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Abstract

The research in this thesis is concerned with the design of a lab on chip operating in

the sub millimetre - Terahertz (THz) region of the spectrum. The lab on chip design

utilises Uni-Travelling Carrier (UTC) photodiodes for Continuous Wave generation

of THz and optoelectronic downconversion of THz. The system forms an integral

part of a THz Frequency domain spectrometer with high spectral resolution. The

use of UTC photodiodes enables the use of commercial 1550 nm laser sources and

fibre optic components which add a great deal of flexibility to the operation of the

spectrometer. In this work we review the on-chip waveguide options in the literature

for THz waveguiding and select an appropriate waveguide based on initial design

considerations. The waveguide chosen was a metamaterial waveguide in the form of

a Spoof Plasmon waveguide which allows for field enhancement at the metamaterial

surface. Following this the impedances of both the emitter UTC photodiode and

receiver UTC photodiode are evaluated under their optimum operating conditions

to maximise the power transfer across the spectrometer sample pathway. Using the

Impedance information, a transition is designed to convert from guided co-planar

waveguide modes to surface wave modes supported by the metamaterial waveguide.

In addition, a resonator is also designed and coupled to the waveguide for refractive

index sensing applications. Finally, the optical sub-system is designed to create

a tuneable frequency domain spectrometer that down-converts the received sub-

millimetre wave signals to the MHz range which can be easily extracted through

the device bias circuit. The system is used to demonstrate a proof of concept free

space spectroscopy system for remote sensing of Glucose concentrations in the 50-

65 GHz spectral range.



Impact Statement

The work in this thesis regarding the design of an on chip spectrometer and THz

frequency domain spectroscopy in general has the potential to impact a wide vari-

ety of areas. Particularly where high resolution spectral analysis are required. For

example in the quantification and qualification of pharmaceutical products where

several spectroscopic techniques are employed to assess product quality. Analysis

of trace atmospheric gasses is important for understanding the chemical dynamics

in the atmosphere and their contribution to climate change. THz Frequency do-

main spectroscopy allows the narrow absorption lines of low pressure gasses to be

resolved. This enables characterisation of various gas species present in the atmo-

sphere. By integrating the spectrometer on-chip a range of compact designs are

enabled, such as micro-organism detection and micro-fluidic sensing of samples

with a small scattering cross section in concentrations typically too small for con-

ventional spectrometers. In addition the small footprint of the device enables it to

be placed inside cryogenic or high field environments to enable spectroscopy on

samples at helium temperatures. Samples such as rare earth doped crystals present

an interesting target sample as they possess a rich array of spectral features along

with promising quantum phenomenon which could impact future developments in

quantum information processing. In this case the on-chip spectrometer presents a

scalable platform for addressing multiple quantum transitions.



Acknowledgements

I would like to thank my supervisor Prof Cyril Renaud for his guidance and support

throughout the course of my PhD. Also, for the encouragement to pursue career

opportunities and development of new ideas. I’m grateful for the independence I

was allowed during the PhD that enabled my understanding of the field to grow. I

would like to thank also my second supervisor Dr Oleg Mitrofanov for his input

to my work and for inclusion in additional work in the THz field. I would like to

thank Prof Alwyn Seeds also for suggestions and support during my PhD. I am par-

ticularly grateful for the support of members ultrafast photonics group at UCL, in

particular Dr Chris Graham for helping me get started in the lab and for patiently ad-

vising me on the feasibility of my designs and for performing the many fabrication

steps needed. Dr Kasia Balakier for sharing knowledge of experimental systems

and for technical input during the preparation of publications. Dr Michele Natrella

for imparting his expert knowledge in numerical modelling techniques and of UTC

photodiode devices. I would also like to thank my partner Karen for her support

and encouragement throughout my PhD. Finally, my parents for encouraging my

pursuits in science and engineering through the medium of car engines and Lego.



List of Publications

[1] J. Seddon and C. Renaud, “Design of an Integrated Plasmonic THz On-Chip

Spectroscopy Platform,” Optical Terahertz Science and Technology OTST

2017.

