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Abstract 

Electromagnetic sensors provide information about the environment around us. 

Historically, THz has been used for astronomy and other scientific insturments. Within 

this thesis, the aim is to investigate a variety of technologies that have the potential to 

bring THz technology to a wider market, by creating either low cost devices or 

technologies that can been monolithically integrated.  

Chapter 1 provides an introduction to THz and definitive material equations that underpin 

the simulations undertaken throughout the thesis. This is necessary as THz engineers and 

scientists come from a broad range of backgrounds where different definitions are 

deemed standard. 

Chapter 2 looks at the use of plasmonic devices for THz. Initatilly, the proposed spoof 

plasmon structure is investigated as a benchmark for simulation comparison and, 

secondly, the use of semiconductor surfaces is studied to create frequency tuneable 

sensors with highly confined fields. 

Chapter 3 moves towards more conventional quasi-optical metal mesh filters for low cost 

manufacture, comprising a single ultra thin metallic layer on a thick substrate. The 

chapter concludes with the initial design and simulations of a THz stress sensor based on 

the metal mesh filter. 

Chapter 4 looks into the use of photonic crystal technology. Several state-of-the-art 

devices are demonstrated: resonators, switches and attenuators. These devices have the 

potential to provide the building blocks for a future monolithically integrated THz 

architecture. 
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1 Introduction to Terahertz 

 

This short literature review provides a general introduction to terahertz (THz) 

technologies, design philosophies and covers material theory that underpins research in 

later chapters. For the specific technologies investigated in this thesis, a more detailed 

review covering each device is given at the start of the relevant section.  

The THz frequency region is considered to be one of the most underutilized parts of the 

electromagnetic spectrum. It lies between 0.1 – 10 THz, where the performance of 

conventional electronics falls off and that of photonics increases, Fig 1. Due to this, it 

presents novel research challenges and has received increasing interest because of its 

unique properties. THz radiation is considered safe for humans because it is:  non-

ionizing, due to the low photon energy; power sources are normally limited to 

micro/milliwatts; and the depth of penetration does not extend beyond the thickness of 

human skin [1].  

 

Figure 1: Electromagnetic Spectrum showing where THz is [2]  

The low THz frequencies of up to 0.6 THz are able to penetrate most non-metallic 

materials (e.g. clothing and plastics) [3]. This makes it useful for stand-off imaging 
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systems rather than using X-rays, which are a higher energy electromagnetic wave that 

can ionise molecules. THz waves above 0.6 THz excite molecular and atomic resonances 

and intra-band electron transitions in materials [4]. These result in frequency-domain 

“fingerprints”; frequency spectra that enable accurate spectroscopy to be performed on 

materials of interest, providing information unavailable at other frequencies. An example 

of this is shown in Fig. 2, where various spectra of explosives at THz frequencies are 

shown. This characteristic has allowed THz radiation to be useful for non-invasive and 

non-destructive testing. For example, it has already found its way into a number of 

civilian applications, including packaging failure analysis [5], quality control [6], food 

spoilage detection [7], historical art forensics [8] and pollution monitoring [9]. However 

all of these represent immature technology when compared to optical and RF hardware 

development. A good example of this seen Fig. 3, where there are three systems that 

provide a complete front-end system; as the operating frequency moves towards THz the 

solution becomes bench top scientific instruments. 

 

Figure 2: Example THz spectrum of various explosives [10] 



21 

  

 

Figure 3: Example front-end systems. a) 24 GHz Frequency Modulation Continuous-Wave Radar 

Front-End System-on-Substrate [11]; b) 60-GHz multi-chip module receiver employing substrate 

integrated waveguides [12]; c) 90 GHz optical bench medical imaging system [13] 

To develop new technologies at THz, we need to understand the historical applications 

and limitations. THz has been underused as the atmospheric losses are significant, when 

compared to RF and optical frequencies, as seen in Fig. 4. Also there is a gap in available 

sources known as the ‘THz Gap’, shown in Fig. 5.  These limitations led to THz radiation 

being predominantly of just scientific interest, for applications such as astronomy [14].  

 

Figure 4: Atmospheric attenuation of electromagnetic waves across the full frequency spectrum. [15] 
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Figure 5: The ‘THz Gap’ in sources, as seen by the decreasing output power of sources scaled from 

optics down in frequency and microwaves up in frequency.  [16] 

Today, there is a sustained drive to promote the development of THz technologies and 

their applications. From the scientific community, new THz sources, detectors and 

material systems are being investigated, with ever improving performances. For THz 

sources, solid-state oscillators, amplifiers and frequency multipliers have been steadily 

increasing in frequency, output power and power efficiency; allowing operation in the 

lower band THz region [17]-[20]. At high THz frequencies, optical-to-THz down-

conversion using photodiodes [21]-[22], photoconductors [23], or nonlinear optical 

effects [24] have been widely used. Moreover, the use of THz quantum cascade lasers 

(THz-QCLs) for THz carrier generation is being pursued intensively, ever since the first 

THz-QCL (operating at 4.4 THz) was demonstrated in 2002 [25]. Indeed, a great deal of 

effort has been made in reducing the frequency of operation; while also bringing up the 

working temperature from cryogenic towards room temperature. THz-QCLs can now be 

developed to cover a wide frequency range (0.84 to 5 THz) and operate at temperatures as 

high as 200 K [26]-[27].  
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Real progress has also been made in THz detectors. Here, cost-effective silicon-based 

field effect transistors (FETs), having submicron gate lengths, are used to sense the 

plasma frequency in the THz range [28]-[29]. Also, a single-photon THz detector has 

been invented, utilizing semiconductor quantum dots (QDs); this provides the highest 

sensitivity of any THz detector [30].  

Many groups are currently investigating sources and detectors for THz as this is the key 

limiting factor for creation of ubiquitous THz devices. There is also some research going 

on in creating THz devices, including amplitude and phase modulators [31]-[32], spatial 

light modulators [33], filters [34]-[35] and sensors [36]. However, as with most THz 

devices, they are still in their infancy for real commercial exploitation.  The current 

commercial market for THz devices is mainly test and measurement systems [36-38] or 

bespoke one-off systems [40]. There is an emerging trend to start research and 

development of low-cost THz engineering demonstrators to show the future capability of 

the technology, as shown by the three examples below, which show some of the unique 

capabilities of THz. 

 A. THz TDR Tags 

There are countless tagging technologies, operating across the whole frequency spectrum, 

which have been commercially exploited; RFID tags and barcodes are the most common 

examples. However, their signals can be easily intercepted and reverse engineered. 

Simple THz engineering offers a new tagging technology, based on time-domain 

reflectometry, TDR [41]. This approach relies on a stack of dielectric sheets having 

embedded defects. The defect could be a change in thickness or a sheet with a different 

dielectric constant, to create a unique TDR ‘key signature’ response. The main advantage 

of this technology, over current technologies, is that it is much harder to identify and 
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reverse engineer. Also, unlike RFID tags, they contain no metal and can be easily 

concealed. 

 

Figure 6: Illustration of the Tag stack with spatial defects over the corresponding frequency response, 

showing the encoding capacity of 19 layers [41]. 

B. Handheld THz Time-domain Spectroscopy 

Time-domain spectroscopy has also been a driving application for THz technology. 

However, most systems are laboratory based and so this limits their potential deployment 

as a ubiquitous application. However, recent advances have enabled the development of a 

handheld, battery powered system [42]. This system operates from 0.1 to 2 THz with a 

>50 dB dynamic range and a standoff detection of 10 cm. This shows that THz systems 

are becoming mature enough to be deployed outside of the laboratory and yet still 

perform accurate measurements. 

 

Figure 7: Handheld THz Spectrometer and example chemical spectra [42]. 
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C. Real-time CMOS THz Imagers 

There is considerable interest in developing low-cost security body scanners, for the 

screening of illegal substances and concealed weapons (e.g. capable of detecting hidden 

metals, plastic, liquids, gels, ceramics and narcotics concealed beneath a person’s 

clothing). Most work in this area has shown that systems may take minutes to produce 

images. However, a recently reported THz imager that employs CMOS technology can 

produce real-time images (e.g. 25 frames per second) [43]. This imager contains 1,000 

pixels operating between 0.6 to 1 THz. As CMOS is a mature and relatively low-cost 

technology, this type of imager could be easily integrated into existing systems for 

commercial exploitation. 

 

Figure 8: Real-time CMOS THz imager operating from 0.6 to 1 THz [43]. 

To create devices such as those illustrated, THz scientists and engineers have a unique set 

of tools (and challenges) at their disposal for engineering a solution. Broadly speaking, 

there are two approaches to every design problem. Firstly, devices can be scaled up in 

size from optics. The second, rather obvious, approach is to scale microwave components 

up in frequency and down in size to work at higher frequencies. There are two main 
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problems with frequency scaling device. For example, an X-band MPRWG has an 

internal cross section of 22.86 mm x 10.16 mm, operating at 8.2 – 12.5 GHz; whereas, a 

low THz WR 2.2 waveguide, which operates from 0.33 – 0.5 THz is 0.559 mm x 0.279 

mm. This means the waveguides are almost two orders of magnitude smaller. However, 

they are machined using the same technology. This means that losses, due to surface 

finish and misalignment, are greater as these do not linearly scale down in size. The 

second problem is the material assumptions made at low frequency, such as modelling 

metals as PEC, which introduce significant errors if they are applied at a higher 

frequency, as the material properties are frequency dependent.  

1.1 Intrinsic and Effective Material Parameters [J. (2)] 

Dispersion in the conductivity of metal-based structures can affect THz simulation 

results significantly and, therefore, they have to be properly taken into account when 

passive components are modelled. There are ambiguities in some definitions, due to the 

different backgrounds, when researching THz devices. Therefore, the theory that 

underpins frequency-domain solvers is presented here for unambiguous definition of 

materials used in models throughout this thesis. Frequency-domain solvers are only 

considered, as the majority of devices presented in this thesis have narrow spectral 

responses, making them more accurate to use when compared to time-domain solvers. 

 The relevant background to defining material parameters for frequency dispersive 

media starts with the generalised Ampere’s law (where the associated variables have their 

usual meaning): 

∇ × 𝑯 = 𝑱𝑓 +
𝜕𝑫

𝜕𝑡
 

(1)  

where 𝑱𝑓 = 𝑱𝑖 + 𝑱𝑐. Assuming that the impressed (external) current density 𝑱𝑖 is zero, the 

free current density 𝑱𝑓  reduces to the conduction current density 𝑱𝑐 . For an isotropic, 
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linear and dispersive medium, the constitutive equations can be written using a Taylor 

series as: 

𝑫 = 𝜀𝜠 + 𝜀1
𝜕𝜠

𝜕𝑡
+ 𝜀2

𝜕2𝜠

𝜕𝑡2
+ 𝜀3

𝜕3𝜠

𝜕𝑡3
+⋯ (2)  

𝑩 = 𝜇𝑯 + 𝜇1
𝜕𝜢

𝜕𝑡
+ 𝜇2

𝜕2𝜢

𝜕𝑡2
+ 𝜇3

𝜕3𝜢

𝜕𝑡3
+⋯ (3)  

  𝑱𝑐 = 𝜎𝜠 + 𝜎1
∂𝚬

∂t
+ 𝜎2

∂2𝚬

∂𝑡2
+ 𝜎3

∂3𝚬

∂𝑡3
+⋯ (4)  

where  𝜀𝑞 , 𝜇𝑞  and 𝜎𝑞  are weighting factors for the higher order terms. (1)-(4) can be 

expressed for the steady-state frequency domain (with 𝑒+𝑗𝜔𝑡 time harmonic dependence) 

as follows:  

∇ × 𝑯 = 𝑱𝑓 + 𝑗𝜔𝑫 (5)  

𝑫 = 𝜀𝑬 + 𝑗𝜔𝜀1𝜠 − 𝜔
2𝜀2𝜠 − 𝑗𝜔

3𝜀3𝜠 +⋯ ≡ ( 𝜀
′(𝜔) − 𝑗𝜀′′(𝜔)⏟          

𝜀(𝜔)

 ) (6)  

𝑩 = 𝜇𝑯 + 𝑗𝜔𝜇1𝑯− 𝜔
2𝜇2𝑯− 𝑗𝜔

3𝜇3𝑯 +⋯       ≡ ( 𝜇
′(𝜔) − 𝑗𝜇′′(𝜔)⏟          

𝜇(𝜔)

 )𝑯 (7)  

𝑱𝒄 = 𝜎𝑬 + 𝑗𝜔𝜎1𝜠 − 𝜔
2𝜎2𝜠 − 𝑗𝜔

3𝜎3𝜠 +⋯ ≡ ( 𝜎′(𝜔) − 𝑗𝜎′′(𝜔)⏟          
𝜎(𝜔)

 ) 𝜠 (8)  

where 𝜀(𝜔) , 𝜇(𝜔)  and 𝜎(𝜔)  describe the intrinsic bulk effects of polarization, 

magnetization and conductivity, in complex form, respectively. For standard metals at 

room temperature 𝜀(𝜔) ≅ εo, the permittivity of free space; with non-magnetic materials 

𝜇(𝜔) = 𝜇o, the permeability of free space; and with low frequency room temperature 

modelling of materials 𝜎(𝜔) ≅ 𝜎𝑜, intrinsic bulk conductivity at dc. In the more general 

case, (5)-(8) yield the following: 
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∇ × 𝑯 = 𝑱𝑐 + 𝑗𝜔𝑫 = (𝜎(𝜔) + 𝑗𝜔𝜀(𝜔)⏟          
𝜎𝑒𝑓𝑓(𝜔)

)𝑬 = 𝑗𝜔(𝜀(𝜔) − 𝑗
𝜎(𝜔)

𝜔⏟        
𝜀𝑒𝑓𝑓(𝜔)

)𝑬 (9)  

From (9), it is obvious that the effective parameters  𝜎𝑒𝑓𝑓(𝜔) and 𝜀𝑒𝑓𝑓(𝜔) can be used 

interchangeably; being related to each other by the textbook expression: 

𝜎𝑒𝑓𝑓(𝜔) = 𝑗𝜔𝜀𝑒𝑓𝑓(𝜔)  (10)  

where the effective permittivity  𝜀𝑒𝑓𝑓(𝜔) = 𝜀𝑜𝜀𝑟,𝑒𝑓𝑓(𝜔)  and 𝜀𝑟,𝑒𝑓𝑓(𝜔)  is the relative 

effective permittivity (this is commonly referred to as the dielectric function; although, 

this should not be confused with the dielectric constant, which represents only the real 

part of the relative effective permittivity). 

