristics, a modal analysis of SOG waveguides with different dimensions is 

performed in HFSS. Fig. 3.7 shows the dominant Ex
11 mode cutoff frequencies for different height and 

width values of the Si channel in the SOG waveguide. As expected, by decreasing the Si-channel 

dimensions, the SOG waveguide operation bandwidth is shifted to higher frequencies. The cutoff 

frequencies are defined as the lowest frequencies where the field components are still exponentially 

decaying inside the Pyrex substrate. Above the cutoff frequency, the modal field is confined within the 

Si guiding channel.  

Fig. 3.8 shows the attenuation constants of the SOG waveguides studied in Fig. 3.7, over their dominant 

Ex
11 operation bandwidths. As shown in these figures, for a certain value of H, the attenuation constants 

of the SOG waveguides decrease by increasing W. 

 

 

 

Fig. 3.7  Cutoff frequencies of the Ex
11 dominant modes of the SOG waveguides [104]. 
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(a) 

 

(b) 

 

(c) 

Fig. 3.8  Attenuation constants of the SOG waveguides Ex
11 modes over their operation bandwidths for 

different values of W when: (a) H = 500 µm, (b) H = 400 µm, and (c) H = 300 µm [104].  
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3.5 Fabrication Technique 

The main advantage of the proposed SOG technology, other than the low-loss materials used, is its 

high-precision which comes from photolithography process and deep reactive ion etching (DRIE) of 

Si. The fabrication method is a simple one-mask process, making it economically attractive. 

Furthermore, the fabrication technique provides wafer-scale batch fabrication, thus reducing the cost 

per component. The fabrication technique is discussed in this Section. 

3.5.1 Process Flow 

The entire process flow is shown in Fig. 3.9. The process starts with Pyrex 7740 and high-resistivity Si 

wafers. First, the surfaces of the wafers are cleaned to remove any organic residues and particles before 

the anodic bonding. The two wafers are cleaned using the Piranha process (H2SO4 / H2O2 4:1) at room 

temperature for 15 min. The SOG wafer is formed via anodic bonding between the Pyrex and Si wafers 

at a temperature of 450 °C and a bond voltage of 1000 volts. Anodic bonding provides a strong 

connection between the two wafers [99- 103]. 

The Si surface is coated with a thick photoresist (AZ P4620) using a spinner. The photoresist is spread 

for 10 seconds at a speed of 500 RPM, followed by a spin of 25 seconds at a speed of 2000 RPM. This 

results in uniform coverage of the photoresist with a thickness of ~ 11 μm. The photoresist is baked for 

90 seconds on a hotplate at a temperature of 115 °C. This layer is then patterned via optical lithography 

to form a thick photoresist mask for dry etching of the Si layer. During this step, the photoresist coating 

is exposed to ultraviolet radiation (UV), which is passed through a glass-chrome mask. The pattern is 

projected on the photoresist and the exposed parts are removed via development in AZ 400K.  

The selectivity of the etching process with respect to the masking photoresist is above 70. This high 

selectivity is appropriate to mask the guiding channel during a deep etching through the Si layer. 

Finally, DRIE utilizing a Bosch process (2 μm/min), will define the Si guiding channel. The remaining 

photoresist mask is removed in acetone. The fabricated wafer is then diced to test each individual 

component/circuit. 

The Pyrex-Si bonding characteristics are highly desirable for eliminating the need for difficult and 

hugely time-consuming manual mounting and assembling of Si sub-structures on the glass substrate. 

Unlike previously reported integrated circuit techniques based on insulated image guides [52], in this 

case the Si wafer is first bonded to the Pyrex wafer and then high-permittivity passive components are 

made out of high-resistivity Si via DRIE through the Si layer. The entire integrated circuit pattern is 
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projected on the etching mask via the photolithography process. During the DRIE process, these Si 

components are masked against the plasma attack and supported on the glass substrate which, at the 

same time, acts as an etch stop.  

 

 

 

 

 

 

(a) (b) 

 

 

 

 

 

 

(c) (d) 

Fig. 3.9  Fabrication process of the SOG dielectric waveguide: (a) bonding Si to Pyrex, (b) coating 

photoresist on the Si surface, (c) optical lithography to form the mask, and (d) DRIE of the Si [104]. 

A unique advantage of the SOG technology developed here is that the manual and time-consuming 

alignment of the complex structures used in conventional image line fabrication [52], is replaced by a 

high-precision and uniform photolithography process. The designed prototype on the glass mask, 

including the arrangement of different fabricated structures as well as the alignment of the complex 

structures, is projected on the photoresist by a high-precision and uniform optical lithography process. 

The proposed SOG technology, which relies on the matured current Si-based fabrication techniques, 

provides ease of integration, high precision, and uniformity at low-cost. A wide variety of mmW 

integrated passive components are being developed in the proposed SOG platform via DRIE of the Si 

layer [109, 111- 114]. 

3.5.2 Fabrication Precision 

The fabrication technique, developed in this technology, provides high-precision at low-cost. Scanning 

electron microscope (SEM) and microscopic images of the fabricated samples, shown in Figs. 3.11, 13, 

are analyzed to evaluate the dimensional accuracy and sidewall roughness. 
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Photolithography is a highly precise process capable of creating extremely small features down to a 

fraction of micron with exact control over the sizes and patterns. Fig. 3.10 shows the microscopic 

images of the thick photoresist mask on the Si surface. This mask is prepared for the fabrication of an 

SOG waveguide with W = 0.9 mm and the SOG tapered antenna. Figs. 3.10(a, b) show the measured 

width of the waveguide and the tip of the tapered section on the patterned mask, respectively. Fig. 

3.10(c) shows the periodic beams connected to the SOG tapered antenna (presented in Chapter 6). As 

shown in these figures, the photoresist masks are patterned with high dimensional accuracy. 

 

   

(a) (b) (c) 

Fig. 3.10  Microscopic images of the patterned thick photoresist mask: a) beginning of the tapered section 

for an SOG waveguide with W = 900 μm, b) tip of the tapered section, and c) periodic beams with a designed 

width of 100 μm. 

DRIE is a highly anisotropic etching process which can create closely vertical sidewalls with deep 

penetration and high aspect-ratios [115]. Fig. 3.11(a) shows the microscopic image of the top-view of 

the fabricated SOG waveguide with W = 0.7 mm. The measured width of this sample is 702 µm. Fig. 

3. 11(b) shows the microscopic top-view image of the tips of the SOG waveguide tapered sections. As 

shown in this figure, the tapered tips are formed with high precision. Figs. 3.11(c- e) show SEM images 

of the SOG waveguides and tapered sections along with an SEM image of the etched sidewall of the 

sample. As shown in this figure, the etched sidewall has a roughness of around ~ 120 nm, which is 

quite small when compared to the dimensions of the fabricated sample. 

As mentioned, the DRIE technique is capable of creating vertical etched walls. However, different 

physical phenomena affect the quality of the etched sidewalls during the process. One important factor 

affecting the fabrication accuracy is the notching effect. This effect is a phenomenon of through-etching 

of a Si layer supported on an insulating substrate (glass in this case) [116, 117]. This effect, which 

refers to the dependency of the etching rate on the aspect ratio, is a major problem with those etching 
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patterns which combine narrow and wide trenches. Under these conditions, ions passing to the 

insulating substrate through wider etched cavity electrically charge the insulating film increasing its 

potential. Consequently, successive ions are deflected by the induced potential toward the sidewalls of 

the Si cavity and start etching the sidewalls at the bottom of the Si structure, destroying the anisotropic 

nature of DRIE. This effect is shown in Fig. 3.12.  

 

   

(a) (b) (c) 

 

 

  
(d) (e) 

Fig. 3.11  Fabricated samples: (a) microscopic image of the top-view of the waveguide, (b) microscopic 

images of the etched SOG waveguides showing the Si tapered sections tips, c) SEM image of the SOG 

waveguide, d) SEM image of the etched SOG components showing the sidewalls and sidewall roughness, 

and (e) SEM image of the top-view of the tapered section [104]. 

In the proposed SOG waveguide structure, the etched patterns have dimensions in the same order of 

magnitude. In this case, as long as over-etching is prohibited, the notching effect should not be a major 

problem. The other difference is related to the electrical characteristics of the Si wafers used in this 

technology as compared to those of the Si wafers used in MEMS technology. The high-resistivity Si 

used in this research is a good insulator which changes the accumulation of charges during the etching 

process. To study the notching effect on the etching characteristics of the high-resistivity Si in the 

proposed SOG dielectric waveguide structure, SEM and microscopic images of fabricated samples, 
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shown in Fig. 3.13, are analyzed to evaluate the quality of the etched sidewalls and the etched angles 

with respect to the vertical case. 

 

  

Fig. 3.12  Mechanism of the SOG notch effect (as depicted in SOG MEMS technology using low-

resistivity Si). 

   

(a) (b) (c) 

Fig. 3.13  Fabricated sample: (a, b) microscopic image of the SOG waveguide with W = 1100 μm, (a) top-

view (Si side) and (b) bottom-view (glass side), c) SEM image of the etched sidewall measuring the etched 

sidewall angle. 

Fig. 3.13(a, b) shows the microscopic images of the fabricated SOG waveguides with W = 1100 μm 

and H = 400 μm. These figures show the measured widths of the Si guiding channel from the top (Si 

side) and bottom (glass side), respectively. As shown in these images, the difference is quite small at ~ 

5 μm, which with considering a height of 400 μm etching, shows an angle of ~ 89 ° for the etched 

sidewalls. Fig. 3.13(c) shows the SEM image of the etched Si sidewall supported on the Pyrex substrate. 

The measured angle of the Si sidewall is 90°. 

3.5.3 Fabrication Error Tolerances 

To study the effect of the sidewall roughness on the propagation characteristics of the SOG waveguide, 

modal analysis has been performed for the waveguide dimensions W = 0.7 mm and H = 0.5 mm. The 
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Groisse model in HFSS, with a 200 nm surface roughness on the Si channel sidewalls, is used in this 

study. A comparison between the attenuation constants for two different cases of the waveguides with 

smooth sidewalls, and with sidewalls having a 200 nm roughness, shows that the increase in the 

waveguide attenuation due to the surface roughness, over 140 - 170 GHz is negligible. As mentioned 

previously, the etched sidewalls are very close to 90 ° and high dimensional accuracies are provided by 

the fabrication technique. 

3.6 Coupling Characteristics 

In the proposed SOG technology, the modal confinement inside the Si guiding channel is strong due to 

the high permittivity of the Si guiding channel as compared to that of the surrounding media. This is a 

huge advantage as it reduces the radiation loss at the bends and reduces the coupling of the adjacent 

waveguides. Several SOG bend structures and a power divider with dominant Ey
11 mode operation were 

designed over W band (140 - 220 GHz) in [109].  

To study the coupling, the modal characteristics of two adjacent Si guiding channels, as shown in Fig. 

3.14, are studied and compared with those of a single Si guiding channel; both structures are supported 

on glass substrates. The Si channels’ dimensions are H = 500 μm and W = 1.6 mm. The normalized 

phase constants of the two even and odd modes of the two coupling channels, and that of the dominant 

Ex
11 mode of the single channel, are shown in Fig. 3.15 for different values of the distance between the 

two coupled Si guiding channels (dc). 

 

Fig. 3.14  Coupled SOG waveguides [104]. 

 

As shown in this figure, the phase constants of the three modes are close to each other and become even 

closer by increasing the coupling distance. At coupling distances greater than dc > 800 μm, the 

differences among the three graphs are negligible. This confirms the weak coupling between the two 

adjacent waveguides at these distances. 
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Fig. 3.15  Normalized phase constants of even and odd modes of two adjacent Si channels at a distance 

of dc and dominant Ex
11 mode of a single Si channel with the same dimensions [104]. 

3.7 Experimental Verification 

To experimentally verify the performance of the proposed SOG dielectric waveguide, a number of test 

devices are designed, fabricated, and measured. The measurements are performed using a PNA-X made 

by Keysight (former Agilent) Technologies Inc., with standard rectangular waveguide ports. 

3.7.1 Measurement Setup Design 

A test setup, consisting of an aluminum case with rectangular waveguide sections connected to the 

ports of the network analyzer, is developed. The test setup, as shown in Fig. 3.16, includes transitions 

from standard rectangular waveguides to the proposed dielectric waveguide, using tapered sections of 

the Si channel inside the rectangular waveguide sections. 
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Fig. 3.16  Test structure [104]. 

As shown in Fig. 3.16, to excite the dominant Ex
11 mode, rectangular waveguides are rotated by 90 °. 

The dominant TEz
01 mode in the rectangular waveguide has sinusoidal variation along the y-direction 

and no variation along the x-direction. Maximum coupling occurs when the Si guiding channel is 

centered inside the rectangular waveguide. This can be achieved either by adjusting the level of the 

ground plane below the SOG dielectric waveguide or with an appropriate choice of thickness for the 

Pyrex substrate below the Si. To gradually confine the field inside the Si, the Si guiding channel is 

tapered inside the rectangular waveguides in the x-direction. 

The state-of-the-art mmW dielectric waveguide structures are mostly image guides for which the 

guiding channels were simply tapered inside the metallic waveguide while the metallic wall of the 

rectangular waveguide worked as the ground plane [59]. In [118], transitions from layered ridge 

dielectric waveguides to rectangular metallic waveguides are discussed. In their reported structure all 

dielectric layers were tapered inside the metallic waveguide. In this thesis, to improve the transmission 

characteristics of the transition from the rectangular waveguide to the SOG dielectric waveguide, the 

idea of etching parts of the Pyrex substrate below the Si tapered sections is proposed and implemented. 

Hydrofluoric acid (HF, 49 %) wet etching with a chromium/gold (50/1000 nm) mask is used to etch 

the Pyrex wafer before bonding to Si. The details of the fabrication are provided in Chapter 4. 

Fig. 3.17 shows part of the fabricated SOG wafer before dicing. As shown in this figure, parts of the 

Pyrex substrate below the tapered sections are etched up to a height of 100 µm. The wafer is then diced 

and is ready for testing each individual waveguide. The paths along which the wafer is diced in x- and 

z- directions are shown with dashed lines. Dicing along the x-direction is performed from the Pyrex 
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side to an appropriate height so that the etched parts of the Pyrex substrate are totally removed from 

below the tapered sections. 

 

 

Fig. 3.17  Fabricated SOG substrate before dicing [104]. 

Simulations are conducted in HFSS to show the effects of removing the Pyrex substrate on the coupling 

characteristics of the transition. The (back-to-back) transition from the standard WR10 waveguide to 

the SOG waveguide and back again to the rectangular waveguide, as illustrated in Fig. 3.16, is 

simulated for four different structures: Structure A, Structure B, Structure C, and Structure D. In all of 

the structures, the SOG waveguide has dimensions W = 1.1 mm and H = 0.5 mm. The length of the 

SOG waveguide between the two tapered sections is L = 19 mm and the tapered sections are Lt = 6.3 

mm long each. In Structures A and B, as illustrated in Fig. 3.18(a), Pyrex is removed from below the 

tapered sections and T = 1 mm and T = 0.5 mm, respectively. In Structures C and D, as illustrated in 

Fig. 3.18 (b), the Pyrex substrate is not etched and T = 1 mm and T = 0.5 mm, respectively.  

As the simulated plots in Fig. 3.19 show, etching the Pyrex substrate decreases the insertion loss of the 

transition significantly. Structures A, B, C, and D show average insertion losses of 0.71 dB, 0.82 dB, 

5.93 dB, and 4.44 dB, respectively, over the entire 90 - 110 GHz band. In Structure A, a choice of T = 

1 mm adjusts the Si channel centered inside the rectangular waveguide and improves the coupling 

behavior of the transition to a greater extent than Structure B. As the frequency increases, the proposed 

modifications have more significant effects on improving the coupling characteristics of the transition. 

An investigation of |S11| shows that etching the Pyrex makes a significant improvement in the return 
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loss as well. While the return loss in Structure C reaches 8.8 dB, in Structure A it is always better than 

25 dB. 

 

 

(a) (b) 

Fig. 3.18  SOG tapered waveguides: (a) Structures A and B and (b) Structures C and D [104]. 

 

Fig. 3.19  Simulated scattering parameters of the back-to-back transitions from WR10s to the SOG 

waveguides for four different transition structures [104]. 

Fig. 3.20 shows the magnitude of the electric field at 100 GHz for a specific time instant on the y-z 

plane bisecting the transitions in Structures A and C. This figure shows the tapered sections and 4.5 

mm lengths of the SOG waveguides. In Figs. 3.20(a - b), cross sections a show the tapered sections’ 
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beginnings where they connect to the waveguides. As these images show, the field close to the tapered 

section in Structure A is more confined than that of Structure C.  

The maximum field in the middle of WR10 efficiently couples to the Si guiding channel as the 

beginning of the tapered section is approached without any disturbance due to the Pyrex. Fig. 3.20(c) 

shows the field in Structure A, over different cross sections indicated with dotted lines in Fig. 3.20(b). 

These images, from right to left, show the field over cross sections passing through the tip of the tapered 

section, the middle of the tapered section, the rectangular waveguide opening, and at a distance of 4.5 

mm along the waveguide section, respectively. 
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Fig. 3.20  (a, b) Field distribution on the y-z plane bisecting the tapered section and SOG waveguide: (a) 

in Structure C, (b) in Structure A, (c) field distribution at different cross sections of Structure A indicated with 

dotted lines [104]. 

To make sure higher order modes are not excited by the transition, half of the test structure shown in 

Fig. 3.16, is simulated in HFSS. The resultant generalized scattering parameters show that the coupling 

to the higher order modes is negligible and below - 20 dB. 
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3.7.2 Measurement Results 

Three SOG waveguides with dimensions of T = 0.5 mm, H = 0.5 mm, and widths of W = 1.6 mm, W = 

1.1 mm, and W = 0.7 mm, are tested over frequency ranges of 55 - 65 GHz, 90 - 110 GHz, and 140 - 

170 GHz, respectively. In order to obtain the dominant mode dispersion characteristics from the 

measurement results, two different lengths of the mentioned SOG waveguides are fabricated and 

characterized. The fabricated waveguides are shown in Fig. 3.21. Figs. 3.22-24 show the simulation 

and measurement results of the (back-to-back) transitions from the standard rectangular waveguides to 

the fabricated SOG waveguides.  

 

 

 

Fig. 3.21  Fabricated SOG waveguides with W = 1.6 mm. 

 

Fig. 3.22 shows the scattering parameters of the back-to-back transition from WR15 to the SOG 

waveguide with W = 1.6 mm, for a length of L = 18.2 mm of the SOG waveguide between the two 

transitions, over 55 - 65 GHz. As mentioned earlier, etching the Pyrex below the tapered sections 

improves the coupling characteristics of the transition significantly as the frequency increases above 

80 GHz. The effect is insignificant at lower frequencies. In the case of the waveguide structures with 

W = 1.6 mm, the Pyrex substrates extend below the tapered sections and are cut uniformly along the 

structures with widths slightly smaller than the width of the WR15 (Fig. 3.21). As shown in Fig. 3.22, 

the measured return loss is better than 16 dB over the entire band and the insertion loss varies between 

1.8 dB and 2.8 dB. The HFSS simulated insertion loss is less than 1.1 dB. The main source of the small 

disagreement between the simulated and measured scattering parameters is the error in aligning the 
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SOG waveguide tapered sections inside the rectangular waveguides. The effect of this misalignment is 

discussed in the following Section. Misalignment between the rectangular waveguide sections of the 

test setup and those of the network analyzer, as well as the surface roughness of the rectangular 

waveguide sections of the test setup, also contribute to the disagreement between the results. The other 

source of discrepancies between the results is the power leakage at the discontinuities of the connections 

between the metallic ports of the PNA-X and those of the test setup. 

The measured results for a length of 38.2 mm of the same waveguide show an average difference of 

1.18 dB between the insertion losses of the two waveguides over the entire 55 - 65 GHz band. An 

average attenuation constant of 0.59 dB/cm is estimated from the aforementioned difference. In the 

fabricated structures with W = 1.1 mm and W = 0.7 mm, the Pyrex substrate is 1 cm wide and is 

removed from below the tapered sections. Fig. 3.23 shows the results for the SOG waveguide with W 

= 1.1 mm excited with WR10 ports. Measurement results show an insertion loss varying between 1.90 

dB and 2.61 dB for a length of L = 19 mm, and between 1.67 dB and 2.42 dB for a length of L = 9 mm. 

As shown in Fig. 3.23, the difference between the two measured insertion losses for the two different 

lengths is quite small. The average difference between the two results over the entire band is only 0.27 

dB. A small average attenuation constant of 0.27 dB/cm is estimated from this difference.  

 

 
 

Fig. 3.22  Simulated and measured scattering parameters of the back-to-back transition from WR15 to the 

SOG waveguide with W = 1.6 mm [104]. 
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Fig. 3.23  Simulated and measured scattering parameters of the back-to-back transition from WR10 to the 

SOG waveguide with W = 1.1 mm [104]. 

 

Fig. 3.24  Simulated and measured scattering parameters of the back-to-back transition from WR6 to the 

SOG waveguide with W = 0.7 mm [104]. 
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Two SOG waveguides with W = 0.7 mm in two different lengths were measured using WR6 ports. The 

measured scattering parameters, represented in Fig. 3.24, show that the insertion loss varies between 

1.32 dB and1.95 dB for L = 19 mm, and between 0.85 dB and 1.54 dB for L = 9 mm. For these 

structures, the average difference between the two measured insertion losses is quite small and equal to 

0.46 dB over the frequency range of 140 - 170 GHz. The main sources of the discrepancies between 

the simulated results and measured data are the lateral, axial, and angular misalignments of these SOG 

waveguide structures inside the test setups. 

3.7.3 Study of the Misalignment Effect 

As shown in Fig. 3.21, in the SOG waveguides with W = 1.6 mm, the Pyrex substrates extend below 

the tapered sections with a width smaller than that of the metallic waveguide ports. The misalignment 

can be related to the SOG waveguide structure being slightly shifted along the z-axis from a centered 

position. The other source of error is possibly the fact that the Pyrex substrate is not uniformly attached 

to the ground plane. Three typical cases of misalignment are studied in Fig. 3.25. This figure shows the 

scattering parameters of the back-to-back transitions from the rectangular waveguide to the SOG 

waveguide with a length of L = 18.2 mm between the two transitions for the misalignment cases 

mentioned in Table 3.3, compared with the aligned case.  

 

Table. 3.3. Misalignment cases studies in Figs. 3.25-27. 

W = 1.6 mm, studied in Fig. 3.25 

Misaligned 1 Displacement of 500 μm along the z-axis 

Misaligned 2 The waveguide is not parallel to the ground plane by 3 ° 

Misaligned 3 The waveguide is not parallel to the ground plane by 3 ° and is shifted by 800 μm along the z-axis 

W = 1.1 mm, studied in Fig. 3.26 

Misaligned 1 Displacement of 800 μm along the z-direction 

Misaligned 2 Displacement of 100 μm along the x-direction 

W = 0.7 mm, studied in Fig. 3.27 

Misaligned 1 Displacement of 80 μm along the x-direction 

Misaligned 2 Displacement of 200 μm along the z-direction 

Misaligned 3 0.5 ° angular misalignment with respect to the z-axis 
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As shown in this figure, for the SOG waveguide with W = 1.6 mm, a lack of parallelism with the ground 

plane is the main source of the deviations of the scattering parameters of the misaligned waveguides 

from those of the aligned waveguide. Simulations demonstrate that an axial misalignment of 0.8 mm 

along the z-axis, combined with a lack of parallelism between the Pyrex substrate and the ground plane 

by an angle of 3 °, increases the insertion loss by 0.9 dB on average over the entire band.  

 

 

Fig. 3.25  Scattering parameters for the SOG waveguide test structure with W = 1.6 mm and L = 18.2 mm 

when the SOG waveguide is misaligned inside the test setup. 

 

The simulation results for two typical misalignment cases for a length of L = 19 mm of the SOG 

waveguide with W = 1.1 mm are shown in Fig. 3.26. The studied misaligned cases are summarized in 

Table 3.3. Simulations confirm that a displacement of 80 µm along the x-axis for the SOG waveguide 

with W = 1.1 mm, increases the insertion loss by an average of 0.25 dB over the entire band. A 

misalignment of 200 μm along the z-axis degrades the insertion loss by 0.2 dB on average.  

The simulation results for three typical misalignment cases for a length of L = 19 mm of the SOG 

waveguide with W = 0.7 mm are shown in Fig. 3.27. The studied misaligned cases are summarized in 

Table 3.3. According to the simulations, a displacement of 80 µm along the x-axis for the SOG 

waveguide with W = 0.7 mm increases the insertion loss by an average of 0.25 dB over the entire band. 

A misalignment of 200 μm along the z-axis degrades the insertion loss by 0.2 dB on average and an 

angular misalignment of 0.5 ° with respect to the z-axis increases the average insertion loss by 1.2 dB 

over 140 - 170 GHz. 
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Fig. 3.26  Scattering parameters for the SOG waveguide test structure with W = 1.1 mm and L = 19 mm 

when the SOG waveguide is misaligned inside the test structure. 

 

 

Fig. 3.27  Scattering parameters for the SOG waveguide test structure with W = 0.7 mm and L = 19 mm 

when the SOG waveguide is misaligned inside the test structure. 
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It is worth mentioning that the misalignment of the SOG waveguide tapered sections inside the 

rectangular waveguide ports is mainly due to the fact that the test instrument has rectangular waveguide 

ports. The ultimate objective of the proposed technology is to integrate the entire system, including the 

coupling to the active devices and antenna on one substrate without any rectangular waveguide 

interconnections. 

3.7.4 Extracting the Propagation Constant 

The de-embedding method described in [119] is used to obtain the dispersion diagrams from the 

measured data. Using this method, the attenuation constant of the SOG waveguide is determined from 

measurements of two different lengths of the waveguide. This helps to de-embed the effects of 

mismatch and higher-order modes excitation at the feed point discontinuity. The de-embedded parts 

include the rectangular waveguide ports and tapered sections as well as the waveguide sections, which 

contain higher order modes. 

Suppose T1 and T2 are the transmission matrices of the two measured setups, then: 

Ti = Tx TLi Ty (i = 1 and 2)  (3.1) 

where the de-embedded sections have transmission matrices Tx and Ty, and TLi is the transmission matrix 

of the length Li of the single-mode waveguide section between the two de-embedded sections, defined 

as: 
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in which γ = jβ + α is the waveguide dominant mode propagation constant. Multiplying T2 by the 

inverse of T1, the following equation is derived: 

T2 T1
-1 = Tx TL21 Tx -1 (3.3) 

in which: 
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Matrices T2 × T1
-1 and TL21 have equal eigenvalues from which the waveguide complex propagation 

constant is derived. Fig. 3.28 shows the propagation constant of the proposed dielectric waveguide, 

derived from the measured results and compared with full-wave simulations. 
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Fig. 3.28(a) shows the attenuation constant and the normalized phase constant of the SOG waveguide 

with W = 1.6 mm. There is excellent agreement between the simulated and measured dispersion plots 

with a maximum deviation of 0.015 in the normalized phase constant at 65 GHz. For this waveguide, 

the simulated attenuation constant is less than 0.02 dB/mm over the entire band of 55 - 65 GHz and the 

measured attenuation constant varies between 0.05 dB/mm and 0.084 dB/mm with an average of 0.063 

dB/mm. 