[2] J. P. Seddon, K. Balakier, X. Lin, C. Graham, A. J. Seeds, and C. C. Renaud,

“A Photonics Enabled Millimetre Wave Frequency Domain Spectrometer for

Glucose Concentration Sensing,” in 2018 43rd International Conference on

Infrared, Millimeter, and Terahertz Waves (IRMMW-THz), 2018, pp. 1-2

[3] C. C. Renaud, M. Natrella, C. Graham, J. Seddon, F. Van Dijk, and A. J.

Seeds, “Antenna integrated THz uni-traveling carrier photodiodes,” IEEE J.

Sel. Top. Quantum Electron., vol. 24, no. 2, Mar. 2018



Contents

1 Introduction 21

1.1 Terahertz Spectral Region . . . . . . . . . . . . . . . . . . . . . . . 21

1.2 Continuous Wave Terahertz Generation . . . . . . . . . . . . . . . 23

1.3 Terahertz Detection . . . . . . . . . . . . . . . . . . . . . . . . . . 27

1.4 Continuous Wave Terahertz Spectroscopy . . . . . . . . . . . . . . 30

1.5 Terahertz Integrated Systems . . . . . . . . . . . . . . . . . . . . . 32

1.6 Organisation of the Thesis . . . . . . . . . . . . . . . . . . . . . . 35

1.7 Novel Contributions . . . . . . . . . . . . . . . . . . . . . . . . . . 35

1.8 References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36

2 Design of Terahertz Lab On Chip 48

2.1 Design Objectives . . . . . . . . . . . . . . . . . . . . . . . . . . . 48

2.2 Dielectric Waveguides . . . . . . . . . . . . . . . . . . . . . . . . 49

2.2.1 Photonic Crystal Waveguides . . . . . . . . . . . . . . . . 49

2.3 Metallic Waveguides . . . . . . . . . . . . . . . . . . . . . . . . . 51

2.3.1 Co-Planar Waveguides . . . . . . . . . . . . . . . . . . . . 51

2.3.2 Rectangular Waveguides . . . . . . . . . . . . . . . . . . . 51

2.3.3 Planar Goubau Lines . . . . . . . . . . . . . . . . . . . . . 52

2.3.4 Metamaterial Waveguides . . . . . . . . . . . . . . . . . . 53

2.4 Waveguide Selection . . . . . . . . . . . . . . . . . . . . . . . . . 55

2.5 Spoof Plasmonic Waveguide Theory . . . . . . . . . . . . . . . . . 56

2.5.1 Effect of Gold Material Properties . . . . . . . . . . . . . . 59

2.6 Metamaterial Sensors . . . . . . . . . . . . . . . . . . . . . . . . . 63



Contents 8

2.6.1 Localised Spoof Plasmon Resonators . . . . . . . . . . . . 64

2.6.2 LC type Resonators . . . . . . . . . . . . . . . . . . . . . . 69

2.6.3 Effects of Gold Permittivity on Resonator Linewidth . . . . 73

2.7 Spoof Plasmonic Waveguides With Resonators . . . . . . . . . . . 75

2.8 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79

2.9 References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 80

3 Characterisation of Source and Receiver Uni Travelling Carrier Photo-

diodes 87

3.1 Determination of Optimal Parameters for Optoelectronic Mixing . . 88

3.1.1 Effects of Optical Power at DC Operation . . . . . . . . . . 88

3.1.2 Effects of Optical Power on LO Operation . . . . . . . . . . 91

3.1.3 Optoelectronic Mixing Experiments with 40 MHz Interme-

diate Frequency . . . . . . . . . . . . . . . . . . . . . . . . 92

3.1.4 Observation of Harmonic Distortion at 1 GHz Optical Het-

erodyne . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94

3.1.5 Discussion on Dominant Mixing Mechanism . . . . . . . . 97

3.2 Determination of UTC Photodiode Impedance Under Saturated Op-

erating Conditions . . . . . . . . . . . . . . . . . . . . . . . . . . . 98

3.2.1 Measurement of UTC Photodiode Impedance . . . . . . . . 99

3.2.2 Effect of Optical Illumination on Photodiode Impedance . . 102