 Partitioning (9) into its real and imaginary parts, the following is obtained: 

∇ × 𝑯 = [(𝜎′(𝜔) + 𝜔𝜀′′(𝜔)⏟          
𝜎′𝑒𝑓𝑓(𝜔)

) − 𝑗 (𝜎′′(𝜔) − 𝜔𝜀′(𝜔)⏟          
𝜎′′𝑒𝑓𝑓(𝜔)

)]𝜠 

= 𝑗𝜔 [(𝜀′(𝜔) −
𝜎′′(𝜔)

𝜔⏟          
𝜀′𝑒𝑓𝑓(𝜔)

) − 𝑗(𝜀′′ +
𝜎′

𝜔⏟    
𝜀′′𝑒𝑓𝑓(𝜔)

)]𝜠 

(11)  

Then by rearranging (11) for 𝜀𝑒𝑓𝑓(𝜔)  the effective dielectric loss tangent 𝑡𝑎𝑛𝛿𝑒  is 

defined (even for a metal [28]) as follows: 

𝜀𝑒𝑓𝑓(𝜔) = 𝜀
′
𝑒𝑓𝑓(𝜔)(1 − 𝑗𝑡𝑎𝑛𝛿𝑒)    

where 𝑡𝑎𝑛𝛿𝑒 ≡
𝜀′′𝑒𝑓𝑓(𝜔)

𝜀′𝑒𝑓𝑓(𝜔)
=

𝜀′′𝑟,𝑒𝑓𝑓(𝜔)

𝜀′𝑟,𝑒𝑓𝑓(𝜔)
=

𝜎′𝑒𝑓𝑓(𝜔)

𝜎′′𝑒𝑓𝑓(𝜔)
 

(12)  

As can be seen from (12), the dielectric loss tangent quantifies the losses for a non-

magnetic material, but it does not distinguish the origin of different loss mechanisms. In 
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other words, it does not give any information about the polarization or conductivity loss 

contributions separately. This means that when material parameters are being evaluated 

experimentally the effective parameters (including 𝑡𝑎𝑛𝛿𝑒) should be used. However, in 

the open literature, many authors loosely use the terminology “complex permittivity” or 

“complex conductivity” to describe the effective parameters, based on the fact that the 

effective parameters are complex numbers [44-48]. This can be confusing if not defined 

explicitly, since the intrinsic permittivity and conductivity themselves can be complex 

numbers. Thus, it may be ambiguous as to whether the authors are referring to the 

intrinsic parameters, 𝜀(𝜔), 𝜎(𝜔),  or to their associated effective parameters, 

𝜀𝑒𝑓𝑓(𝜔) , 𝜎𝑒𝑓𝑓(ω); with the latter set always being complex numbers. When the former 

are represented by purely real quantities, as in the case where frequency dispersion of 

polarization can be neglected (e.g., metals having 𝜀′(𝜔) ≅ 𝜀𝑜 and 𝜀′′(𝜔) = 0): 

  𝜀𝑒𝑓𝑓(𝜔) = (𝜀
′(𝜔) −

𝜎′′(𝜔)

𝜔
) − 𝑗 (

𝜎′(𝜔)

𝜔
) (13)  

𝑡𝑎𝑛𝛿𝑒 =
𝜎′(𝜔)

𝜔𝜀′(𝜔) − 𝜎′′(𝜔)
 (14)  

To this end, (6)-(8) must always be compatible with the principle of conservation of 

energy, which in electromagnetic systems is expressed by Poynting’s theorem. Also, the 

passivity of such materials implies that the power dissipated per cycle per unit volume 

must be non-negative. Thus, 

ℜ{
1

2
𝑬 ∙ 𝑱𝑐

∗ +
𝑗𝜔

2
(𝑩 ∙ 𝑯∗ − 𝑬 ∙ 𝑫∗)} ≥ 0 (15)  

with the equality only being valid for a lossless material. Substituting (6)-(8) into (15) and 

re-writing in quadratic form gives: 

ℜ{[𝑬∗ 𝑯∗] [
(𝜎′(𝜔) + 𝜔𝜀′′(𝜔)) + 𝑗(𝜎′′(𝜔) − 𝜔𝜀′(𝜔)) 0

0 𝑗𝜔(𝜇′(𝜔) − 𝑗𝜇′′(𝜔))
] [
𝑬
𝑯
]} ≥ 0 (16)  
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Using the general relationship: 

ℜ{𝑨∗ ∙ 𝑴 ∙ 𝑨} = 𝑨∗ ∙ 𝚳′ ∙ 𝑨    where  𝑴′ =
𝑴+𝑴†

2
 (17)  

where † represents the conjugate transpose matrix and taking into account that (16) holds 

for arbitrary electric and magnetic fields, the matrix 𝑴′ must be positive semi-definite. 

This is ensured by the following two conditions: 

 𝜎′𝑒𝑓𝑓(𝜔) = (𝜎
′(𝜔) + 𝜔𝜀′′(𝜔)) ≥ 0   (18)  

and 𝜇′′(𝜔) ≥ 0 (19)  

In order that (18) holds for arbitrary frequencies, the conditions where 𝜎′(𝜔) ≥ 0 and 

𝜀′′(𝜔) ≥ 0 have to be verified. 

 When the classical relaxation-effect model for normal metals at room temperature is 

used, the intrinsic bulk conductivity is given by the following expression [20, 28]: 

𝜎(𝜔) =
𝜎𝑜

1 + 𝑗𝜔𝜏
= (

𝜎𝑜
1 + 𝜔2𝜏2⏟      
𝜎′(𝜔)

) − 𝑗 (
𝜎𝑜𝜔𝜏

1 + 𝜔2𝜏2⏟      
𝜎′′(𝜔)

) (20)  

where 𝜏 is the phenomenological scattering relaxation time and both 𝜎′(𝜔) and 𝜎′′(𝜔) 

are always positive numbers. 

 It is important to note that if a time dependence of the form 𝑒−𝑗𝜔𝑡  is used, the 

complex operator " + 𝑗"  in all the previous equations must be replaced with " − 𝑗" , 

resulting in material parameters being redefined by the forms 𝜀(𝜔) = 𝜀′(𝜔) + 𝑗𝜀′′(𝜔),

𝜇(𝜔) = 𝜇′(𝜔) + 𝑗𝜇′′(𝜔),  𝜎(𝜔) = 𝜎′(𝜔) + 𝑗𝜎′′(𝜔)  and 𝜎𝑒𝑓𝑓(𝜔) = −𝑗𝜔𝜀𝑒𝑓𝑓(𝜔) =

𝜎(𝜔) − 𝑗𝜔𝜀(𝜔). While this point may seem obvious, errors will be introduced when 

parameters and equations that adopt different conventions (e.g. when originating from 

different sources) are inadvertently mixed during the modelling process. By default, the 
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following standard commercial packages HFSSTM [51], CST MWS [52] and EMPro [53] 

adopt the 𝑒+𝑗𝜔𝑡 convention; while RSoft [54] adopts the 𝑒−𝑗𝜔𝑡 convention. 

Furthermore, [49-50, 55] shows that from a comparison of metal cavities, metal-pipe 

rectangular waveguides and analytical models it is possible to understand what materials 

apply to which boundary conditions and the correct method of entering the data into the 

solver. Table I shows the correct practice as identified in [55]. 

TABLE I 
 Summary of different modelling strategies for metal structures using HFSS™ and CST MWS [55] 

 

 

HFSS™ CST MWS 

Eigenmode 

Solver 
Other solvers Eigenmode Solver Other solvers 

 

 

Solid 

object 

definition 

Input 

parameters 
𝜎𝑜 or data file of  𝜎′(𝑓) 

 

 

𝜎𝑜  or discrete points 

of  𝜎′(𝑓) or  𝜔𝑝 and  𝜔𝜏 

Error significant negligible negligible/significant 

Model 

(1) classical skin-effect 

(2) simple relaxation-effect 
(3) classical relaxation-effect* 

(1) classical skin-effect 

(2) simple relaxation-effect 
(3) classical relaxation-effect 

Comments without "solve inside" function enabled 

For (1) and (2) the error is 

negligible, for (3) the error is 
significant 

 

 

FCB  

(HFSS™) 

 

and 

 

CWB 

(CST 

MWS) 

Input 

parameters 
𝜎𝑜 or  𝜎′(𝑓𝐼) 

 𝜎𝑜  or data file 

of  𝜎′(𝑓) 
 

𝜎𝑜 
𝜎𝑜 or  𝜎′(𝑓) 

Error negligible /small negligible negligible negligible 

Model 
(1) classical skin-effect 

(2) simple relaxation-effect 

Comments 

In general, 𝑓𝐼  is 
not known a 
priori so (2) is of 

limited use 

 

Input parameters are 

ignored, lossy metals are 
considered as PEC and σ is 

entered in the post-

processing stage 

Input parameters should be 
entered at each discrete 

frequency point 

 

LIB 

(HFSS™) 

 

Input 

parameters 

data file of 

𝜀′𝑟,𝑒𝑓𝑓(𝑓)  and 

  𝜎′(𝑓) 

data file of 

𝜀′𝑟,𝑒𝑓𝑓(𝑓)  and 

  𝜎′(𝑓) 

  

Error may be significant negligible 

Model 

(1) classical skin-effect 

(2) simple relaxation-effect 
(3) classical relaxation-effect 

Comments 

In general, this is 

a two-run 

simulation 

 

IB  

(HFSS™) 

 

and 
 

SIM 

(CST 
MWS) 

Input 

parameters 
𝑅𝑠(𝑓𝐼), 𝑋𝑠(𝑓𝐼) 𝑅𝑠(𝑓),  𝑋𝑠(𝑓) Data file of 𝑅𝑠(𝑓), 𝑋𝑠(𝑓) 

Error negligible negligible negligible significant 

Model 

(1) classical skin-effect 

(2) simple relaxation-effect 

(3) classical relaxation-effect 

(1) classical skin-effect 

(2) simple relaxation-effect 

(1) classical skin-effect 

(2) simple relaxation-effect 

(3) classical relaxation-effect 

Comments 

In general, 𝑓𝐼  is 

not known a 
priori so (2) is of 

limited use 

Input parameters 

should be entered 
at each discrete 

frequency point 

Input parameters are 

ignored, lossy metals are 
considered as PEC and σ is 

entered in the post-
processing stage 

 

* If the ‘solve inside’ function is disabled the results will not be correct. However, with the ‘solve inside’ enabled and with 

the input parameters shown later the results should be correct, although this approach is impractical as explained in the 

Discussion section.  
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The following chapter looks at the use of plasmonic devices for THz. Initially an 

overview of surface plasmon theory and follows with a study of correct electromagnetic 

modelling of a benchmark spoof plasmon structure from the literature. The chapter 

concludes by looking at the use of smooth silicon surfaces to create frequency tuneable 

sensors with highly confined fields for terahertz sensing. 

Chapter 3 moves towards more conventional quasi-optical metal mesh filters for low cost 

manufacture as are created on electrically thick substrates rather than the high cost and 

fragile electrically thin substrates conventionally used. Two different filter structures are 

experimentally demonstrated that comprise a single ultra thin metallic layer on an 

electrically thick fused silica substrate. Both structures show excellent out of band 

rejection. The chapter concludes with a novel design and simulation of a THz stress 

sensor based on the metal mesh filter. 

Chapter 4 looks into the use of photonic crystal technology. Several state-of-the-art 

devices are demonstrated: resonators, switches and attenuators. The resonators have been 

measured and demonstrated to have an unloaded Q-factor of ~9,000 that is limited by the 

dielectric substrate. The switches and attenuators work across the operating band of the 

W1 defect waveguide and show a maximum attenuation of 60 dB and up to 40 dB across 

the whole band. These devices along with waveguides and splitters provide the building 

blocks for a future monolithically integrated THz architecture with potential applications 

in liquid sensing, communications and imaging. 
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2 Surface Wave Filters 

 

Surface waves have been of exploited for many applications over the years, for 

applications such as over-the-horizon-radar. However more recent use of surface waves is 

in the field of plasmonics [56]. In plasmonics, the surface wave is a highly confined 

surface wave, known as a surface plasmon. It has been proven at optical frequencies to 

have many sensing applications e.g. temperature [57], bio-sensing [58] and improving 

LED efficiency [59].  

Within this chapter, the theory of surface plasmons and two possible methods for their 

realization at THz is presented. Firstly, a simulation study of ‘spoof’ surface plasmons, 

which shows that accurate modelling techniques are required to obtain the correct results 

and secondly surface plasmons on semiconductors.   

2.1 Theory 

Theory predicts a surface plasmon can exist at the interface between two materials with a 

change in sign of dielectric constant (real part of permittivity) at the interface as shown in 

Fig. 9. 

 

Figure 9: Material Interface for Surface Plasmon 
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Reference [60] gives an easy to follow derivation of this 2D problem, where the TM and 

TE modes are considered separately, to show the conditions required for a surface 

plasmon to exist. Presented here are the key parts of the TM mode derivation; other 

derivations can be found in [61].  

Firstly, by solving the wave equation, the fields in the two medium are calculated (21)-

(23) for the fields in material 1 and (24)-(26) for the fields within material 2 (with the 

material numbers defined in Fig. 9).  