Fig. 3.28(b) shows the attenuation constant extracted from the measurements of the SOG waveguides 

with W = 1.1 mm compared with the simulation results. For this waveguide, the maximum simulated 

attenuation constant is 0.022 dB/mm over the entire band of 90 - 110 GHz. The measured attenuation 

constant varies between 0.005 dB/mm and 0.048 dB/mm with an average of 0.028 dB/mm which is in 

excellent agreement with the simulation. 

As shown in Fig. 3.28(c), for the SOG waveguide with W = 0.7 mm, the extracted attenuation constant 

from the measurements has a minimum and maximum of 0.018 dB/mm and 0.181 dB/mm, 

respectively, with an average of 0.053 dB/mm over 140 - 170 GHz. The simulated attenuation constant 

is always less than 0.016 dB/mm over 140 - 170 GHz. 

In Fig. 3.28, the attenuation constants derived from the measurements exhibit some ripple. Further 

study shows that the ripple originates from the constructive and destructive interference of reflections 

from transitions between the rectangular waveguides and the SOG waveguides. In an ideal case, the 

applied de-embedding method would de-embed the effects of these transitions. However, the method 

does not completely compensate for the partial mismatch due to the transitions. This occurs as the main 

assumption in this method is that transitions are the same for waveguide structures with two different 

lengths [119]. Due to the misalignment, this condition is not completely satisfied in reality. 

Theoretically, there is no reason for the waveguide attenuation to be higher over 55 - 65 GHz and 140 

- 170 GHz than that over 90 - 110 GHz. Since the proposed SOG waveguide has low attenuation, the 

differences between the insertion losses of the two waveguide structures having two different lengths 

are within the network analyzer’s error range. The calibration error causes ripples of around 0.2 dB in 

the S12 measurement of the two ports directly connected (“through connection” of the two ports) after 

calibration. As a result, the waveguide attenuation constant derived from the measurements is very 

sensitive to the network analyzer’s error. This is the main source of discrepancies between the 

attenuation constants derived from simulations and measurements. Overall, the analysis supports the 

claim that the calibration error, and the error due to misalignment, are the main sources of the small 
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discrepancies between the attenuation constants derived from the full-wave simulations and the 

measurements. 

 

 

(a) 

  

(b) (c) 

Fig. 3.28  Simulated and extracted measured propagation constants of the SOG waveguides: (a) 

attenuation constant and normalized phase constant (β/k0) of the SOG structure with W = 1.6 mm, (b) 

attenuation constant of the SOG structure with W = 1.1 mm, and (c) attenuation constant of the SOG structure 

with W = 0.7 mm. 
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In order to extract the modal attenuation constant from the measured scattering parameters of the two 

lengths of the waveguide, the main condition is the single mode operation. However, in the case of the 

fabricated SOG waveguides with W = 1.1 and 0.7 mm, as the simulation results of the modal analysis 

plotted in Figs. 3.29,30 show, the waveguides are not measured over their single mode operation 

bandwidths. The main reason these waveguides are not designed for single-mode operation, is the 

limitation in the number of different thicknesses of the Si wafers used in this research. In order to satisfy 

single mode operation conditions over frequency ranges of 90 - 110 GHz and 140 - 170 GHz, the 

required Si wafers should have thicknesses of H ~ 400 μm and ~ 300 μm, respectively. However, to 

demonstrate the SOG waveguide low insertion loss performance at higher frequencies up to 170 GHz 

using readily available wafers, the single-mode operation condition is neglected in these experiments. 

 

  

(a) (b) 

Fig. 3.29  Propagation constants of the SOG waveguide, (a) normalized dispersions (β/k0) and (b) 

attenuation constants (dB/mm). 

 

It is interesting that although the SOG waveguides are not designed for single-mode operation over the 

measured bandwidths, the higher order modes are not excited in the designed test setup structures. Since 

x-polarization is used to excite the SOG waveguide, the Ey modes are not excited in the SOG 

waveguides. Due to the polarization of TEz
01 of the rectangular waveguide with even symmetry, the 

higher order Ex
12 mode is not excited either. To confirm the fact that higher order modes are not excited 

in the SOG waveguides under test, half of the test setup structure shown in Fig. 3.16 is simulated in 

HFSS. The simulated generalized scattering parameters are evaluated in the middle of the SOG 
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waveguide for the dominant mode and the higher order modes. Based on these simulations, the coupling 

to the higher order modes is found to be below -40 dB. Even for the misalignment cases studied in Figs. 

3.25-27 , the coupling to the higher order modes is below -20 dB. 

 

 

(a) 

 

(b) 

Fig. 3.30  Propagation constants of the SOG waveguide, (a) normalized dispersions (β/k0) and (b) 

attenuation constants (dB/mm). 

 

3.8 Concluding Remarks and Discussion 

A new high-performance SOG dielectric waveguide has been presented. The proposed concept can 

potentially serve as a platform for hybrid mmW integrated circuits. The fabrication process of the 

proposed structure is quite cost-effective and compatible with currently developed Si-based fabrication 
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techniques. SOG is a promising candidate for mmW/THz high-density integrated circuits which do not 

require manual mounting and assembling of sub-structures. The proposed SOG technology platform 

has the following advantages when compared to state-of-the-art techniques reported in the literature: 

 The high-resistivity Si (ρ = 10 KΩ - 20 KΩ), used in the proposed SOG technology structure, 

is almost non-dispersive over the mmW and THz frequency ranges and has a very low 

attenuation constant. The existence of a thick Pyrex substrate that eliminates the effect of the 

lossy ground plane below the substrate, particularly at higher mmW frequencies. 

Computational modal analysis and simulations confirm that the waveguide has a very low 

attenuation at higher mmW frequencies. The loss characteristics, extracted from the measured 

results, show average attenuation constants of 0.63 dB/cm, 0.28 dB/cm, and 0.53 dB/cm over 

the frequency ranges of 55 - 65 GHz, 90 - 110 GHz, and 140 - 170 GHz, respectively. Table 

3.4 compares the loss characteristics of the proposed SOG ridge dielectric waveguide with 

state-of-the-art techniques. This table confirms the low-loss characteristics of the proposed 

SOG waveguide as compared to the existing integrated mmW waveguides reported in the 

literature. 

 

Table. 3.4. Performance Comparison. 

Structure Attenuation Constant (α) Frequency 

α (dB/cm) α (dB/λ) 

Substrate integrated waveguide (SIW) [29] 0.31 0.17 54 GHz 

Metallic waveguide [33]   0.5 - 0.8 110 - 170 GHz 

Metallic waveguide [33]  0.6 - 1 140 - 220 GHz 

Metallic waveguide [34] 0.013 0.04 100 GHz 

Si filled metallic waveguide [46] 0.2 (average)  77-110 GHz 

Si filled metallic waveguide [48] 0.125 / 0.121 0.038 / 0.035 100 / 105 GHz 

Perforated image guide [59] 0.25 0.104 72 GHz 

Perforated image guide [64] 0.7 0.23 90 GHz 

LTCC-based image guide [] 0.29 0.14 62 GHz 

SOG waveguide 0.63 (average) 0.32 (average) 55 - 65 GHz 

SOG waveguide 0.28 (average) 0.086 (average) 90 - 110 GHz 

SOG waveguide 0.53 (average) 0.102 (average) 140 - 170 GHz 
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 The high permittivity of Si, as compared to that of its surrounding media in the SOG structure, 

leads to strong field confinement inside the Si. This large index contrast is essential to maintain 

low scattering (radiation) loss at the bends and to minimize the coupling between adjacent 

waveguides. These properties make SOG technology appropriate for mmW/THz high-density 

integrated circuits. 

 In the proposed SOG technology, the alignment between the sub-structures in the integrated 

circuit is automatically achieved during the fabrication process due to the fact that the entire 

circuit is developed during a single-mask process without any manual intervention. This is one 

of the most significant advantages of the proposed technique compared to the conventional 

methods. Whereas in the conventional insulator image guide, the components are cut from the 

dielectric slab and then manually bonded to the ground plane using a low-permittivity 

insulating film. In the proposed SOG technique, since the bonding between the Si and Pyrex is 

performed before the DRIE of Si, there is no need to manually assemble or align the sub-

structures in an integrated circuit. 

To further clarify this, consider the following example. Suppose an integrated circuit, as shown 

in Fig. 3.31 (composed of two coupled resonators and one power divider), is made using the 

dielectric waveguide technologies reported in [52, 59] and the SOG technology from this 

research. Using the technique in [52], first the components are cut from the high-permittivity 

dielectric slab, and then the components are attached to the metallic ground plane using a low-

permittivity plastic film. The main problem with this technique is the precise alignment of the 

coupled resonators at certain distances from the dielectric waveguides, as shown in Fig. 

3.31(a). As the frequency rises, the required dimensions become smaller and the alignment 

becomes excessively difficult and costly.  

Synthesized dielectric image guides based on the perforation of the dielectric substrate was 

reported to alleviate the alignment issue at the cost of complexity [59]. Using this technique, 

the low-permittivity medium surrounding the dielectric waveguide channels and the resonators 

is realized by a lattice of periodic air holes in the high-permittivity dielectric slab. This 

perforated slab is then bonded to the ground plane using a low-permittivity insulating film as 

shown in Fig. 3.31(b). The Si slab perforation is a major fabrication step in this technique. 

Fig. 3.32 shows the SOG technology developed in this research. In the proposed SOG 

technology, first the high-permittivity Si layer is bonded to the Pyrex wafer. Then, using the 
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photolithography technique, the entire circuit pattern is imaged on the coated thick photoresist. 

Next, the pattern is etched by DRIE through the Si layer using the photoresist mask. The Pyrex 

substrate provides a strong mechanical support for the Si components attached to it. 

 

 
 

(a) (b) 

Fig. 3.31  Planar dielectric waveguide techniques reported in the literature: a) insulated image guide in 

[52] and b) perforated image guide in [59] (figures are from [113]). 

 

 

 Photoresist 

 Si 

 Pyrex 

 Metal ground plane 
 

(a) 

  

(b) (c) 

Fig. 3.32  SOG technology platform: a) photolithography to pattern the mask for the DRIE, b) structure 

during the DRIE, and c) fabricated circuit after the DRIE through the Si [113]. 

 The SOG technology offers a much more convenient and low-cost fabrication technique as 

compared to other techniques such as mmW metallic waveguides. It is worth mentioning that 

etching the Pyrex substrate below the tapered sections is a part of the measurement setup design 

due to the fact that the test instrument has rectangular waveguide ports. The ultimate objective 
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is to integrate the entire system including the coupling to the active devices and antenna on one 

substrate. For SOG circuits operating under the Ex
11 mode, which have better confinement 

inside the Si, at operation frequencies below 200 GHz, the fabrication process consists of only 

three standard and well-established steps of anodic bonding, optical lithography, and DRIE of 

Si. 

 Optical lithography and DRIE are high-precision techniques. A significant advantage of DRIE 

is the ability to create closely spaced vertical sidewalls. The surface roughness over the etched 

sidewalls is quite negligible as compared to the wavelength. The effect of this amount of 

surface roughness (~ 120 nm) on the waveguide propagation characteristics is insignificant. 
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Chapter 4  Silicon-on-Glass Dielectric Waveguide for Sub-Terahertz 

Applications 

4.1 Introduction 

In Chapter 3, a silicon-on-glass (SOG) platform consisting of a high-resistivity silicon (Si) wafer 

bonded on a glass substrate was proposed, developed, and demonstrated for millimeter-wave (mmW) 

integrated circuits. In SOG technology, all integrated passive components and waveguide connections 

are made out of high-resistivity Si via deep reactive-ion etching (DRIE) through the Si layer. Pyrex 

7740 was selected as the glass substrate material due to its appropriate transmission properties at mmW 

range and its compatibility with Si fabrication. SOG ridge dielectric waveguides for mmW were tested 

up to 170 GHz and their low-loss transmission characteristics were demonstrated. This Chapter 

investigates extending the SOG platform into sub-mmW/sub-terahertz (THz) frequency ranges. 

Measurements have shown that highly-resistive Si is a very low-dispersion and low-loss medium for 

THz wave propagation. However, as the frequency increases the material loss in Pyrex, and thereby the 

waveguide attenuation, starts to increase rapidly. The problem of high material loss in the Pyrex 

substrate is overcome by the fabrication process proposed in this Chapter. In the proposed process, 

parts of the Pyrex substrate below the Si guiding channel are etched. Two SOG structures are proposed 

in this Chapter. These two structures, which are respectively called the suspended SOG waveguide and 

the corrugated SOG waveguide, are described in details in this Chapter. To investigate the new 

concepts, simulation and measurement results are also provided.  

4.2 Limitations of Silicon-on-Glass Waveguide for Terahertz Applications 

In this Section, extending the SOG platform operation into higher THz frequencies is investigated; its 

limitations and advantages are studied. In SOG technology, all integrated passive components and 

waveguide connections are made out of high-resistivity Si via DRIE through the Si layer. During the 

DRIE process, these Si components are masked against the plasma attack and supported on the glass 

substrate. Optical lithography is used to pattern the etching mask. From the fabrication point of view, 

there is no limitation on extending the operation frequency of the proposed SOG technology into higher 

THz frequencies. SOG fabrication technique is an attractive candidate for making THz waveguides and 

components due to its high-precision which provides sub-micron dimensional accuracy. 

Photolithography is a highly precise process which can create fine patterns down to less than 1 µm 
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feature size. DRIE is a highly anisotropic etching process with the significant advantage of creating 

vertical sidewalls with high aspect ratios. Scanning electron microscope (SEM) images of the fabricated 

samples, presented in Chapter 3, confirm that the etched sidewalls are quite smooth. 

Terahertz absorption coefficient and refractive index spectra for different types of materials were 

obtained through THz time domain spectroscopy [76- 85]. Previous research has shown that highly-

resistive intrinsic Si is a very low-dispersion and low-loss medium for THz wave propagation [1, 81]. 

Fig. 4.1 shows the reported measured power absorption coefficient for high-purity, float-zone 

crystalline Si with high resistivity (ρ > 10 KΩ .cm) [81]. The measurements for high-resistivity Si show 

a power absorption coefficient of less than 0.025 cm-1 up to 2 THz, and less than 0.15 cm-1 up to 4 THz. 

The measured power absorption coefficient of high-resistivity Si reaches 0.01 cm-1 at 1 THz. This 

amount of material loss is equivalent to a conductivity of 0.009 S/m at 1 THz. The equivalent 

conductivity of the high-resistivity Si can be obtained from the measured power absorption coefficient, 

using the expression σ =  n / Z0, in which n, σ, , and Z0 are respectively the Si refractive index, the 

measured Si power absorption coefficient, and the air characteristic impedance.  

Up to 200 GHz, Pyrex substrate meets all the requirements in terms of transmission properties and 

fabrication simplicity. However, above 200 GHz, Pyrex material loss increases rapidly (e.g., Pyrex 

equivalent conductivity reaches 4 S/m at 500 GHz). This amount of material loss significantly increases 

the SOG waveguide attenuation and results in a deterioration of its high-performance. 

Fig. 4.2(a) shows the measured absorption coefficient of different glass materials, including Pyrex, in 

the THz range from [84]. The composition of Pyrex is: SiO2 81 %, B2O3 13 %, Na2O 4 %, Al2O3 2 % 

[120]. Fig. 4.2(b) shows the equivalent-conductivity of Pyrex derived from experimental data up to 1.2 

THz. To extract the Pyrex equivalent conductivity from the measured power absorption coefficient, the 

expression σ =  n / Z0 is used. 

 

http://en.wikipedia.org/wiki/Scanning_electron_microscope
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Fig. 4.1  Measured upper limit of the power absorption coefficient of high-resistivity intrinsic Si [81]. 

 

  

(a) (b) 

Fig. 4.2  Pyrex 7740 material loss characteristics: (a) measured power absorption coefficients of 

different glass materials [84] and (b) Pyrex equivalent conductivity in THz [121]. 

4.3 Terahertz Silicon-on-Glass Waveguide Structures  

In order to reduce the waveguide attenuation due to the glass substrate at higher frequencies above 200 

GHz, new SOG dielectric waveguide structures are proposed. In the proposed structures, part of the 

Pyrex substrate below the Si guiding channel is etched to reduce the effect of the glass material loss. 

Full-wave simulations are performed to study the effect of etching the Pyrex on the transmission 

characteristics of the Si guiding channel. In order to accomplish this, modal analysis of the SOG 

structure cross sections A and B, shown in Fig. 4.3, are performed in high frequency structure simulator 
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(HFSS). The waveguide dimensions are selected as W = 310 µm, H = 100 µm, T = 500 µm, and in the 

structure with cross section B, a = 100 µm and b = 3 mm. 

Hydrofluoric acid (HF; 49 %) wet etching is used to etch the Pyrex. The wet etching of Pyrex is a 

fully isotropic etching process. As shown in Fig. 4.3(b), in the etched structure the Pyrex has rounded 

sidewalls which reflect the isotropic property of the HF wet etching. In reality the sidewalls are not 

ideally round due to the mask break-down which occurs during the etching process [122]. However, 

due to the minimal interaction of the guided modal fields with the Pyrex substrate, the shapes of the 

Pyrex etched sidewalls do not affect the waveguide’s performance. 

Reported measured power absorption coefficients of high-resistivity Si, shown in Fig. 4.1, show that 

the absorption is quite low up to 500 GHz, reaching 0.01 cm-1 (σeqv = 0.009 S/m) at 1 THz. In all of the 

simulations reported in this Chapter, Si is considered to have a conductivity of σ = 0.01 S/m and a 

relative permittivity of εr = 11.7 (11.68). Pyrex’s relative permittivity is assumed to be εr = 4.41 [84], 

while its equivalent conductivity is plotted in Fig. 4.2. Fig. 4.4 shows the propagation constants of the 

dominant Ex
11 modes of the SOG waveguide structures with cross sections A and B. 

As shown in Fig. 4.4, etching the Pyrex below the guiding channel reduces the waveguide attenuation 

constant significantly and shifts its dispersion diagram (β/k0) downward. At 500 GHz, the two structures 

with cross sections A and B have attenuation constants of 0.301 dB/mm and 0.007 dB/mm, respectively.  

 

  

(a) (b) 

Fig. 4.3  Cross sections of the simulated SOG structures: (a) cross section A and (b) cross section B 

[121]. 
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(a) (b) 

Fig. 4.4  Propagation constants of the SOG structures with cross sections A and B: (a) attenuation 

constant () and (b) normalized phase constant (β/k0) [121]. 

 

To support the Si guiding channel over the etched region of the Pyrex substrate, two novel SOG 

waveguide structures are proposed. In the first structure, the guiding channel is supported from both 

sides by means of two Si supporting blocks which connect to the Si guiding channel via a periodic 

configuration of Si beams. This new configuration of the SOG waveguide is called a suspended SOG 

waveguide, and is shown in Fig. 4.5. 

 

 

Fig. 4.5  Suspended SOG waveguide structure.  
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Fig. 4.6  Structure of the corrugated SOG waveguide [114]. 

 

In the second proposed SOG platform, called a corrugated SOG waveguide, part of the glass substrate 

below the high-quality Si guiding channel is etched in a periodic pattern. The structure of the corrugated 

SOG waveguide is shown in Fig. 4.6. 

4.4 Fabrication Technique 

The fabrication process of the new SOG structures is quite simple and essentially consists of the same 

steps as the ones described in the mmW SOG platform described in Chapter 3. The fabrication is a two-

mask process. The first mask defines the etched regions on the Pyrex surface and the second mask 

defines the etched regions within the Si layer. In this technique, the guiding channel along with its 

supporting parts (in the suspended SOG waveguide structure) are made by DRIE through the Si layer 

of the SOG platform. A thick photoresist (AZ P4620), patterned via optical lithography, is used as a 

mask for the DRIE step of the Si. This process is performed after anodic bonding of the Si wafer on an 

etched Pyrex surface. HF wet etching with a chromium/gold (Cr/Au; 100 nm / 1 µm) mask is used to 

etch the Pyrex. The process flow is shown in Fig. 4.7 and described in detail below. The process flow 

for the fabrication of the corrugated SOG waveguide is the same as that of the suspended SOG 

waveguide. 

The process begins with a Pyrex 7740 wafer with a thickness of 500 μm and a diameter of 4 inch. The 

Pyrex wafer is cleaned using the Piranha process (H2SO4 / H2O2 4:1) at room temperature for 15 min. 

The surface of the wafer is coated by sputtering of a 100 nm thick layer of Cr followed by a 1 μm thick 
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Au layer via electro-beam evaporation. The Cr layer acts as an adhesive layer while the Au acts as the 

main masking layer for the HF wet etching of the Pyrex. The surface of the Au layer is coated by a ~11 

μm thick photoresist (AZ P4620) layer using a spinner. This photoresist layer is patterned via 

photolithography using a glass-Cr mask. This patterned photoresist is used as a masking layer for the 

wet etching of the Cr/Au layer. The Au and Cr layers are successively etched using standard Au and 

Cr etchants. Although the main role of the photoresist layer is masking the Cr/Au layer during the wet 

etching of the Cr/Au, it can act as extra protection, along with the Cr/Au masking layer, during the 

Pyrex aggressive HF wet etching. To encourage this, a hard baking of the thick photoresist is performed 

on a hotplate for 30 min at a temperature of 115 °C. Then, the backside of the Pyrex wafer is covered 

by a sputtering of Cr/copper (Cu; 100 nm / 1 µm) to protect the backside of the wafer during HF etching 

of the Pyrex wafer. The Pyrex wafer is etched in HF 49% to 100 µm. The etching rate is ~6 - 8 µm/min. 

After etching the Pyrex wafer, the photoresist layer is removed with acetone and the Cr/Au and Cr/Cu 

metal masks are removed with standard etchants. 

Different masking materials can be used for wet etching of the Pyrex substrate depending on the height 

of etching inside the Pyrex substrate. Thick photoresist is a good masking layer which can resist 

aggressive HF solution up to 2 – 3 min before starting to peel off [123]. Silicon, which can be either 

bonded or deposited on the Pyrex surface, is another masking material used for deep Pyrex etching 

[122, 124- 126]. Using the bonded Si layer is not preferred due to the large undercutting of the etching 

and the difficulty in a second bonding process between the etched glass and the Si device layer [122]. 

Cr/Au is one of the most commonly used metal masks for HF etching of the Pyrex glass since Au is 

inert in HF [120, 122, 127-128]. However, the etch time is limited by the defect generation on the 

etching mask. The thickness of the Au mask has an influence on the etching time. While a 400 nm thick 

Au layer can resist HF solution for 15 min before HF penetrates the defects, by increasing the thickness 

of the Au mask to 1.2 µm, this time is increased to 45 min [127]. A hard baked thick photoresist on the 

Au surface also enhances the mask performance. 

After etching the Pyrex wafer and removing the masking layers, the Pyrex and Si wafers are cleaned 

during the Piranha process and prepared for anodic bonding. For good quality of the bonding process, 

the two surfaces in contact must be clean. The anodic bonding between the Pyrex and Si is done at a 

temperature of 450 ºC by applying a bond voltage of 1000 volts. Anodic bonding between Si and Pyrex 

terminates in a strong connection between the two wafers.  
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Fig. 4.7  Process flow of the fabrication of the suspended SOG waveguide: 

(a) Cleaning the Pyrex wafer 

(b) Sputtering of a Cr/Au layer on the surface of the Pyrex wafer 

(c) Coating the Au surface with the thick photoresist  

(d) Patterning the photoresist layer via optical lithography 

(e) Etching the Cr/Au masking layer 

(f) Sputtering of a Cr/Cu layer on the backside of the Pyrex wafer 

(g) Wet etching of the Pyrex wafer in HF 49 % 

(h) Removing the photoresist layer, Cr/Au and Cr/Cu masking layers in acetone and standard metal 

etchants, respectively 

(i) Bonding the etched surface of Pyrex wafer to the SOI wafer 

(j) Etching the Si handle layer in TMAH 

(k) Covering the backside of the Pyrex wafer with thick photoresist 

(m) Etching the oxide layer in HF and cleaning the backside photoresist with acetone 

(n) Coating the Si device layer with the thick photoresist 

(p) Patterning the photoresist via optical lithography 

(q) DRIE of the Si layer using the photoresist mask 

(r) Removing the photoresist in acetone 

(s) Dicing the Pyrex wafer and removing the glass from below the tapered sections. 
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For the range of frequencies on interest in this research, the thickness of the high-resistivity Si wafer 

used is 100 μm. These wafers are extremely thin and fragile; in order to handle and work with them 

they are always carried on top of a thick handle layer in the form of a silicon-on-insulator (SOI) wafer. 

After bonding the high-resistivity device layer of the SOI wafer on top of the Pyrex wafer, the 500 μm 

thick Si handle and oxide layers are successively removed by wet etching. 

There are two etchants used with Si: potassium hydroxide (KOH), and tetramethylammonium 

hydroxide (TMAH) [129, 130]. The etch rate of Si in KOH is higher than in TMAH [129]. The etching 

rates are dependent on the temperature, the solution concentration, and the Si crystalline orientation. 

The top Si handle layer is etched in TMAH which is a uniform etchant with an etch rate of 0.5 - 1 

μm/min. This process takes about 8 hours. The dioxide layer has a negligible etching rate (~ 0.2 nm/min 

in 25 % solution at 80 °) in TMAH. As a result, the 1 - 2 μm thick oxide layer acts as an etch stop in 

TMAH and protects the main Si device layer against the TMAH. Although KOH provides a higher etch 

rate than TMAH, it is not the preferred etchant as it is not a uniform etching technique and it etches 

oxide with an etching rate of ~ 10 nm/min (20 % solution at 90 °).  

Before etching the thin oxide layer in HF 49 %, a thick photoresist layer is coating the back side of the 

Pyrex wafer to protect the wafer against the HF solution. This process is completed in less than 2 min. 

A thick photoresist layer is strong enough to protect the backside of the wafer during the process [123]. 

Etching the oxide layer in an HF solution forms the SOG wafer. The thick photoresist layer is then 

removed from backside of the wafer in acetone. 