3.2.3 Effect of Optical Power on Optoelectronic Frequency Re-

sponse . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 104

3.3 Impedance Measurement of UTC Photodiodes for Lab on Chip . . . 109

3.3.1 Mixing measurements on Device B photodiodes . . . . . . 109

3.3.2 Impedance Measurements on UCL photodiodes . . . . . . . 111

3.3.3 Device Impedance for Design of waveguide transition . . . 111

3.4 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 113

3.5 References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 113



Contents 9

4 Integration of Metamaterial Waveguide with UTC Photodiodes 118

4.1 Simpli�ed Device Impedance . . . . . . . . . . . . . . . . . . . . 118

4.2 Intermediate Frequency Extraction and biasing . . . . . . . . . . . 122

4.2.1 Microstrip Inductive Elements . . . . . . . . . . . . . . . . 123

4.3 Equivalent Circuit Model . . . . . . . . . . . . . . . . . . . . . . . 124

4.3.1 Circuit Analysis of Complex Load Impedance . . . . . . . . 125

4.3.2 Transmission Line Analysis of UTC Photodiode Intercon-

nections . . . . . . . . . . . . . . . . . . . . . . . . . . . . 127

4.3.3 Metamaterial Waveguide Integrated Devices . . . . . . . . 128

4.4 Full Wave Modelling . . . . . . . . . . . . . . . . . . . . . . . . . 136

4.4.1 Full Layer Model of Transmitter and Receiver Photodiodes 136

4.4.2 Full Layer Model Results for Lab-on-Chip Devices . . . . . 139

4.4.3 Full Layer Model With Spiral Resonators . . . . . . . . . . 140

4.5 Reduced Mesa Optical Modelling . . . . . . . . . . . . . . . . . . 142

4.6 Metamaterial Waveguide Test Structures . . . . . . . . . . . . . . 145

4.7 Single UTC PD Integrated Metamaterial Waveguides . . . . . . . . 149

4.8 Antenna Integrated UTC-PDs . . . . . . . . . . . . . . . . . . . . . 151

4.9 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 154

4.10 References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 155

5 Optical Sub-System for Lab-on-Chip Frequency Domain THz Spec-

trometer 159

5.1 Optical Sub-System Design . . . . . . . . . . . . . . . . . . . . . . 159

5.2 Receiver System Performance . . . . . . . . . . . . . . . . . . . . 161

5.3 Millimetre Wave Sensing of Glucose . . . . . . . . . . . . . . . . . 166

5.4 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 172

5.5 References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 172

6 Conclusions and Future Work 176

6.1 Summary of the Thesis . . . . . . . . . . . . . . . . . . . . . . . . 176

6.2 Key Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . 177



Contents 10

6.3 Suggestions for Future Work . . . . . . . . . . . . . . . . . . . . . 179

6.3.1 On-Chip Terahertz Spectroscopy of Quantum States . . . . 179

6.3.2 Integrated Uni Travelling Carrier Photodiode and Fermi

Level Managed Barrier Diode . . . . . . . . . . . . . . . . 180

6.4 General Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . 181

6.5 References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 183

Appendix A 184

A UTC Photodiode Devices 184

Appendix D 186

B Experimental Methods 186

B.1 References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 189



List of Figures

1.1 The Terahertz region of the electromagnetic spectrum . . . . . . . . 21

1.2 Atmospheric transmission coef�cient for the THz region of the

spectrum[0.1, 2] . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22