 𝐸𝑥(𝑧) = 𝑗𝐴1
1

𝜔𝜀0𝜀1
𝑘1𝑒

𝑗𝛽𝑥𝑒−𝑘1𝑧 (21)  

 𝐸𝑧(𝑧) = −𝐴1
𝛽

𝜔𝜀0𝜀1
𝑒𝑗𝛽𝑥𝑒−𝑘1𝑧 (22)  

 𝐻𝑦(𝑧) = 𝐴1𝑒
𝑗𝛽𝑥𝑒−𝑘1𝑧 (23)  

 𝐸𝑥(𝑧) = −𝑗𝐴2
1

𝜔𝜀0𝜀2
𝑘2𝑒

𝑗𝛽𝑥𝑒𝑘2𝑧 (24)  

 𝐸𝑧(𝑧) = −𝐴2
𝛽

𝜔𝜀0𝜀2
𝑒𝑗𝛽𝑥𝑒𝑘2𝑧 (25)  

 𝐻𝑦(𝑧) = 𝐴2𝑒
𝑗𝛽𝑥𝑒𝑘2𝑧 (26)  

For a surface wave to exist, the fields must be continuous at the interface of materials 1 

and 2.  This condition is given in (27), by solving (21)-(26). Specifically, it shows that 

there must be a change in sign of dielectric constant across the interface, meaning that 

𝜀2
′ < 0 when 𝜀1

′ > 0, and vice versa. 

 
𝑘2
𝑘1
= −

𝜀2
𝜀1

 (27)  
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As with all electromagnetic waves the fields must conform to the wave equation giving 

(28)-(29), which can then be combined to find the dispersion relation for surface plasmon 

mode (29). 

 𝑘1
2 = 𝛽2 − 𝑘0

2𝜀1 (28)  

 𝑘2
2 = 𝛽2 − 𝑘0

2𝜀2 (29)  

 𝛽 = 𝑘0√
𝜀1𝜀2
𝜀1 + 𝜀2

 (30)  

A similar methodology can be presented for TE waves; however it will be found that 

surface plasmons cannot exist, as shown in [60-61].  

A typical dispersion curve for an arbitrary conductor is near the light line at low 

frequency but diverges away from the light line as it asymptotically reaches the surface 

plasmon frequency, 𝜔𝑠𝑝  (31), (with plasma frequency, 𝜔𝑝 , of the material defined by 

(32)) where the wave becomes highly confined to the surface. Typical examples of these 

diagrams are seen in [60]-[61]. 

 

 
𝜔𝑠𝑝 =

𝜔𝑝

√1 + 𝜀1
 

(31)  

 

𝜔𝑝 = √
𝑛𝑞2

𝜀0𝑚
∗
 (32)  

 

It is known that metals have a dielectric function with 𝜀𝑟
′ < 0 when the frequency of 

interest is lower than the plasma frequency. To accurately model the dielectric function of 

metals, the Drude Model (20) is used to calculate effective conductivity. This has been 

shown to be valid in [62] up to 100 THz depending on the metal. Above this frequency, 
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the inter-band transitions effects become significant and further correction factors are 

required to describe this mathematically. Once the effective conductivity is found, the 

effective permittivity is calculated using (10). Initially gold is considered for the 

conducting medium (having the following room temperature parameters: 𝜎𝑜 = 4.517·107 

S/m, 𝜏 = 27.135 fs [49]) and free-space is considered as the other medium.  

 

Figure 10: Dispersion diagram for a gold/free space interface at THz 

Figure 10 shows the dispersion diagram for a gold/free space interface. It is clearly seen 

that the surface plasmon frequency (ωsp) is much greater than the 0.3-3THz band 

required, as there is little separation. This means that for a THz sensor, gold (or infact 

other smooth metal surface) is of no practical use as the fields are weakly confined to the 

surface, due to the k vector of the surface plasmon being so close to the light line. 

There are several possible methods proposed to overcome this. The first is the use of 

spoof or designer surface plasmons. These create surface waves that are supported by a 

patterned metallic surface and have been widely modelled in various simulation domains 
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[63-65]. Within this section they are studied, to demonstrate how correct modelling 

practices must be used to generate the correct results using the various commercial 

frequency-domain software packages available. Time-domain codes are not considered, 

as they will introduce additional complications for causality, time gating and ringing (a 

good example of ringing is seen in Fig. 7 of [66]). 

2.2 Qualitative simulation for Designer Surface Plasmons [J. (2)] 

There are many results presented within the literature for designer surface plasmons at 

THz. Results presented in [65] show that it is possible for these ‘spoof’ surface plasmons 

to exist on a perfect electrical conductor boundary; meaning there is no field penetration 

into the conducting medium, whilst showing the same dispersion relation.  

 

Figure 11: Structure from [65] with 100 μm blind holes at: (a) 200 GHz; (b) 450GHz; and (c) 700 GHz, 

inserts show structure simulated in HFSS and  the frequency response presented in [65] 

Figure 11 shows the results of simulations carried out to verify that a PEC surface with  

100 μm deep blind holes, with a width and length of 500 μm  and 150 μm, respectively, 

penetrating the metal surface so that it is able to support these ‘spoof’ surface plasmons at 
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the THz band, as demonstrated in [65]. The surface wave was excited by a laser-like 

excitation, perpendicular to the direction that the surface wave travels.  It is shown that 

below the lower cut-off frequency there is very little transmission ,as shown by (a) at 200 

GHz, however when the frequency is increased to 450 GHz (which is where peak 

transmission occurs) it is see that the waves couple to the surface (b) and finally when the 

frequency is above cut-off (c) the energy is re-radiated. 

2.2.1 Benchmark Model Verification 

The simulation setup in Fig. 11 was useful for providing qualitative results to compare to 

[65]. However, due the large problem-space causing convergence issues within HFSS, the 

model is not completely accurate, due to mesh size limitations. To further study this 

structure and correct modelling procedures within the frequency domain solvers, a 

benchmark model was created. This is first compared to quantative results from [65].  

 

Figure 12: Spoof plasmon benchmark structure 

The benchmark structure has periodically-spaced rectangular blind holes (i.e., open 

cavities) that do not completely perforate the metal film [65], as illustrated in Fig. 12. The 
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width w and length l of the holes’ aperture is 150 μm and 500 μm, respectively, with a 

periodicity d of 250 μm and depth h of either 100, 140 or 635 μm. 

Figure 13 shows a comparison for PEC structures using the results from [65] and 

corresponding HFSS™ simulations using the benchmark model; while Fig. 14 shows a 

comparison of the experimental measured results from [65] and corresponding HFSS™ 

simulations using FCB (finite conductivity boundary) to model the fabricated aluminum 

structure. With σ0 = 3.767x10
7  S/m and 𝜏 = 7.407 fs [3.5], 𝜎′(𝑓) was calculated for 

use with the simple relaxation-effect model [49] for the FCB. 

 

Figure 13: Simulated transmission results for PEC structure with different blind hole depths from: (a) 

results in [65]; and (b) HFSS™ 
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Figure 14: Transmission results for aluminium structure from: (a) experimental results in [65]; and (b) 

FCB simulation results using HFSS™. 

It is seen in Fig. 13 and Fig. 14 that HFSS™ predicts a much sharper upper cut-off 

frequency response than the corresponding results presented by [65], which in turn gives 

a slightly higher frequency for the peak in transmission. However, they do agree in that as 

depth increases the upper cut-off frequency of the dominant mode shifts down in 

frequency. The data presented also differs because transmission is calculated from the 

amplitude of the E-field component, along the propagation direction in [65], rather than 

by the S21 in HFSS™. In addition, within the work from [65], the differences between 

their predicted and measured results shown in Fig. 13(a) and Fig. 14(a), respectively, is 

largely due to the introduction of the considerable ohmic losses (represented by the non-

zero 𝑅𝑠 ) that degrades the slope of the cut-off frequencies and frequency detuning 

(represented by the non-zero 𝑋𝑠) that shifts the response down in frequency. In addition, 

there could be further detuning, attributed to poor fabrication tolerances from the non-

micro fabrication nature of the manufacturing process. It should be noted that the data 
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presented in [65] has been normalized with scaling factors that are not specified in their 

paper, so the HFSS™ results cannot be scaled accordingly to match those in [65]. 

2.2.2 Dominant Mode Variation   

Since HFSSTM modelling has been shown to behave as expected, CST MWS and EMPro 

were also used to simulate the structure in Fig. 12, having blind holes in a gold substrate.  

The FCB boundary (or its equivalent) was used by all three software packages, as they 

were able to solve this problem in the frequency domain with waveguide excitations. 

The results are given in Fig. 15. They show that initial simulations with just the single 

dominant mode S21 provide widely varying predictions of performance from each 

software package. Further simulations were then performed with the lowest five modes 

excited at the ports, but with the results extracted for the dominated mode S21, as shown 

in Fig. 15 It can be seen that the software packages agree when more modes are included.  

The large discrepancies found with the frequency-domain solver in CST MWS have been 

attributed to the complicated broadband frequency response of the structure, and so the 

use of their transient solver was recommended [67]. 
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Figure 15: Simulated transmission results for the spoof surface plasmon waveguide for the dominant 

mode using: (a)  HFSS™; (b) CST MWS; and (c) EMPro. 

2.2.3 Boundary Condition Application 

 Figure 16 shows that there is little difference between the various boundaries and 

frequency dispersion models employed when 5 modes are excited at the ports and then 

the total transmission is calculated by the linear summation of all the five |S21| values for 

the dominant port mode. Since the maximum simulation frequency is only 0.45 THz, the 

results obtained with FCB (using the classical skin-effect model) are almost identical to 

those obtained with the LIB (using the classical relaxation-effect model). However, with 

EMPro, there is a notable difference in the predicted transmission heights and levels of 

detuning. 
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Figure 16: Simulated transmission results for the spoof surface plasmon waveguide with 5 modes 

excited at the ports using: (a) HFSS™; (b) CST MWS; and (c) EMPro. 

This research has highlighted the need for multiple-mode excitation, even if only the 

results for the dominant mode are needed. If the computational burden is not significantly 

increased, more modes should be calculate at the output for each excited mode to achieve 

more accurate results. More conclusions have been found with regard to modeling of THz 

metals structures, such as waveguides and cavities,  are presented in full in [55, 68]. Since 

this study designer plasmon structures, have been demonstrated as a THz sensor 

discriminating between various liquids [69]. It should be noted that an alternative 

approach to describe spoof/designer surface plasmons is to describe them as coupled open 

cavities. 

2.3 Surface Plasmons 

As was previously shown in Fig. 7, metals cannot strongly confine a surface wave, due to 

their dispersion relation being close to the light line. As one moves nearer to the surface 

plasmon frequency, the confinement of the wave to the surface becomes much greater, 

which is ideal for a sensor. Equations (31)-(32) show that to lower the surface plasmon 
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frequency one needs to reduce the plasma frequency. To do this, the material chosen must 

either have a reduction in the density of charge carriers (n) or an increase in the effect 

mass of the charge carriers ( m* ) compared to metal. It should be noted that the sign of 

the charge on the carrier will not affect the plasma frequency. Within a semiconductor the 

amount of charge carriers can be controlled through dopants and the resulting region has 

a lower density of charge carriers compared to metals.  

 Silicon is a common example of a semiconductor. It has fewer free charge carriers than 

metals and the local density of the free carriers can be controlled through doping, 

photoconductivity and through a biasing structure. Silicon is also widely used in the 

electronics industry, which opens up the possibility that if THz plasmonic devices can be 

created, they could be monolithically integrated with current technology. Previous results 

of THz plasmonics [70]-[74] look at the patterning of the surface, in the same way as 

coupling spoof plasmons. However, as the following will show this adds unnecessary 

extra processing steps to create the blind holes, when it is possible to couple THz waves 

to a smooth silicon surface with careful selection of the silicon properties. 

 To show the potential of silicon to create terahertz devices, dispersion plots for the 

surface interface with free space with various doping levels are calculated and plotted. To 

do this, the plasma frequency must be calculated using (32), using the data shown in 

Table 1 [75] and the effective mass of the hole (weighted mean of heavy and light holes) 

and electron which are 0.36 and 0.26, respectively [76]. Equation (33) [60] can then be 

used to find the silicon’s permittivity; dispersion curves for the surface plasmon modes 

are then calculated using (30).  

 

𝜀(𝜔) = 𝜀∞ −
𝜔𝑝
2

𝜔2 − 𝑗𝛾𝜔
 (33)  
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Table 1: Carrier Concentration vs. Doped Silicon Resistivity 

 

The predicted dispersion curves having a surface plasmon frequencies that lie within the 

THz band are shown in Fig. 17. The surface plasmon frequency is lower in n-Type silicon 

for the same resistivity as p-Type silicon; this is due to the lower effective mass of the 

electrons in n-Type. These show the potential to make a THz sensor with a highly 

confined field as the surface plasmon frequency is in the THz region. 

 

Figure 17: Dispersion diagram for various silicon wafers 

 To go on to experimentally verify these plots, a method to couple to the surface plasmon 

mode is required, as it lies away from the light line. There are three main methods to 

Resistivity (Ω·cm) P-Type Majority Carrier Concentration (cm-3) N-Type Majority Carrier Concentration (cm-3)

0.0001 1.20E+21 1.60E+21

0.001 1.70E+20 7.38E+19

0.01 8.94E+18 4.53E+18

0.1 2.77E+17 7.84E+16

1 1.46E+16 4.86E+15

10 1.34E+15 4.45E+14

100 1.33E+13 4.27E+13

1000 1.30E+13 4.20E+12

10000 1.30E+12 4.00E+11
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couple to the surface wave by matching k-vectors; (a) coupling gratings; (b) Otto method 

[77]; and (c) Kretschmann method [78], these are all shown in fig 18. Coupling grating 

[79] uses a periodic pattern etched into the surface and matches the incoming wave vector 

to the surface mode. 

 

Figure 18: Coupling mechanisms [80] (at optical frequencies hence metal) (a) grating coupler, (b) Otto 

Configuration, (c) Kretschmann Configuration. 

The Otto and Kretschmann methods are similar in the sense that they both use the 

frustrated total internal reflection of a prism’ for coupling. Kretschmann coupling is the 

preferred method used at optical frequencies, as it requires a thin deposition of metal 

(through evaporation or sputtering) onto a prism. If this method was to be adopted for 

THz devices, it would require a much larger deposition of semiconductor on a prism 

made of materials like paraffin wax. This prism would be distorted through the 

temperatures involved with deposition of the semiconductor, making the Kretschmann 

method unfeasible for a THz device. 
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The Otto coupling method is impractical for ubiquitous optical devices, due to the 

alignment precision required between the prism and the substrate. However, it is practical 

for THz devices as the tolerances scale up in size. This is preferential to coupling gratings 

as extra fabrications steps are require for the latter, thereby becoming higher cost. 