A thick photoresist (AZ P4620) is used as a mask for the DRIE step of the Si. This photoresist is used 

to coat the Si surface with a thickness of ~ 11 µm, using a spinner. The second glass-Cr mask is used 

to pattern the thick photoresist mask by optical lithography, via the steps of UV exposure and 

development in AZ 400K. The photoresist layer is exposed to UV radiation passing through the glass-

Cr mask to pattern the photoresist. Before exposing the photoresist to UV, mask alignment is required 

to align the pattern on the glass-Cr mask with the etched patterns on the Pyrex wafer. This is done using 

backside alignment with an accuracy of ~ 1 μm. The transparency of the Pyrex wafer is an advantage 

to look at the etched patterns on the Pyrex wafer from the backside. 

In the proposed suspended SOG technology, the etched patterns on the Pyrex wafer are quite large 

when compared with the Si components’ dimensions. In the suspended SOG waveguide structure, the 

Si supporting beams are quite long. In this case, misalignments up to ± 50 μm between the Si waveguide 
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and the etched region on the Pyrex wafer are tolerable. The accuracy provided by the mask aligner is 

much greater than this tolerable misalignment. 

Finally, the Si parts of the waveguide, the Si guiding channel and supporting parts, are formed via DRIE 

through the Si layer using the thick photoresist mask. The remaining photoresist mask is removed in 

acetone. The wafer is then diced and each individual waveguide is ready for testing. 

The waveguides, as shown in Fig. 4.7, are tapered on both sides. These tapered sections are designed 

to provide a low-loss coupling into the rectangular waveguide ports of the measurement setup. To 

facilitate insertion of the tapered section inside the rectangular waveguide, and to minimize the coupling 

loss, the Pyrex is removed from below the tapered sections. To do this, the Pyrex below the tapered 

sections is partly etched during the HF process and then removed by dicing.  

DRIE is capable of providing high aspect ratios. This property is appropriate for the new suspended 

structure due to the small thickness of the supporting beams as compared to the guiding channel 

dimensions. Wet etching is the most common and economical method of etching Pyrex; Pyrex dry 

etching is slow and is used only when vertical sidewalls are desired [131, 132]. HF wet etching of Pyrex 

is a fully isotropic etching process leaving rounded sidewalls. In the proposed suspended SOG structure, 

the dimensions of the etched regions are selected such that the Pyrex substrate has minimal interaction 

with the modal fields confined inside the Si channel. Therefore, the fast and economical chemical 

etching of the Pyrex wafer provides the required performance. The proposed THz SOG technology, 

which relies on currently available Si-based fabrication techniques, provides high-precision at low-cost. 

4.5 Suspended Silicon-on-Glass Waveguide 

In the suspended SOG waveguide structure, wet etching of the Pyrex below the Si guiding channel is 

used to decrease the SOG waveguide attenuation due to the glass substrate. A periodic configuration of 

Si beams supports the Si guiding channel over the Pyrex substrate. The suspended SOG waveguide is 

studied in this Section. 

4.5.1 Computational Simulations and Studies 

In this section, to study the performance of the suspended SOG waveguide, the structure is simulated 

in HFSS. The simulated configuration consists of a length of L1 = 9.7 mm of the waveguide, and two 

transitions from the suspended SOG dielectric waveguide to the measurement system rectangular 

waveguide ports. The suspended SOG waveguide dimensions are the same as those studied in Fig. 4.4 
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(W = 310 μm and H = 100 μm), while Wb and P (see Fig. 4.5) are different in the four simulated 

structures. The dimensions of the simulated structures are provided in Table 4.1. The simulation results 

are shown in Fig. 4.8. 

 

 

(a) 

 

(b) 

Fig. 4.8  Scattering parameters of the suspended SOG waveguide structures, including the back-to-back 

transitions to the rectangular waveguide ports, for different Si beam dimensions: a) insertion loss, and b) 

return loss [121]. 

As shown in Fig. 4.8, for a constant P, increasing the thickness of the beams increases the waveguide 

attenuation. When P = 200 μm, selecting Wb = 20 µm leads to an insertion loss of less than 1.2 dB over 

440 - 500 GHz. This loss includes the attenuation of 9.7 mm length of the suspended SOG waveguide, 

and the transition losses from the rectangular waveguide port to the SOG waveguide and then back 
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again to the rectangular waveguide. The transition loss includes the radiation loss and the materials loss 

along the sections. The tapered segments have a length of Lt = 1.3 mm each. 

The additional loss caused by the supporting beams is mainly due to the radiation. For a similar Wb = 

20 µm, a lower period of P = 0.1 mm leads to an insertion loss of less than 1 dB over the entire band. 

In all of the simulated structures, the return loss is better than 20 dB, over the entire 440 - 500 GHz 

frequency band. Further investigations show that the dip in the insertion loss at ~ 455 GHz in all of the 

simulated structures is due to the transition and not due to the periodic characteristics of the structures. 

Simulation of the suspended Si guiding channel without supporting beams, show similar behavior at 

the same frequency of ~ 455 GHz. 

For a choice of P = 200 μm and Wb = 50 μm, the attenuation increases as the frequency increases 

toward 500 GHz. The dip at ~ 500 GHz is due to the radiation. However, the effect is insignificant 

when Wb = 20 μm and 30 μm. The coupling of the propagating modal fields to the periodic supporting 

beams increases with the thickness of the beams and, consequently, the increase in the insertion loss 

due to the radiation becomes greater. 

 

Table. 4.1. Dimensions of the suspended SOG waveguide structures studied in Fig. 4.8. 

 W (μm) H (μm) a (μm) b (μm) Wb (μm) P (μm) lb (μm) T (μm) 

# 1 310 100 100 3 20 100 820 500 

# 2 310 100 100 3 20 200 820 500 

# 3 310 100 100 3 30 200 820 500 

# 4 310 100 100 3 50 200 820 500 

 

Fig. 4.9 shows the magnitude of the electric field of the Ex
11 dominant mode over a cross section passing 

through the middle of the beams for the structure with P = 200 µm and Wb = 20 µm. Other dimensions 

are the same as those mentioned in Table 4.1 (line # 2). As it is clearly observed in this figure, the 

interaction of the fields with the supporting beams is quite week. 
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Fig. 4.9  Magnitude of the electric field at one time instant on a cross section of the suspended SOG 

waveguide passing through the middle of the supporting beams [121]. 

4.5.2 Experimental Results 

A network analyzer PNA-X (Keysight Technologies Inc.) is used to test the proposed suspended SOG 

waveguide. The frequency extenders (OML Inc.) connecting to the PNA have standard rectangular 

waveguide ports. The fabricated sample is shown in Fig. 4.10. This waveguide, as shown in the figure, 

is tapered on both sides. Fig. 4.11 shows the test setup. The tapered segments of the Si guiding channel 

are inserted inside the WR 2.2 (0.56 × 0.28 mm) waveguides. The rectangular waveguides are rotated 

by 90 ° to provide a low-loss coupling into the dominant Ex
11 mode of the suspended SOG waveguide. 

As mentioned in Chapter 3, the glass substrate below the Si guiding channels is removed to improve 

the coupling characteristics of the transitions. The rectangular metallic ports get smaller at higher 

frequencies. In these conditions, etching and removing the glass substrates from below the tapered 

sections become essential for insertion of the tapered segments inside the metallic ports. The height of 

the ground planes in the aluminum holders are designed to center the tapered segments inside the 

metallic ports.  

As frequency increases, the measurement results become extremely sensitive to misalignments and 

errors. As a result, the test setup shown in Fig. 3.16, where rectangular waveguides (connecting to 

rectangular metallic ports of the PNA) are parts of the aluminum holder, is not operational. Since the 

aluminum sample holders are made using standard machining techniques, they become extremely lossy 

at higher frequencies mainly due to fabrication inaccuracies.  
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Fig. 4.10  Fabricated suspended SOG waveguide [121]. 

 

 

 

(a) (b) 

Fig. 4.11  Modified test setup structure: a) in the modified test setup the aluminum sample holder connects 

to the rectangular metallic ports which are fabricated with the same high-precision as those of the PNA-

X metallic ports. The height of the ground plane in the sample holder is adjusted to center the tapered 

segments inside the metallic waveguides. b) Actual setup picture. 

 

To overcome the problem of high attenuations of the metallic waveguides, the test setup is refined for 

higher frequencies. In the modified test setup, as shown in Fig. 4.11, the aluminum holder is functioning 

as a simple sample holder, while the metallic waveguides connecting to them are made by OML with 

Suspended  
SOG  

Waveguide 
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high dimensional accuracies. These metallic waveguide segments are connected to the aluminum 

sample holder on one side and to the metallic ports of the OML frequency extenders on the other side. 

4.5.2.1 Measurement Results 

The simulated results and measured data are compared to validate the theoretical model and the 

experimental procedure. Fig. 4.12 shows the simulated and measured scattering parameters of the entire 

test structure including the transition from the rectangular waveguide to the suspended SOG waveguide, 

the SOG waveguide segment, and the transition back to the rectangular waveguide. The suspended 

SOG waveguide test sample has dimensions of W = 310 µm, H = 100 µm, a = 100 µm, b = 3 mm, Wb 

= 20 µm, P = 200 µm, and lb = 820 µm. The length of the suspended SOG waveguide section between 

the two transitions is L2 = 19.7 mm. The tapered sections have a length of 1.3 mm, each.  

 

 

Fig. 4.12  Simulated and measured scattering parameters of the back-to-back transitions from rectangular 

waveguide (WR 2.2) ports to the proposed suspended SOG waveguide [121]. 

 

As shown in Fig. 4.12, the simulated insertion loss (|S12|) of the test structure, including the two back-

to-back transition losses from the rectangular waveguides to the proposed waveguide, varies between 

0.72 dB and 2.33 dB with an average of 1.12 dB over 440 - 500 GHz. The return loss is always better 
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than 21 dB. As shown in Fig. 4.12, the measured insertion loss (S12) varies between 0.42 dB and 2.11 

dB over 440 - 500 GHz with an average of 1.11 dB. Over a large bandwidth of 469 - 489 GHz, the 

measured insertion loss is less than 1 dB, with an average of 0.76 dB. The measured return loss is 

always better than 13.8 dB.  

In addition to the simulated and measured scattering parameters of the test sample, the simulated 

scattering parameters for a different length of L1 = 9.7 mm of the waveguide are presented in Fig. 4.12. 

The simulated insertion loss (|S12|) for this structure varies between 0.45 dB and 1.27 dB. The averaged 

difference between the simulated insertion losses of the two structures with L2 = 19.7 mm and L1 = 9.7 

mm is 0.41 dB. An average attenuation constant of 0.04 dB/mm is estimated from this insertion loss 

difference. 

There is good agreement between the simulated and measured scattering parameters for L2 = 19.7 mm. 

The misalignment of the suspended SOG waveguide inside the test setup, and the network analyzer 

calibration error, are the two main sources responsible for the small discrepancies between the two 

results. Over this range of wavelengths, which demands very high precision alignment, small 

calibration errors are inevitable. The averaged calibration error over 440 - 500 GHz is 0.06 dB. This 

error is defined as the insertion loss of the two WR 2.2 ports directly connected (“through connection” 

of the two WR 2.2 ports) after the calibration. The maximum calibration error is 0.23 dB which occurs 

at 482 GHz. 

To facilitate the insertion of the dielectric waveguide sample into the test setup, it was intended that a 

gap of g = 100 μm would exist between the glass substrate and the rectangular waveguide opening on 

each side (as shown in Fig. 4.11). There are several possibilities for the misalignment of the suspended 

SOG waveguide sample position inside the test setup, for example, the waveguide may be slightly 

shifted along the x- or z-axis, or the waveguide is not precisely parallel to the z-axis. The effect of the 

misalignment of the waveguide inside the test setup is discussed in Section 4.5.2.3. 

Although a dip in the insertion loss is observed at 500 GHz for a period of P = 200 μm due to the 

radiation, according to the simulations the effect is not significant for Wb = 20 μm. The dimensions of 

the fabricated structure are measured under the microscope. These measurements show excellent 

agreement with the design parameters. The increase in the measured insertion loss around 500 GHz is 

therefore assumed to be related to the misalignment rather than to the radiation. 
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4.5.2.2 Extracting the Propagation Constant 

In this section the simulated and measured scattering parameters of the test sample are analyzed to 

extract the suspended SOG waveguide complex propagation constant. First, the attenuations estimated 

from the simulated and measured scattering parameters for a length of L2 = 19.7 mm of the waveguide 

are presented. Then, the attenuation constant, which is obtained based on the method in [119] from the 

simulated scattering parameters of the two different lengths of L1 = 9.7 mm and L2 = 19.7 mm of the 

waveguide, is presented. Finally, the patterns of maxima in the simulated and measured return losses 

are used to estimate the phase constant. 

The measured scattering parameters for L2 = 19.7 mm are studied to extract information about the 

suspended SOG waveguide propagation constant. In this regard, expression 4.1 can be used to derive 

an upper limit of the waveguide attenuation.  
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This expression, which expresses the ratio of the power exiting port 2 to the portion of the incident 

power which enters the structure from port 1, represents the total power dissipated within the structure. 

This ratio, which also includes the portion of attenuation along the transition sections, expresses an 

upper limit of the waveguide attenuation constant when it is divided by the length of the waveguide 

between the two transitions. The approximated attenuation constants obtained based on this method 

from the simulated and measured scattering parameters of the test structure (L2 = 19.7 mm), are shown 

in Fig. 4.13.  

The attenuation constant derived from the simulations varies between 0.036 dB/mm and 0.118 dB/mm 

over 440 - 500 GHz with an average of 0.057 dB/mm. As shown in Fig. 4.13, the measured attenuation 

constant varies between 0.018 dB/mm and 0.104 dB/mm, which occur at 481.5 GHz and 500 GHz, 

respectively. The average attenuation over the entire 440 - 550 GHz band is 0.054 dB/mm; 

equivalently, the average attenuation constant per wavelength is 0.0346 dB/λ. Since the losses 

belonging to the transition sections contribute to this attenuation, the actual attenuation constant of the 

waveguide is less than this value. The agreement between the attenuations obtained from the 

experiment and those obtained from the simulation is excellent. Table 4.2 summarizes the reported 

simulated and measured attenuations. The measured and simulated attenuations obtained based on 

expression 4.1 are represented in lines 4 and 5 in Table 4.2, respectively. 
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Fig. 4.13  Attenuation constant of the suspended SOG waveguide [121]. 

 

The calibration method in [119] can be used to extract the waveguide attenuation from the simulated 

scattering parameters of the two different lengths. The attenuation constant extracted from the two 

simulations is plotted in Fig. 4.13 and summarized in line 6 of Table 4.2. 

 

Table. 4.2. Simulated and measured attenuation. 

line attenuation minimum maximum average 

1 |S12| (dB), measured (19.7 mm)* 0.42 2.11 1.11 

2 |S12| (dB), simulated (19.7 mm) 0.72 2.33 1.12 

3 |S12| (dB), simulated (9.7 mm) 0.45 1.27 0.71 

4 α (dB/mm), measured (upper limit) 0.018 0.104 0.054 

5 α (dB/mm), simulated (upper limit) 0.036 0.118 0.057 

6 α (dB/mm), extracted from two length simulations  0.023 0.1064 0.042 

7 α (dB/mm), measured (corrected) ------- ------- 0.039 

*The scattering parameters are from the rectangular waveguide port to the rectangular waveguide port, including the 

transition loss and attenuation along the suspended SOG waveguide section with the mentioned length. 

 

As expected, the attenuation based on expression (4.1) obtained from the simulation of the structure 

with L2 = 19.7 mm, which is actually an upper limit, is higher than the extracted attenuation from the 

simulations of the two lengths over the entire band. The average difference between the two attenuation 
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curves is 0.015 dB/mm, which is related to the additional loss of the transition segments. The excellent 

agreement between the simulated and the measured scattering parameters of the structure with L2 = 

19.7 mm, verifies that the actual transition loss contribution to the total measured loss of the structure 

can be obtained from simulations with high accuracy. Subtracting the additional loss due to the 

transition segments obtained from the simulation, from the measured results, leaves an average 

measured attenuation of 0.039 dB/mm (Line 7 in Table 4.2) for the suspended SOG waveguide.  

A comparison of the simulated and measured return losses presented in Fig. 4.12 indicates good 

agreement between the patterns of maxima and minima in the two graphs due to the Fabry-Perot 

reflections at the transitions. This pattern is used to estimate the phase constant. The two graphs for the 

derived dispersion diagrams from the simulated and measured return losses are shown in Fig. 4.14. 

Here again, there is good agreement between the two graphs. 

 

 

Fig. 4.14  Normalized propagation constant of the suspended SOG waveguide [121]. 

4.5.2.3 Analyzing the Misalignment Effect 

To study the effect of structural misalignment, structures with different misalignments of the waveguide 

position are simulated in HFSS. As shown in Fig. 4.11, there is a gap (g) between the rectangular 

waveguide opening and the glass substrate sidewall. If the suspended SOG waveguide is perfectly 

centered inside the test setup, this gap is g = 100 μm on each side (the length of the Si channel between 

the two tapered sections is L = 9.7 mm, the length of the glass substrate is 10 mm and the distance 

between the two rectangular waveguide openings of the test setup is 10.2 mm). 



73 

 

There are several ways in which the waveguide sample’s position inside the test setup can be 

misaligned. These possibilities are: the waveguide is not centered in the x- or z-direction, or is not 

parallel with the z-axis, or a combination of these. Four typical cases are studied. These cases are 

described in in Fig, 4.15 and Table 4.3. The simulation results for these cases are shown in Fig. 4.16 

and compared with the results when the waveguide is fully aligned inside the test setup. 

As the simulation results show, the misalignment causes discrepancies in the insertion loss results when 

compared to the case when the waveguide is precisely aligned. However, misalignment along the z-

axis affects the scattering parameters significantly. Simulations show that misalignment along the x-

axis, or a lack of parallelism with the z-axis (within the maximum possible ranges inside the test setup), 

does not change the scattering parameters significantly. A displacement of 14 µm along the x-axis for 

the suspended SOG waveguide with L = 9.7 mm increases the insertion loss by 0.03 dB, on average, 

over the entire frequency band of 440 - 500 GHz. A shift of 14 μm from the centered position is the 

maximum displacement; at that point the tapered section is touching the edges of the rectangular 

waveguide port of the test setup. A misalignment of 0.16 ° with respect to the z-axis degrades the 

insertion loss by 0.05 dB, on average.  

 

Table. 4.3. Misalignment cases studied. 

Misaligned 1 The suspended SOG waveguide is not parallel with respect to the z-axis and is misaligned by 0.16 ° *. 

Misaligned 2 The suspended SOG waveguide is shifted in z-direction by 100 μm *. 

Misaligned 3 The suspended SOG waveguide is shifted in x-direction by 14 μm *. 

Misaligned 4 The suspended SOG waveguide is shifted in z-direction by 50 μm. 

*The misalignment cases show the maximum possible displacement, where the tapered sections are touching the edges of 

the rectangular waveguide ports. 

 

As shown in Fig. 4.12, for the two different lengths of L1 and L2, dips are observed in the simulated 

insertion loss diagrams at ~ 455 GHz. The dip at ~ 455 GHz is not observed in the measured insertion 

loss for L2 = 19.7 mm, however, the measured results show a dip at 500 GHz which is not predicted in 

the simulation. The dip observed at ~ 455 GHz in the simulated insertion loss plots in Figs. 4.8, 12, is 

highly sensitive to the distance between the beginning of the tapered section and the rectangular 

waveguide opening on each side (d in Fig. 4.15(d)).  
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(a) (b) 

 
 

(c) (d) 

Fig. 4.15  Misalignment of the suspended SOG waveguide inside the test setup: a) the waveguide is not 

parallel with respect to the z-axis and is misaligned by angle θ, b) the waveguide is shifted in z-direction, 

c) the waveguide is shifted in x-direction, d) distances d and g between the metallic waveguide opening 

and different segments of the suspended SOG waveguide. 

 

The displacement of the waveguide in z-direction is the reason for diminishing the dip, which is observed in 

the simulation results of the aligned structure at 455  GHz, in the measured results and the simulation results 

of the misaligned cases studied in Fig. 4.16. A displacement of 100 μm along the z - axis shifts the dip in the 

insertion loss to higher frequencies, ~ 500 GHz, and degrades the insertion loss by 0.3 dB, on average, for L 

= 9.7 mm. A displacement of 50 μm along the z-axis shifts the dip frequency to ~ 470 GHz, and degrades the 

insertion loss by 0.06 dB, on average over 440 - 500 GHz, for L = 9.7 mm.  
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(a) 

 

(b) 

Fig. 4.16  Simulation results of the scattering parameters for different cases of misalignment mentioned 

in Table 4.3, compared with the aligned case. 

 

To clarify the effect of the shift in z - direction, part of the test setup as shown in Fig. 4.15(d) is 

simulated in HFSS for different values of distance between the beginning of the tapered section and the 

rectangular waveguide opening (d). Two wave-ports are defined in the simulated structure, the first the 

rectangular waveguide port exciting the structure, and the second on the suspended SOG waveguide 

cross section. The length of the suspended SOG waveguide connected to the tapered section is L’ = 2.3 

mm. The simulation results for the generalized scattering parameters of this structure, which show the 

coupling to the dominant mode (the scattering parameter S12:Ex
11), are shown in Fig. 4.17. 
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As the simulation results in Fig. 4.17 show, changing the distance d shifts the dip in the insertion loss 

over frequency. When d = 250 μm (g = 100 μm), the SOG waveguide is centered inside the test setup, 

and the dip frequency is 455 GHz. When the SOG is misaligned and shifted in z-direction, d is different 

on both sides (on one side the waveguide is shifted outward and on the other side it is shifted toward 

the rectangular waveguide port). For values of d = 150 µm and d = 200 µm, dips in the simulated 

insertion losses are observed at frequencies of 500 GHz and 480 GHz, respectively. For a value of d = 

350 µm, there is no significant dip frequency over 440 - 500 GHz. The displacement of the suspended 

SOG waveguide along the z-direction is the main source of the dip observed at 500 GHz in the measured 

insertion loss. 

 

 

Fig. 4.17  Magnitude of the scattering parameter |S12: Ex
11| for different distances from the beginning of 

the tapered section to the rectangular waveguide opening. 

 

Machining techniques has been used to make the aluminum sample holder of the test setup. The 

inaccuracies in the dimensions of the test holder are another source of disagreement between the 

simulated and measured results. These inaccuracies could displace the level of the ground plane or 

cause a lack of parallelism between the ground plane and the xz-plane. In this case, the tapered sections 

are shifted upward/downward along the y-direction with respect to their centered positions inside the 

rectangular metallic waveguides and/or the suspended SOG waveguide is not parallel to the xz-plane. 

440 450 460 470 480 490 500

-1.5

-1

-0.5

0

f (GHz)

| 
S

1
2
: 

E
x1

1
| 
(d

B
)

 

 

d = 250 m 

d = 350 m 

d = 150 m 

d = 200 m 



77 

 

4.5.3 Bragg Effect and Design Modifications for Single-Mode Operation 

4.5.3.1 Modal Analysis 

Modal simulations on the SOG waveguide’s cross section B, shown in Fig. 4.18, are performed in 

HFSS. All propagating modes are considered in these simulations. The waveguide dimensions are 

provided in Table 4.4. Three waveguides with three different widths of the Si guiding channel are 

studied while the thickness of the Si wafer is the same in all of the structures and equal to H = 100 μm. 

The modal analysis results for these three waveguides are shown in Figs. 4.19-21. As shown in these 

figures, the single mode operation bandwidths for the waveguides with W = 310 μm, 200 μm, and 160 

μm, extend over frequency ranges of 330 - 490 GHz, 420 - 565 GHz, and 480 - 600 GHz, respectively.  

To obtain the cutoff frequencies for the Si-confined modes, modal fields are observed inside the Pyrex 

substrate. The lowest frequencies where the field components are still exponentially decaying inside 

the Pyrex substrate (~ β / k0 > npx, in which npx = 2.1 is the refractive index of Pyrex) is defined as the 

cutoff. It is quite interesting that although the simulated propagation constants are obtained considering 

a ground plane below the 500 µm thick Pyrex substrate, the attenuation constants below the cutoff 

frequencies (where β / k0 < 2.1) show strong attenuations due to the Pyrex material loss. In other words, 

the cutoff frequencies are accompanied by upward trends in the attenuation constants at lower 

frequencies. This is interesting, since unconfined modes are suppressed due to increased Pyrex material 

loss at higher frequencies. 

The purpose of this section is to present a design for low-loss suspended SOG waveguide structures 

which cover the frequency range of 330 - 600 GHz with single mode operations. 

 

 

 

Fig. 4.18  Suspended SOG waveguide cross section. 
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Table. 4.4. Dimensions of the SOG structures (Fig. 4.18) studied in Figs. 4.19-21. 

W (μm) H (μm) T (μm) a (μm) b (μm) 

310 100 500 100 500 

200 100 500 100 200 

160 100 500 100 140 

 

 

  

(a) (b) 

Fig. 4.19  Propagation constant of the suspended SOG waveguide with W = 310 μm: a) normalized phase 

constant, and b) attenuation constant. 

  
(a) (b) 

Fig. 4.20  Propagation constant of the suspended SOG waveguide with W = 200 μm: a) normalized phase 

constant, and b) attenuation constant. 
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(a) (b) 

Fig. 4.21  Propagation constant of the suspended SOG waveguide with W = 160 μm: a) normalized phase 

constant, and b) attenuation constant. 

 

For the suspended SOG waveguide with W = 310 μm investigated theoretically and experimentally in 

the previous section, the simulation and measurement results over 440 - 500 GHz were in excellent 

agreement. The measurement results showed an average attenuation constant of 0.0346 dB/λ0 (upper 

limit) over the frequency range of 440 - 500 GHz. Although the waveguide was not measured over its 

single mode operation bandwidth, the Ey
11 mode was not excited due to the polarization of the electric 

field of the rectangular waveguide exciting the SOG waveguide. This is confirmed by simulating part 

of the test setup including the rectangular waveguide port, the transition to the suspended SOG 

waveguide, and a length L´ = 2.3 mm of the suspended SOG waveguide. The simulation is performed 

for a number of guided modes of the suspended SOG waveguide. The results demonstrate that the 

coupling to the higher order mode is always below -20 dB, even in the misaligned cases studied in Fig. 

4.16. 

To gain a better understanding of the performance of the suspended SOG waveguide, simulation and 

measurement results of the structure, which were discussed in Section 4.5.2.1, are shown in Fig. 4.22 

over the frequency range of 350 - 500 GHz. As shown in Fig. 4.22, there are dips at frequencies of ~ 

344 GHz and ~ 421 GHz in the simulated and measured insertion loss results. Further investigation 

shows that the dip at ~ 345 is due to the Bragg Effect in the periodic structures, while the dip at ~ 421 

GHz is due to the coupling to the leaky modes inside the Pyrex substrate. These effects, which limit the 

operation bandwidth of the suspended SOG waveguide, are studied in this Section. 
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W = 310 µm 

H = 100  µm 

T = 500  µm 

P = 200  µm 

Wb = 20  µm 

Fig. 4.22  Simulated and measured scattering parameters of the suspended SOG waveguide. 