1.3 Schematic diagram of optical heterodyne generation in a fast pho-

todiode . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25

1.4 Band diagram of UTC PD reproduced from[0.26] . . . . . . . . . . 25

1.5 Schematic digram of an optical waveguide integrated UTC-PD . . . 26

1.6 Dynamic capacitance attributed to charge storage in the absorber

layer due to the space charge effect reproduced from[0.38] . . . . . 29

2.1 First Brillouin zone of the triangular hole array photonic crystal . . 49

2.2 Photonic band diagram of triangular hole array unit cell showing

TM modes (blue) and TE modes (red). . . . . . . . . . . . . . . . . 50

2.3 Periodic 1D metallic groove array where p denotes the groove peri-

odicity, a the duty cycle, and h the groove height. . . . . . . . . . . 56

2.4 Effective medium representation of the 1D array of grooves from

2.3 on a perfect electric conductor. . . . . . . . . . . . . . . . . . . 56

2.5 Unit Cell of a double sided spoof plasmonic waveguide. Signal

propagation is in the direction of periodicity p. . . . . . . . . . . . . 58

2.6 Dispersion diagram of spoof plasmon unit cell normalised to units

pi/p . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58

2.7 Network parameters for plasmonic waveguide . . . . . . . . . . . . 59

2.8 Characteristic impedance of ideal plasmonic waveguide . . . . . . . 59



List of Figures 12

2.9 Schematic diagram of waveguide structure on Indium Phosphide

substrate using a perfect metal approximation . . . . . . . . . . . . 61

2.10 S-Parameters for Spoof Plasmonic Waveguide using perfect electric

conductor approximation . . . . . . . . . . . . . . . . . . . . . . . 61

2.11 Field map of Ex component of E �eld at 0.45 THz . . . . . . . . . . 62

2.12 S-Parameters for spoof plasmonic waveguide using Drude gold ap-

proximation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62

2.13 Loss in Drude gold for plasmonic waveguide from full wave model

of the spoof plasmonic waveguide shown in 2.9 . . . . . . . . . . . 63

2.14 Localised surface plasmon resonator . . . . . . . . . . . . . . . . . 65

2.15 Extinction Cross Section of periodically grooved cylinder showing

ctric eledipole resonance at 0.2 THz and quadrupole resonance at

0.3 THz . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66

2.16 Magnitude E Field from Field Probe point in full wave model de-

tailing �eld at 1 µm above resonator edge . . . . . . . . . . . . . . 66

2.17 Simulated a) Electric dipole mode b) Electric quadrupole mode of

the resonator structure from Fig 2.14 . . . . . . . . . . . . . . . . 67

2.18 Archimedean Spiral LSP . . . . . . . . . . . . . . . . . . . . . . . 67

2.19 ECS of Spiral LSP resonator . . . . . . . . . . . . . . . . . . . . . 68

2.20 Magnitude E �eld from �eld probe for spiral resonator . . . . . . . 68

2.21 a) Electric dipole mode b) Magnetic dipole mode c) Electric

quadrupole mode d) Magnetic quadrupole mode . . . . . . . . . . . 69

2.22 Parallel type LC resonator . . . . . . . . . . . . . . . . . . . . . . 70

2.23 Parallel type LC resonator Field Magnitude in gap . . . . . . . . . . 70

2.24 E �eld map for parallel type LC resonator . . . . . . . . . . . . . . 71

2.25 Series type LC resonator . . . . . . . . . . . . . . . . . . . . . . . 71

2.26 Magnitude E �eld in gap of series type LC resonator . . . . . . . . 72