 

Figure 19: Comsol 2-D simulation setup for Otto coupling to silicon 

Figure 19 shows the simulation setup used within Comsol for proof of concept. The prism 

is modelled as paraffin wax, with 𝜀𝑟
′ = 2  [81], and the silicon is modelled as an 

impedance boundary condition. The excitation is provided by wave ports on either face of 

the prism. Figure 20 shows the results of the simulation, where the solid line shows the 

results with no silicon present, so the impedance boundary in Fig. 19 is set to a radiation 

boundary (as a reference). The dashed line shows the simulation when a 1 Ω ∙ 𝑐𝑚 n-Type 

silicon wafer is modelled as the impedance boundary condition. Both curves show a 

resonance superimposed on the transmission. This is caused by the Fabry-Perot resonance 

within the prism. At approximately 350 GHz, a sharp drop of 9 dB in transmission is 

seen. This is exactly as predicted by the numerical simulations in Fig. 21, where the 

dispersion line of the prism crosses the silicon surface plasmon mode dispersion curve. 

This means that energy is coupled into the surface plasmon mode on the silicon free space 

interface rather than being reflected off the prisms base. 
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Figure 20: Comsol simulation showing the predicted dropout at ~350 GHz when silicon is present 

 

Figure 21: Theoretical dispersion diagram of paraffin 1 Ω∙cm -type silicon 

To demonstrate the possibility of using silicon as a sensor the 1 1 Ω∙cm n-type silicon is 

used as a conductive medium and then the dielectric medium is swept from free-space 

𝜀𝑟
′ = 1 to 𝜀𝑟

′ = 10 in integer steps. Figure 22 shows the predicted downwards frequency 
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shift of the drop-out frequency, as 𝜀𝑟
′  of the dielectric medium increases. This 

demonstrates the possibility of using a planar silicon substrate as a THz sensor. 

 

Figure 22: Predicted frequency downshift for change in dielectric constant of medium 1 

2.4 Further Work 

Within Section 2.3, theoretical work and simulations demonstrate coupling of a surface 

plasmon mode on a silicon dielectric interface at THz frequencies. The logical 

progression of this work is experimental verification of these results, where n-Type and 

p-Type silicon wafers of the same resistivity have different dispersion curves verify Fig. 

17. This would be done through a similar setup employed with Comsol simulations 

Beyond this, there are a wide variety of sensors already available using surface plasmon 

modes in the optical range. These sensor are all constrained by the conductivity of the 

metal, which is not easy to modify. Therefore, to interrogate a different frequency, the 

angle of the light incident on the base of the prism has to change, to get a different k-

vector. However, at THz the conductive substrate is a semiconductor. It is well 
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understood that the local conductivity of a semiconductor can be modified by biasing or 

illumination. By undertaking such a process, it will be possible to sweep the frequency as 

the change in conductivity causes a shift in the dispersion diagram; changing the 

frequency that is coupled to the surface plasmon mode. This was seen by looking at 

different wafers. 

2.4.1 Electrostatic Sensor 

 The first method of locally modifying the conductivity of the silicon is to electrically bias 

the silicon. This has already been shown in many electronic devices and the simplest 

structure is the MOS capacitor. Figure 23 shows a concept device that has two top 

contacts and a bottom contact. By biasing the contacts, an electrostatic field will be 

generated. This will cause a movement of the free charges within the silicon which will 

oppose the field created. Using [82] to calculate the depth need to completely screen the 

field versus the silicon wafer resistivity, as shown in Fig. 24, it shows that this is a 

possible method to shift the frequency. For this sensor, a coupling grating would be 

integrated to couple to the surface plasmon mode, as seen in Fig. 18. 

 

Figure 23: Proposed electrostatic THz SPP sensor 
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Figure 24: Shielding depth for EM field in different resistivity wafers 

2.4.2 Photoconductive Sensor 

The second method to locally modify the conductivity of the silicon is to illuminate it 

with an electromagnetic wave, as silicon is a photoconductive material. This means that 

illuminating an area of silicon with an electromagnetic wave that has an energy greater 

than the silicon’s bandgap energy will generate electron-hole pairs in the silicon, which 

will locally increase the conductivity. A conceptual diagram of such a sensor is shown in 

Fig. 25. A prism is used to couple to the surface plasmon mode, using the Otto coupling 

method. A laser beam incident from the side illuminates a spot under the prism, where the 

surface plasmon mode will couple. This sensor has the potential to become a ubiquitous 

THz sensor, in applications such as bio-sensing where disposable sensors are needed to 

avoid cross contamination; one only has to replace the silicon substrate, as everything 

else is isolated from the sample.  
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Figure 25: Concept diagram of Otto coupled surface plasmon with laser spot modulating the silicon 

conductivity 
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3 Metal Mesh Filters 

 

Filters for sensing based on surface plasmons (discussed in the last chapter) are complex, 

as they require an accurate coupling method to excite the surface. A standard quasi-

optical filter is a frequency selective surface, and so require no special coupling methods. 

The metal mesh filter, created through periodically patterning a metal film, is used in 

applications such as astronomy [83], sensors and imaging [84]. Their design varies from a 

single layer of metal [85] to stacks of metal and dielectric spacing layers [86]. By 

employing various different patterns in the metal, it is possible to produce all forms of 

filters [86]; band-pass, band-reject, low-pass and high-pass.  

For THz there are several metal mesh filters commercially available, from 0.1 to 30 THz. 

Manufacturers typically do not show the out of band performance of the filters. For 

applications where good out-of-band rejection is vital, such as broadband spectroscopy. 

this performance information is critical to a systems engineer. Typical performance of 

QMC [87] and Lakeshore filters [88] are shown in Fig. 26 and Fig. 27, respectively. The 

filters from these two companies are regarded as state of the art, however they are 

expensiv;, often bespoke and made through a multilayer stack up process. 
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Figure 26: Lakeshore state-of-the-art THz metal mesh filters [88] 

 

 

Figure 27: QMC State-of-the-art THz metal mesh filters [87] 

These thin metallic films have been demonstrated on electrically thin substrates or 

encased within polymer layers to reduce the waveguide effect [89]. However, thin 

substrates are fragile and expensive and encasing the film within a polymer increases the 

cost due to the extra fabrication steps. The common alternative is to use self-supporting 

film designs, as demonstrated in lower frequencies [90]. However, at higher frequencies, 
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for the filters to support themselves the metal becomes electrically thick. Therefore, 

unwanted waveguide modes can be excited within the structure [91].   

This chapter demonstrates experimentally that, with careful design, standard 100 mm 

diameter and 525 µm thick wafers, which can be electrically thick, can be used for low 

cost, high performance and frequency-scalable ultra-thin metal mesh filters.  

3.1 Design [Int. Conf. (3)] 

 The bandpass filter structure designed is based on a cross-shape cut out of the metal layer 

as illustrated in Fig. 28. Initial simulations were run for a freestanding ultra-thin metal 

layer. This is a well known and understood structure [92]; the effects of each parameter 

on the design was confirmed by parameter sweeps. Figure 28 gives an illustration of the 

metal mesh filter with the design parameters: lattice constant (G), length of the cross (L), 

width of the cross (K) and metal thickness (h). It is found that to tune the filter response 

these parameters have the following affects; increasing the lattice constant will decrease 

the bandwidth, increasing the length of the crosses will decrease the resonance frequency 

and increasing the width of the crosses will decrease the resonance frequency and 

decrease the bandwidth. Finally, the thickness of the metal was kept thin, to avoid 

unwanted waveguide modes within the crosses. 

 

Figure 28: [92] Cross shaped filter design parameters lattice constant (G), length of the cross (L), width 

of the cross (K) and metal thickness (h). 
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The choice of substrate for the filters was limited by the following criteria: compatiblity 

with thin-film metallic processing (e.g. metal etchants, photolithography and sputter 

coating or evaporation), thick enough so as not to be too fragile during processing, rigid, 

and relatively low cost. 

From these criteria, three substrate choices were identified: quartz or fused silica, 

sapphire and high resistivity silicon. All three are good THz materials, having relatively 

high transmittance. The dielectric constant for sapphire and high resistivity silicon are 

>11, whereas for fused silica the dielectric constant is 3.76. If a high permittivity 

substrate is chosen, a Fabry-Perot etalon will be created, as an electrically thick substrate 

is used. This will reducing out of band rejection and causing interfere with the mesh filter 

response. For this reason fused silica was chosen. 

Figure 29 shows the stack up of the filter, as it would be used with the wave travelling 

from left to right, with n1 being free space, n2 the substrate and the filter is the thin metal 

mesh structure. When the substrate is added to the filter it detunes the filter from its free 

space response, due to dielectric loading. It is has been shown that 𝜆𝑅 →

𝜆𝑅𝑓𝑟𝑒𝑒√0.5 × (𝑛1
2 + 𝑛2

2) , where 𝜆𝑅 is the filter’s resonant wavelength and 𝜆𝑅𝑓𝑟𝑒𝑒 is the 

filter’s centre wavelength in free-space. This means that as a substrate is introduced 

where 𝑛2 > 1 the filter is detuned to a longer wavelength as 𝑛2 increases.  

 

Figure 29: Material Stack for filter 

Table 2 shows the optimised filters parameters to achieve resonances at 0.1 THz intervals 

over a 0.1 – 0.5 THz frequency band.  Simulations show that these produce the expected 
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filter responses, as seen in Fig. 30. However, the out-of-band rejection for a simple cross 

shape filter is poor.  

Table 2: Conventional Metal Mesh filter optimal parameters 

 

 

Figure 30: Simulated unit cell (a); and (b) results of 0.1, 0.3 and 0.5 THz filters 

A method of improving the out-of-band rejection is to add an inner cross, causing a 

trapped mode excitation [93]. The inner cross has the opposite surface current to the outer 

structure, as shown in Fig. 31, causing this trapped mode. Table 3 shows optimised 

parameters for two designs at 0.1 and 0.3 THz. The designs were limited to 0.3 THz, as 

the planned manufacture method was to use an acetate mask, which limited the minimum 

feature size to 10 µm. The simulated performance is given in Fig. 32 and compared with 

the corresponding simulation of cross filters shown in Fig. 30. It can be seen that there is 

a greatly improved out of band performance. 
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Figure 31: (left) Trapped-mode filter shape and (right) current distribution in the metal. 

Table 3: Trapped mode filter optimal parameters 

 

 

Figure 32 Simulated unit cell (left) and results of 0.1, 0.3 and 0.3 THz trapped mode filters (right) 

3.2 Fabrication Method [Int. Conf. (3)] 

Figure 33 shows the fabrication method for the filters. Firstly, a fused silica substrate is 

cleaned and then sputter coated with 35 µm of chrome. This layer acts as an adhesion 

promoting seed layer for the 150 µm gold layer, which is also sputtered coated. Without 

the seed layer the gold is likely to peel away from the substrate. Sputtering was chosen as 

it allows accurate control over the layer thickness, repeatability and smooth surface, when 
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compared to using evaporation deposition. To pattern the metal layers, a 1 µm thickness 

S1813 photoresist is then spun on the wafer, soft baked and then exposed and developed 

using standard photolithographic techniques. With this photoresist mask properly 

developed, the two metal layers are selectively etched separately, using gold and chrome 

wet etchants, respectively. The filters were then initially inspected under a standard 

optical microscope, to confirm that the metal layers were etched. Figure 34 shows the 

final filter  

 

Figure 33: Micro fabrication processing steps for metal mesh filters 

 

Figure 34: Microscope image of manufactured filters. 
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3.3 Measurement Results [Int. Conf. (3)] 

To measure these filters, the TeraView Spectra 3000 terahertz time-domain spectroscopy 

(THz-TDS) system was used. The sample were measured within a nitrogen purged 

chamber, to remove the effects of atmospheric absorption on the measured results [94]. A 

reference was established by measuring the transmission in the chamber when no sample 

was present and then the 0.4 THz conventional cross-shaped filter and 0.3 THz trapped-

mode design were measured from 0.06 – 3 THz, as shown in Fig. 35. As expected, the 

conventional 0.4 THz cross-shaped filter shows a pass band at 0.4 THz; however, a 

second mode at 0.5 THz is also observed. The improved 0.3 THz trapped-mode filter 

shows better out-of-band rejection, as well as an increase in pass band transmittance. 

 

Figure 35: Transmittance measurements of 0.4 THz cross-shaped and 0.3 THz trapped-mode metal 

mesh filters in linear unit and insert in decibels. 

 

 

 

 



61 

  

3.4 Stress Sensor [Int. Conf. (2)] 

Through simple modification of the THz mesh filter structure, it is possible to produce a 

THz stress sensor. Figure 36 shows the initial proposed theoretical device for a THz stress 

sensor [95]. The structure consists of a cross-shape filter embedded within a silicon 

substrate. Between the rows of filters, at the top and bottom of the unit cell a layer of 

polyethylene is added, which can compress under stress. This unit cell then forms a 3D 

array to realise the sensor. The predicted results show that when stress is applied to the 

structure the filter response is detuned to a lower frequency. If a single frequency is 

monitored, the change in transmittance is a measure of the stress applied. 