 

4.5.3.2 Bragg Effect 

To understand the dips at ~ 344 GHz and 420 GHz in the suspended SOG waveguide structure more 

deeply, simulations are performed in HFSS for different beam dimensions over 330 - 500 GHz. The 

simulation results are shown in Fig. 4.23. For a choice of P = 200 μm, three dips are observed at 

frequencies of ~ 344 GHz, ~ 396 GHz, and ~ 421 GHz. Further studies show that at 344 GHz, the 

Bragg condition is satisfied which means β × P is an absolute coefficient of π. Observation of the 

electric field distributions at ~ 396 GHz and ~ 421 GHz confirms that the dips are related to the 

coupling to the leaky modes inside the Pyrex substrate. 

Table 4.5 summaries the dip frequencies and the insertion loss at these frequencies for different 

thicknesses of the Si beams. By increasing the thickness of the beams, the frequencies of the dips are 

shifted downward. However, the variation in the dip frequencies with the thickness of the beams is not 

very clear. The insertion loss at the dip frequency of ~ 420 GHz increases from - 1.1 dB to - 15.6 dB 

when the thickness of the beams increases from Wb = 10 μm to Wb = 50 μm.  
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(a) 

 

(b) 

Fig. 4.23  Scattering parameters of the suspended SOG waveguide with P = 200 μm for different 

thicknesses of the Si beams: a) insertion loss, and b) return loss. 

Table. 4.5. Dip frequencies in the insertion loss of the suspended SOG waveguide. 

Wb (μm) fdip1 (GHz) |S12| (fdip1, dB) fdip2 (GHz) |S12| (fdip2, dB) fdip3 (GHz) |S12| (fdip3, dB) 

10 345 -1.4 397 -0.38 427 -1.4 

20 344 -2.5 396 -1.0 421 -6.2 

30 342 -4.2 394 -3.7 413 -10.9 

50 340 -10.5 382 -17.5 403 -15.6 
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To overcome the problem of higher attenuation due the Bragg effect, two solutions are considered. The 

first approach investigated is to decrease the thickness of the beams (Wb) to make the effect of the 

supporting beams on the propagation constant weaker. However, decreasing the thickness of the beams 

sacrifices the mechanical stability of the Si guiding channel. To provide a strong mechanical support 

for the Si guiding channel over the etched region of the Pyrex substrate, the Si supporting beams cannot 

be made thinner than certain limit. 

Decreasing the period of the structure is the preferred and more practical solution to avoid the 

appearance of the Bragg effect and leaky modes over the single-mode operational bandwidth of the 

waveguide. This solution also provides stronger mechanical support for the Si guiding channel by 

increasing the number of supporting beams. 

4.5.3.3 Design Parameters and Simulation Results 

Suspended SOG waveguides with three different widths of the guiding channel are designed to cover 

the frequency ranges of 350 - 490 GHz, 420 - 500 GHz, and 500 - 600 GHz with single mode 

operation. Fig. 4.24 shows the structure of the suspended SOG waveguide and its parameters. The 

dimensions of these waveguides are provided in Table 4.6. The simulation results for these structures 

are shown in Figs. 4.25-29. Each suspended SOG waveguide is simulated for two different widths of 

the etched region below the Si guiding channel (b in Fig. 4.24). Simulations are conducted to find the 

magnitudes of the scattering parameters for the transitions from the rectangular waveguide to the 

suspended SOG waveguide, a length of L1 ~ 10 mm of the suspended SOG waveguide, and back again 

to the rectangular waveguide. For these new designs, the length of the aluminum holder (the distance 

between the two rectangular waveguide openings) is 10.4 mm. The length of the glass substrate is 10.2 

mm. The length L1, mentioned in Table 4.6, indicates the lengths of the Si guiding channels between 

the two Si tapered sections.  

In all of the suspended SOG waveguide structures, the period of the waveguide is designed to prevent 

the appearance of the Bragg effect over the operation bandwidths. In the case of the waveguides with 

W = 310 μm and 200 μm, this is achieved with a choice of P = 100 μm. In the waveguide with W = 160 

μm, which is designed for operation over 500 - 660 GHz, a period of P = 100 μm leads to the 

appearance of the Bragg effect at 584 GHz. However, a choice of P = 80 μm gives excellent 

performance without the appearance of the Bragg effect over the 500 - 660 GHz band. In these 

structures with a period of P = 80 µm, a Bragg band gap occurs at a frequency of 677 GHz where the 

insertion losses in suspended SOG waveguides 5 and 6 (Table 4.6) reaches 12 dB and 10.7 dB, 
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respectively. Fig. 4.28 shows the simulation results for the suspended SOG waveguide 8, which has 

dimensions similar to those of suspended SOG waveguide 6, with a different period of P = 100 µm. 

With a period of P = 100 µm, the waveguide shows a Bragg band gap at the center frequency of 584 

GHz, with an insertion loss of 16 dB at the dip. 

 

 

 
 

(a) (b) 

Fig. 4.24  Suspended SOG waveguide structure and dimensions: a) top view, and b) side view. 

 

Table. 4.6. Dimensions of the suspended SOG waveguides studied in Figs. 4.25-29. 

Suspended SOG # 

 

L1 

(mm) 

L2 

(µm) 

W 

(µm) 

H 

(µm) 

P 

(µm) 

a 

(µm) 

b 

(µm) 

T 

(µm) 

lb 

(µm) 

bandwidth 

(GHz) 

fabricated 

1 10.0 20.0 310 100 100 100 500 500 400 350-490 fabricated 

1 (modified) 10.1 20.1 310 100 100 100 500 500 400 350-490 fabricated 

2 10.2 20.2 310 100 100 100 700 500 400 350-490 --- 

3 10.2 20.2 200 100 100 100 200 500 300 420-500 fabricated 

4 10.2 20.2 200 100 100 100 300 500 300 420-500 fabricated 

5 10.2 20.2 160 100 80 100 140 500 300 500-660 fabricated 

6 10.2 20.2 160 100 80 100 220 500 300 500-660 fabricated 

7 10.2 20.2 160 100 80 100 320 500 300 500-660 fabricated 

8 10.2 20.2 160 100 100 100 220 500 300 500-660 --- 
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It is worth mentioning that while the single mode operation bandwidth extend over the frequency range 

of 500 - 600 GHz for the suspended SOG waveguide with W = 160 μm, it is designed for measurement 

over the wider frequency range of 500 - 660 GHz. For single mode operation up to 660 GHz, Si wafers 

with smaller thickness would be required. However, to test the high performance of the proposed 

suspended SOG waveguide at high frequencies up to 660 GHz, the single mode condition is neglected 

over 600 - 660 GHz. Since the simulations confirm that even in the case of misalignments of the 

suspended SOG waveguide inside the test setup, the higher order Ey
11 mode is not excited, the dominant 

mode propagation constant derived from the measurements can be considered valid. 

In the fabricated suspended SOG waveguide, for which the measurement results were presented in 

Section 4.5.2.1, the length of the beams was equal to lb = 820 µm. Simulations show that with a length 

of lb = 300 µm of the beams, the coupling between the main Si guiding channel and the two Si 

supporting blocks is negligible. In the modified designs, as shown in Table 4.4, the length of the 

supporting beams is reduced to lb = 300 / 400 µm. 

One effect which has been observed to destroy the fabrication accuracy of the suspended SOG process, 

is the rising temperature of the Si in the suspended regions during DRIE [91]. It is possible to cool the 

glass substrate during DRIE, but the heat induced on suspended Si structures needs to be transferred to 

the glass substrate through narrow Si beams. If the suspended beams are long, the heat cannot be quickly 

transferred to the glass substrate. Excessive heating of Si causes photoresist mask erosion, a reduction 

in the etch rate and mask selectivity, and a thinning of narrow features.  

To make sure the shapes of the Si suspended beams are accurately maintained during DRIE, the width 

of the etched region on the glass substrate (b) is decreased in the modified designs. To see the effect of 

this parameter on the waveguide attenuation, simulations are performed for several values of the widths 

of the etched region on the Pyrex substrates. As the simulation results in Figs. 4.25-27 show, by 

increasing the widths of the etched regions on the Pyrex substrates, the insertion losses of the suspended 

SOG waveguides decrease. However, with the selected design parameters, as long as the interaction of 

the modal fields with the Pyrex substrate remains minimal, an increase in the insertion loss due to a 

decrease in the width of the etched region is not crucial. In the waveguide with W = 160 µm, three 

suspended SOG structures 5, 6, and 7 show average insertion losses of 0.54 dB, 0.47 dB, and 0.43 dB 

over 500 - 660 GHz, respectively.  
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Fig. 4.25  Simulated scattering parameters of the suspended SOG waveguides (W = 310 µm, Table 4.6) 

for length L1. 

 

 

Fig. 4.26  Simulated scattering parameters of the suspended SOG waveguides (W = 200 µm, Table 4.6) 

for length L1. 
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Fig. 4.27  Simulated scattering parameters of the suspended SOG waveguides (W = 160 µm, Table 4.6) 

for length L1. 

 

Fig. 4.28  Simulated scattering parameters of the suspended SOG waveguide 8 (W = 160 µm, Table 4.6) 

for length L1. 
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Fig. 4.29  Simulated scattering parameters of the suspended SOG waveguide (W = 310 µm, suspended 

SOG 1 (modified) in Table 4.6) for two lengths of L1 = 10.1 mm and L3 = 15.1 mm. 

 

Due to the isotropic characteristic of HF wet etching, the etched sidewalls are not vertical [127]. This 

characteristic is represented in Fig. 4.24. As shown in this figure, the etched sidewalls are round. An 

isotropy of 1:1 was reported for Pyrex glass HF etching using a Cr/Au mask [127]. Considering an 

isotropy of 1:1, the etched region on the top is bigger than that at the bottom (b) by two times of the 

depth of etching into the glass substrate and equal to Wc = 2 × a + b. 

The simulation results presented in Fig. 4.17 confirmed that the dip at ~ 453 GHz in the insertion loss 

of the suspended SOG waveguide (W = 310 μm and P = 200 μm) is related to the transition. The dip 

frequency is dependent on the distance between the rectangular waveguide opening and the beginning 

of the tapered section. In the modified designs, this waveguide is designed in two different lengths of 

10 mm and 10.1 mm (d = 200 μm and d = 150 μm, respectively), which shifts the dip frequency to 440 

GHz and 500 GHz, respectively. The simulation results for these two structures are shown in Figs. 4.25, 

29, respectively. This waveguide is fabricated for these two transitions. The fabricated suspended SOG 

waveguides are represented as “fabricated” in Table 4.6. All of the fabricated waveguides are made in 

two different lengths of L1 ~ 10 mm and L2 ~ 20 mm. 
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Fig. 4.29 shows the simulation results for the insertion losses of the two different lengths of L1 = 10.1 

mm and L3 = 15.1 mm of the suspended SOG 1 waveguide. Since the simulation of a length of L2 = 

20.1 mm of the fabricated waveguide needs a large amount of memory and simulation time, the 

simulations are performed for a shorter length of L3 = 15.1 mm. The insertion losses of the two lengths 

of L1 = 10.1 mm and L3 = 15.1 mm of the waveguide are respectively 0.49 dB and 0.56 dB, on average, 

over the frequency band of 350 - 500 GHz. An estimated attenuation constant of 0.14 dB/cm is obtained 

from the difference between the insertion losses of the two different lengths.  

4.5.3.4 Fabricated Samples 

Microscopic and SEM images of the samples at different stages of the fabrication are provided in Fig. 

4.30. Fig. 4.30(a) shows the microscopic image of the etched surface of the Pyrex substrate. This figure 

shows the etched channel on the Pyrex surface for the suspended SOG 6 (W = 160 μm and b = 220 μm) 

design. The black regions show the etched sidewalls. The measured width of the etched region is b = 

228 μm. The etched depth, which was measured under the dektak profilometer (a measuring instrument 

used to measure a surface's profile), is 86 μm. The measured width of the etched sidewalls at one point 

is 108 μm. As shown in this figure, the etched sidewalls do not have a regular shape. The light color 

shows the smooth surfaces, either etched or non-etched, on the glass substrate while the black regions 

show the sloped etched sidewalls.  

Fig. 4.30(b, c) show the thick photoresist mask on the Si surface before DRIE for the suspended SOG 

6 (W = 160 μm and P = 80 μm). Fig. 4.30(d) shows the microscopic image of the fabricated suspended 

SOG 1 with W = 310 μm, P = 100 μm, and Wb = 20 μm. The corresponding measured parameters are 

314.3 μm, 100.2 μm, and 19.3 μm, respectively. The errors are mainly reading errors under the 

microscope and not fabrication errors. Fig. 4.30(e) shows the SEM image of the fabricated sample 

looking in the z-direction. The etched region inside the Pyrex substrate is shown in this figure. Fig. 

4.30(f) shows the SEM image of the waveguide at the connection between the Si supporting block and 

Si supporting beams. Fig. 4.30(g) shows the fabricated samples in two different lengths. 

 

 

https://en.wikipedia.org/wiki/Measuring_instrument
https://en.wikipedia.org/wiki/Surface
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(a) (b) (c) 

  

(d) (e) 

  

(f) (g) 

Fig. 4.30  Microscopic and SEM images of the suspended SOG waveguides: a) microscopic image of the 

etched region on the Pyrex surface, b) and c) microscopic images of the patterned photoresist mask on 

the Si surface at different locations, d) microscopic image of the fabricated sample after DRIE, e) SEM 

image of the waveguide looking in the z-direction, f) SEM image of the waveguide showing the 

supporting block and the Si beams connected to it, and g) fabricated suspended SOG waveguides for two 

different lengths of ~10 mm and ~20 mm. 
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4.5.3.5 Measurement Results 

The fabricated suspended SOG waveguides with W = 310 μm, W = 200 μm, and W = 160 μm are 

measured over frequency ranges of 350 - 500 GHz, 400 - 500 GHz, and 500 - 660 GHz, respectively. 

For these measurements metallic rectangular waveguide ports WR 2.2 and WR 1.5 are used over 

frequency ranges of 325 - 500 GHz and 500 - 750 GHz, respectively.  

Fig. 4.31 shows the measured scattering parameters of the suspended SOG waveguide 1 (W = 310 μm) 

for two different lengths of L1 = 10.1 mm and L2 = 20.1 mm. For a length of L1 = 10.1 mm, the insertion 

loss varies between 0.56 dB and 2.35 dB with an average of 1.08 dB over the frequency band of 350 - 

500 GHz. For a length of L2 = 20.1 mm, the insertion loss varies between 0.92 dB and 3.3 dB dB with 

an average of 1.44 dB. In both structures, the return loss is always better than 15 dB. The average 

difference between the insertion losses of the two lengths of L1 and L2 is 0.36 dB over the frequency 

band of 350 - 500 GHz. An average attenuation constant of 0.36 dB/cm is estimated from this 

difference. 

The calibration technique in [119] (explained in Chapter 3) is used to extract the waveguide attenuation 

constant from the measured scattering parameters. The measured attenuation constants obtained using 

this method are shown in Fig. 4.32. The attenuation constant obtained using the same method for the 

simulated scattering parameters of this waveguide, for two different lengths of L1 = 10.1 mm and L3 = 

15.1 mm, are included in this figure for comparison. For this waveguide, the single mode operation 

extends up to 490 GHz. However, since the second Ey
11 mode is not excited with the polarization of the 

electric field of the dominant mode of the rectangular waveguide in x-direction, the dominant mode 

propagation constant obtained from the simulations of the two different lengths is still valid up to 500 

GHz. 
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Fig. 4.31  Measured scattering parameters of the suspended SOG 1 waveguides of lengths L1 = 10.1 mm 

and L2 = 20.1 mm between the transitions. 

The simulations show an attenuation constant varying over 0.002 - 0.042 dB/mm across the entire band. 

Measurements show an average attenuation constant of 0.043 dB/mm, or equivalently 0.031 dB/λ0, 

over the entire band. The agreement between the attenuation constants obtained from the simulation 

and measurement is excellent. The small discrepancies between the two attenuation constants are due 

to the misalignments of the SOG waveguides inside the test setups and to the network analyzer 

calibration errors. Although precise alignments are performed during the calibration steps (Thru, 

Reflect, Line), small calibration errors are still inevitable at these high frequencies.  

Fig. 4.32(b) shows the network analyzer calibration error, which is defined as the insertion loss of the 

thru connection of the two metallic ports after the calibration. The maximum calibration error is |S12| = 

0.6 dB at 367 GHz. The average calibration error over the entire band of 325 - 500 GHz, is 0.08 dB. 

Due to the low-loss characteristics of the SOG waveguides under test, the differences between the 

insertion losses of the two lengths (0.36 dB on average) falls under PNA-X calibration error. In this 

situation, even small calibration errors will affect the test results. Over the frequency range of 360 - 
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380 GHz, the obtained attenuation constants are not valid due to the calibration error which reaches to 

its maximum value at ~ 367 GHz.  

 

 

Fig. 4.32  a) Attenuation constant of the suspended SOG 1 obtained based on simulations and 

measurements of the two lengths and b) the calibration error of the PNA-X. 

 

The measured scattering parameters for a length of L1 = 10.2 mm of the suspended SOG waveguides 3 

and 4, which have dimensions W = 200 μm with two different widths of the etched regions on the Pyrex 

substrates of b = 200 and 300 μm, are shown in Fig. 4.33. As this figure shows, the differences between 

the insertion losses of the two waveguides are not significant. The two waveguides with b = 300 μm 

and b = 200 μm show insertion losses of 1.6 dB and 1.7 dB (on average over 400 - 500 GHz), 

respectively. As the frequency decreases to 400 GHz, the difference between the measured scattering 

parameters of the two waveguides becomes more expressed. The confinement of the modal fields inside 

the Si decreases with frequency; therefore, the effects of the dimensions of the etched regions on the 

scattering parameters become more significant. 

Fig. 4.34 shows the measured scattering parameters of the suspended SOG waveguide 4 (W = 200 μm 

and b = 300 μm) for two different lengths: L1 = 10.2 mm and L2 = 20.2 mm. For a length of L1 = 10.2 

mm, the insertion loss varies between 0.9 dB and 5.03 dB with an average of 1.70 dB over the frequency 

(a) 

(b) 
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band of 400 - 500 GHz. For a length of L2 = 20.2 mm, the insertion loss varies between 1.17 dB and 

7.60 dB with an average of 2.29 dB. For both structures the return loss is always better than 12.5 dB. 

The average difference between the insertion losses of the two lengths, L1 and L2, is 0.59 dB over the 

entire frequency band of 400 - 500 GHz. An average attenuation constant of 0.59 dB/cm is estimated 

from this difference. The attenuation constant obtained from the measurements of the two lengths of 

this waveguide, based on the calibration technique in [119], is shown in Fig. 4.35. 

The attenuation constant obtained from the measurements is quite small, varying between 0.009 dB/mm 

and 0.3 dB/mm with an average of 0.061 dB/mm, or equivalently 0.042 dB/λ0, over the entire frequency 

band of 400 - 500 GHz. Table 4.7 summarizes the measurement results of the suspended SOG 

waveguides. 

 

 

Fig. 4.33  Measured scattering parameters of the suspended SOG 3 and 4 waveguides with W = 200 μm, 

for a length of L1 = 10.2 mm between the transitions. 
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Fig. 4.34  Measured scattering parameters of the suspended SOG 4 waveguides of lengths L1 = 10.2 mm 

and L2 = 20.2 mm between the transitions. 

 

Fig. 4.35  Attenuation constant of the suspended SOG 4 obtained from measurements.  

Table. 4.7. Measured attenuation constants () of the suspended SOG waveguides. 

W (µm) f (GHz) dB/mm dB/mm (average) dB/λ0 (average) 

310 350 - 500 0.002 - 0.042 0.043 0.031 

200 400 - 500 0.009 - 0.3 0.061 0.042 
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4.6 Corrugated SOG Integrated Technology Platform 

For applications requiring high density circuits, a new and more convenient SOG structure is proposed. 

In the proposed structure, which is called the corrugated SOG platform, parts of the glass substrate 

below the high-quality Si channels and passive components are etched in periodic patterns [109, 114]. 

In the first part of this section, measurement results of the corrugated SOG waveguides are provided 

and compared to those of the simple SOG waveguides over a frequency range of 85 - 110 GHz. These 

findings demonstrate how etching the Pyrex substrate improves the SOG waveguide’s loss 

characteristics. In the second part, simulation results are presented to investigate the application of the 

corrugated SOG platform at higher frequencies, up to 500 GHz. For higher frequency applications, two 

techniques of etching the Pyrex substrate are investigated by computational simulations. These two 

techniques are: Pyrex dry etching technique, and wet etching in HF 49 %. 

4.6.1 Performance Verification 

In this section, SOG waveguides are experimentally investigated in two different configurations: SOG 

waveguide (in which the Pyrex substrate is not etched) and corrugated SOG waveguide. The corrugated 

SOG waveguide structure is shown in Fig. 4.36. In the two SOG waveguide configurations, the width 

of the Si channels is W = 1.1 mm, their height is H = 500 µm, and the thickness of the glass substrates 

is T = 500 µm. In the SOG waveguide structures, the glass substrates are not etched, while in the 

corrugated SOG waveguide structures, as shown in Fig. 4.36, the glass substrates are etched in a 

periodic manner. In the corrugated structures, the period of the etched patterns is P = 500 µm, the depth 

of etching is a = 100 µm, and the other dimensions are selected as b = 1 cm and d = 60 µm. The SOG 

waveguides are excited with their dominant Ex
11 modes. 

The measured insertion losses for two different lengths of these waveguides, L1 = 1 cm and L2 = 2 cm, 

which fall between the two transitions to the rectangular waveguide ports of the test setup (WR 10), are 

shown in Fig. 4.37. 

The estimated waveguide attenuations obtained from the differences between the averaged measured 

insertion losses of the two lengths of these waveguides are 0.25 dB/cm and 0.21 dB/cm for the SOG 

waveguide and corrugated SOG waveguide, respectively. Using the corrugation technique, the 

attenuation constant of the corrugated SOG waveguide is decreased by 0.04 dB/cm (average over 95 - 

110 GHz). At higher frequencies above 200 GHz, the material loss in the Pyrex substrate increases 

rapidly and etching the glass substrate reduces the waveguide attenuation more significantly. 
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(a) (b) (c) 

Fig. 4.36  Corrugated SOG waveguide structure and dimensions: a) 3D view, b) side view, and c) top 

view. The Pyrex patterns have been created by wet etching. 

 

Fig. 4.37  Measured insertion losses of different SOG waveguide structures. 

 

Fig. 4.38 shows the simulated scattering parameters of the SOG and corrugated SOG waveguides over 

the frequency band of 250 - 300 GHz. This figure shows the scattering parameters for a length of L = 

10.2 mm of these waveguides between the two transitions to the metallic waveguides (WR 3). In these 

two waveguides, the Si channels have dimensions of H = 200 μm and W = 350 μm, and the thickness 

of the glass substrate is T = 500 μm. The corrugation patterns have a period of P = 500 μm. The other 

dimensions are provided in Fig. 4.38. As the simulation results show, with a thickness of d = 50 μm 

between the two etched regions, the corrugated SOG serves as a low-loss waveguide over this range of 
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frequencies. The SOG and corrugated SOG waveguide structures show average insertion losses of 1.36 

dB and 0.87 dB over 250 - 300 GHz, respectively. 

 

Table. 4.8. Measured insertion loss. 

 min max average 

|S12| (dB), SOG (1 cm) 1.67 2.21 1.97 

|S12| (dB), SOG (2 cm) 1.90 2.55 2.22 

SOG -  (dB/cm) ------- ------- 0.25 

|S12| (dB), corrugated SOG (1 cm) 1.23 1.86 1.59 

|S12| (dB), corrugated SOG (2 cm) 1.46 2.27 1.80 

corrugated SOG -  (dB/cm) ------- ------- 0.21 

 

 

 

 

P = 500 μm 

a = 100 μm 

d = 50 μm 

b = 1.3 mm 

W = 350 μm 

H = 200 μm 

Fig. 4.38  Simulated scattering parameters of the SOG waveguide and corrugated SOG waveguide. 

 

For the Ey
11 mode which has weaker confinement inside the Si channel, the corrugation has a more 

significant effect in decreasing the insertion loss at frequencies below 200 GHz, as compared to the 
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Ex
11 mode. Several integrated passive components based on the corrugated SOG technology, including 

bends and a power divider with Ey
11 mode operation, are being designed for operation over the W-band 

by other colleagues at CIARS (Centre for Intelligent Antenna and Radio Systems) [109].  

4.6.2 Investigation of Higher-Frequency Performance  

To investigate the performance of the proposed corrugated SOG waveguide at higher frequencies up to 

500 GHz, simulations are performed in HFSS for different dimensions of the corrugated pattern on the 

Pyrex substrate. In all of the simulations, the Si guiding channel dimensions are W = 200 μm and H = 

100 μm, and the thickness of the Pyrex substrate is T = 500 μm (Fig. 4.36). The dimensions of the 

periodic corrugated patterns in all of the simulated structures are provided in Table 4.9. 

The simulation results for these structures over 440 - 500 GHz are presented in Figs. 4.39-41, 43. The 

waveguides are simulated over their single mode operation bandwidths. The simulation results show 

the magnitudes of the scattering parameters for the back-to-back transitions from the rectangular 

waveguide to the corrugated SOG waveguide, a length of L = 10.2 mm of the corrugated SOG 

waveguide, and back again to the rectangular waveguide. The transition dimensions are similar to those 

of the suspended SOG waveguides with W = 200 μm (Lt = 1 mm). 

4.6.2.1 Corrugating the Pyrex Substrate Using Hydrofluoric Acid Wet Etching Technique 

Wet chemical etching using HF is the lowest cost and most commonly used technique for etching glass. 

Cr/Au is a commonly used mask for glass wet etching. Wet HF etching of the glass is an aggressive 

process. For defect-free deep channel etching into the glass substrate, masking layers which remain 

robust against the aggressive etchant are required. For better quality in the etched regions, a higher 

concentration of HF is preferred. The etch rate is determined by the concentration of HF enchant, while 

the defect generation rate remains the same [133]. With a highly concentrated solution (HF 49%), an 

etch rate ranging over 6 – 8 μm/min is achieved [133]. 