2.27 E �eld map for series type LC resonator . . . . . . . . . . . . . . . 72

2.28 Comparison of PEC and Drude metal model on LSP resonator

linewidth . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73



List of Figures 13

2.29 Comparison of PEC and Drude metal model on Spiral resonator

linewidth . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74

2.30 Comparison of PEC and Drude metal model on LC resonator

linewidth . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75

2.31 Comparison of PEC and Drude metal model on LC Series resonator

linewidth . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75

2.32 Schematic diagram of the numerically simulated section of spoof

plasmonic waveguide with proximity coupled LSP resonator. . . . . 76

2.33 Numerically simulated response of the LSP resonator coupled to a

spoof plasmonic waveguide showing higher order mode excitation

at 0.27, 0.33, and 0.36 THz . . . . . . . . . . . . . . . . . . . . . . 76

2.34 Schematic diagram of the numerically simulated section of spoof

plasmonic waveguide with proximity coupled spiral LSP resonator. . 77

2.35 Numerically simulated response of the spiral LSP resonator cou-

pled to a spoof plasmonic waveguide showing electric dipole mode

excitation at 0.2 THz and magnetic dipole excitation at 0.314 THz . 77

2.36 Schematic diagram of the numerically simulated section of spoof

plasmonic waveguide with proximity coupled LC resonator. . . . . 78

2.37 Numerically simulated response of the LC resonator coupled to a

spoof plasmonic waveguide showing resonant mode excitation at

0.2 THz . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78

2.38 Schematic diagram of the numerically simulated section of spoof

plasmonic waveguide with proximity coupled split ring resonator. . 79

2.39 Numerically simulated response of the split ring resonator coupled

to a spoof plasmonic waveguide showing resonant mode excitation

at 0.2 THz . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79

3.1 Schematic Diagram of DC photoresponse characterisation . . . . . 89

3.2 3x15 µm2 UTC photodiode DC photocurrent response for increas-

ing reverse bias and optical input power. . . . . . . . . . . . . . . . 90

3.3 Differential Conductance from device I/V curves. . . . . . . . . . . 90



List of Figures 14

3.4 Optical heterodyne experiment for evaluating LO power. . . . . . . 91

3.5 a) LO power at 53 GHz for increasing optical power calibrated for

loss in the RF path. b) The Effect of increasing optical power of the

power level on the LO power at 53 GHz with incremental reverse

bias increases . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 92

3.6 Optical self-heterodyne experiment for evaluating optoelectronic

mixing performance. . . . . . . . . . . . . . . . . . . . . . . . . . 93

3.7 IF powers recorded as a function of reverse bias for increasing op-

tical power. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94

3.8 Contour plot of LO power and differential conductance with respect

to conversion loss. . . . . . . . . . . . . . . . . . . . . . . . . . . . 95

3.9 Power spectrum of 1 GHz optical heterodyne signal generated with

16.1 dBm optical power and 0 V reverse bias showing higher order

harmonics of the 1 GHz signal. . . . . . . . . . . . . . . . . . . . . 96

3.10 a) Effect of increasing reverse bias on power level of each harmonic.