 

Figure 36 Proposed THz stress sensor 

Based on this concept, the prototype device shown in Fig. 36 was simulated. This device 

is designed to be easy to manufacture, to act as a proof of concept. The prototype is 

designed to operate at approximately 315 GHz. An array of 30 x 30 x 1 unit cells employs 

525 μm thick high resistivity silicon substrates with a metal cross filter on one side.  The 

30 rows of 30 cells are separated by a compression region (having an effective 

compressive range from ~10 to 60 μm) made from benzocylcobutene (BCB); with BCB 

also encapsulating the front and back of the complete array. The simulated structure 

shown in Fig. 37. Compared to the proposed device in [94] this removes the need for 

silicon wafer bonding to encapsulate the filters in silicon. 
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Figure 37: Simulated single cell (left), small sub-array (right)  

Compression of the BCB, caused by an applied stress, is simulated by reducing the 

thickness of the BCB region. When the device is compressed, the metal crosses come 

closer together in the vertical direction; shifting the frequency response of the filter down 

in frequency, which causes a change in the magnitude of the transmission, as shown by 

the curve in Fig. 38. An alternative method of measuring stress is to monitor the 

maximum transmission frequency as the stress is applied; the change in frequency will be 

proportional to the stress applied. 
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Figure 38: (top) Simulated frequency response as BCB is compressed and (bottom) Change in 

transmission at 315 GHz due to compression of BCB  
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3.5 Further Work 

  The results shown in this chapter show that a small decrease in the performance of the 

filter can be traded for a simpler manufacturing method and an increase in the mechanical 

strength of the filters. This makes them ideal for ubiquitous applications.  

A stress sensors has been explored theoretically and requires experimental verification. 

This will lead to measurement of a prototype device. It is expected that, due to the 

complimentary nature of the metal mesh filters, the sensor will work in reflection mode as 

well as transmission, leading to a wide variety of applications. For example the small 

sensor is embedded within a surface and then a handheld scanner is passed over the 

surface to map the stress in the surface (e.g. in walls before and after earthquakes). 
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4 Photonic Crystals 

4.1 Introduction 

 A photonic crystal is a structure that has an electromagnetic bandgap through an 

engineered periodic change in permittivity. This could be a 1-D, 2-D or 3-D structure as 

shown in Fig. 39.   

 

Figure 39: Examples of 1-D, 2-D and 3-D photonic crystals where the colours represent differing 

dielectric constant [96] 

The term photonic crystal was coined in the 1980’s by E. Yablonovitch [97] and S. John 

[98], however, the ideas behind photonic crystals have been studied for many years, 

starting with Bragg mirrors [99]. During the early 1990’s initial research was carried out 

in the microwave frequency band [100], where the capability to easily manufacture 

devices to prove the theory proposed by Yablonovitch and John [97]-[98]. These 

structures were large compared to competing technologies and there was no performance 

advantage to be gained over the then state of the art. As micromaching techniques 

developed, there was a move to create optical and infrared photonic crystals. A variety of 

different structures have been demonstrated at optical frequencies, such as waveguides 

[101], resonant cavities [102] and splitters [103]. 
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The work presented in this chapter brings photonic crystals back down in frequency. The 

devices demonstrated, waveguides, attenuators, switches and resonators have state-of-the-

art performances when compared to current commercial components. These devices 

provide the basic building blocks required to create more complex THz systems. 

Conceptual designs to give an idea how the photonic crystals can be used in a future 

monolithically integrated THz architecture, intended for front-end systems and also show 

the possibility of photonic crystal biosensors. 

4.2 Design of Bandgap Structure [J. (1)] 

The basis for creating high performance photonic crystal devices in the THz band is 

through the use of a low loss tangent substrate, which also has a high εr′. This is to 

minimize substrate losses in the dielectric and maximize the confinement due to total 

internal reflection, respectively. A second consideration for the material choice is that 

devices should be realized using our inhouse microfabrication facilities. This leaves two 

possible candidates, alumina or high resistivity silicon. An alternative, if there was no 

limit in manufacturing, would be sapphire, although this is a very expensive substrate 

choice.  

 

Figure 40: Measured εr′and tanδe of (a) alumina and (b) high resistivity silicon [104] 

Figure 40 shows εr′ and tanδe for both alumina and HRS across the THz band [104]. Both 

have a high εr′  but HRS has a lower tanδe that also decreases as the frequency increases. 
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This means that as designs are scaled up in frequency (down in size) there will be an 

improvement in performance due to reduce loss in the substrate. 

A second consideration in the choice of material is how the photonic crystals are 

manufactured. The type of photonic crystal considered are 2D, with a lattice of cylindrical 

air holes created within the substrate. A trial of laser machined alumina, to create 

photonic crystals with cylindrical air holes, had previously been performed by Dr S. 

Hanham. Figure 41 shows that this process causes significant curvature in the sidewall 

profile. This curvature causes a reduction in the size of the bandgap, as more modes are 

able to propagate. In contrast deep reactive-ion etching (DRIE) using the Bosch process 

of a HRS substrate provides an extremely vertical side walled cylindrical air holes, with a 

similar thickness etch as previously demonstrated in [105].  

 

Figure 41: Photonic crystal holes produced via laser machining alumina 

The choice of HRS as the substrate and the use of the available facilities meant that 

devices were manufactured from a 100 mm wafer. Without using any thinning processes, 

thus gives a 525 µm device thickness. From [96], it is determined that using the 

hexagonal lattice of air holes in the substrate, the devices will operate at around 100 GHz. 

To demonstrate that HRS photonic crystals have the potential to operate through the THz 

band devices would initially be made at W-Band (75-110 GHz), as this is the lower limit 
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of the THz band. As shown in Fig. 40, this is where the material properties for HRS are at 

their worst, so device performance will only improve as they are scaled up through the 

THz band.  

A hexahedral lattice was chosen for the photonic crystal lattice, as it gives a ‘TE like’ 

bandgap [96]. The results of a simulation of an infinite photonic crystal lattice calculated 

using [106] is given in Fig. 42. The photonic crystal is simulated to be 525 µm thick with 

235 µm diameter air holes spaced with a lattice constant of 780 µm. The bandgap for TE 

like modes lies between 97 and 127 GHz, with a centre frequency at 112 GHz and a 

fractional bandwidth of 26%. However, TM like modes can still propagate, if excited, as 

seen in Fig. 42. 

 

Figure 42 Band diagram for the photonic crystal design showing the TE-like modes (blue) and TM-like 

modes (red dashed). The bottom left inset shows the crystal lattice structure and the central bottom 

inset shows the lattice Brillion zone with the irreducible region shaded grey. 
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To experimentally verify the simulations, a method of coupling energy into the photonic 

crystal needs to be created to interface with the measurement equipment. To measure the 

device at these frequencies a vector network analyser (VNA) with W-band (WR10) 

waveguide multiplier heads is required. This means that a transition from MPRWG to 

photonic crystal needs to be created. As the mode within the photonic crystal is ‘TE like’, 

the PC should be mounted centrally and vertically at the MPRWG flange to obtain the 

correct field alignment. A triangular taper that protrudes inside the MPRWG was 

designed to reduce this mismatch, as seen in Fig. 43, which is 2.1 mm long and 1.2 mm 

high.  

 

Figure 43: Illustration showing how the solid triangular silicon taper fits inside the WR10 waveguide in 

the E-plane at the centre of the aperture. 

A photonic crystal lattice consisting of 11 rows of 20or21 holes, triangular coupling 

tapers and MPRWG with associated flanges was simulated within CST MWS. This was 

to confirm that it was possible to measure the predicted bandgap using the VNA. The 

simulated transmission is shown in Fig. 44, along with E-field magnitude plots. The 

simulated transmission confirms the bandgap is from 96 to 126 GHz and the E-field plots 

show that there is transmission above and below the bandgap; there is no transmission in 

the bandgap, with a noise floor of -50 dB (to be expected). 
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Figure 44: Simulated transmission demonstrating the band gap with corresponding electric field plots. 

4.3 Fabrication Method [J. (1)] 

The photonic crystals were manufactured using the method outlined here for the bulk 

micromachining of a 100 mm diameter HRS wafer that was 525 μm ± 5 μm with a 

resistivity > 10 kΩ·cm. Figure 45 shows the process flow for the fabrication. The first 

step is to ensure the wafer is clean and all surface contaminants are removed. An 

adhesion promoting layer (TI PRIME) is then spun on, followed by a ~10 μm thick layer 

of photoresist (AZ9260); 10 µm is a sufficiently thick layer of photoresist to be used as a 

soft mask for the 525 µm thru-wafer DRIE, as there is a preferential etch selectivity of 

80:1 [105]. The pattern of the photonic crystals to be fabricated was transferred into the 

photoresist, using standard photolithographic techniques utilizing a low cost acetate 

mask.  
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Figure 45 Microfabrication processing steps for the PC. 

When the photoresist has been fully developed the wafer is then etched within the DRIE 

system, using the standard Bosch process. This involves an alternating cycle of a plasma 

etch of SF6 and deposition of a passivation layer of C4F8. The etch/passivate cycle was 

continuously repeated until an etch depth of approximately two thirds of the wafer 

thickness was achieved. At this stage, a backing wafer needs to be applied to the wafer to 

protect the DRIE systems chuck. The backing wafer used is a low cost single side 

polished 100 mm diameter silicon wafer. It is attached to the HRS wafer using a 

thermally conducting paste (TCP) that will dissolve in isopropyl alcohol (IPA). TCP is 

used to ensure that that the heat generated by the DRIE process is transferred away from 

the HRS wafer avoiding unnecessary degradation of the selectivity of the photoresist 

mask. 

When the HRS is fully etched through, it is initially visually inspected with the backing 

wafer still attached, to confirm all holes have been fully etched through. Due to the 
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loading effects of DRIE it is found, as expected, that the holes near the centre of the wafer 

are etched faster than those at the edge. Once it is confirmed that all holes have been 

etched through the TCP and remaining photoresist are removed by cleaning with 

isopropanol, acetone and deionized water. 

 

Figure 46: (a) Etched hole viewed from above; and (b) typical sidewall profile (right). 

Figure 46 shows SEM images of a cylindrical airhole after the etching process. It can be 

seen in Fig. 46 (a) that the holes exhibit good roundness. Figure 46 (b) shows an image of 

one of the holes’ sidewall. To do this, a samples was cleaved in half through one of the 

cylindrical holes. The jagged edge in the foreground is due to an imperfect cleave 

process, but looking at the rest of hole one can see that the sidewall is extremely vertical; 

however, some surface roughness exists, as expected. This is due to the imperfect circular 

definition of the acetate mask used, where any defect is propagated down the sidewall of 

the structure. In future, this could be improved through the use of a more expensive 

chrome-on-glass mask. When comparing Fig. 46 and Fig. 41, it is clear that the holes 

created through the DRIE process have achieved a superior sidewall profile, when 

compared to laser machining. 

Various other fabrication methods have been proposed for the creation of photonic 

crystals. For example, in [107] an alternate approach uses a silicon oxide mask, as it is 

more selective for DRIE than a soft baked AZ9260 mask. However, this adds further 
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processing steps to grow, pattern and remove the oxide. Moreover, the high temperatures 

required to grow a thick thermal oxide layer can potentially introduce significant 

unwanted charge carriers and, thus, compromise the high resistivity nature of the HRS 

and in so doing reduce the performance of the photonic crystal. 

4.4 W1 Defect Waveguide 

Introducing defects within the PC lattice gives the ability to guide and manipulate the 

electromagnetic waves within the bandgap region. The simplest and most useful defect is 

a waveguide. In the photonic crystal lattice, a waveguide is created by the omission of a 

row of air holes. This form of waveguide is known as a W1 defect waveguide [96]. 

The device simulated in Fig. 44 was modified to include a W1 defect waveguide by 

removing the central row of air holes. The results were then recalculated for the W1 

defect waveguide structure. These results are shown in Fig. 47. The W1 defect waveguide 

operates from 102 to 127 GHz. The E-field plots clearly demonstrate that, when 

compared with Fig 44, transmission still exists through the lattice when the input 

frequency is below the bandgap. There is still a region of no transmission in the bandgap 

below the W1 defect cut-off frequency. Finally, it is seen that a mode is guided through 

the defect, for example at 112.5 GHz. It is of note that there is a standing wave 

superimposed, seen in |𝑆21|
2. This caused by the imperfect impedance match between the 

triangular tapers of the photonic crystal and the WR-10 waveguides; the waveguide 

length acts as a weak resonant cavity between the two tapers..  
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Figure 47: Simulated W1 defect waveguide demonstrating transmission with corresponding electric 

field plots. 

A W1 defect waveguide was manufactured and is shown in Fig. 48. The manufactured 

photonic crystal has more rows of cylindrical air holes than the one simulated. This is due 

to the size of the simulated structures being limited by the available memory on the 

workstations (at that time 24 GB of RAM).  

 

Figure 48: Photograph of photonic crystal with W1 waveguide defect 

The PC was then measured using the Rohde and Schwarz ZVA-24, with a pair of W-

Band (WR-10) frequency multiplier heads attached and calibrated using the TOSM 

method. This involves measurement of a ‘thru’, where both output waveguide flanges of 

the multiplier heads are connected to each other so they act as the reference planes of the 
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calibration. A short is then measured on each port, followed by an offset-short, where a 

shim that is a quarter of a wavelength long at the centre of W-band is added, and finally a 

match load is measured on both ports.  This calibration was performed from 80 to 110 

GHz for measurement of the photonic crystal waveguide.  

 

Figure 49: Measured performance of W1 defect waveguide 

Figure 49 shows the measured results for the photonic crystal W1 defect waveguide. It is 

seen that the waveguide operates from 92-105 GHz. Measured performance is better than 

the simulations predict, due to the simulated structures having fewer rows of air holes due 

to the limited computational power available at the time. It has previously been shown 

that as the number of rows in a photonic crystal lattice increases there is a better 

confinement of the waves, due to having more Bragg reflections increasing the 

confinement of the waves.  

4.5 Switch/Attenuator [Int. Conf. (4, 9)] 

To create compact front end systems, for applications such as RADAR that have a single 

antenna connected to the transmit and receive circuitry, requires RF switches [108]. There 
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are currently two types of millimetre-wave switches that exist commercially: 

electromechanical switches [109] and PIN diode switches [110]. An electromechanical 

switch generally provides low insertion loss and high power handling capabilities, but 

suffers from a limited lifetime due to mechanical fatigue of its moving parts. In contrast, a 

PIN diode switch has a higher insertion loss and lower power handling capabilities, but as 

it is a solid-state device it has a theoretically infinite lifetime.  As an example of 

commercially available performance, a Millitech PSP-10 W-band switch has a 10 GHz 

switchable bandwidth and 25 dB isolation [111]. 