Due to the isotropic nature of the HF wet etching, the etched sidewalls, as shown in Fig. 4.36, are round 

[133]. The isotropy of the etching process is dependent on the masking material. For Cr/Au, an isotropy 

of 1:1 was reported [133]. As a result, the openings of the etched regions are bigger on the top of each 

side by the two times of the depth of etching into the Pyrex substrate. In this case, the dimensions of 

the periodic patterns are dependent on the depth of etching into the Pyrex substrate. The opening of the 

etched region should be bigger than two times the depth of etching into the Pyrex substrate. These 

limitations have been considered in the simulated corrugated dimensions provided in Table 4.9. 
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To overcome the problem of high attenuations over the Bragg band, one solution is to decrease the 

effect of the Bragg band. This can be done by decreasing the thickness of the Pyrex wall between the 

two adjacent etched regions (d in Fig. 4.36), and increasing the period of the corrugated SOG structure 

to a larger value as this minimizes the interaction of the modal fields with the Pyrex substrate. A large 

value for the period is also advantageous in terms of increasing the etch depth into the Pyrex substrate 

(e.g., to a value of a = 100 μm), which further limits the interaction of the modal fields with the Pyrex 

substrate. For the simulated structures with these conditions, the set of parameters are provided in Table 

4.9 as corrugated SOGs 1-3.  

A second solution is to prevent the appearance of the Bragg band and leaky modes over the operation 

bandwidth by decreasing the period of the structure. If the corrugated pattern is made by HF wet etching 

of the Pyrex substrate, a decrease in the period of the structure is accompanied by a decrease in the 

depth of the etching into the Pyrex substrate. In these structures, considering the round pattern of the 

etched sidewalls, the condition P > (2 × a + d) should be satisfied. Figs. 4.40, 41 show the simulated 

scattering parameters for the corrugated SOG waveguides with periods of P = 150 µm and P = 100 µm, 

respectively. 

 

Table. 4.9. Dimensions of the corrugated SOG waveguides studied in Figs. 4.39-41, 43. The dimensions 

are defined in Fig. 4.36. 

Corrugated SOG # 

 

W 

(µm) 

H 

(µm) 

P 

(µm) 

a 

(µm) 

d 

(µm) 

b 

(µm) 

L1 

(mm) 

bandwidth 

(GHz) 

Etching technique 

# 1 200 100 500 100 30 400 10.2 440 - 500 wet 

# 2 200 100 500 100 20 400 10.2 440 - 500 wet 

# 3 200 100 500 100 10 400 10.2 440 - 500 wet 

# 4 200 100 150 50 20 400 10.2 440 - 500 wet 

# 5 200 100 150 50 30 400 10.2 440 - 500 wet 

# 6 200 100 150 50 10 400 10.2 440 - 500 wet 

# 7 200 100 100 30 20 400 10.2 440 - 500 wet 

# 8 200 100 100 30 10 400 10.2 440 - 500 dry 

# 9 200 100 500 30 10 400 10.2 440 - 500 dry 
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P = 500 μm and a = 100 μm 

Corrugated SOG 1    d = 30 μm 

Corrugated SOG 2    d = 20 μm 

Corrugated SOG 3    d = 10 μm 

Fig. 4.39  Simulated scattering parameters of the corrugated SOG waveguides 1-3 (Table 4.9) for length 

L1. 

The simulation results for the corrugated SOG structures 1 - 3 show that with larger values for the 

period of the structure and the depth of the etching (P = 500 μm and a = 100 μm), lower insertion losses 

are obtained as compared to those of corrugated SOGs 4 - 7. Corrugated SOGs 1, 2, and 3 show 

insertion losses of 1.48 dB, 1.14 dB, and 0.85 dB, on average, over 440 - 500 GHz, respectively. As 

expected, in these structures the attenuation constant decreases when the thickness of the Pyrex wall 

between the two adjacent etched regions (d) is decreased. Table 4.10 summarizes the performances of 

the simulated corrugated SOG structures 1 - 7 over their operation bandwidths. 

Corrugated SOG waveguides with periods of P = 100 and 150 μm are simulated in HFSS (corrugated 

SOGs 4 - 7). The simulation results show that for a period of P = 150 μm, the Bragg band is observed 

at the frequency of ~ 440 GHz. However, if the operation bandwidths of these waveguides are limited 

to the frequency range of 450 - 500 GHz, the corrugated SOGs 4, 5, and 6 show average insertion losses 

of 2.18 dB, 2.63 dB, and 1.77 dB, respectively. With a period of P = 100 μm in the corrugated SOG 3, 

the appearance of the Bragg effect is prevented over 440 - 500 GHz. However, this structure shows an 

insertion loss of 2.93 dB, on average, over 440 - 500 GHz. This amount of insertion loss is high as 

compared to those of corrugated SOGs 4-6 (P = 150 μm). The main reason for this difference is the 
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stronger interaction of the modal fields with the Pyrex substrate in the corrugated SOG 7, due to the 

smaller etch depth into the Pyrex substrate and smaller period.  

 

 

 

P = 150 μm and a = 50 μm 

Corrugated SOG 4    d = 20 μm 

Corrugated SOG 5    d = 30 μm 

Corrugated SOG 6    d = 10 μm 

Fig. 4.40  Scattering parameters of the corrugated SOG waveguides (Table 4. 9) for length L1. 
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P = 100 μm and a = 30 μm, and d = 20 μm 

 

Fig. 4.41  Scattering parameters of the corrugated SOG waveguides (Table 4. 9) for length L1. 

 

Table. 4.10. Performance comparison of the simulated corrugated SOGs 1 - 9. The reported values show the 

simulated insertion loss of the test setup. 

Corrugated SOG # f (GHz) |S12| (average, dB) |S12|min |S12|max P/d (μm) Etching technique 

1 440 - 500 1.48 1.05 2.72 500/30 wet 

2 440 - 500 1.14 0.81 2.04 500/20 wet 

3 440 - 500 0.85 0.60 1.47 500/10 wet 

4 450 - 500 2.18 1.98 2.42 150/20 wet 

5 450 - 500 2.63 2.42 3.08 150/30 wet 

6 450 - 500 1.77 1.54 2.08 150/10 wet 

7 440 - 500 2.93 2.40 3.91 100/20 wet 

8 440 - 500 2.18 1.71 3.12 100/10 dry 

9 440 - 500 2.00 1.54 2.94 500/10 dry 

 

Several corrugated SOG structures with corrugation dimensions of P = 500 μm, a = 100 μm, and values 

of d = 5, 10, and 20 μm were designed for fabrication. These corrugated SOG waveguides were 

designed with different widths of the Si guiding channels for measurements over different frequency 
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ranges from 330 GHz up to 500 GHz. However, in practice, etching periodic patterns with small 

dimensions between cavities is quite challenging using HF wet etching. The main reason is related to 

the mask defects which can occur during the etching process. Wet etching of Pyrex glass is an 

aggressive process. Although an isotropy of 1:1 is reported for a Cr/Au/photoresist mask, the isotropy 

of the process is still highly dependent on the quality of the mask. An Au mask is peeled off along the 

edges during the process. Due to the isotropic and aggressive nature of HF etching, a tiny defect in the 

masking layer can be the source of a wide hole on the glass surface. Pinholes and notches along the 

edges are two typical defects of the mask layer. Pinholes are generated during the metal deposition 

[133]. 

The notch defects on the edges are due to the tensile stress in the Cr/Au masking layer. The creation of 

notch defects is shown in Fig. 4.42. The bending of the mask due to under etching generates tensile 

stress. As this figure shows, as the etchants penetrates below the etching mask, the mask becomes a 

freestanding structure along the edges. Consequently, the etching mask starts to break down during the 

process and uncover some areas along the edges.  

 

 

 

(b) 

 

(a) (c) 

Fig. 4.42  Defects formed during the Pyrex wet etching process: a) a notch defect on the masking layer, 

b) the target etched pattern on the surface of the Pyrex, and c) typical resultant etched pattern on the 

Pyrex surface due to the mask defects along the edges.  

As shown in Fig. 4.42(b), the patterns on the etching mask should be designed with consideration for 

the Pyrex wet etching isotropic nature (isotropy of 1:1), for which the etched region extends beyond 

the etching mask by the depth of etching. Fig. 4.42(b) shows the target etched pattern on the Pyrex 
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surface. However, due to the notch defects along the edges, the thin Pyrex walls separating the periodic 

etched regions are cut in the resultant etched pattern. 

Strategies have been reported to strengthen the Cr/Au etching mask for deep etchings into the Pyrex 

substrate [122, 133]. Specifically, a low stress masking layer was formed with multiple depositions of 

Au. The process of Cr/Au (100 nm/1 μm) deposition was performed in four 250 nm thick layers with 

relaxation times of 30 minutes between successive depositions for cooling [122, 133]. This helped 

prevent the formation of pinhole defects. Pinholes formed during each relaxation time were covered 

during the next deposition while new defects formed in different locations. Retaining the patterned 

thick photoresist, which was initially used as an etching mask for the Cr/Au etching, and baking it on 

a hot plate at 120 °C for 30 min, acts as extra protection during the etching process. 

The abovementioned techniques are used in this research to prevent the formation of defects in the 

masking layer of the corrugated glass substrate. Nevertheless, even after applying these techniques, the 

creation of periodic patterns with small thicknesses of d = 5 – 20 μm between etched regions do not 

succeed. Aperiodic patterns on the corrugated Pyrex substrate were simulated in HFSS. The simulation 

results for a typical aperiodic structure shows higher attenuation as compared to the periodic structures. 

Although it is possible to optimize the aperiodic pattern for minimal attenuation, since it requires large 

amount of memory and simulation time, it is not tried in this research. 

4.6.2.2 Corrugating the Pyrex Substrate Using Dry Etching Technique 

DRIE of Pyrex enables the fabrication of high aspect ratio microstructures with high precision. This is 

an expensive and slow process which is used only when precisely etched patterns and vertical sidewalls 

are desired. This technique can be optimized to form closely vertical etched sidewalls up to 85 ° and 

88 ° [131- 135]. However, the technique has limitations and difficulties that restrict its application for 

deep etching of Pyrex.  

The main disadvantage of using DRIE on Pyrex is the low etch rate (~ 90 nm/min) [136]. Another 

drawback is the low selectivity of the etching mask due to the high energies used to increase the etch 

rate. The low selectivity of the etching mask limits the etch depth. Furthermore, due to contamination 

of the chamber during the process, it is necessary to clean the equipment during long etching sessions 

after each 10 μm depth etch [137]. The most commonly used etching masks are Si, photoresist, and 

nickel (Ni). The etch rate and the selectivity of the etching mask are dependent on the etching gas 
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mixture and the equipment power setting [136, 138]. With appropriate selection of these parameters, 

etch rates of 0.5 - 0.6 μm/min have been reported [138].  

A selectivity of ~ 2 with an etch rate of ~ 350 nm/min was reported using the SU8 photoresist mask. 

An etched depth of 47 μm with a verticality of about 85° was reported for this process [135]. 

Two different corrugated patterns on the Pyrex substrate are simulated in HFSS. The dimensions of the 

simulated structures are provided in Table 4.9. The magnitudes of the scattering parameters for the 

simulated structures are provided in Fig. 4.43.  

Using the dry etching technique, there is no limitation on the corrugation dimensions P and d (the period 

of the structure and the thickness of the Pyrex wall between the two etched regions) since the etched 

sidewalls are close to the vertical (~ 85 ° - 88 °). In these simulations, the etched sidewalls are 

considered vertical. Two different periods of P = 100 μm and P = 500 μm are simulated with a small 

thickness d = 10 μm. In these two structures the depth of etching is considered a = 30 μm. These two 

structures, respectively, have average insertion losses of 2.18 dB and 2 dB over 440 - 500 GHz. These 

two structures show higher insertion losses than the corrugated SOGs 1-3, for which the corrugations 

were based on the wet etching technique with P = 500 μm. The main reason is due to the smaller etch 

depth into the Pyrex substrate. To overcome this problem, solutions should be applied to increase the 

depth of etching. 
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a = 30 μm, and d = 10 μm 

Corrugated SOG 8    P = 100 μm 

Corrugated SOG 9    P = 500 μm 

 

 

Fig. 4.43  Scattering parameters of the corrugated SOG waveguides (Table 4.9) for length L1. 

 

To increase the etch depth, other masking materials such as Ni and Si have been used. With a 20 μm 

thick Ni electroplated mask, an etch depth of 200 μm with an etch profile angle of 88 ° was reported 

[131]. However, using metallic masks for Pyrex etching causes significant contamination of the 

chamber and therefore not used in most facilities. 

Using Si film as the etching mask, the selectivity was improved to ~ 20 [135]. To increase the etch 

depth to higher than 40 μm, a thickness of at least 2 μm of Si is required. As in the case of poly-Si, the 

deposition of a thick Si mask film without fractures is a critical fabrication step during which the stress 

has to be controlled [135]. An etch depth of 430 μm in the Pyrex substrate was reported using a thick 

bonded Si masking layer [138]. The main drawback to using this technique in the proposed SOG 

technology, is the fact that after removing the Si masking layer which was bonded to the Pyrex surface, 

the Pyrex surface is no longer appropriate for the secondary anodic bonding to the main high-resistivity 

Si layer [122]. Due to the abovementioned problems, Pyrex dry etching is not tried in this research. 

4.7 Concluding Remarks and Discussion 

Two new low-loss SOG waveguide structures were proposed for sub-mmW/THz applications. The 

proposed waveguides use the SOG wafer as their platforms, in which the glass substrate below the Si 
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guiding channels is etched to overcome the problem of high glass material loss in the THz range. These 

two structures are called the suspended SOG waveguide and the corrugated SOG waveguide.  

 In the suspended SOG waveguide structure, Si beams and supporting blocks are used to hold 

the Si guiding channel over the etched part of the glass substrate. To fabricate this waveguide, 

the high-resistivity Si guiding channel, along with its supporting beams and blocks, is realized 

via DRIE through the Si layer of the SOG platform. 

 The application of the suspended SOG waveguide for THz integrated wave-guiding was 

theoretically and experimentally investigated up to 500 GHz. With an appropriate choice of the 

Si supporting beam dimensions that avoids the appearance of the Bragg effect over the 

waveguide operation bandwidth, the attenuation constant of the suspended SOG waveguide is 

quite small. Experiments showed average attenuation constants of 0.031 dB/λ0 and 0.042 dB/λ0 

over the frequency ranges of 350 - 500 GHz and 400 - 500 GHz, respectively. Table 4.11 

compares the performance of the proposed suspended SOG waveguide with other mmW/THz 

waveguide structures reported in the literature. As this Table shows the proposed suspended 

SOG waveguide shows a significant reduction in the insertion loss as compared to the other 

mmW/THz techniques reported in the literature.  

 

Table. 4.11. Performance comparisons. 

Structure  frequency 

Metallic waveguide [43] 0.12 dB/λ 3 THz  

Metallic waveguide [37] 0.07 dB/λ 600 GHz 

Metallic waveguide [33] 1.1 - 1.6 dB/λ 220 - 325 GHz 

Metallic waveguide [139] 0.027 - 0.032  dB/λ 325 - 360 GHz 

Planar Goubau Line [73] 1.8 dB/λ 300 GHz 

Suspended SOG waveguide 0.031 dB/λ (average) 350 - 500 GHz 

Suspended SOG waveguide 0.042 dB/λ (average) 400 - 500 GHz 

 

 In the SOG technology, the thick glass substrate acts as a strong mechanical support for the 

integrated Si components attached to it. The requirement for a supporting substrate becomes 

essential as the frequency increases and the Si slab becomes thinner and consequently more 

fragile. 
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 An alternative approach for the realization of mmW planar dielectric waveguides is based on 

the image guide. However, the performance of these waveguides is affected by the additional 

loss due to the conduction loss and surface roughness at the ground plane. As the frequency 

increases, the skin depth decreases by a factor of 1/√f and the waveguide performance degrades 

rapidly at higher frequencies.  

Fig. 4.44 shows the attenuation constant of the SOG waveguide compared to that of a high-

resistivity Si image guide with similar guiding channel dimensions (W = 310 μm and H = 100 

μm). In these simulations, surface roughness on the ground plane is not included. Based on 

these simulations, due to the increasing material loss in the Pyrex substrate with frequency, the 

SOG waveguide attenuation constant is higher than that of the Si image guide over 350 - 500 

GHz. The Si image guide and SOG waveguide show attenuation constants ranging over 0.19 - 

0.20 dB/mm and 0.30 - 0.37 dB/mm, respectively. However, as discussed in this chapter, the 

compatibility of Pyrex with Si microfabrication and other well-developed techniques enables 

us to overcome Pyrex’s material loss with the proposed fabrication technique, wherein the 

Pyrex substrate below the Si is etched.  

The attenuation constant of the suspended SOG waveguide is also included in Fig. 4.44 for 

comparison. The plots show the attenuation constants of the suspended SOG waveguide with 

supporting beams (W = 310 μm, H = 100 μm, and P = 100 μm, and Wb = 20  μm), which is 

extracted from the simulated and measured scattering parameters of the two different lengths 

of the suspended SOG waveguides based on the calibration technique explained in Chapter 3. 

The simulated attenuation constant of the suspended SOG waveguide varies over 0.007 - 0.038 

dB/mm. The average measured attenuation constant is 0.043 dB/mm (0.031 dB/λ0) over the 

entire frequency band of 440 - 500 GHz. This low attenuation constant shows the excellent 

performance of the proposed suspended SOG waveguide as compared to the Si image guide at 

THz frequencies. 
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Fig. 4.44  Attenuation performance of the suspended SOG waveguide as compared to the conventional 

image guide. 

 As mentioned in Chapter 3, only Si-confined modes for which field components are 

exponentially decaying in the outer region, are considered guiding modes in this research. 

However, due to the finite thickness of the Pyrex substrate, modes with sinusoidal variations 

inside the Pyrex substrate are also supported due to the total reflection at the Pyrex boundaries. 

The main advantage of the suspended SOG waveguide proposed for higher frequencies, is that 

the unconfined modes are suppressed due to increased Pyrex material loss with frequency. 

Etching the Pyrex substrate decreases the attenuation constants of the Si-confined modes 

significantly, while higher order unconfined modes are strongly attenuated due to the material 

loss in the Pyrex. 

 In the corrugated SOG waveguide, parts of the Pyrex substrate below the Si guiding channel 

and other components are etched in a periodic manner. Corrugation offers a more convenient 

SOG structure as compared to the suspended SOG waveguide for applications in which high-

density integrated circuits are required. Although the simulations and fabrication limitations 

show restrictions in application of this technique at higher frequencies, still it can serve as a 

low-loss platform for high-density mmW integrated circuits up to 300 GHz. 

 The other important advantage of the proposed SOG technique is that the requirement to align 

the substructures is eliminated due to the excellent bonding characteristics of the Pyrex-Si. In 

this technique, the alignment between the substructures is automatically achieved during the 
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DRIE process when the Si components are made out of the Si slab. The Pyrex substrate acts as 

an etch stop during the process and at the same time supporting substrate for the Si components. 
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Chapter 5  Rib Silicon-on-Glass and U-Silicon-on-Glass Dielectric 

Waveguides for THz Integrated Circuits 

5.1 Introduction 

In Chapter 3, a silicon-on-glass (SOG) platform was proposed, fabricated, and demonstrated for 

millimeter-wave (mmW) integrated circuits. Chapter 4 discussed the extension of the proposed SOG 

platform into higher sub-mmW/terahertz (THz) frequencies (up to 660 GHz). It was shown that Pyrex’s 

material loss increases rapidly at higher frequencies above 200 GHz. To overcome the problem of high 

material loss of the Pyrex substrate, the idea of etching the Pyrex substrate below the Si was proposed 

and demonstrated. Two periodic SOG waveguide structures, named the suspended SOG waveguide and 

the corrugated SOG waveguide, were developed to support the silicon (Si) guiding channel over the 

etched region of the Pyrex substrate. The low-loss performance of the suspended SOG waveguide was 

theoretically and experimentally demonstrated up to 500 GHz. The potential application of the 

corrugated SOG platform for mmW low-loss and high-density integrated circuits was theoretically 

demonstrated up to 300 GHz. 

In this Chapter, the application of the proposed SOG technology into higher THz frequencies (up to 1.1 

THz) is investigated. First, the suspended SOG waveguide is studied as a potential candidate. 

Simulations of the suspended SOG waveguide over 0.9 - 1.1 THz confirm the waveguide’s high-

performance in regards to the attenuation constant. However, when considering THz high-density 

integrated circuits, more convenient SOG waveguide structures with more compact supporting 

configurations will outperform the suspended SOG platform. To this end, and to avoid design concerns 

about the appearance of the Bragg band, new configurations of the SOG waveguide are studied. Two 

new SOG waveguide structures called rib SOG waveguide and U-SOG waveguide are proposed and 

their fabrication techniques are discussed. These two new structures can provide low attenuation 

constants for THz frequencies with strong mechanical support. Furthermore, they can serve as potential 

platforms for THz high-density integrated circuits. The effects of different parameters are studied on 

the propagation characteristics of these waveguides. Rib SOG and U-SOG waveguides are designed 

for fabrication over the frequency ranges of 0.8 – 0.9 THz and 0.9 – 1.1 THz. The fabrication of the U-

SOG waveguide is underway. 
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5.2 Investigation of Suspended SOG Waveguide Performance at Terahertz 

In this Section, extending the suspended SOG waveguide’s application into higher THz frequencies (~ 

1.1 THz) is investigated; its limitations and advantages are studied. A suspended SOG waveguide with 

dimensions of W = 100 μm, H = 50 μm, a = 100 μm, b = 20 μm (on the top Wc = 220 µm, b + 2 × a), P 

= 50 μm, Wb = 20 μm, and lb = 250 μm is simulated in high frequency structure simulator (HFSS). In 

all of the simulations reported in this Chapter, Si has a conductivity of 0.02 σ/m and Pyrex’s 

conductivity follows the graph in Fig. 4.2. Fig. 5.1 shows the suspended SOG waveguide structure and 

its dimensions. Fig. 5.2 shows the simulation results over the frequency range of 0.9 - 1.1 THz. This 

figure shows the scattering parameters for a length of 5.2 mm of the suspended SOG waveguide plus 

two transitions to the WR-1 (0.254 × 0.127 mm) rectangular metallic ports of the test setup. The tapered 

segments of the transitions have a length of Lt = 0.8mm each. Over a wide bandwidth of 0.9 – 1.08 

THz, the insertion loss of the suspended SOG waveguide including the two transition losses is only 

0.81 – 1.78 dB. Lower waveguide attenuation can be achieved by a smaller thickness of the periodic 

supporting beams (Wb). However, to maintain a strong mechanical support it is more desirable to keep 

the thickness of the supporting beams at Wb = 20 μm. As the frequency increases toward 1.1 THz, the 

insertion loss reaches to 4.58 dB due to the radiation. To avoid this at 1.1 THz, one needs to change the 

periodic beam dimensions. 

 

 

 

 

 

(a) (b) 

Fig. 5.1  Suspended SOG waveguide: a) waveguide structure, and b) waveguide cross-section (cross-

section B). 
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One main drawback to using dielectric waveguides for planar integrated circuits is their high scattering 

and radiation loss at bends and discontinuities. However, this is the main barrier for waveguide 

structures where the index contrast between the guiding channel and its surrounding media is low. In 

the proposed SOG technology platform, strong field confinement within the Si guiding channel is 

achieved due to the large index contrast between the Si and its surrounding media. This is a big 

advantage in terms of minimizing the scattering loss at the bends and minimizing the coupling between 

the adjacent Si components in integrated circuits. The low coupling between Si guiding channels in the 

SOG platform was studied in Chapter 3. Different mmW bend structures on the Si image guide platform 

with low insertion losses were designed and tested by the other colleagues at CIARS (Centre for 

Intelligent Antenna and Radio Systems) [109]. Achieving low coupling and leakage, as well as small 

scattering loss at bends and discontinuities, guide the work toward the realization of high-density 

integrated circuits.  

 

 

Fig. 5.2  Scattering parameters of the SOG waveguides with W = 100 µm for a length of 5.2 mm between 

the two transitions. 
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As a proof of concept, a suspended Si guiding channel bend structure over the etched Pyrex substrate 

is simulated in HFSS. Fig. 5.3(a) shows the bend structure. The dimensions are selected as follows: W 

= 100 µm, H = 50 µm, a = 100 µm, Wc = 200 µm, Rb = 1 mm, θb = 30º, LpI = 0.5 mm, and LpII = 0.25 

mm. The simulated scattering parameters for this bend structure are provided in Fig. 5.4. Simulations 

show a return loss better than 40 dB, and an insertion loss less than 0.08 dB, over the entire frequency 

band of 0.9 - 1.1 THz. However, the addition of Si supporting beams, which play the role of mechanical 

support in the suspended SOG platform, to the Si bend structure will degrade the bend low-loss 

performance due to the huge scattering at the discontinuity of beams along the bend segment. The 

implementation of the same bend structure in the suspended SOG platform is shown in Fig. 5.3(b) and 

its simulated scattering parameters are shown in Fig. 5.4. In this bend structure, along the straight 

segments with lengths LtI and LtII the supporting beams are oriented with a period of P = 50 µm. Along 

the bend segment, three parallel beams at a distance of d = 60 µm are supporting the structure. All 

supporting beams have a length of Lb = 150 µm and a thickness of Wb = 20µm. 

 

 
 

(a) (b) 

Fig. 5.3  Structures of the simulated bends in different SOG platforms: a) suspended Si channel on top 

of the etched Pyrex substrate, and b) suspended SOG bend structure. 

The suspended SOG bend structure shows a return loss of better than 10 dB and an insertion loss of 1.5 

– 3.7 dB over the frequency band of 0.9 - 1.1 THz. Although lower insertion loss can be achieved for 

the suspended SOG bend structure by optimizing the orientation of supporting beams along the bend, 
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the implementation of bends and different passive components on the suspended SOG platform still 

suffers from additional scattering loss. Furthermore, these optimizations, which need to be performed 

for each single passive component implemented on the suspended SOG platform, require additional 

simulation time and memory. To overcome the abovementioned problems at higher THz frequencies, 

two new high-performance SOG waveguide configurations are introduced and demonstrated in the 

following Sections. These two novel structures can serve as potential candidates for THz high-

performance and high-density integrated circuits. 

  

 

Fig. 5.4  Simulated scattering parameters of the bend structures shown in Fig. 5.3. 

 

5.3 Rib SOG Waveguide for Terahertz Applications 

When increasing the frequency, smaller periods in a periodic structure are needed to prevent the 

occurrence of the Bragg effect over the waveguide operation bandwidth. To avoid intrinsic 

characteristics of the periodic structures and to provide a more convenient platform for THz integrated 

circuits, a new SOG waveguide structure, called the rib SOG waveguide, is proposed in this Section. 

In the proposed structure, non-periodic mechanical supports are provided for the Si guiding channel 

over the etched region of the Pyrex substrate. 
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5.3.1 Waveguide Structure 

The waveguide structure is shown in Fig. 5.5. The waveguide consists of a rib Si waveguide which is 

supported on the etched part of the Pyrex substrate. This structure provides a strong mechanical support 

for the waveguide channel in a non-periodic form. 