b) Effect of increasing optical power of the power level of each

harmonic with the bias �xed at 0 V. . . . . . . . . . . . . . . . . . . 97

3.11 Amplitude of 2nd harmonics with respect to bias voltage for in-

creasing frequencies. . . . . . . . . . . . . . . . . . . . . . . . . . 98

3.12 Experimental Schematic used for RF frequency Response and S-

Parameter Measurement. The UTC Bias is provided through an

internal bias tee from the Keithley Source Meter (SMU). . . . . . . 100

3.13 a) Magnitude S11 of 3x15 µm UTC PD b) Phase c) Real part of Z11

d) Imaginary part of Z11 . . . . . . . . . . . . . . . . . . . . . . . 101

3.14 Equivalent circuit diagram for the UTC photodiode developed in [0.2].102

3.15 S11 Magnitude b) Phase c) Z11 real d) Z11 Imaginary for Increas-

ing optical pump power at 0V bias for a 3x15 µm2 UTC PD . . . . 103

3.16 Device capacitance derived from the imaginary part of the measured

Z11. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 104



List of Figures 15

3.17 Modelled values of depletion layer a) Capacitance and b) Conduc-

tance for increasing optical pump power at 0V and 2V Reverse Bias 104

3.18 Optoelectronic Frequency response measurement for a 3 x 15 µm2

UTC PD with increasing optical pump power at 0 V bias. . . . . . . 105

3.19 Frequency response of a 3 x 15 µm2 UTC PD at an optical pump

power of 3 dBm and 0 V bias . . . . . . . . . . . . . . . . . . . . . 107

3.20 Frequency response of a 3 x 15 µm2 UTC PD with increasing optical

pump power. The �tting data is based on the RC response �tting

data from Figure 3.15a while keeping values from Table 3.1 constant 108

3.21 Fitted Transit time response for the UTC PD using modi�ed values

from Table 3.1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 109

3.22 Microscope image of a 3x15 µm2 co-planar waveguide integrated

UTC-PD . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 110

3.23 Bias dependent conversion loss for increasing optical pump power . 110

3.24 Plot of a) C4 capacitance and b) R4 Conductance with respect to

increasing optical power at 0V bias . . . . . . . . . . . . . . . . . . 111

3.25 Calculated Z11 real and imaginary for transmitter and receiver pho-

todiodes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 112

4.1 a) Real part of Z11 from the equivalent circuit model b) Imaginary

part of Z11 from the equivalent circuit model . . . . . . . . . . . . 119

4.2 Initial mode matching transition design . . . . . . . . . . . . . . . 120

4.3 S-parameters for CPW to metamaterial transition using device se-

ries resistance . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 120

4.4 Dispersion diagram for co-planar waveguide and spoof plasmonic

waveguide with increasing height . . . . . . . . . . . . . . . . . . . 122

4.5 An equivalent circuit for microstrip step-change discontinuity from

[0.10] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 124

4.6 IF low-pass �lter structure schematic . . . . . . . . . . . . . . . . . 124

4.7 Normalised response of the microstrip IF Low pass �lter . . . . . . 125

4.8 Equivalent circuit model for UTC PD Impedance . . . . . . . . . . 125



List of Figures 16

4.9 Equivalent circuit of the UTC PD as a source connected to a 50

Ohm Load . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 126

4.10 RC limited response of the transmitter PD connected to the complex

load impedance of the receiver PD normalised to the DC photocurrent127

4.11 Transmission line model of Transmitter UTC PD connected to re-

ceiver UTC PD Impedance . . . . . . . . . . . . . . . . . . . . . . 128

4.12 S-parameters for an ideal 50 Ohm transmission line connected to

source and receiver UTC PDs . . . . . . . . . . . . . . . . . . . . . 129

4.13 Calculated RC response limited power delivered to the receiver pho-

todiode when connected to a 50 Ohm transmission line from Equa-

tion 4.1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 129

4.14 Schematic diagram of exponential taper integrated devices (dimen-

sions in µm) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 130

4.15 S-parameters of UTC PD integrated waveguide accounting for com-

plex device impedance . . . . . . . . . . . . . . . . . . . . . . . . 131

4.16 Characteristic impedance of metamaterial waveguide and exponen-

tial transition . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 131

4.17 Power delivered to the receiver PD series resistance accounting for

RC and transit time response for 10 mA photocurrent driving emit-

ter UTC PD . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 132

4.18 Schematic diagram of UTC PD devices integrated with metamate-

rial waveguide using a linear tapering transition . . . . . . . . . . . 133

4.19 S parameters for lab on chip with linearly tapering transitions . . . . 134

4.20 Characteristic impedance of metamaterial waveguide and linear

transition . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 134

4.21 Calculated power delivered to receiver series resistance accounting

for transit time effects for linear tapering devices when driven with

10 mA photocurrent . . . . . . . . . . . . . . . . . . . . . . . . . . 135

4.22 Model of CPW integrated UTC PD with inset detail of UTC PD