The HRS substrate of the photonic crystal is photoconductive. This means that the local 

conductivity can be modulated by optical illumination. The illumination source needs to 

have a free-space wavelength 𝜆0 ≤hc Eg⁄ , where h is Planck’s constant, c is the speed of 

light and Eg the band gap energy of silicon. Such a source will generate free carriers (i.e. 

electron-hole pairs) within the silicon and hence increase its conductivity [112].   

Simulations of the structure were carried out using the commercial electromagnetic 

modelling software HFSS™. The illumination was modelled as a 2 mm2 circular spot on 

both sides of the W1 defect waveguide. The 3D conductivity profile of the spot was 

calculated using numerical simulations from Silvaco. The simulated laser operates at 808 

nm, with a power density of 80W/cm2. The photonic crystal for these experiments has a 

slightly lower bandgap than other designs. This is because the initial proof of principle 

experiments were to be carried out using a Gunn diode source that has an operating 

frequency of 91.898 GHz. This meant the cut-off frequency of the PC W1 defect had to 

be reduced. The air holes have a radius of 270 μm and lattice spacing of 900 μm with a 

standard 525 μm thick HRS substrate. This provides a band gap from 85 GHz to beyond 

110 GHz.  
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Figure 50 shows the simulation results. It is clearly seen that a band gap extends from 85 

GHz upwards, and the W1 defect waveguide operates over a range of 88 to 98 GHz with 

less than 1.5 dB of insertion loss predicted. When the laser is illuminating the substrate, 

the insertion loss increases to over 44 dB, which represents a greater than 40 dB reduction 

in power transmission through the crystal. 

 

Figure 50: Simulated results across W-Band for the switch in the ‘ON’ (no illumination) and ‘OFF’ 

(illuminated) states. 

To experimentally verify theses simulations, the setup shown in Fig. 51 was used. It 

consists of a 91.898 GHz Millitech GDM-10-0-17H WR10 Gunn diode source with an 

external isolator attached. The PC is then inserted between the isolator and a Millitech 

DXP-10 Schottky barrier beam lead diode detector. As with all the experimental setups 

using the PC, it sat centrally within the waveguide so it is at the field maximum and the 

coupling tapers protrude fully inside the MPRWG. The output of the detector is measured 

using a Marconi Instruments VSWR meter, having an internal variable attenuator. The 
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laser illumination is provided by a pair of IPG Photonics PLD-33 laser diodes, which 

produce a spot diameter of ~1.5 mm on each side of the PC, as shown in Fig. 52. 

 

Figure 51: Measurement Setup 

 

Figure 52: Laser illumination spot on one side of the photonic crystal (as seen through an 

infrared/optical camera)  

A reference for transmission measurements was established by removing the PC and 

connecting the isolator directly to the detector. 

 The laser current was swept from 0 to 1 A, to obtain the switching performance of the 

PC, with the measured results shown in Fig. 53. It can be seen that an extinction ratio of 
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40.1 dB exists between the ON and OFF states, which is in good agreement with the 

simulation data presented in Fig. 50. Figure 53 also shows that the illuminating power 

required from the laser, to significantly switch the PC waveguide, is ~100 mW. It can be 

seen that as the laser power increases beyond this, the transmission drops further, as the 

local conductivity in the silicon increases further, but then saturates at -40.1 dB. This 

represents the background level of the other leakage radiation paths through the PC. 

 

Figure 53: Measured data showing how transmission through the W1 defect waveguide and laser 

power vary as the current through the laser increases. 

Equation (17) in [113] describes the profile of the free carriers generated by the laser 

illumination within the silicon at the centre of the beam spot. This was plotted with 

several different laser illumination powers in Fig. 54 for the dual-sided illumination used 

in experiments. It is clearly seen that as the illumination power density increase a larger 

number of free carriers is generated. This means that the conductivity increase is greater 

within the silicon and a better isolation of the switch can be expected, thus creating an 

attenuator. However, as seen with the W1 defect PC waveguide, the noise floor of the 

photonic crystal is around -50 dB.  
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Figure 54: Photo induced carrier density for a dual-side illumination at the centre of the illumination 

spot as the laser power increases. 

   The measurement setup in Fig. 55 was used to demonstrate the photonic crystal 

attenuator by gradually increasing the illumination power of the laser from 80-110 GHz. 

As with the W1 defect PC waveguide, the VNA was calibrated across this range using a 

TOSM calibration.  

 

Figure 55: Measurement setup and laser spot seen through an infrared camera 
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The measured S-parameters for the PC are shown Fig. 56. It can be seen that >45 dB of 

attenuation is achieve across the operating band of the W1 defect PC waveguide, from 92 

to 102 GHz and >60 dB from 92 to 94 GHz. This attenuation is greater than that predicted 

in simulation having a smaller spot size. The S-parameters indicates a standing-wave 

resonance when there is no illumination; this was also seen in simulations. This 

phenomenon is caused by the electromagnetic impedance mismatch between the WR10 

and W1 defect waveguides. This is not seen when the W1 defect is illuminated, because 

the signal energy is scattered from the plasma through the lattice, rather than reflected 

back to the input port. As a result, |S11| does not change significantly under illumination.  

 

Figure 56: Measured S-parameters for the attenuator with no illumination (inherent insertion loss) and 

with illumination (maximum insertion loss). 
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Figure 57 shows the measured performance of the variable attenuator. It can be seen that 

the insertion loss gradually increases as the laser power is increased; this characteristic is 

relatively uniform across the operating band, until undesirable free-space transmission 

paths between the ports dominate the measurements. For example, Fig. 58 shows the 

performance of the variable attenuator at 93 GHz. Here, the inherent insertion loss is 2.79 

dB (without illumination) and the maximum insertion loss is 64.32 dB (with a combined 

laser power of 150 mW, illuminating both sides of the W1 defect waveguide), yielding a 

variable attenuator having a dynamic range of  >61 dB. 

  

Figure 57: Measured insertion loss across the 92-102 GHz operating band as laser power is increase 

from 0 to 100 mW. 
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Figure 58: Measured insertion loss at 93 GHz. 

4.6 Resonator [J. (1)] 

Waveguides, switches and attenuators a have been demonstrated. The next logical 

component is a high Q-factor resonator. High Q-factor resonators can be used to realize 

important components for future millimetre-wave and terahertz communication and radar 

systems, such as low phase noise oscillators and band pass filters. 

A number of approaches for realizing a sharp resonance in an integrated terahertz system 

have been reported in the open literature, including: whispering gallery resonators, PCs, 

parallel-plate waveguide with periodic grooves, micro-cavity resonators side-coupled to 

waveguides and metamaterial approaches. A comparative summary of the associated Q 

factors reported by others at a similar frequency is given in Table 4. It should be noted 

that the methodology used to calculate Q is often not described within references and, 

therefore, care must be taken in their interpretation.  
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Table 4 Comparable (sub)-millimetre-wave resonator technologies 

Resonator Technology Frequency(GHz) Q-factor 

Quasi-metallic silicon PC [114] 90 25 

Whispering gallery mode [115] 240 3,000 

Grooved parallel-plate waveguide [116] 491 240 

Split-ring array [117] 1,000 10 

Antenna array [118] 1,000 20 

Waveguide micro-cavity [119] 1,300 40 

PC filled waveguide [120] 1,460 133 

 

This section describes how an L3 defect cavity [121] (removal of three air holes), can be 

introduced within the photonic crystal structure to achieve a high Q-factor resonator 

through simulation and measurement. 

 4.6.1 Design and Simulation 

 The aim is to create a resonant cavity at ~100 GHz. To achieve this the hexagonal lattice 

of air holes within a 525 µm HRS substrate was used, with a radius of 235 µm and a 

lattice constant of 780 µm. These dimensions give a band gap with a centre frequency of 

~112 GHz with a 26% fractional bandwidth, as previously shown in Fig 42. 

The resonant cavity is produced by the removal of three air holes, creating what is known 

as an L3 defect. It has previously been shown at infrared frequencies that by shifting the 

position of the holes near the cavity it is possible to achieve extremely high Q-factors by 

reducing the out-of-plane radiation losses [121]. The hole positions A, B, and C in Fig. 59 

are moved away from the cavity by 156 µm, 19 µm and 156 µm, respectively, allowing 

the fields to penetrate further into the crystal cavity, thus confining them more gently. It 

can be shown that, through a plane-wave expansion of the fields within such a cavity, this 

delocalisation of the fields results in a narrowing of the spatial spectral domain. This 

narrowing greatly reduces the components of the in-plane wavevector vector k|| that do 
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not satisfy the condition for TIR (i.e. 0 < k|| ≤ 2π/λ0, where λ0 is the free-space 

wavelength) and, therefore, contribute to radiation loss. Further details of this effect can 

be found in [121] and [122]. 

 

Figure 59: Fabricated L3 cavity defect. Holes A, B and C are shifted away from the cavity by 156 µm, 

19 µm and 156 µm, respectively. 

To couple energy into the cavity, a W1 defect feed waveguide was created by omitting a 

partial row of adjacent holes in the PC lattice. Three different W1 defect waveguide 

configurations were considered – one with the W1 defect feed waveguides inline below 

the cavity. The other two have the feed waveguides offset above and below the cavity, to 

reduce mutual coupling. With the offset configuration, two different lengths of W1 

waveguide were considered, to provide weak and strong coupling to the cavity, as shown 

in Fig. 60. A weak coupling provides a better estimation of the unloaded Q-factor as 

𝑄0 = 𝑄𝐿 (1 − 𝜅)⁄  [123], where 𝑄𝐿  is the loaded Q-factor and 𝜅 is the coupling factor. 

This means that, for the weakly coupled PC with a resonant peak at -40 dB 𝑄𝐿 will be 

within 1% of 𝑄0. As with the previous experiments, a triangular taper is added to the W1 

waveguide defect to enable coupling from the MPRWG  to the W1 defect mode. 



86 

  

 

Figure 60: Three PC resonator designs with the blue dots denoting air holes in the white HRS 

substrate. The left design has the excitation W1 defect feed waveguides inline and the other two have 

the offset configuration. The resonator on the right is weakly coupled 

Numerical simulations were run with both strongly coupled PC designs for the entire 

structure; although sufficient computing power was not available to run the weakly 

coupled designs. The simulations were initially performed with the silicon having a loss 

tangent of zero. The resulting S-parameters, shown in Fig. 61, show the sharp resonances 

(as expected). A frequency shift is observed between the two resonator designs, despite 

the cavities having the same dimensions. This is caused by the different meshes created 

by the simulation solver. This could not be further refined, due to our limitations in 

computational resources (currently having twelve 3 GHz cores and 128 GB of RAM). 

The introduction of dielectric losses, having an effective loss tangent of tanδe ∼ 10−4 for a 

HRS resistivity of 10 kΩ·cm [124], causes the insertion losses to increase and a 

broadening of the resonant peaks, as shown in Fig. 62. This demonstrates that the Q-

factor of these structures will be ultimately limited by dielectric losses. 
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Figure 61: Simulated S-parameters for strongly coupled PC resonators having zero effective loss 

tangent silicon. 

  

Figure 62: Simulated S-parameters for strongly coupled PC resonators with tanδe = 10−4 

The Q-factor for both sets of simulations were calculated using two methods derived 

from the circuit analysis of RLC tuned circuits for the loaded Q-factor (𝑄𝐿) of a 

resonator, and a basic formula to determine the unloaded Q-factor  (𝑄0)  from 𝑄𝐿 . 

Equation (34) describes how 𝑄𝐿  is derived from the -3 dB bandwidth, where 𝑓0 is the 

resonance frequency, 𝑓𝑢 and 𝑓𝑙 are the upper and lower frequencies, respectively, defined 

where the power of a signal drops 3 dB below that at resonance.  Equation (35), defines 
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how QL is obtained from ∠𝑆21, transmission phase, where 𝜔 = 2𝜋𝑓. Finally, Equation (36) 

is used to extract 𝑄0 

 
𝑄𝐿(𝑓0) =

𝑓0
𝑓𝑢 − 𝑓𝑙

 (34)  

 
𝑄𝐿(𝑓0) =  

𝜔0
2
|
𝛿∠𝑆21
𝛿𝜔

|
𝜔=𝜔0

 (35)  

 
𝑄0(𝑓0) =

𝑄𝐿(𝑓0)

1 − |𝑆21(𝑓0)|
 (36)  

Table 5 shows the calculated Q-factors for the simulations. As can be seen from the S-

parameters for the lossless case, the unloaded Q-factors are up to ten times greater than 

for the simulations that include the substrates dielectric losses. It is well known that for 

dielectric only resonators, the associated dielectric material loss 𝑄𝐷 ∝ (𝜑 𝑡𝑎𝑛𝛿𝑒)
−1 , 

where φ is the dielectric filling factor. If it is assumed that the dielectric filling factor is 

close to unity and tan δe = 10-4, this gives a fundamental limit on the Q factor at 100 GHz 

of ~10,000. As seen from the lossy simulations, the cavity Q factor is approaching this 

limit. 

Table 5: Simulated Q-Factors 

Resonator 3 dB QL Phase QL 3 dB Q0 Phase Q0 

Lossless Offset 8 830 8 860 72 330 72 550 

Lossless Inline 10 370 10 440 91 750 92 370 

Lossy Offset 4 550 4 800 8 190 8 640 

Lossy Inline 4 840 5 010 9 420 9 750 

 

Figure 63 shows the E-field magnitude within the PC resonator at 99.4 and 98.755 GHz, 

with the cavity being off-resonance and at resonance, respectively. It clearly illustrates 

how the energy is coupled through the cavity from the input to the output W1 defect 

waveguide and the enhancement of the field inside the cavity. 
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Figure 63: E-field magnitude plots showing the cavity excited away from resonance (above) and at 

resonance (below). 