 

 

Fig. 5.5  Structure of the rib SOG waveguide. 

 

5.3.2 Performance Comparison 

In this Section, simulation results are provided to demonstrate high-performance of the proposed rib 

SOG waveguide. In order to compare the performance of the rib SOG waveguide with other Si 

waveguide structures, modal analysis is conducted on different Si waveguide structures. These 

structures are: a Si image guide (Si channel on the ground plane made of aluminum with a conductivity 

of σ = 3.744×107 S/m), a SOG waveguide, a SOG waveguide with cross-section B (Fig. 5.1(b)) in 

which the Pyrex substrate is etched below the Si guiding channel (suspended SOG waveguide without 

Si supporting beams), and a rib SOG waveguide. In all of the waveguide structures, the Si channel has 

dimensions W = 310 μm and H = 100 μm. In the rib SOG waveguide, and SOG waveguide with cross-

section B, the etched region has dimensions of a = 100 μm and b = 500 μm. In the rib SOG waveguide, 

Hrib = 40 μm. 

As shown in Fig. 5.6, while the SOG waveguide attenuation constant is higher than that of the Si image 

guide at higher frequencies due to the increased Pyrex material loss, the SOG waveguide attenuation 

constant is significantly decreased by etching the Pyrex substrate. The rib SOG waveguide attenuation 

constant is quite low and varies between 0.007 - 0.06 dB/mm over the frequency range of 320 – 500 
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GHz. This confirms excellent performance of the rib SOG waveguide in terms of a low attenuation 

constant as compared to the other Si waveguide structures. 

To have a better comparison of the performances of the suspended SOG and rib SOG waveguides at 

the THz range, a length of 5.2 mm of the rib SOG waveguide between the two transitions to the WR-1 

(0.254 × 0.127 mm) rectangular metallic ports of the test setup is simulated in HFSS. The simulated 

scattering parameters of the rib SOG waveguide are shown in Fig. 5.2 and compared with those of the 

suspended SOG waveguide. The rib SOG’s Si guiding channel has dimensions similar to those of the 

suspended SOG waveguide. In this structure, W = 100 µm, H = 50 µm, and Hrib = 20 µm. All other 

dimensions, including the dimensions of the etched region on the Pyrex substrate, are also similar to 

those of the suspended SOG waveguide. As shown in Fig. 5.2, the rib SOG waveguide shows even 

lower attenuation than the suspended SOG waveguide. For the rib SOG waveguide, the simulated 

insertion loss varies between 0.49 dB and 0.81 dB over the wide frequency range of 0.9 – 1.1 THz.  

To investigate the high performance of the rib SOG platform for THz integrated circuits, a bend 

structure similar to those shown in Fig. 5.3 is simulated in the rib SOG configuration. The simulated 

rib SOG bend is shown in Fig. 5.7. All bend structure dimensions, and the dimensions of the etched 

region on the Pyrex substrate, are similar to those of the bend structures shown in Fig. 5.3. These 

dimensions are W = 100 µm, H = 50 µm, Hrib = 20 µm, a = 100 µm, Wc = 200 µm, Rb = 1 mm, θb = 

30°, LpI = 0.5 mm, and LpII = 0.25 mm. 

 

 

Fig. 5.6  Attenuation constants of different Si waveguide structures. 
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The simulated scattering parameters are added to Fig. 5.4 and compared to those of bend structures in 

Fig. 5.3. As the simulation results show, the rib SOG waveguide significantly outperforms the 

suspended SOG waveguide in terms of the low scattering and radiation loss at the bends. The insertion 

loss of the rib SOG bend varies between 0.2 dB and 0.5 dB over the frequency range of 0.9 – 1.1 THz. 

The return loss is better than 38 dB over the entire band. The average insertion loss of the rib SOG bend 

structure is 0.32 dB over the entire frequency band of 0.9 – 1.1 THz. This low insertion loss confirms 

the potential application of the rib SOG platform for THz high-density and low-loss integrated circuits. 

 

 

Fig. 5.7  Structure of the simulated rib SOG waveguide bend. 

 

5.3.3 Modal Analysis 

Modal analysis of the proposed rib SOG dielectric waveguide is conducted in HFSS. Fig. 5.8 shows 

the propagation constants of the Si-confined guided modes of the rib SOG waveguide with dimensions 

of W = 140 µm, H = 50 µm, Hrib = 20 µm, Wrib = 800 µm, a = 50 µm, b = 80 µm, and T = 500 µm (Fig. 

5.5). Over the frequency band of 0.58 – 1.1 THz, the two Ex
11 and Ey

11 modes are confined within the 

Si. These two modes have cutoff frequencies of 580 GHz and 745 GHz, respectively. The attenuation 

constant of the dominant Ex
11 mode decreases from 2 dB/mm to 0.04 dB/mm as the frequency rises 

from 580 GHz to 1.1 THz. This is due to better field confinement within the Si as the frequency rises.  
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(a) (b) 

Fig. 5.8  Propagation constants of the rib SOG waveguide with W = 140 µm: a) normalized phase 

constant (β/k0), and b) attenuation constant (, dB/mm). 

  

(a) (b) 

Fig. 5.9  Distribution of the magnitude of the electric field in the rib SOG with W = 140 µm at 1 THz: a) 

Ex
11 mode, and b) Ey

11 mode. 

 

Fig. 5.9 shows the distribution of the magnitude of the electric field of these two modes over the rib 

SOG waveguide cross-section at 1 THz. This figure shows significantly stronger confinement within 

the Si for the Ex
11 mode than for the Ey

11 mode. This is the main reason for the significantly smaller 

attenuation constant of the Ex
11 mode as compared to that of the Ey

11 mode. 
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5.3.4 Parametric Studies 

Several rib SOG waveguide structures are simulated in HFSS to study the effect of different parameters 

on the waveguide propagation constant. Rib SOG waveguides with Si guiding channel dimensions of 

W = 100 μm and H = 50 μm are simulated over the frequency range of 0.85 – 1.1 THz. To provide a 

strong mechanical support for the proposed rib SOG waveguide, it is more advantageous to choose 

smaller values for the width of the etched region inside the Pyrex substrate (Wc = 2 ×a + b) and choose 

larger values for the thickness of the Si supporting the Si guiding channel (Hrib). However, decreasing 

Wc and increasing Hrib increases the waveguide attenuation due to the higher interactions of the modal 

fields with the Pyrex substrate.  

Fig. 5.10 shows the attenuation constants and phase constants of the rib SOG waveguide with 

dimensions W = 100 μm, H = 50 μm, T = 500 μm, Wrib = 800 μm, and Hrib = 20 μm for different values 

of the etched region on the Pyrex substrate. As expected, by increasing Wc (2 × a + b) the waveguide 

attenuation and its normalized phase constant (β / k0) decreases due to lower contractions of the modal 

fields with the glass substrate. Selecting pair dimensions Wc / a equal to 220/100, 180/90, and 160/80 

µm, low attenuation constants of 0.017 – 0.084 dB/mm, 0.036 – 0.18 dB/mm, and 0.054 – 0.26 dB/mm 

are achieved over the frequency range of 0.85 – 1.1 THz, respectively. To study the effect of Hrib on the 

rib SOG waveguide performance, simulated attenuation constants of the waveguides are provided in 

Figs. 5.11-13 for different values of Hrib equal to 10 µm, 20 µm, and 30 µm. These figures show that 

while a change of Hrib from 20 µm to 30 µm significantly increases the attenuation constant, the 

increase in the attenuation constant due to the increase in Hrib from 10 µm to 20 µm is tolerable. A ratio 

of Hrib/H equal to 3/5 can provide strong mechanical support for the proposed rib SOG waveguide. 

5.3.5 Simulation Results of the Designed Test Devices 

Several rib SOG waveguide test devices are designed to experimentally verify the waveguide high 

performance. Two waveguides cover the frequency range of 0.75 – 1.1 THz. It is worth mentioning 

that there is no limitation on extending the proposed waveguide operation bandwidth to higher THz 

frequencies above 1.1 THz. However, the PNA-X operation frequency is currently limited to 1.1 THz. 

The dimensions of the designed test devices are provided in Table 5.1. Fig. 5.14 shows part of the 

designed test setup for these waveguides. The tapered segment of the rib SOG waveguide inside the 

metallic port is shown in this figure. As shown in this figure, the Si is etched through the whole layer 

along the tapered segments. The simulation results for the scattering parameters of three of these 

devices, which are being fabricated for two different lengths of ~ 10 mm and ~ 20 mm between the two 
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transitions, are provided in Figs. 5.15-17 for the lengths of ~ 10 mm. The lengths of the tapered 

segments in all of these structures is Lt = 0.8 mm. Fig. 5.15 shows the simulated scattering parameters 

for the rib SOG waveguide with W = 160 µm (line 2 in Table 5.1) over the frequency range of 0.75 – 

0.9 THz. The insertion loss of a length of L1 = 10 mm of this waveguide, plus two transitions to the 

metallic ports, is only 0.53 – 0.74 dB over the entire frequency band of 0.75 – 0.9 THz. The return loss 

is always better than 17 dB. 

 

 

 

W = 100 μm 

H = 50 μm 

Wc = 2 × a + b 

T = 500 μm 

Wrib = 800 μm 

Hrib = 20 μm 

(a) 

 

 

(b) 

Fig. 5.10  Simulation results of the rib SOG waveguide, the variation of the propagation constant with 

dimensions of the etched cavity inside the Pyrex substrate: a) attenuation constant, and b) phase constant. 

 



122 

 

 

 

W = 100 μm 

H = 50 μm 

T = 500 μm 

Wrib = 800 μm 

Wc = 100 μm 

a = 50 μm 

Fig. 5.11  Variation of the attenuation constant of the rib SOG waveguide with Hrib. 

 

 

 

W = 100 μm 

H = 50 μm 

T = 500 μm 

Wrib = 800 μm 

Wc = 140  μm 

a = 70 μm 

Fig. 5.12  Variation of the attenuation constant of the rib SOG waveguide with Hrib. 
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W = 100 μm 

H = 50 μm 

T = 500 μm 

Wrib = 800 μm 

Wc = 220 μm 

a = 100 μm 

Fig. 5.13  Variation of the attenuation constant of the rib SOG waveguide with Hrib. 

 

Fig. 5.14  Test setup structure for the rib SOG waveguide. 

Table. 5.1. Dimensions of the rib SOG waveguides studied in Figs. 5.15–17.  

Rib SOG # W H Hrib Wc* a Wrib L1 L2 Lt 

1 160 50 20 260 100 800 10 20 0.8 

2 160 50 20 280 100 800 10 20 0.8 

3 120 50 20 200 100 800 10.1 20.1 0.8 

4 120 50 20 220 100 800 10.1 20.1 0.8 

5 100 50 20 200 100 800 10.2 20.2 0.8 

6 100 50 20 220 100 800 10.2 20.2 0.8 

*Wc = a + 2 × b shows the width of the etched region on the top surface of the Pyrex substrate considering an isotropy of 1:1 

for the HF wet etching. 
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Fig. 5.15  Scattering parameters of the rib SOG waveguide with W = 160 µm (line 2 in Table 

5.1) for a length of 10 mm between the two transitions. 

 

Fig. 5.16 shows the results for the rib SOG waveguide with W = 120 µm (line 4 in Table 5.1) for a 

length of L1 = 10.1 mm plus transition loss. For this structure, the insertion loss is 0.62 – 0.75 dB over 

the entire frequency band of 0.9 – 1.1 THz. The return loss is always better than 25 dB. Fig. 5.17 shows 

the similar results for the rib SOG waveguide with W = 100 µm (line 6 in Table 5.1) for a length of L1 

= 10.2 mm. For this structure, the insertion loss is 0.58 – 0.9 dB over the entire frequency band of 0.9 

– 1.1 THz. The return loss is always better than 25 dB.  
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Fig. 5.16  Scattering parameters of the rib SOG waveguide with W = 120 µm (line 4 in Table 

5.1) for a length of 10.1 mm between the two transitions. 

 

 

Fig. 5.17  Scattering parameters of the rib SOG waveguides with W = 100 µm (line 6 in Table 5.1) for a 

length of 10.2 mm between the two transitions. 
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5.3.6 Fabrication Technique 

The fabrication technique of the new rib SOG waveguide mainly consists of the same processes used 

in the fabrication of the previously proposed SOG waveguide structures (corrugated/suspended SOG 

waveguides). The main difference is that deep reactive ion etching (DRIE) of the Si layer is not 

performed through the whole Si layer. Control of the etching depth needs to be done during the DRIE 

process. In the ultimate SOG integrated circuit, all components, including the coupling to the active 

devices, are implemented in the same platform without any transition to the metallic waveguides. The 

fabrication of the ultimate rib SOG integrated circuit is a two-mask process. However, in the designed 

test devices, the Si needs to be etched through the whole layer around the tapered segments to form low 

transitions to the metallic ports of the test setup. To make the rib SOG waveguide test devices, DRIE 

of the Si layer is performed in two subsequent steps with two different masks. As a result, the fabrication 

of the test devices is actually a three-mask process. Fig. 5.18 shows the steps of the fabrication of the 

rib SOG waveguide after bonding the etched surface of the Pyrex substrate to the Si device layer of the 

silicon-on-insulator (SOI) wafer. The steps for etching the Pyrex substrate are the same as those 

followed for the suspended SOG waveguide. 

Oxide and thick photoresist are used as the two masking layers for the subsequent DRIE steps of the Si 

layer. After anodic bonding and wet etching of the Si handle layer, the surface of the insulator oxide 

layer, which is now used as an etching mask, is coated with a 1 - 2 μm thick Shipley 1811 photoresist 

layer using a spinner. A second glass-chromium mask (the first mask is used for the Pyrex glass etching) 

is used to pattern the photoresist via ultraviolet (UV) exposure. The exposed photoresist is developed 

in MF 319. The etched patterns on the etched Pyrex layer, and the patterns on the second mask, are 

aligned in the mask aligner before the exposure. 

After pattering the photoresist layer, this layer is used as an etching mask for pattering the oxide 

masking layer via the reactive ion etching (RIE) of the oxide. Then, the photoresist mask is washed out 

in acetone. A ~ 11 µm thick photoresist (AZ 4620) is coating the Si surface, which is now covered by 

a patterned oxide layer, using a spinner. Due to the small thickness of the oxide mask (2 µm) as 

compared to that of the thick photoresist mask, the patterned oxide mask below the thick photoresist 

has no significant effect on the quality of the coating thick photoresist layer. 
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Fig. 5.18  Process flow of the fabrication of the rib SOG waveguide. 

a) The structure after anodic bonding of the SOI wafer on the etched Pyrex wafer, b) etching the Si 

handle layer, c) coating the oxide surface with photoresist, d) pattering the photoresist via optical 

lithography, e) etching the oxide via RIE, f) washing out the photoresist mask, g) coating the Si surface 

with thick photoresist, h) patterning the thick photoresist layer via optical lithography, i) DRIE of the Si 

layer using the photoresist mask, j) washing out the photoresist mask, k) DRIE of Si using the oxide 

mask, m) etching the oxide mask via RIE.  
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The coating thick photoresist layer is patterned via UV exposure using the third glass-chromium mask. 

The pattern on this mask is aligned with the patterned oxide mask using the mask aligner machine. The 

exposed photoresist is developed in AZ 400 K. Now the masking layers for the subsequent etchings of 

the Si layer are formed [Fig. 5.18(h)]. 

Using the thick photoresist mask, the Si layer is etched up to a depth of Hrib and higher. The height of 

the etching is controlled during the DRIE process. After this step, the thick photoresist mask is washed 

out in acetone. The DRIE of the remaining Si layer continues for a depth of H - Hrib with the second 

oxide mask. Precise control of the etching depth is needed during this second DRIE process. After the 

DRIE process, the masking layer is etched via RIE of the oxide.  

5.4 U-SOG Waveguide for Terahertz Integrated Circuits 

The second SOG waveguide structure, proposed for THz integrated circuits, consists of a U-shaped Si 

guiding channel attached to the glass substrate. In this waveguide, which is called the U-SOG 

waveguide, the Si guiding channel is etched in the form of a cavity from the bottom to reduce the 

waveguide attenuation due to the Pyrex material loss. This waveguide is studied in this section. Using 

this structure, the requirement of etching the Pyrex substrate is eliminated. The fabrication of this 

waveguide is a two-mask process which can be performed at a lower cost compared to the fabrication 

of the suspended SOG, corrugated SOG, and rib SOG waveguides. The elimination of etching the Pyrex 

glass results in significant cost reduction sine gold sputtering was used as the masking layer for etching 

the Pyrex glass. 

5.4.1 Waveguide Structure 

The structure of the U-SOG waveguide is shown in Fig. 5.19. As shown in this figure, the Si guiding 

channel is etched from below the guiding channel to reduce the contraction of the modal fields with the 

Pyrex substrate. The U-SOG waveguide can serve as a potential candidate for THz high-density 

integrated circuits.  
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Fig. 5.19  U-SOG waveguide structure. 

 

As a proof of concept, the bend structure shown in Fig. 5.20 is simulated in the U-SOG platform. The 

simulated scattering parameters of the U-SOG bend structure are shown in Fig. 5.21. The bend 

dimensions are the same as those simulated for the rib SOG bend and suspended SOG bend structures. 

These dimensions are Rb = 1 mm, θb = 30 °, LpI = 0.5 mm, and LpII = 0.25 mm. The U-SOG waveguide 

dimensions are W = 100 µm, H = 50 µm, Wc = 60 µm, and Hc = 50 µm. A low insertion loss of 0.07 – 

0.48 dB is obtained for this bend structure over the entire frequency band of 0.9 – 1.1 THz and the 

return loss is always better than 25 dB.  

 

 

Fig. 5.20  Structure of the U-SOG waveguide bend. 
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5.4.2 Modal Analysis 

Modal analysis of the U-SOG waveguide is performed in HFSS. Two U-SOG waveguides with two 

different widths of the Si guiding channels equal to W = 100 µm and W = 150 µm are simulated and 

their results are shown in Figs. 5.22 and 23, respectively. In these two waveguides, the etched cavities 

below the Si guiding channels have widths of Wc = 60 µm and Wc = 110 µm, respectively. The other 

dimensions in these two structures are selected as H = 40 µm, Hc = 60 µm, and T = 500 µm (see Fig. 

5.19). 

 

Fig. 5.21  Simulated scattering parameters of the U-SOG bend structure shown in Fig. 5.20. 

 

  

(a) (b) 

Fig. 5.22  Modal analysis results of the U-SOG waveguide with W = 150 µm: a) normalized phase 

constant (β/k0), and b) attenuation constant (, dB/mm). 
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(a) (b) 

Fig. 5.23  Modal analysis results of the U-SOG waveguide with W = 100 µm: a) normalized phase 

constant (β/k0), and b) attenuation constant (, dB/mm). 

 

The single mode operation bandwidths in these two structures with W = 150 µm and W = 100 µm, 

extend over the frequency ranges of 0.8 – 1.035 THz and 0.88 – 1.06 THz, respectively. The two 

guided modes in these two structures are the Ex
11 and Ey

11 modes, respectively. In the waveguide with 

W = 150 µm, the attenuation constant is quite small and varies between 0.014 – 0.1 dB/mm over 0.8 – 

1.035 THz.  

In the waveguide with W = 100 µm, the attenuation constant is between 0.021 – 0.28 dB/mm over 0.88 

– 1.1 THz. Fig. 5.24 shows the distributions of the magnitudes of the electric field of the two Ex
11 and 

Ey
11 modes for the U-SOG waveguide with W = 100 µm, H = 50 µm, Wc = 60 µm, and Hc = 50 µm, at 

1 THz. As shown in this figure, the dominant Ex
11 mode is highly confined within the top region of the 

Si guiding channel. 
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(a) (b) 

Fig. 5.24  Distribution of the magnitude of the electric field in the U-SOG waveguide with W = 100 µm 

and H = 50 µm: a) Ex
11 mode, and b) Ey

11 mode. 

 

5.4.3 Parametric Studies 

Simulations are conducted to study the effect of different parameters on the propagation constant of the 

U-SOG waveguide. Fig. 5.25 shows the propagation constants of the waveguides with W = 100 µm, Wc 

= 60 µm, and T = 500 µm, for different values H and Hc, while H + Hc is constant and equal to 100 µm 

(the thickness of the Si device layer is 100 µm). As expected, by decreasing H, the operation bandwidth 

of the waveguide is shifted to higher frequencies. Fig. 5.26 shows the attenuation constant of the U-

SOG waveguide for different values of Hc when all other parameters are kept constant and equal to W 

= 100 µm, H = 50 µm, Wc = 60 µm, and T = 500 µm. By increasing Hc, the waveguide attenuation 

decreases. With an Hc = 50 µm, the waveguide attenuation is 0.038 – 0.32 dB/mm over the frequency 

band of 0.9 – 1.1 THz.  
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W = 100 µm 

Wc = 60 µm 

T = 500 µm 

(a) 

 

(b) 

Fig. 5.25  Simulation results of the U-SOG waveguide: a) attenuation constant, and b) phase constant. 

 

5.4.4 Simulation Results of the Designed Test Devices 

Several U-SOG waveguide test devices are designed for fabrication and measurement. These 

waveguides completely cover the frequency range of 0.8 – 1.1 THz. The dimensions of the designed 

test devices are provided in Table 5.2. Fig. 5.27 shows part of test setup where the top region of the Si 

guiding channel is tapered inside the metallic ports. The simulation results for the scattering parameters 
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of two of these devices are provided in Figs. 5.28, 29 for lengths of ~ 10 mm. The length of the tapered 

segments in all of these structures is Lt = 0.7 mm. Fig. 5.28 shows the simulated scattering parameters 

for the U-SOG waveguide with W = 150 µm (line 1 in Table 5.2) over the frequency range of 0.8 – 0.9 

THz. The insertion loss of a length of L1 = 9.8 mm of this waveguide, plus two transitions to the metallic 

ports, is only 0.61 – 1.4 dB over the entire frequency band of 0.8 – 0.9 THz. The return loss is always 

better than 25 dB. Fig. 5.29 shows the simulated scattering parameters for the U-SOG waveguide with 

W = 100 µm (line 5 in Table 5.2) over the frequency range of 0.9 – 1.1 THz. The insertion loss of a 

length of L1 = 10 mm of this waveguide is only 0.48 – 1.93 over the entire frequency band of 0.9 – 1.1 

THz. The return loss is always better than 30 dB. 

 

 

 

W = 100 µm 

Wc = 60 µm 

T = 500 µm 

H = 50 µm 

 

 

Fig. 5.26  Attenuation constants of the U-SOG waveguides for different values of Hc. 
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Fig. 5.27  Test setup structure for the U-SOG waveguide. 

 

Table. 5.2. Dimensions of the U-SOG waveguides studied in Figs. 5.28, 29.  

Rib SOG # W 

(µm) 

H 

(µm) 

Hc 

(µm) 

Wc 

(µm) 

T 

(µm) 

L1 

(mm) 

L2 

(mm) 

Lt 

(mm) 

1 150 40 60 110 500 9.8 19.8 0.7 

2 150 40 60 90 500 9.8 19.8 0.7 

3 110 40 60 70 500 10 20 0.7 

4 110 40 60 50 500 10 20 0.7 

5 100 40 60 60 500 10 20 0.7 

6 100 40 60 40 500 10 20 0.7 
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Fig. 5.28  Scattering parameters of the U-SOG waveguide with W = 150 µm (line 1 in Table 5.2) for a 

length of 9.8 mm between the two transitions. 

 

 

Fig. 5.1  Scattering parameters of the U-SOG waveguide with W = 100 µm (line 5 in Table 5.2) for a 

length of 10 mm between the two transitions. 
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5.4.5 Fabrication Technique 

The fabrication of the U-SOG waveguide is a two-mask process. To fabricate the proposed U-SOG 

waveguide, the device layer of the SOI wafer is etched up to a depth of Hc before bonding to the Pyrex 

wafer. The entire process flow is shown in Fig. 5.30.  

First the SOI wafer is cleaned using the Piranha process. The Si surface of the device layer of the SOI 

is coated with an 11 μm-thick photoresist using a spinner. The photoresist layer is patterned via optical 

lithography using the first glass-chromium mask. The DRIE technique is used to etch the Si device 

layer with the thick photoresist mask. The etch depth (Hc) is precisely controlled during the process. 

The two SOI and Pyrex wafers are cleaned using the Piranha process before bonding. The etched 

surface of the Si device layer is bonded to the Pyrex wafer via the anodic bonding technique. After 

successive wet etching of the Si handle and oxide layers, the Si device layer is etched. A thick 

photoresist mask, which is patterned via optical lithography using the second glass-chromium mask, is 

used as the etching mask. The Si guiding channel is formed via DRIE through the Si layer. The 

fabrication of the U-SOG waveguide test devices is currently underway at the time of writing. 

 

  



138 

 

 
Si 

 
oxide 

 
Thick Photoresist 

 
Pyrex 

 

  

 (a) (b) 

 

 

 

 

(c) (d) (e) 
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Fig. 5.2  Process flow of the fabrication of the U-SOG waveguide:  

a) coating the Si device layer with thick photoresist, b) optical lithography to pattern the mask, c) 

DRIE to etch below the Si guiding channel, washing out the photoresist mask in acetone, and piranha 

cleaning of the SOI and Pyrex wafers, d) anodic bonding of the etched Si surface to the Pyrex wafer, 

e) wet etching the Si handle and oxide layers, and coating the Si surface with photoresist, f) optical 

lithography to form the thick photoresist mask for the DRIE of Si, g) DRIE of the Si device layer to 

form the Si guiding channel, and h) washing out the photoresist mask in acetone. 

 

5.5 Conclusion and Discussion  

This Chapter discussed the extension of the SOG platform into THz frequencies with the emphasis on 

high-density integrated circuits application. It was theoretically shown up to 1.1 THz that although 

suspended SOG waveguide has low-loss at THz frequencies, still it has drawbacks in terms of high-
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density passive-circuit integration. To overcome these drawbacks and to achieve a more convenient 

structure, which does not show the intrinsic design limitations of a periodic structure, two new SOG 

waveguide structures, called the rib SOG and U-SOG waveguides, were proposed.  

It was demonstrated that these two SOG waveguides outperformed the suspended SOG waveguide at 

higher frequencies ~ 1.1 THz. These two novel SOG structures can serve as low-loss platforms for THz 

high-density integrated circuits. The fabrication techniques of these two new SOG structures were 

developed. The effect of different parameters on the proposed waveguides’ performances was studied. 