4.6.2 Experimental Measurement 

S-parameter measurements were carried out using a vector network analyser 

configured with a pair of WR10 waveguide frequency multiplier heads that cover the 

complete W-band (i.e. from 75 to 110 GHz) at the UK’s National Physical Laboratory 

Measurements were undertaken by first performing a Thru-Reflect-Line (TRL) 

calibration [125] with the waveguide flange of the frequency multiplier heads defining 

the reference planes. The calibration employs WR10 waveguide standards: a thru 

connection; a quarter-wavelength section of line, to provide a 90° phase change in the 

middle of the waveguide band (with a waveguide length of approximately 1.08 mm); and 

a flush short-circuit as the reflect standard connected in turn to each reference plane. The 

calibration was performed using an external calibration algorithm, employing a seven-

term error-correction routine [126]. The overall set-up used (i.e. VNA, primary standards 

and calibration algorithm) is referred to as the NPL Primary Impedance Microwave 

Measurement System (PIMMS) [127], [128]. This is the UK’s primary national standard 



90 

  

system for S-parameter measurements and is described in [129] for millimetre-wave 

waveguide measurements. 

For resonator device measurement, the PC coupling taper was aligned with the centre 

of each waveguide frequency multiplier head, penetrating inside the waveguide aperture, 

so that the PC sat flush with the waveguide flange, as shown in Fig. 64. The fabricated 

resonators differ slightly from the simulated structures. An extra extension of bulk HRS 

substrate was added to the bottom of the PC, so that the structure could be physically held 

in position and accurately aligned using a micrometre-controlled linear stage. 

 

Figure 64: Experimental measurement setup showing how the PC resonator devices are mounted 

between two WR10 rectangular waveguide frequency multiplier heads. 

The first measurement undertaken was a broadband transmission sweep of a single PC 

resonator, from 85-110 GHz with a frequency sample interval of 100 MHz. This was to 

prove the expected band gap of the PC. From Fig. 65, it can be seen that there is a 20 dB 

drop in transmission above 96 GHz, extending to the 110 GHz recommended 

measurement limit for the WR10 waveguide VNA. A peak at approximately 99 GHz is 

seen, which corresponds to the resonance caused by the cavity; the full peak cannot be 

resolved due to the coarse frequency sampling interval.  
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Figure 65: Broadband transmission response showing the resonance of a strongly coupled 99 GHz 

offset PC resonator. 

Fig. 66 and Fig. 67 show the measured |S11|, |S21| and S21 responses between 99.05 and 

99.25 GHz, with 1 MHz resolution, for the three manufactured resonators illustrated in 

Fig. 60.  It is seen that there are variations in the insertion and return losses of the two 

strongly coupled PC resonators. This is caused by the mechanical alignment between the 

PC tapers and the centre of the WR10 waveguide apertures. Therefore, this is not an 

inherent limitation, as there is a great deal of scope to create mechanically and 

electromagnetically optimal transitions between the calibration reference planes and the 

associated W1 defect feed waveguide for such ultra-high Q-factor DUTs (devices under 

test). For example, a housing could be machined to hold the photonic crystal which 

includes the interface with the flanges. However, moving forward beyond the prototype 

device to the goal of a fully monolithically integrated technology, MPRWG to W1 defect 

transitions will not be used; instead focus on stripline or microstrip to W1 defect 

transitions would be of greater use. 

The weakly coupled resonator has a resonance peak and phase slope that are differing 

in shape, when compared to the strongly coupled resonators. This is because the peak at  
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-45 dB is the result of the superposition from the resonant cavity and other coupling 

paths, which are at a comparable level (as seen in Fig. 65). These alternate coupling paths 

are the free space paths between the two-waveguide heads. 

 

Figure 66:  Measured S-parameter magnitude responses for the PC resonators close to the resonant 

frequency. 

 

Figure 67: Measured transmission phase responses for the PC resonators close to the resonant 

frequency. 

There is a slight variation of resonant frequency across the fabricated PCs, from 99.10 

to 99.22 GHz (i.e. 0.12%). There are two causes for this variation; the first is that the 
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DRIE etch is possibly not completely consistent across the wafer and secondly, the 

definition of the acetate mask lithography is not within tolerance. Both of these could 

cause a minute variation in hole size; simulations show that an increase in hole diameter 

will increase the resonant frequency upwards. To minimize this variation in future work, 

the bulk micromachining process could be modified. For example, a chrome-on-glass 

mask or packing pieces could be employed. The former has a greater resolution, giving 

better defined circles [105]. The second cause of this variation could be variation of the 

material properties across the wafer. As the wafers are produced by the float zone 

method, the resistivity is not consistent across the whole wafer. Figure 68 shows a typical 

resistivity profile of a commercial Topsil HRS wafer, where there can be ± 6% variation 

across the wafer [130]. 

 

Figure 68: Typically HRS wafer resistivity variation [130]. 

Table 6 shows the measured Q-factors calculated using the methods described by (34)-

(36). The measured unloaded Q-factor varies from 7,140 to 10,200. This variation is to be 

expected; as previously mentioned, due to the variation in coupling alignment at the 
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WR10 waveguide heads and also the variation of HRS resistivity, which can vary by ±6% 

[130]. It should be noted that, as expected, for the weakly coupled resonators the loaded 

and unloaded Q-factors are within <1%. These values match the simulated predictions in 

Table 5 and demonstrate that the dielectric Q-factor limit of the resonator is being 

approached. 

Table 6 Measured Q-Factors 

Resonator 3 dB QL Phase QL 3 dB Q0 Phase Q0 

Strong Offset  5 220 5 600 10 050 10 200 

Strong Inline  4 130 4 310 8 790 9 180 

Weak Offset  7 090 8 720 7 140 8 780 

4.6.3 Q-factor Uncertainty 

To understand the variation in the determination of Q-factor, the overall uncertainty in 

the measurement setup was evaluated. This was achieved through repeated measurement 

of the strongly-coupled inline PC resonator. The measurement process involved 

performing a TRL calibration of the VNA and then measuring the PC resonator DUT, this 

process is repeated six times to provide a statistically significant dataset, shown in Fig. 

69. This data, along with information describing the performance of the measurement 

system is used to calculate the overall uncertainty in the measurements [131].  

 

Figure 69: Six repeated measurements of |S21| for the strongly coupled inline resonator. 
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The overall uncertainty represents the uncertainty arising from random effects and from 

imperfect corrections due to systematic effects. The former is due to the repeatability of 

connections of the PC to the VNA test ports. It is evaluated by a statistical analysis of a 

series of observations, i.e. the repeated measurements shown in Fig. 69. This method of 

evaluating uncertainty is called a Type A evaluation of uncertainty [132]. The latter is due 

to the VNA linearity, isolation and mismatch between the test ports and the PC DUT. It is 

evaluated by means, other than a statistical analysis, of a series of observations. These 

(non-statistical) methods of evaluating uncertainty are called Type B [132]. Specifically, 

the linearity of the VNA is determined by measuring the transmission of a calibrated step 

attenuator, seen in Fig. 70, over a range of different attenuator settings. The VNA 

isolation is determined by observing the measured transmission when no physical 

connection is made between the test ports, i.e. they both have matched loads connected. 

Finally, the mismatch between the VNA and the PC resonator is determined from the 

measurements of the S-parameters of the PC DUT [131].  

 

Figure 70: Calibrated step attenuator 

The measurements were taken using the PIMMS software which calculates the 

expanded uncertainty U and the corresponding coverage factor, ς. From this data it is 

possible to decompose both Type A and Type B standard uncertainties using (37) – (40). 

 𝑈 = 𝜍𝑢 (37)  
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 𝑢 = √𝑢(𝑎)2 + 𝑢(𝑏)2 (38)  

 𝑎 = √
∑ |𝑆𝑖 − 𝑆̅|
6
𝑖=1

𝑛(𝑛 − 1)
 (39)  

 𝑆̅ =
∑ 𝑆𝑖
6
𝑖=1

𝑛
 (40)  

 

Figure 71: Type A and Type B uncertainties 

Figure 71 shows the relative sizes for both Type A and combined Type B components 

of uncertainty, as a function of measurement frequency. This figure demonstrates that the 

Type A component of uncertainty dominates the overall uncertainty of the measurements, 

particularly in the region of the centre frequency, f0. This, as previously mentioned, is due 

to the misalignment of the PC DUT within the WR-10 waveguide aperture. This 

component of uncertainty is considered to be representative of the mechanical and 

electromagnetic quality of the MPRWG-to-PC DUT interconnect, rather than the inherent 

quality of the PC resonator. For future applications, the focus is on the creation of 

monolithically integrated photonic crystal devices therefore, this type of interconnect will 

not be used as a result, it is appropriate to neglect the Type A uncertainty components, 

when evaluating the uncertainty in the Q-factor of just the PC resonator, and only 

consider the Type B components of uncertainty.  
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Figure 72: Type B uncertainty components. The uncertainty in mismatch and linearity dominate while 

the isolation uncertainty is almost zero. 

Figure 72 shows the sizes of each of the three Type B uncertainty components – 

linearity, isolation and mismatch, as a function of frequency. It is seen that, for this 

measurement set-up, the contribution due to isolation is negligible, (compared with the 

uncertainty due to linearity and mismatch) and random effects are also considered 

negligible. This is due to significant transmission through the PC and so the detected 

signal level is well above the VNA noise floor. The contributions to uncertainty due to 

linearity and mismatch are combined to give the overall uncertainty in the S-parameter 

measurement results at each measurement frequency.  

 𝑢(𝑏) = √𝑢(𝐿)2 + 𝑢(𝐼)2 + 𝑢(𝑀)2 + 𝑢(𝑅)2 (41)  

Uncertainty Analysis for 3 dB Q-factor Determination 

The uncertainty in the S-parameter measurements is propagated to the uncertainty in Q-

factor determination, using the following technique. Firstly, plots of |S21|, in the vicinity 

of f0 and fl, are presented. These plots show (i) the mean value of |S21|; (ii) the maximum 

value of |S21|, where the maximum value is derived from the mean value plus its standard 
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uncertainty [132]; and (iii) the minimum value of |S21|, where the minimum value is 

derived from the mean value minus its standard uncertainty [132]. These plots are shown 

in Figs. 73 and 74 for f0, and fl respectively, with 𝑓𝑢 calculated the same way as fl but 

from the upper 3 dB point. 

 

Figure 73: Impact of uncertainty in |S21| on the determination of f0 for the strongly-coupled inline PC 

resonator 

 

Figure 74: Impact of uncertainty in |S21| on the determination of fl for the strongly-coupled inline PC 

resonator. 
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Following the methods described in [132] the mean values and standard uncertainties 

in f0, fl and fu are used in (42)-(45) to obtain the standard uncertainty in QL, 𝑢(𝑄L). This 

gives a value of QL = 4,129 ± 58; which gives an uncertainty in QL of 1.4%. 

 
𝑢(𝑄𝐿) = √(

𝜕𝑄𝐿
𝜕𝑓0

)
2

𝑢(𝑓0)
2 + (

𝜕𝑄𝐿
𝜕𝑓𝑙

)
2

𝑢(𝑓𝑙)
2 + (

𝜕𝑄𝐿
𝜕𝑓𝑢

)
2

𝑢(𝑓𝑢)
2 (42)  

 𝜕𝑄𝐿
𝜕𝑓0

=
1

𝑓𝑢 − 𝑓𝑙
 (43)  

 𝜕𝑄𝐿
𝜕𝑓𝑢

=
−𝑓0

(𝑓𝑢 − 𝑓𝑙)
2
 (44)  

 𝜕𝑄𝐿
𝜕𝑓𝑙

=
𝑓0

(𝑓𝑢 − 𝑓𝑙)
2
 (45)  

The mean values and standard uncertainties for QL and |S21| are then used in (46)-(48) 

to obtain the standard uncertainty in Q0, u(Q0).  

 𝑢(𝑄0) = √(
𝜕𝑄0
𝜕𝑄𝐿

)
2

𝑢(𝑄𝐿)
2 + (

𝜕𝑄0
𝜕|𝑆21|

)
2

𝑢(|𝑆21|)
2 (46)  

 
𝜕𝑄0
𝜕𝑄𝐿

=
1

1 − |𝑆21|
 (47)  

 
𝜕𝑄0
𝜕|𝑆21|

=
𝑄𝐿

(1 − |𝑆21|)
2
 (48)  

This gives a value of Q0 = 8,460 ± 120; which gives an uncertainty in Q0 of 1.4% 

Uncertainty Analysis for Phase Q-factor Determination 

A second method of propagating the uncertainty in the S-parameter measurements is 

considered, where the Q-factor is determined using the phase of S21, as described by (35). 

The maximum and minimum values of 𝜔0 are found using the same method as described 

using Fig. 73 (with the value of f0 found by converting to angular frequency 𝜔0 ). 

Uncertainty in the phase gradient is determined by plotting the mean, maximum and 

minimum values of ∠𝑆21, as shown in Fig. 20. These minimum and maximum curves are 
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found by taking the mean and then adding or subtracting the standard uncertainty in the 

measurement of the phase. To establish the uncertainty in the phase gradient, three 

gradients are taken, using a finite difference method: (i) from the mean value curve at f0-, 

and f0+; (ii) the maximum curve at f0- and minimum curve at f0+; and (iii) the minimum 

curve at f0- and maximum curve at f0+, where f0-, and f0+ are the measured values either 

side of the peak f0. 

 

Figure 75: Impact of uncertainty in ∠S 21 on the determination on |
𝜹∠𝑺𝟐𝟏

𝜹𝝎
| from f0+ and f0 for the 

strongly-coupled inline PC resonator. 

These values are then applied to (35), to find the mean QL from the mean values of 𝜔0 

and |
𝛿∠𝑆21

𝛿𝜔
|. The standard uncertainty in QL, due to 𝜔0, 𝑢(𝑄𝐿𝜔0), is calculated using the 

maximum and minimum of 𝜔0, whilst keeping |
𝛿∠𝑆21

𝛿𝜔
| at its mean value, giving 𝑢(𝑄𝐿𝜔0) 

= ± 37. The same method is employed to calculate the standard uncertainty in QL due to 

|
𝛿∠𝑆21

𝛿𝜔
| , 𝑢(𝑄𝐿∠), keeping 𝜔0 constant at its mean value and then applying the maximum 

and minimum values for |
𝛿∠𝑆21

𝛿𝜔
|. This gives 𝑢(𝑄𝐿∠) = ± 63. 

  Finally, (49) is used to obtain 𝑢(𝑄𝐿) = ± 72, thus, giving QL = 4,412 ± 72.  
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𝑢(𝑄𝐿) = √𝑢(𝑄𝐿𝜔0)

2 + 𝑢(𝑄𝐿∠)
2 (49)  

To obtain Q0 and 𝑢(𝑄0) the same method, as used previously in (46)-(48), is used to 

give Q0 = 9,040 ± 150; this gives an uncertainty in QL of 1.6% and 1.7% in Q0. As with all 

the calculated Q-factors presented, the deviation from the numbers given in Tables 5 and 

6 may be slightly larger than the uncertainties calculated. This is due to Type A 

uncertainties being disregarded, as it quantifies alignment limitations in our experimental 

setup and not the underlying performance of the PC resonators. 

4.7 Future Work 

The photonic crystal work described in this chapter shows state-of-the-art performance. 

However, all the devices are modular and interface with MPRWG. To take this work 

further, firstly the different components: waveguides, switches, attenuators and resonators 

must be integrated onto a single substrate. 

4.7.1 Monolithic Integration 

The next design step for this technology is for monolithic integration of the photonic 

crystal and electronics onto a single silicon substrate. To achieve this a new transition 

needs to be designed from the photonic crystal W1 defect waveguide to slot line or 

microstrip. This is not a trivial transition to design, as initial investigations showed that 

creating the transition on the surface of the silicon would lead to a lot of radiation into 

free space, rather than the silicon substrate. A proposed concept is shown in Fig. 76. The 

transition is from slotline to the W1-defect mode using a tapered Vivaldi shaped 

transition. This transition is located at half the depth of the waveguide and would be 

coated with a dielectric, with similar properties to the silicon substrate so that a 

symmetrical field is created. This transition could be fabricated by DRIE of the silicon to 

thin the substrate then sputter coating and patterning of the metal, followed by spin 

coating of the dielectric onto the transition. 
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Figure 76: Conceptual idea for a slot line to PC W1 waveguide defect transition 

4.7.2 Liquid Sensing 

High Q-factor resonators have been shown to be ideal tools for liquid sensing. A proof of 

principle experiment was undertaken to demonstrate the concept. A 280/300 μm 

inner/outer diameter quartz capillary tube was inserted through a hole, adjacent to the 

resonant cavity. Various solutions of water and ethanol were pumped through the 

capillary tube. This experimental setup is shown in Fig 77. The S-parameters were then 

measured for each solution and also the empty capillary tube as a reference. 
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Figure 77: Measurement setup for microfluidic experiment 

Figure 78 shows the transmission resonance changes for different concentrations of 

ethanol/water solutions. As the water content increases there is a downwards frequency 

shift, due to the increase in 𝜀𝑟
′  and decrease in Q-factor due to an increase 𝜀𝑟

′′ . It is 

estimated that the interaction volume is 40 nl and shows potential for future application is 

liquid detection and biosensing. 

  

Figure 78: Measured |𝑺𝟐𝟏| for different ethanol/water mixture concentrations 
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4.7.3 Optoelectronic Devices 

The optoelectronic devices demonstrated shows the potential for the photonic crystal 

switch and attenuator. Further work to complete the current work requires an 

investigation into the laser beam profile, how the spot size and single-sided laser 

illumination affects the attenuator and switch performance. A second experiment will also 

take place to look at how the resonator detunes when it is illuminated, creating the 

possibility of tuneable filters. 

To profile the laser beam, a pinhole aperture will be scanned across it in 2 dimensions. 

Measuring the power across the beam enables its shape to be accurately modelled, as it 

has previously been assumed to provide a top hat profile, rather than Gaussian, in current 

simulations.  A study of the effect of the spot size can be undertaken via two methods. 

Firstly, the focus of the optics associated with the laser can be modified to reduce or 

increase the size of the laser spot. Alternatively an iris aperture could be used to vary the 

spot size.  

4.7.4 Higher Frequency Devices 

All the devices currently operate at ca. 100 GHz, the lower end of the THz frequency 

range as the material losses were most significant at this frequency (as shown in Fig. 40). 

The fabrication of devices working at higher frequency will demonstrate how the device 

losses change with frequency. The expectation is that the resonators appear to be limited 

by the dielectric losses, so higher Q-factors should be achieved. Moving to higher 

frequency will mean a scaling down in size of all dimensions, a thinner substrate and 

smaller width of the W1 defect waveguide. This will mean that a lower power laser with a 

smaller spot size is required for switches.  
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4.7.5 Filter Banks 

The realisation of single frequency filters has been demonstrated through the resonator 

technology. It can be shown that by changing the method of coupling, to the resonant 

cavity, that bandreject as well as bandpass filters can be created. Moreover, it possibility 

to include multiple resonant cavities on a single PC as illustrated in Fig. 79 for: (a) 

bandpass and (b) bandreject filters. This architecture makes it possible to create 

multiplexer and demultiplexers, illustrated in Fig. 79 (c). Multi-frequency microfluidics is 

another application, where a channel is etched in the silicon passes through each cavity. 

 

Figure 79: Photonic crystal filter banks; (a) bandpass and (b) bandreject; and (c) multiplexer 

 

 

  



106 

  

5 Conclusion and Further Work 

Within this thesis several unique sensing structures have been shown, surface plasmonics, 

metal mesh filters and photonic crystals. They all have their own unique properties that 

make them ideal for different applications, however they all represent immature 

technologies.  

This work has demonstrated that researchers need to be careful in using commercial 

solvers, as it is not always obvious which material models are being applied as laid out in 

Chapter 1 and if the correct modes are being excited as demonstrated with the spoof 

plasmonic structure in Chapter 2. Chapter 2 also discusses semiconductor plasmonics 

where doped silicon wafers can be used directly for THz sensing. Calculations and 

simulations show promising results for future sensing applications.  

Chapter 3 describes metal mesh filters and how with careful design pass band filters can 

be created with extremely good out of band rejection is achieve using electrically thick 

substrates that are lower cost and more durable than the current electrically thin 

substrates, although, with a small trade off in pass band filters. A novel metal mesh filter 

stress sensor has been simulated and shows that small compressions of the device can be 

measured. It has the potential to be a ubiquitous THz device as it can be mass produced or 

even embedded within building materials (such as plaster, carbon fibre etc) to monitor 

determination over time e.g. a wall before and after earthquakes.  

Chapter 4 shows the real promise of photonic crystal technology that has state-of-the-art 

performance. Several building block components for a future THz photonic crystal 

architecture have been experimentally tested: resonators were measured and the 

associated measurements uncertainties rigorously analysed giving unloaded Q-factors of 

9,040 ± 150 at ~100 GHz, attenuators that have >40 dB of attenuation across the band of 
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operation and up to 60 dB of attenuation with no moving parts and initial results for use 

of the photonic crystal as a liquid sensor.  

5.1 Further Work 

Beyond these research highlights that have already been undertaken there are many ways 

in which the research within this thesis can be continued. 

5.1.1 Surface Wave Filters 

Within 2.3, theoretical work and simulations demonstrate coupling of a surface plasmon 

mode on a silicon dielectric interface at THz frequencies. The logical progression of this 

work is experimental verification of these results, where n-Type and p-Type silicon 

wafers of the same resistivity have different dispersion curves verify Fig. 17. This would 

be done through a similar setup employed with Comsol simulations 

Beyond this, there are a wide variety of sensors already available using surface plasmon 

modes in the optical range. These sensor are all constrained by the conductivity of the 

metal, which is not easy to modify. Therefore, to interrogate a different frequency, the 

angle of the light incident on the base of the prism has to change, to get a different k-

vector. However, at THz the conductive substrate is a semiconductor. It is well 

understood that the local conductivity of a semiconductor can be modified by biasing or 

illumination. By undertaking such a process, it will be possible to sweep the frequency as 

the change in conductivity causes a shift in the dispersion diagram; changing the 

frequency that is coupled to the surface plasmon mode. This was seen by looking at 

different wafers. 

Electrostatic Sensor 

 The first method of locally modifying the conductivity of the silicon is to electrically bias 

the silicon. This has already been shown in many electronic devices and the simplest 

structure is the MOS capacitor. Figure 23 shows a concept device that has two top 
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contacts and a bottom contact. By biasing the contacts, an electrostatic field will be 

generated. This will cause a movement of the free charges within the silicon which will 

oppose the field created. Using [82] to calculate the depth need to completely screen the 

field versus the silicon wafer resistivity, as shown in Fig. 24, it shows that this is a 

possible method to shift the frequency. For this sensor, a coupling grating would be 

integrated to couple to the surface plasmon mode, as seen in Fig. 18. 

 Photoconductive Sensor 

The second method to locally modify the conductivity of the silicon is to illuminate it 

with an electromagnetic wave, as silicon is a photoconductive material. This means that 

illuminating an area of silicon with an electromagnetic wave that has an energy greater 

than the silicon’s bandgap energy will generate electron-hole pairs in the silicon, which 

will locally increase the conductivity. A conceptual diagram of such a sensor is shown in 

Fig. 25. A prism is used to couple to the surface plasmon mode, using the Otto coupling 

method. A laser beam incident from the side illuminates a spot under the prism, where the 

surface plasmon mode will couple. This sensor has the potential to become a ubiquitous 

THz sensor, in applications such as bio-sensing where disposable sensors are needed to 

avoid cross contamination; one only has to replace the silicon substrate, as everything 

else is isolated from the sample.  

5.1.2 Metal Mesh Filters 

  The results shown in this chapter 3 show that a small decrease in the performance of the 

filter can be traded for a simpler manufacturing method and an increase in the mechanical 

strength of the filters. This makes them ideal for ubiquitous applications.  

A stress sensors has been explored theoretically and requires experimental verification. 

This will lead to measurement of a prototype device. It is expected that, due to the 

complimentary nature of the metal mesh filters, the sensor will work in reflection mode as 
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well as transmission, leading to a wide variety of applications. For example the small 

sensor is embedded within a surface and then a handheld scanner is passed over the 

surface to map the stress in the surface (e.g. in walls before and after earthquakes). 

5.1.3 Photonic Crystals 

The photonic crystal work described in chapter 4 shows state-of-the-art performance. 

However, all the devices are modular and interface with MPRWG. To take this work 

further, firstly the different components: waveguides, switches, attenuators and resonators 

must be integrated onto a single substrate. 

Monolithic Integration 

The next design step for this technology is for monolithic integration of the photonic 

crystal and electronics onto a single silicon substrate. To achieve this a new transition 

needs to be designed from the photonic crystal W1 defect waveguide to slot line or 

microstrip. This is not a trivial transition to design, as initial investigations showed that 

creating the transition on the surface of the silicon would lead to a lot of radiation into 

free space, rather than the silicon substrate. A proposed concept is shown in Fig. 76. The 

transition is from slotline to the W1-defect mode using a tapered Vivaldi shaped 

transition. This transition is located at half the depth of the waveguide and would be 

coated with a dielectric, with similar properties to the silicon substrate so that a 

symmetrical field is created. This transition could be fabricated by DRIE of the silicon to 

thin the substrate then sputter coating and patterning of the metal, followed by spin 

coating of the dielectric onto the transition. 

Liquid Sensing 

High Q-factor resonators have been shown to be ideal tools for liquid sensing. A proof of 

principle experiment was undertaken to demonstrate the concept. A 280/300 μm 

inner/outer diameter quartz capillary tube was inserted through a hole, adjacent to the 
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resonant cavity. Various solutions of water and ethanol were pumped through the 

capillary tube. This experimental setup is shown in Fig 77. The S-parameters were then 

measured for each solution and also the empty capillary tube as a reference. 

Figure 78 shows the transmission resonance changes for different concentrations of 

ethanol/water solutions. As the water content increases there is a downwards frequency 

shift, due to the increase in 𝜀𝑟
′  and decrease in Q-factor due to an increase 𝜀𝑟

′′ . It is 

estimated that the interaction volume is 40 nl and shows potential for future application is 

liquid detection and biosensing. 

Optoelectronic Devices 

The optoelectronic devices demonstrated shows the potential for the photonic crystal 

switch and attenuator. Further work to complete the current work requires an 

investigation into the laser beam profile, how the spot size and single-sided laser 

illumination affects the attenuator and switch performance. A second experiment will also 

take place to look at how the resonator detunes when it is illuminated, creating the 

possibility of tuneable filters. 

To profile the laser beam, a pinhole aperture will be scanned across it in 2 dimensions. 

Measuring the power across the beam enables its shape to be accurately modelled, as it 

has previously been assumed to provide a top hat profile, rather than Gaussian, in current 

simulations.  A study of the effect of the spot size can be undertaken via two methods. 

Firstly, the focus of the optics associated with the laser can be modified to reduce or 

increase the size of the laser spot. Alternatively an iris aperture could be used to vary the 

spot size.  

Higher Frequency Devices 

All the devices currently operate at ca. 100 GHz, the lower end of the THz frequency 

range as the material losses were most significant at this frequency (as shown in Fig. 40). 
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The fabrication of devices working at higher frequency will demonstrate how the device 

losses change with frequency. The expectation is that the resonators appear to be limited 

by the dielectric losses, so higher Q-factors should be achieved. Moving to higher 

frequency will mean a scaling down in size of all dimensions, a thinner substrate and 

smaller width of the W1 defect waveguide. This will mean that a lower power laser with a 

smaller spot size is required for switches.  

Filter Banks 

The realisation of single frequency filters has been demonstrated through the resonator 

technology. It can be shown that by changing the method of coupling, to the resonant 

cavity, that bandreject as well as bandpass filters can be created. Moreover, it possibility 

to include multiple resonant cavities on a single PC as illustrated in Fig. 79 for: (a) 

bandpass and (b) bandreject filters. This architecture makes it possible to create 

multiplexer and demultiplexers, illustrated in Fig. 79 (c). Multi-frequency microfluidics is 

another application, where a channel is etched in the silicon passes through each cavity. 
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