Rib SOG and U-SOG waveguides were designed for fabrication and measurement over the frequency 

ranges of 0.75–1.1 THz and 0.8–1.1 THz, respectively. Simulated results of the designed rib SOG 

waveguides showed attenuation constants of 0.01 – 0.03 dB/mm and 0.02 – 0.05 dB/mm over the 

frequency ranges of 0.75–0.9 THz and 0.9–1.1 THz, respectively. Simulations of the designed U-SOG 

waveguides demonstrated low attenuation constants of 0.02 – 0.1 dB/mm and 0.02 – 0.18 dB/mm over 

the frequency ranges of 0.8–1 THz and 0.9–1.1 THz, respectively. The fabrication of the U-SOG 

waveguides is underway. 
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Chapter 6  Integrated Passive Components Implemented on the 

Silicon-on-Glass Platform 

In Chapters 3, 4, and 5, silicon-on-glass (SOG) waveguides were proposed for millimeter-wave (mmW) 

and terahertz (THz) integrated circuits and their low-loss properties were demonstrated theoretically up 

to 0.5 THz and experimentally up to 1.1 THz. The fabrication technique of the SOG technology uses 

photolithography and deep reactive ion etching (DRIE) to define the features with sub-micron accuracy. 

The high-precision and compact features that are achievable in this technology make it an attractive 

candidate for use in mmW/THz compact passive components.  

In this Chapter, mmW passive components implemented on the SOG technology are discussed. 

Dielectric SOG tapered antennas and fully-dielectric tunable SOG phase shifters are designed, 

fabricated, and measured. Other mmW SOG passive components, including bend, power divider, 

dielectric resonator, and phase shifter, have been studied in [109].  

6.1 Millimeter-Wave Tunable Dielectric Phase Shifters 

Low-loss phase shifters at mmW/THz ranges of frequencies are the key elements for phased array 

systems which are vital for fifth generation mobile networks (5G), mmW/sub-mmW radar, and 

mmW/THz imagers. At mmW/THz frequency ranges, dielectric phase shifters offer lower insertion 

loss than those based on resistive perturbation, due to the increasing skin effect as the frequency rises.  

The idea of dielectric phase shifters, by varying the distance between the waveguide and a block of 

dielectric, was first introduced for microwave frequencies in [140, 141]. In [141], researchers developed 

a theoretical model based on the effective permittivity method to study dielectric phase shifters 

consisting of asymmetrical slabs coupled to the rectangular rod dielectric waveguides, and simulation 

and measurement results were compared up to 30 GHz. In this Section, mmW dielectric phase shifters 

implemented on the SOG platform are discussed. Two kinds of dielectric phase shifters, the first one 

consisting of a symmetric silicon (Si) slab coupled to the SOG waveguide and the second one using 

asymmetric BLT (barium lanthanide tetratitanates) slab-loaded on the SOG waveguide, are designed, 

fabricated, and measured. Their low-loss characteristics are then compared with those of state-of-the-

art mmW phase shifters. 
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6.1.1 Symmetric Si-Coupled SOG Phase Shifter 

6.1.1.1 Phase Shifter Structure 

The proposed phase shifter along with its test setup is shown in Fig. 6.1. The phase shifter consists of 

a symmetric Si slab which is coupled to the Si channel of the corrugated SOG waveguide studied in 

Chapter 4. The Si slab and the Si guiding channel have similar dimensions: H = 0.5 mm and W = 1.1 

mm. The thickness of the glass substrate is T = 0.5 mm. The etched pattern has dimensions P = 0.5 mm, 

a = 100 µm, b = 1 cm, and d = 60 µm. The tapered sections of the Si channel each have lengths of Lt = 

6 mm and the Si channel between these two tapered sections has a length of L = 19 mm. In addition to 

decreasing the insertion loss, the corrugation provides a highly symmetric medium surrounding the Si 

channels since the glass substrate is etched in most of the regions below the Si guiding channel. Along 

the coupled section, two orthogonal odd and even modes are propagating. The length of the coupling 

slab is designed to couple back most of the energy to the Si waveguide at the end of the coupling region 

with minimal insertion loss. The operation principle is discussed in the following Section in more 

details. The coupling length is ls = 5 mm. The phase shifting is achieved by changing the coupling 

distance between the Si waveguide and the Si slab. 

This is the first time that a phase shifter based on the coupling of a dielectric object to the dielectric 

waveguide is implemented in the mmW range. As a proof-of-concept, a micro-positioner is used to 

move the Si slab. In the next step, a micro-electromechanical systems (MEMS) based technology which 

is fully compatible with the SOG technology platform, will be introduced for moving the top dielectric 

slab.  

 

 

Fig. 6.1  Symmetric coupled SOG phase shifter and its test setup [114]. 

x 

y 

z 
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6.1.1.2 Operation Principle 

The operation principle of the proposed phase shifter is based on the coupling. Dominant Ex
11 mode is 

excited in the SOG waveguide. This mode propagates along the waveguide and at the beginning section 

of the coupling segment two even and odd modes are excited. These two modes propagate along the 

coupling segment. At the end of this section, if the difference in the phase variation of these two modes 

is π (this is a quantitative explanation to obtain an initial design parameter), then Ex
11 mode, after 

experiencing a certain amount of phase shift controlled by the coupling distance g, is coupled back to 

the SOG waveguide with minimal insertion loss. By varying the coupling distance g, the propagation 

constants and the coupling amplitudes of the two even and odd modes change. Consequently, the total 

output phase of the wave exiting the coupled segment changes. The operation principle of this phase 

shifter should be differentiated from those based on perturbing the dielectric waveguide [109, 142- 

143]. 

To confirm the fact that only even and odd modes are excited along the coupling segment, the following 

simulations are conducted in high frequency structure simulator (HFSS). In the simulated structure, 

which is shown in Fig. 6.2, cross sections A and B are defined as wave-ports with the dominant Ex
11 

mode and quite enough number of modes, respectively. Fig. 6.3 shows the simulation results of the 

coupling to the even and odd modes for different values of g. The simulation of this structure for 

different values of the coupling distances (g) shows how the amplitude of couplings to the two even 

and odd modes vary with g.  

 

 

Fig. 6.2  Simulated structure in HFSS. 
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(a) (b) 

  

(c) (d) 

Fig. 6.3  Simulation results of the structure shown in Fig. 6.2: a) variation of the coupling amplitude to 

the two even and odd modes (|S12:e| and |S12:o| respectively) versus frequency for two different values of 

the coupling distance g = 1 and 100 µm, b) variation of the normalized phase constants (β/k0) of the two 

even and odd modes versus frequency for two different values of g = 1 and 100 µm, c) variations of the 

|S12:e| and |S12:o| versus g at f = 95 GHz, and d) variation of β/k0 of the even and odd modes versus g at f 

= 95 GHz. 

 

As the simulation results show, two main modes are propagating along the coupling segment. The 

simulation results confirm that the coupling to the higher order modes is negligible and below -20 dB. 

Figs. 6.3(b, d) show the simulation results how the phase constants of the two modes (βe and βo) vary 

with the coupling distance (g). The total phase variation is a combination of these two effects. As the 

simulation results show the generalized scattering parameters |S12:e| and |S12:o|, which respectively show 

the coupling amplitudes to the two even and odd modes, tend to each other by increasing the coupling 

distance g. This is quite reasonable given that by increasing g, the coupling between the two Si blocks 

(Si guiding channel of the SOG waveguide and the coupled Si slab) is decreased, and consequently the 
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two even and odd modes tend to have similar characteristics. 

6.1.1.3 Experimental Verification 

Fig. 6.4 shows the measured output phase over 95-110 GHz as the coupling distance (g) varies by steps 

of 12.5 µm. The plots show the relative phase shifts with respect to when g = 0. Phase shifts of 111° 

and 129° are achieved at frequencies of 85 GHz and 100 GHz, respectively. Fig. 6.5 shows the 

measured scattering parameters of the phase shifter test setup (Fig. 6.1) for four different values of g. 

As this figure shows, the return loss is always better than 15 dB. 

Fig. 6.6 shows the frequency variation of the maximum measured insertion loss for nine different values 

of g. The measured scattering parameters belong to a length of 19 mm of the structure (a length of ls = 

5 mm of the phase shifter plus 14 mm length of the waveguide), plus two transitions between the 

dielectric waveguide and the rectangular waveguide ports. The measured insertion loss of the transitions 

for a length of 19 mm of the corrugated SOG waveguide has been added to Fig. 6.6. The small 

difference between the two graphs confirms the low-loss characteristics of the proposed phase shifter. 

 

 

Fig. 6.4  Measured relative phase shifts of the SOG phase shifter [114]. 
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Fig. 6.5  Measured scattering parameters of the phase shifter test setup [114]. 

 

To extract the phase shifter insertion loss, the measured insertion loss of the waveguide is subtracted 

from that of the phase shifter test setup to de-embed the effect of transitions and the SOG waveguide 

segments. The maximum insertion loss of the phase shifter, extracted based on this technique, is shown 

in Fig. 6.6. The phase shifter insertion loss is quite small (< 2.8 dB) over the entire band. At 88 GHz, 

the maximum insertion loss is only 0.6 dB for a phase shift of 114° achieved at this frequency. Fig. 6.7 

displays the phase shifter’s figure of merit which is defined as the ratio of the maximum achievable 

phase shift over the maximum insertion loss (φ/ |S12|max), versus frequency. A maximum figure of 

merit of 187 is achieved at the frequency of f = 88 GHz. 

 

 

Fig. 6.6  Maximum insertion loss of the phase shifter extracted from the measured scattering parameters 

(|S21|max (corrected)). |S21|max shows the maximum insertion loss of the test setup (Fig. 6.1) [114]. 
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Fig. 6.7  Figure of merit of the phase shifter (φ/ |S12|max). 

 

 

(a) 

 

(b) 

Fig. 6.8  Electric field distribution over the y-z plane bisecting the structure: a) at 90 GHz and b) at 110 

GHz. 

 

Fig 6.8 shows the distribution of the magnitude of the electric field over the y-z plane bisecting the 

structure at frequencies of 90 GHz and 110 GHz (the phase shifter operational bandwidth is over 85 – 

100 GHz). As shown in this figure, at 90 GHz, the electric field couples to the Si slab and couples back 

to the SOG waveguide with low scattering loss. However, at 110 GHz, the length of the coupled slab 

is too long. As a result, there is scattering and radiation loss at the discontinuity of the coupled slab. 
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6.1.2 BLT-Loaded SOG Phase Shifter 

A fully-dielectric phase shifter based on loading of the SOG waveguide with a BLT slab is 

demonstrated in this Section. This technique was previously implemented on a coplanar waveguide and 

a Si image guide [144-146]. The main advantage of the phase shifting technique reported in [144-146] 

is that the variation in the insertion loss is quite small over a large phase change. The new SOG 

implementation of the BLT-loaded phase shifter structure is shown in Fig. 6.9.  

The phase shift is achieved by changing the propagation mode of the SOG waveguide using a high 

dielectric constant material placed over the top of the waveguide. In the BLT-loaded phase shifter, due 

to the high permittivity of the BLT material, the field is highly confined within the air region between 

the Si channel and the BLT slab. The phase shifting is achieved by changing the air gap, which can be 

considered as a new waveguide (BLT-air-Si). The Si channel of the corrugated SOG waveguide has 

dimensions W = 1.1 mm and H = 500 µm. The BLT dielectric slab has a dielectric constant of εr = 60, 

a thickness of Ts = 280 µm, a width of Ws = 5.6 mm, and a length of Ls = 4.2 mm.  

Figs. 6.10, 11 show the measured phase shift and the measured scattering parameters of the SOG phase 

shifter test setup (Fig. 6.9) as the distance g between the BLT slab and the Si channel of the SOG 

waveguide is changed by steps of 12.5 µm, respectively. A large phase variation was measured when 

the dielectric slab moved over a distance of g = 62.5 µm. In Fig. 6.10, the plots show the relative phase 

shifts with respect to when g = 0. Large total phase shifts of 138° and 82° are observed at frequencies 

of 95 GHz and 110 GHz, respectively. At 110 GHz, over a large phase variation of 82°, the change in 

the insertion loss is only 0.7 dB. When g = 62.5 µm, the insertion loss of the whole system, consisting 

of a length of 19 mm of the SOG waveguide and the two transitions to the rectangular waveguide ports, 

varies between 1.38 dB and 2.19 dB over 95-110 GHz. The return loss is always better than 16 dB. 

 

 

Fig. 6.9  BLT-loaded SOG phase shifter and its test setup. 
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Fig. 6.10  Measured relative phase shift of the BLT-loaded SOG phase shifter. 

 

  

(a) (b) 

Fig. 6.11  Measured scattering parameters of the BLT-loaded SOG phase shifter test setup: a) insertion 

loss and b) return loss. 

 

Fig. 6.12 shows the frequency variation of the maximum measured insertion loss for six different values 

of g. The measured scattering parameters belong to a length of 19 mm of the structure plus two 

transitions to the rectangular waveguide ports. The measured insertion loss of the transitions for a length 

of 19 mm of the corrugated SOG waveguide has been added to Fig. 6.12. To extract the phase shifter 

insertion loss, the measured insertion loss of the waveguide is subtracted from that of the phase shifter 

test setup. The maximum insertion loss of the phase shifter, extracted based on this technique, is shown 

in Fig. 6.12. The phase shifter insertion loss is 0.4 - 4.9 over the frequency range of 95 - 110 GHz.  



149 

 

 

 

 

Fig. 6.12  Maximum insertion loss of the phase shifter extracted from the measured scattering parameters 

(|S21|max (corrected)). |S21|max shows the maximum insertion loss of the test setup (Fig. 6.9). 

 

6.1.3 Performance Comparison 

Table 6.1 compares the performance of the proposed phase shifters with other mmW techniques in the 

literature. The Si-coupled SOG phase shifter shows measured phase shifts of 111° and 129° at 

frequencies of 85 GHz and 100 GHz, with maximum insertion losses of 0.65 dB and 2.5 dB, 

respectively. This table confirms the significant reduction in both the insertion loss and the size of the 

symmetric Si-coupled SOG phase shifter as compared to other techniques.  

 

Table. 6.1. Phase shifter performance comparisons. 

f (GHz) ϕ ϕ / ls (°/cm) |S21|max ϕ /|S21|max (°/dB)  

110 200 125 -6 33 [142] 

110 200 300 -4.6 43 [147] 

110 400 715 -4 98 [148] 

105 318 221 -2.7 148 [149] 

94 331 770 -3.4 97 [150] 

76.5 360 1028 -5.7 63 [151] 

109 87 21 -0.4 217 BLTloaded phase shifter 

101 113 27 -4.9 23 BLTloaded phase shifter 

100 129 258 -2.5 52 Si coupled phase shifter 

85 111 222 -0.65 170 Si coupled phase shifter 
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The Si-coupled SOG phase shifter and BLT-loaded phase shifter show measured insertion losses of 

0.65 - 2.5 dB over 85 - 110 GHz and 0.4 - 4.9 over 95 - 110 GHz, respectively. 

6.2 Millimeter-Wave Integrated Tapered Antennas 

One essential component in the realization of any imaging and wireless communication system is a 

high-performance antenna which can be integrated into a low-cost planar circuit technology. A 

dielectric tapered antenna with advantages including broad-bandwidth, high-efficiency, and 

compatiblity with mmW integrated circuits based on dielectric waveguides, is a promising candidate 

for high-speed communications, mmW phased array systems, and mmW/THz imagers. 

In [152- 154], tapered dielectric rod antennas excited by horn transitions from rectangular waveguides 

were reported for mmW applications. Although the reported antenna structures were based on dielectric 

waveguides, the metallic feeding structures were incompatible with integrated planar technologies. In 

[63], a tapered dielectric antenna made of alumina was realized in a substrate integrated image guide 

(SIIG, also known as a perforated image guide) platform. Using this technique, the tapered dielectric 

antenna was an integrated part of a planar circuit structure, in which low-permittivity regions 

surrounding the guiding channel were synthesized by dielectric slab perforation, at the cost of losing 

simplicity and lowering the circuit density [63]. A measured gain of 12.8 dB and a simulated efficiency 

of 74 % at 94 GHz were reported for this tapered antenna. For prototyping, a laser was used to cut the 

antenna structure out of the alumina substrate. 

A high-resistivity gallium arsenide (GaAs) dielectric tapered rod antenna was designed, fabricated, and 

measured in [155]. A gain of ~ 10 dB was reported for this antenna over 75-325 GHz. The antenna gain 

was limited by fabrication constraints which prevented a long tapering since cutting sharp tapered tips 

using a diamond blade makes the tips too fragile. Although the antenna was reported for mmW 

integrated circuits, no supporting substrate was introduced for the designed high-permittivity dielectric 

elements [155, 156]. 

A two-stepped pyramidal tapered rectangular rod antenna fabricated by controlled wet chemical etching 

of high-resistivity Si was fabricated and measured in [157]. A gain of 8–10 dB at W-band frequencies 

was reported for this antenna. Unfortunately, wet chemical etching of Si does not provide sufficient 

dimensional accuracy, which is highly critical at mmW/THz frequencies. A lateral dimension control 

of 5 μm was reported using this technique [157].  
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This Section presents mmW high-efficiency tapered dielectric antennas, which are designed and 

fabricated in the SOG platform. The fabrication process makes the tapered antennas with DRIE of the 

Si layer of the SOG platform. Two SOG tapered antenna configurations are investigated. In the first 

configuration, the glass substrate below the Si tapered antenna is laser-cut around the tapered segments. 

This antenna is designed for high-gain/efficiency over the frequency range of 50-75 GHz. In the second 

configuration, to further improve the radiation characteristics of the SOG tapered antenna in terms of 

gain/efficiency, the glass substrate below the Si tapered antenna is etched with hydrophilic acid (HF, 

49 %). This antenna can operate under either Ex
11-mode or Ey

11-mode excitations with highly linear 

polarizations, over the frequency band of 110 - 130 GHz. Numerical and experimental results are 

presented to validate the proposed antennas’ high-performance. These two SOG tapered antennas 

feature additional advantages including integrability and low-cost fabrication. 

6.2.1 Silicon-on-Glass Tapered Antenna 

The antenna structure, the measurement setup, and the near-field measurement system are shown in 

Fig. 6.13. The radiation measurements have been performed in the Electromagnetic Radiation Lab at 

the Centre for Intelligent Antennas and Radio Systems (CIARS), University of Waterloo. The radiation 

measurements are performed using near-field measurement systems from NSI, a PNA-X (Agilent 

Technologies Inc.), and OML extension modules with standard rectangular waveguide ports. 

The proposed SOG antennas is simulated and optimized in HFSS. The antenna is supported on an 

aluminum test setup with a conductivity of σ = 3.744×107 S/m. The ground plane is set to be 

advantageous so as to increase the antenna directivity due to the image effect. The proposed SOG 

waveguide is tapered inside the rectangular waveguide to couple the TEz
01 mode of the rectangular 

waveguide to the Ey
11 mode of the SOG waveguide. The tapered section of the transition has a length 

of Lc = 4 mm. This transition is optimized for maximum coupling to the dielectric waveguide modes 

with minimal return loss and spurious radiation from the transition. A length of Lw = 2 mm of the SOG 

waveguide, which connects this transition to the antenna, excites the antenna with the Ey
11 mode of the 

SOG waveguide. The Si channel of the SOG waveguide has a width of W = 0.8 mm and a height of H 

= 0.4 mm, and the thickness of the Pyrex is T = 0.5 mm. 
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(a) 

  

(b) (c) 

Fig. 6.13  Tapered SOG antenna measurement, (a) antenna structure, (b) measurement setup and the 

fabricated sample, and (c) near-field measurement system in CIARS [111]. 

 

The tapered antenna has two segments: 1) a feeding segment; and 2) a radiating segment [158]. Along 

the feeding segment, the width of the Si channel gradually decreases to make the normalized phase 

constant close to that of the air, or β/k0 ~ 1. The radiation is mainly coming from the radiating segment, 

whose length and taper angle are optimized to obtain uniform radiation along the segment. The antenna 

design is based on previously published work in the literature [158]. The antenna’s radiating tapered 

segment has a length of a few λ0. After the initial design values were obtained, the antenna is optimized 

in the HFSS to find the optimal shape of the antenna in terms of high directivity and low side-lobe level 

(SLL). For the optimized structure, the feeding and terminal tapers have lengths of LtI = 5 mm and LtII 

= 15 mm, respectively. At the end of the feeding taper, the width of the Si antenna reaches to 0.5 mm 

and the antenna tip is 0.1 mm.  

Two Si blocks are connected to the feeding tapered segment from both sides using a periodic 

configuration of Si beams. Simulations show that this configuration has an insignificant effect on the 

radiation characteristics of the antenna. These Si blocks are used for the alignment of the antenna inside 

the aluminum test setup. To fabricate the antenna, a pre-bonded SOG wafer with thicknesses of 400/500 

μm (Si/Pyrex) is used. After photolithography and DRIE through the Si layer, a laser machine is used 

y 
x 

z 
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to cut the Pyrex substrate around the antenna’s feeding and radiating tapered segments and the transition 

tapered segment. 

The radiation measurements are performed using the planar near-field measurement technique. This 

technique operates by sampling the amplitude and phase of the orthogonal components of the near-field 

over a planar surface (the antenna aperture). A metallic rectangular waveguide probe samples the x/y-

components of the electric field over a well-defined surface a few wavelengths in front of the antenna 

under test (AUT). The far-field vector patterns are obtained by combining the two sampled orthogonal 

tangential field components [159]. 

6.2.1.1 Simulation and Measurement Results  

Computational simulations and experimental studies are conducted to verify the proposed antenna 

performance over the wide bandwidth of 50-75 GHz. Fig. 6.14 shows the simulated and measured 

return losses of the antenna. The simulated and measured return losses of the antenna are better than 

13.7 dB and 15.5 dB, respectively, over the entire 50-75 GHz band. There is good agreement between 

the simulated and measured return losses over the entire band. 

Fig. 6.15 shows the simulated and measured E-plane and H-plane radiation patterns of the antenna at 

50 GHz. It can be seen that there is good agreement between the simulated and measured radiation 

patterns. Due to the presence of the ground plane, the main lobe has an elevation relative to the ground 

plane. Simulation and measurement results show the maximum radiation at elevation angles of θ = 16◦ 

and θ = 17◦, respectively.  

 

 

Fig. 6.14  Simulated and measured return losses of the antenna [111]. 
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(a) 

 

 

 

 

 

 

(b) 

Fig. 6.15  Simulated and measured radiation patterns of the antenna at 50 GHz: (a) E-plane radiation 

patterns and (b) H-plane radiation patterns at θ = 16°/17° (simulation/measurement) [111]. 

 

The simulated and measured E-plane SLLs are -9 dB and -13 dB, respectively. The simulated and 

measured H-plane SLLs are -16 dB and -15.9 dB, respectively. Simulation and measurement results 

reveale half-power beam-widths of 16° and 22° for the E-plane radiation pattern and 26° and 36° for 

the H-plane radiation pattern, respectively. Both simulation and measurement data indicate that the 

beam squint as frequency changes is not significant. Beam squint varies by only 6°, namely from 19° 

to 13° (less than 30% of the beam width), as the frequency changes over 50-75 GHz according to the 

simulations. 

Fig. 6.16 shows the simulated and measured directivities and gains of the antenna over its wide 
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operation bandwidth. As shown in Fig. 6.16(a), there is good agreement between the simulated and 

measured directivities of the antenna. At 50 GHz, the simulated and measured directivities are 16.6 dB 

and 16.4 dB, respectively. Simulations show maximum and minimum directivities of 17.1 dB at 55 

GHz and 14.5 dB at 74 GHz, respectively. A maximum measured directivity of 17.5 dB occurs at 67 

GHz and the minimum directivity of 14.6 dB occurs at 59 GHz. 

As mentioned before, a planar near-field measurement system is used to obtain the far-field radiation 

pattern. Using this method, the field radiated to the back of the antenna is not measured and therefore 

it is assumed that the radiating aperture is completely unidirectional (no back radiation). Thus the 

directivity measured by this method is always greater than the true directivity of the antenna and 

depends on the intensity of the back radiation (back-lobe) and the size of the scanned area. Large back-

lobe can cause large error (overestimation) in measured directivity. This is the main source of the small 

observed discrepancies between the two simulated and measured directivities. Simulations and 

measurements results show average directivities of 16 dB and 16.7 dB over 50-75 GHz, respectively. 

In the actual test structure, made of aluminum, the ground plane is finite. This adds conduction loss and 

wedge-diffracted field to the measurements. To study these effects, simulations are performed in HFSS, 

taking into consideration the actual geometry and material properties of the test setup structure. As 

shown in Fig. 6.16(b), the calculated gain, which is obtained by simulating the actual antenna test setup, 

is in good agreement with the measured gain. The difference between the averaged gain obtained from 

the simulation and that obtained from the measurement is 0.19 dB. However, as shown in Fig. 6.16(a), 

the gain obtained from simulation of the antenna on a large perfect electric conductor (PEC) ground 

plane (touching the radiation boundaries) shows very high radiation efficiency for the SOG antenna. In 

this case, the simulated gain and directivity have insignificant differences which results in an average 

efficiency of 0.98 % over 50 - 75 GHz. This high radiation efficiency demonstrates that the material 

losses in Pyrex and Si (the internal loss of the antenna) are quite small and that the reduction in the 

actual structure’s radiation efficiency is mainly due to test setup imperfections. 
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(a) 

 

(b) 

Fig. 6.16  Simulated and measured directivities and gains (a, b) [111]. 

 

 

Fig. 6.17  Radiation efficiency [111]. 
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Fig. 6.17 shows the efficiencies derived from simulations and measurements. The average measured 

efficiency over the entire band is 53 %. A maximum radiation efficiency of 67 % at f = 50 GHz is 

achieved by the measurement. As mentioned before, planar near-field measurement leads to an 

overestimation of the antenna directivity and consequently an underestimation of the efficiency. 

Therefore, the planar near-field measured efficiency is less than the true efficiency, which should be 

close to the simulated 70 % efficiency of the antenna, taking into account all the surrounding structures 

including the finite ground plane. The other source of discrepancies between the simulated and 

measured efficiencies is due to power leakage at the discontinuity between the rectangular waveguide 

segment of the test setup and that of the PNAX port (Fig. 6.13(b)). The leakage is suppressed in the 

modified test setup structure presented in Section 6.2.2.2. 

6.2.2 Suspended SOG Tapered Antenna with Dual-Mode Operation 

One of the unique advantages of the proposed SOG technology is the possibility of etching parts of the 

Pyrex substrate from below the devices to enhance their performances. This technique was used in 

Chapters 4 and 5 to reduce the waveguide loss at mmW/THz frequencies above 200 GHz. Even at lower 

frequencies, where the Pyrex is a high-quality low-loss substrate, etching the Pyrex provides better 

confinement within the Si structure. This property is used in designing the devices for which the lower 

interaction of the modal fields with the Pyrex substrate is highly advantageous to enhance their 

performances. In this Section, this property is used to significantly enhance the radiation performance 

of the SOG tapered antenna. The Pyrex substrate is removed from below the antenna tapered section in 

order to achieve a better radiation performance in terms of antenna directivity, gain, and efficiency as 

compared to SOG tapered antenna in Section 6.2.1. Although the antenna is tapered only in the x-

direction, it can support both Ex
11- and Ey

11- mode excitations with high-directivities, high-efficiencies, 

and low cross-polarization levels. This is due to the fact that the absence of the glass substrate below 

the Si tapered antenna provides better confinement within the Si and a higher degree of symmetry in 

the antenna structure.  

6.2.2.1 Design Specifications and Simulation Results  

The antenna is made of two Si and Pyrex wafers with thicknesses of 500 μm. The antenna structure is 

shown in Fig. 6.18. The same mask used for the fabrication of the SOG tapered antenna in Section 

6.2.1, is used to fabricate this antenna. All design parameters are similar between the two antennas. The 
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design parameters for the suspended tapered antenna are W = 800 μm, H = 500 μm, T = 500 μm, WtI = 

500 μm, Wtip = 100 μm, Lc = 4 mm, Lw = 2 mm, LtI = 5 mm, LtII = 15 mm, P = 500 μm. 

To fabricate the antenna, the Pyrex wafer is first etched in HF 49 % using a Cr/Au mask. After anodic 

bonding of the etched surface of the Pyrex wafer to the Si wafer, the antenna is formed by DRIE through 

the Si layer. Dicing of the wafer is performed from the Pyrex side in such a way as to totally remove 

the Pyrex substrate from below the transition and antenna tapered segments (Fig. 3.17 in Chapter 3). 

The suspended SOG tapered antenna has a more convenient fabrication technique than the SOG tapered 

antenna (Section 6.2.1) due to difficulties inherent in laser cutting the glass substrate. 

 

 

Fig. 6.18  Structure of the suspended SOG tapered antenna. 

 

Over the frequency band of 110 - 130 GHz, the proposed suspended SOG antenna demonstrates good 

radiation characteristics for both Ex
11- and Ey

11- mode excitations in terms of directivity, gain, and SLL. 

Since the antenna is fabricated with the same mask as the one used for the fabrication of the SOG 

tapered antenna, it is not optimized for short length. There are a range of variables for which the antenna 

shows good radiation performance. Simulation confirms that similar radiation characteristics could be 

obtained with shorter lengths of the antenna radiating segment. 

Fig. 6.19 shows the electric field distribution and the far-field radiation patterns in the suspended SOG 

tapered antenna for the two mode excitations. This figure shows the field distribution over the yz-plane 

bisecting the antenna structure, and over the xz-plane on the top face of the glass substrate at 130 GHz.  
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(a) 

 

 

(b) 

 

Fig. 6.19  Electric field distributions and far-field radiation patterns of the suspended SOG tapered 

antenna configuration of structure I at 130 GHz: a) Ex11-mode excitation and b) Ey
11-mode excitation. 

 

It is worth mentioning that the antenna is designed for an SOG integrated circuit, the ultimate goal 

being to have fully integrated circuits (including the source) in the SOG platform. However, since the 

measurement system has metallic ports, the SOG waveguide connected to the antenna is tapered. In the 

simulation results presented in this Section, the antenna structures shown in Fig. 6.20 are simulated in 

HFSS with wave-port excitations on the cross sections of the SOG waveguides to mimic their operation 

in the ultimate SOG integrated circuit. 
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Fig. 6.21 shows the simulated radiation gains of the suspended SOG antenna structures I and II (Fig. 

6.20) for two different guided Ex
11-mode and Ey

11- mode excitations. For Ex
11- mode and Ey

11- mode 

excitations, structure I shows gains of 16 - 17.7 dB, and 17 - 17.6 dB, respectively, over the entire 

frequency band of 110 - 130 GHz.  

As shown in Fig. 6.20, the suspended SOG tapered antenna of structure I is excited with the suspended 

SOG waveguide proposed in Chapter 4. In other words, the Si guiding channel exciting the antenna is 

supported using periodic Si beams over the etched region on the Pyrex substrate. This configuration is 

highly recommended at mmW/THz frequencies above 200 GHz, where the significant material loss of 

the Pyrex substrate should be minimized. However, over the operation frequency range of this research, 

there is no requirement to etch the Pyrex below the Si guiding channel. Alternatively, the antenna 

configuration shown in Fig. 6.20(b) as structure II, can be used based on the application. From the point 

of view of antenna performance and fabrication simplicity, these two structures are the same. However, 

they are excited with two different SOG and suspended SOG waveguide connections. Simulation 

results of the suspended SOG tapered antenna of structure II show gains of 16.4 - 17.4 dB and 16.2 -

17.5 dB for Ex
11-mode and Ey

11-mode excitations, respectively. In the suspended SOG tapered antenna 

of structure II, a transition from the SOG waveguide (Si channel is attached to the Pyrex substrate) to 

the suspended Si waveguide is required. 

 

  

(a) (b) 

Fig. 6.20  Structures of the two studied SOG tapered antenna configurations: a) structure I: suspended 

tapered Si antenna connected to the suspended SOG waveguide and b) structure II: suspended tapered 

Si antenna connected to the SOG waveguide. 
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(a) (b) 

Fig. 6.21  Simulated antenna gain: a) Ex
11- mode excitation and b) Ey

11- mode excitation. 

 

Simulations demonstrate that for a confined mode within the Si channel, a sharp transition from the 

simple SOG waveguide to the suspended Si channel results in quite low transition loss. Fig. 6.22(a) 

shows the structure of this transition. The Si channel of the SOG waveguide has a width of W = 800 

µm, a height of H = 500 µm, and the thickness of the glass substrate is T = 500 µm. Fig. 6.23 shows 

the scattering parameters of this transition structure for the two Ex
11 and Ey

11 modes excitations. For the 

Ex
11 mode, the insertion loss of the transition varies between 0.05 dB and 0.18 dB over 110-150 GHz. 

However, for the Ey
11 mode, which has weaker confinement within the Si guiding channel, the insertion 

loss variation ranges from 0.14 to 2.4 dB. 

To reduce the transition loss in the suspended SOG tapered antenna configuration of structure II, the 

glass substrate of the SOG waveguide connected to the antenna is etched in a tapered configuration to 

form a smooth transition between the two waveguides. This structure is shown in Fig. 6.22(b). The 

length of the tapered etched section is Ltg = 2 mm and at the end of this section, the width of the etched 

section reaches to Wt = 1.6 mm. Fig. 6.24 shows the scattering parameters of this transition structure, 

when the structure is excited with Ex
11 and Ey

11 modes. For the Ex
11 mode, the insertion loss of the 

transition varies between 0.04 dB and 0.11 dB over 110-150 GHz. For the Ey
11 mode, this variation 

ranged between 0.1 - 0.49 dB. The return loss is better than 20 dB for both modes. This transition 

structure is used in the suspended SOG tapered antenna of structure II. 
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(a) (b) 

Fig. 6.22  Structures of the transitions from the SOG waveguide to the suspended Si channel: a) sharp 

transition and b) tapered transition.  

 

 

Fig. 6.23  Scattering parameters of the transition from the SOG waveguide to the suspended Si channel 

(structure in Fig. 6.22(a)). 
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Fig. 6.24  Scattering parameters of the transition from the SOG waveguide to the suspended Si channel 

(structure in Fig. 6.22(b)). 

 

6.2.2.2 Experimental Results  

The suspended SOG tapered antenna of structure I is fabricated and measured. The fabricated antenna 

sample and the measurement setup are shown in Fig. 6.25. The tapered section of the Si channel of the 

SOG waveguide is inserted inside the rectangular waveguide with dimensions 1.65 mm × 0.825 mm 

(WR 6). For the Ex
11- mode excitation, the rectangular waveguide port is rotated by 90°. In order to 

decrease the effect of the measurement setup edge diffracted fields on the radiation pattern 

characteristics, the ground plane of the test setup is made larger than that used in Section 6.2.1 and the 

critical parts were covered by mmW absorbers during the measurements. To suppress the power 

leakage at the discontinuity of the connection between the metallic waveguides of the PNA-X port and 

that of the test setup (Fig. 6.13), in the modified test setup the metallic waveguide segment is omitted 

from the aluminum holder, which now works only as the ground plane (Fig. 6.25). Instead, the metallic 

waveguide segments made by OML Inc. with high dimensional accuracies are used to excite the 

antenna. 

For the two different Ex
11-mode and Ey

11-mode excitations of the tapered antenna, the antenna is 

designed to radiate in azimuth and elevation polarizations, respectively. The azimuth and elevation 

directions are defined in Fig. 6.25. Figs. 6.26, 27 show the simulated and measured E-plane and H-

plane radiation patterns of the antenna at 130 GHz for the two orthogonal Ex
11-mode and Ey

11-mode 
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excitations, respectively. For each excitation, the azimuth and elevation patterns of the co-polarization 

and the elevation pattern of the cross-polarization are provided.  

 

 

 

 

 

 

 

 

 

Fig. 6.25  Fabricated suspended SOG tapered antenna sample and the metallic test setup. The plots in the 

sub-figures show the definitions of elevation and azimuth directions (angles). 

 

There is good agreement between the corresponding simulated and measured radiation patterns. 

Simulations result in maximum co-polarization radiation elevation angles of 25° and 16° for Ex
11-mode 

and Ey
11-mode excitations, respectively. The corresponding measured maximum radiation angles for 

these two excitations are 19 ° and 13.5 °, respectively. The simulated E-plane and H-plane SLLs for 

the Ex polarization are -17.7 dB and -14.9 dB, respectively and the measured corresponding SLLs are -

18.1 dB and -13.5 dB, respectively. The simulated E-plane and H-plane SLLs for the Ey polarization 

are -20 dB and -18 dB, respectively and the measured corresponding SLLs are -12 dB and -21 dB, 

respectively.  
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(a) 

 

(b) 

Fig. 6.26  Simulated and measured radiation patterns for the Ex
11-mode excitation: a) H-plane radiation 

patterns of the co-polarization (Co pol) and cross-polarization (X pol) components and b) E-plane 

radiation patterns at the maximum radiation elevation angle. 

 

The simulated radiation patterns at 130 GHz show half-power beam-widths of 38 ° and 17 ° under Ex 

excitation for the E-plane and H-plane radiation patterns, respectively. For the Ey excitation, the E-

plane and H-plane half-power beam-widths are 33 ° and 38 °, respectively. For the Ex and Ey 

polarizations, the simulations show cross-polarization levels of -45 dB and -50 dB at the maximum 

radiation directions, respectively. The measured corresponding cross-polarization levels are -9.7 dB 

and - 18 dB, respectively.  
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(a) 

 

(b) 

Fig. 6.27  Simulated and measured radiation patterns for the Ey
11-mode excitation: a) E-plane radiation 

patterns of the Co pol and X pol components and b) H-plane radiation patterns at the maximum radiation 

elevation angle. 

 

Fig. 6.28 shows the measured return loss of the antenna for the two modes. The plots show the return 

loss measured from the rectangular waveguide ports. For the Ex and Ey modes, the return losses are 

better than 9.2 dB and 10.1 dB, respectively, over the entire band. The measured return losses are 

affected by the misalignment of the antenna tapered section inside the rectangular waveguide ports. 

Simulations confirm that the beam squint as a function of frequency is insignificant. Fig. 6. 29 shows 

the simulation results for the co-polarization maximum radiation elevation angles for the two excitation 

modes. The beam squint is only 6°, namely from 19° to 25° (35% of the beam width), for the Ex 
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polarization as the frequency changed over 110-130 GHz. For the Ey polarization, this variation is only 

3°, the beam squint being from 12° to 15° (10% of the beam width). 

 

 

Fig. 6.28  Measured return losses of the antenna. 

 

 

Fig. 6.29  Simulated elevation angles of the maximum radiation for the two mode excitations. 

 

Standard gain horns (SGH) are used to measure the antenna’s gain. In order to assess the gain, the 

measured far-field of the AUT is compared to that of an SGH with a known gain. The difference in 

signal level is the difference in gain between the AUT and SGH. The measured gain is accurate within 

±0.3 dB. 

Fig. 6.30 shows the simulated and measured directivities and the measured gains of the antenna over 

its wide operation bandwidth. There is reasonable agreement between the simulated and measured 
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directivities of the antenna. To obtain the simulated directivities in Fig. 6.30 the actual test setup 

including the rectangular waveguide port and tapered segment of the transition is simulated in HFSS. 

This is the main source of the small discrepancies observed between the simulated directivities 

presented in this figure and those presented in Fig. 6.21 for structure I. 

 

 

(a) 

 

(b) 

Fig. 6.30  Measured and simulated radiation directivities and gains: a) Ex polarization and b) Ey 

polarization. 

 

As mentioned before, the far-field radiation patterns are obtained using a planar near-field measurement 

system, in which the field radiated to the back of the antenna is not measured. Thus, depending on the 

directivity of the AUT, the directivity measured by this method will be somewhat larger than the true 

directivity of the antenna. This is the main source of the small discrepancies seen between the simulated 
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and measured directivities. Misalignment of the antenna structure inside the test setup is the second 

source of the discrepancies. 

Fig. 6.31 shows the radiation efficiencies derived from measurements for the two polarizations. Very 

high radiation efficiencies of 94 % at 123 GHz and 99 % at 110 GHz are measured for the Ex and Ey 

polarizations, respectively. The two polarizations show efficiencies of 85 % and 88 % (in average over 

110 - 130 GHz), respectively. Table 6.2 summarizes these results. As mentioned before, the planar 

near-field setup overestimates the antenna directivity and consequently underestimates the efficiency. 

It is expected, therefore, that the actual efficiency of the antenna over the entire band is higher and 

closer to the maximum measured efficiencies.  

 

 

Fig. 6.31  Antenna measured radiation efficiency (η). 

 

6.2.3 Performance Comparison 

Table 6.3 compares the performance of the novel SOG tapered antenna and the suspended SOG tapered 

antenna with other mmW tapered dielectric antennas reported in the literature. The suspended SOG 

tapered antenna, which can be excited by either Ex or Ey
 modes (dual-mode operation), shows 

significantly better performance in terms of gain and efficiency as compared to the state-of-the-art 

techniques. In addition to dual-mode radiation, the proposed design can be integrated with the rest of 

the radio front end in high-precision SOG technology platform at low cost. 

6.3 Concluding Remarks and Discussion 

Two low-loss and compact fully-dielectric integrated phase shifters were designed, fabricated, and 

measured on the SOG platform. A high dielectric constant BLT-loaded SOG phase shifter was 
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presented with an operation bandwidth of 95-110 GHz. A phase shift of 138 ° at 95 GHz was 

demonstrated using a device length of 4.18 mm. At 110 GHz, a large measured phase shift of 82 ° was 

obtained, while the variation in the insertion loss was only 0.7 dB.  

 

Table. 6.2. Antenna directivity, gain, and efficiency. 

 min fmin max fmax 

gain (dB, test, Ex) 16 126 17.5 115 

directivity (dB, test, Ex) 16.9 119 18.2 113 

directivity (dB, simulation, Ex) 13.7 114 17.5 110 

η (%, Ex, test) 73 129 94 123 

gain (dB, test, Ey) 15.6 121 18.2 119 

directivity (dB, test, Ey) 16.4 121 18.8 118 

directivity (dB, simulation, Ey) 16.5 130 17.8 111 

η (%, Ey, test) 79 125 99 110 

 

Table. 6.3. Antenna performance comparison. 

Structure f (GHz) Gain  η 

Dielectric image tapered antenna [63]  94 12.8 74 

Dielectric tapered rod antenna [155] 75 - 325 10 --- 

stepped pyramidal tapered rod antenna [157] 75 - 110 8 - 10 --- 

SOG tapered antenna 50 - 75 10.8 - 14.9 39 - 67 

Suspended SOG tapered antenna (Ex) 110 - 130 16 - 17 73 - 94 

Suspended SOG tapered antenna (Ey) 110 - 130 16 - 18 79 - 99 

 

A phase shifter based on the coupling of a symmetric Si slab to the corrugated SOG waveguide was 

proposed. The operating principle of this phase shifter is based on the coupling. Along the coupling 

region, the coupling amplitude and propagation characteristics of the two even and odd modes are 

changed by changing the coupling distance between the two coupled Si channels. The fabricated sample 

showed measured phase shifts of 111 ° and 129 ° at frequencies of 85 GHz and 100 GHz, with 

maximum insertion losses of 0.65 dB and 2.5 dB, respectively. 

A wideband tapered SOG dielectric antenna was proposed for mmW applications. The measured return 

loss of the antenna over a wide bandwidth of 50-75 GHz was better than 15.5 dB. The simulated and 
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measured radiation patterns were in good agreement. The measured directivity and gain of the antenna 

varied between 14.6 – 17.5 dB and 10.8 – 14.9 dB, respectively, over the entire frequency band of 50-

75 GHz.  

To improve the radiation efficiency and gain of the SOG tapered antenna at the mmW range of 

frequency, the idea of the suspended SOG tapered antenna was introduced. Based on this idea, a 

wideband suspended SOG tapered antenna was fabricated, and measured. The suspended SOG tapered 

antenna, which can be excited by either Ex
11-mode or Ey

11-mode, showed high-directivity, high-gain, 

and high-efficiency for both excitations. Using this technique, high efficiencies of 94 % for Ex 

polarization and 99 % for Ey polarization were achieved in the experiment. This is the first time that 

such high radiation efficiencies have been reported over the high frequency range of 110-130 GHz.  
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Chapter 7  Concluding Remarks and Recommendations for Future 

Work 

7.1 Summary and Contributions 

In this thesis, a new silicon-on-glass (SOG) platform was proposed for millimeter-wave 

(mmW)/terahertz (THz) low-loss integrated circuits. A high-precision technique was developed for the 

SOG fabrication where the alignment between the sub-structures in the integrated circuit is 

automatically achieved during the fabrication process without any manual intervention. In order to 

extend the operational frequency of the SOG platform toward the THz range, new SOG waveguide 

structures were proposed to overcome the problem of the increasing material loss of Pyrex glass as the 

frequency rises. The SOG waveguide low-attenuation constant was demonstrated theoretically up to 

1.1 THz and experimentally up to 0.5 THz. Theoretically and practically, there is no limitation to 

extending the operating frequency of the SOG platform to higher THz frequencies (i.e., > 1.1 THz). 

In Chapter 3, SOG dielectric waveguides were demonstrated for mmW low-loss propagation. The 

fabrication technique of the SOG platform was expounded. It was shown that how SOG technology 

overcomes the main drawbacks of the state-of-the-art mmW integrated-circuit technologies. Silicon 

(Si)-confined modes were explored in the SOG dielectric ridge waveguide structure, and their cutoff 

conditions were studied. A test setup was designed to measure the propagation characteristics of the 

SOG waveguide. To improve the coupling characteristics of the transitions from the metallic 

waveguides of the network analyzer to the SOG dielectric waveguides, the idea of removing parts of 

the glass substrate below the tapered segments of the transitions was developed. Measured dispersion 

diagrams of the SOG dielectric waveguide showed average attenuation constants of 0.63 dB/cm, 0.28 

dB/cm, and 0.53 dB/cm over the frequency ranges of 55 – 65 GHz, 90 – 110 GHz, and 140 – 170 GHz, 

respectively.  

In Chapter 4, the extension of the SOG platform to higher frequencies (i.e., > 200 GHz) was 

investigated. Highly resistive Si and Pyrex glass material loss characteristics were discussed over the 

mmW/THz range. The increasing material loss of Pyrex glass as the frequency rises, and the consequent 

increase in the SOG waveguide attenuation constant, were discussed at the THz frequencies. In order 

to overcome the problem of greater material loss in the Pyrex substrate at frequencies above 200 GHz, 

the idea of etching parts of the Pyrex substrate below the Si guiding channel was developed. Two new 
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SOG waveguide structures, called the suspended SOG waveguide and the corrugated SOG waveguide, 

were proposed.  

It was shown that by proper design of the periodic supporting beams dimensions – the beams being 

used to provide strong mechanical support for the suspended SOG waveguide – the Bragg band gap is 

avoided over the waveguide operation bandwidth. Suspended SOG waveguides were designed for 

single mode operations. Low measured attenuation constants of 0.31 dB/λ0 (average) and 0.42 dB/λ0 

(average) were achieved for the fabricated suspended SOG waveguides over the frequency ranges of 

350 – 500 GHz and 400 – 500 GHz, respectively. These measured attenuation constants confirmed that 

the low-loss characteristics of the suspended SOG waveguide significantly outperformed state-of-the-

art techniques. Two techniques, dry etching and wet etching, were considered for corrugating the Pyrex 

substrate in the corrugated SOG waveguide. It was shown that corrugated SOG, despite its performance 

limitations at higher frequencies, can still serve as a potential platform for mmW high-density 

integrated circuits up to ~ 300 GHz. 

In Chapter 5, two new SOG waveguide structures, called the rib SOG and U-SOG waveguides, were 

proposed for THz high-performance integrated circuits. It was demonstrated that these two SOG 

waveguides outperformed the suspended SOG waveguide at higher frequencies ~ 1.1 THz. These two 

novel SOG structures can serve as low-loss platforms for THz high-density hybrid/integrated circuits. 

The fabrication techniques of these two new SOG structures were developed. The effect of different 

parameters on the proposed waveguides’ performance was studied. Rib SOG and U-SOG waveguides 

were designed for fabrication and measurement over the frequency ranges of 0.75 – 0.9 THz and 0.9 – 

1.1 THz. Simulated results of the designed Rib SOG waveguides showed attenuation constants of 0.01 

– 0.03 dB/mm and 0.02 – 0.05 dB/mm over the frequency ranges of 0.75–0.9 THz and 0.9–1.1 THz, 

respectively. Simulations of the designed U-SOG waveguides demonstrated low attenuation constants 

of 0.02 – 0.1 dB/mm and 0.02 – 0.18 dB/mm over the frequency ranges of 0.8–1 THz and 0.9–1.1 THz, 

respectively. The fabrication of the U-SOG waveguides is underway. 

In Chapter 6, new fully dielectric phase shifters and tapered dielectric antennas, implemented in the 

SOG platform, were discussed. A new SOG implementation of the BLT-loaded phase shifter was 

implemented and measured over the frequency range of 95 - 110 GHz. A symmetric Si-coupled SOG 

phase shifter was proposed, fabricated, and measured over the frequency range of 85- 100 GHz, where 

low-loss characteristics of the phase shifter were demonstrated. Two wideband SOG tapered antenna 

structures were developed for mmW applications. In the first configuration, the glass substrate below 
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the Si tapered antenna was diced around the antenna in a tapered manner. Simulations and 

measurements of this antenna structure showed high directivities of 14.5–17.1 dB and 14.6–17.5 dB 

over the frequency range of 50–75 GHz, respectively. In the second configuration, the idea of etching 

the Pyrex substrate below the Si tapered antenna was used to improve the radiation characteristics of 

the antenna in terms of efficiency and gain. This configuration, which is called a suspended SOG 

tapered antenna, can work either in Ex or Ey mode. Measurements of the suspended SOG tapered 

antenna over the frequency range of 110–130 GHz showed high gains of 16–17.5 dB and 15.6–18.2 dB 

for Ex and Ey polarizations, respectively. These two polarizations showed high measured efficiencies 

of 94% and 99%, respectively, which are great achievements when compared to state-of-the-art mmW 

techniques. 

7.2 Future Work 

1. Packaging of the SOG technology platform 

Packaging of the SOG platform, to ensure complete protection against any impact from the 

environment, is the next step for enabling the SOG platform to be used in application-specific 

products. In this regard, several integrated circuit packaging (IC) and micro-electromechanical 

systems (MEMS) packaging techniques can be adapted to the SOG platform. In particular, 

using soft materials inside the package as a part of the SOG holding structure will help absorb 

mechanical shock.  

2. Active integration into the SOG technology platform 

SOG is a platform for hybrid integrated circuits for which a transition from planar off-chip 

waveguide to planar on-chip transmission line is required for active integration. To achieve 

this, two approaches are suggested. The first approach, which is mostly practical at lower 

mmW frequencies, is based on a transition from the SOG dielectric waveguide to the coplanar 

waveguide (CPW) and then a connection to the chip is achieved by the conventional flip-chip 

technique [160]. For the transition segment, a metallic layer is deposited and patterned on the 

top Si surface of the SOG waveguide [161]. The second approach uses an on-chip dipole 

antenna for coupling to the Ex
11 mode of the SOG waveguide [65]. 

3. Integration of MEMS technology into the SOG platform 

MEMS technology is fully compatible with the SOG technology platform. SOG (with low-

resistivity Si) is a well-developed technology platform for MEMS technology. To integrate 
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MEMS technology into the proposed SOG platform, one solution would be to implement 

metallic MEMS structures on the Si surface. Another solution could be to add a low resistivity 

Si layer to the SOG platform (in addition to the high-resistivity layer which is used for the 

passive component) for MEMS applications. A comprehensive fabrication technique needs to 

be developed for the integrated platform which consists of low-resistivity Si, high-resistivity 

Si, and the glass layers.  

4. Design and implementation of the Rib SOG and U-SOG passive components  

Dielectric phase shifters and tapered antennas based on the SOG technology were designed, 

fabricated, and measured in this thesis. Other passive components, including bend, phase 

shifter, dielectric resonator, and power divider have been developed on the corrugated SOG 

platform over the W-band by the other colleagues at CIARS [109]. The rib SOG and U-SOG 

waveguides, whose low-loss transmissions were demonstrated up to 1.1 THz, can serve as 

promising candidates for THz low-loss and high-density integrated circuits. Different passive 

components such as power dividers, phase shifters, filters, and bends can be implemented in 

these two SOG platforms based on similar ideas already developed in optical/microwave 

integrated circuits.  

5. U-SOG waveguide fabrication and measurement 

U-SOG waveguides with operation bandwidths over 0.75 – 0.9 THz and 0.9 – 1.1 THz were 

designed in Chapter 5. This new SOG waveguide configuration, whose fabrication is 

underway, should be further verified by experimental testing. 

6. Rib SOG waveguide fabrication and measurement 

Rib SOG waveguides with operation bandwidths over 0.75–0.9 THz and 0.9–1.1 THz were 

designed and their fabrication technique was discussed in Chapter 5. This new SOG waveguide 

configuration should be fabricated and further verified by experimental testing. 

7. Potential application of quartz glass in SOG technology  

The main drawback of using quartz, which has low propagation loss at THz, in place of the 

Pyrex substrate in SOG technology is the difficulty in directly bonding it to the Si due to their 

different thermal expansion coefficients. However, the potential application of quartz glass in 

SOG platform using adhesive material for the bonding to Si should be investigated. This will 

require that the bonding energies and THz material loss of the adhesive material be studied. 
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