ridge structure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 136



List of Figures 17

4.23 S11 magnitude and phase for full layer model and circuit model

compared with experimental S11 data . . . . . . . . . . . . . . . . 137

4.24 S11 magnitude and phase for receiver UTC PD full epitaxial layer

model and circuit model compared with experimental results up to

67 GHz . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 138

4.25 Power delivered to the absorber region of the receiver UTC PD us-

ing epitaxial layer model and accounting for transit time effects for

the exponentially tapered devices. The peaks in the spectrum corre-

spond to the maxima of the S21 from Figure 4.15 . . . . . . . . . . 139

4.26 Power delivered to the absorber region of the receiver UTC PD us-

ing epitaxial layer model and accounting for transit time effects for

the linearly tapered devices when driven with 10 mA of photocurrent 140

4.27 Schematic diagram of localised spoof plasmon resonator coupled to

lab on chip devices . . . . . . . . . . . . . . . . . . . . . . . . . . 141

4.28 a)Power delivered to the receiver absorber region with and without

spiral resonator b) with the response of the spiral in dB . . . . . . . 141

4.29 Magnitude �eld map for Ez Field showing Electric and magnetic

dipole modes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 142

4.30 Schematic diagram of localised spoof plasmon resonator . . . . . . 143

4.31 a)Magnitude of the E Field in the shallow geometry optical waveg-

uide b) plot of magnitude across width of waveguide . . . . . . . . 143

4.32 Dimensions (in µm) of the reduced mesa optical waveguide structure 144

4.33 a)Magnitude of the E Field in the reduced mesa optical waveguide

b) plot of magnitude across width of waveguide . . . . . . . . . . . 144

4.34 Schematic diagram of the spoof plasmon waveguide test structures . 145

4.35 Smith chart of co-planar waveguide probe tips model normalised to

50 Ohm impedance . . . . . . . . . . . . . . . . . . . . . . . . . . 146

4.36 a) Magnitude and b) Phase for the full wave model and experimen-

tally measured Spoof plasmon waveguide test structures . . . . . . . 147



List of Figures 18

4.37 a) Magnitude and b) Phase for the full wave model and experimen-

tally measured Spoof plasmon waveguide test structures . . . . . . . 148

4.38 Smith chart for in�nity probe tips, normalised to 50 Ohm . . . . . . 148

4.39 a) Simulated and measured S11 Magnitude and b) Phase for the

spoof plasmon waveguide test structures on the G band . . . . . . . 149

4.40 a) Simulated and measured S21 Magnitude and b) Phase for the

spoof plasmon waveguide test structures on the G band . . . . . . . 149

4.41 Schematic diagram of the metamaterial waveguide integrated with

a single 3x15 µm2 UTC PD and co-planar waveguide taper. . . . . . 150

4.42 a) Simulated and measured S11 Magnitude and b) Phase for the

spoof plasmon waveguide single UTC PD test structures . . . . . . 150

4.43 Experimentally measured output power in the W band compared to

numerical simulations of single UTC PD plasmonic waveguide device151

4.44 Schematic diagram of the experimental arrangement used for free

space THz power measurements on antenna integrated UTC-PDs . . 152

4.45 a) Schematic diagram of complementary THz slot antenna. b) Dig-

ital microscope image of fabricated device mounted on a 6 mm sil-

icon lens with lensed optical �bre . . . . . . . . . . . . . . . . . . 153

4.46 Measured THz output power at 12 mA average photocurrent from

an antenna integrated UTC PD compared to numerically modelled

output power . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 153

5.1 Schematic diagram of self-heterodyne spectrometer arrangement . . 160

5.2 Input power delivered to the ACP probe connected to the receiver

photodiode . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 162

5.3 OPM conversion loss for V band operation . . . . . . . . . . . . . . 162

5.4 Electrical power spectrum of the 80 MHz IF signal for 10 dBm input

signal at 52 GHz . . . . . . . . . . . . . . . . . . . . . . . . . . . 163

5.5 Numerically simulated magnitude of the E �eld incident on the

acrylic sample holder used in the glucose spectroscopy experiments 167

5.6 Received Power over free space path with empty sample holder . . . 167



List of Figures 19

5.7 Received power with and without deionised water sample showing

strong attenuation for the signal from water absorption . . . . . . . 168

5.8 Response of IF power with increasing glucose concentration at 52

GHz, with DC photocurrent as a reference for system stability . . . 169

5.9 Response of IF power with increasing glucose concentration at 65

GHz, with DC photocurrent as a reference for system stability . . . 170

5.10 Proposed schematic of high-resolution spectrometer . . . . . . . . . 171

6.1 Magnitude of electric �eld showing reduced coupling to the lower

epitaxial structure. . . . . . . . . . . . . . . . . . . . . . . . . . . . 182

B.1 Schematic diagram of optical heterodyne generation in a fast pho-

todiode . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 186

B.2 Microscope image of Device A used in measurements in Chapter 3.

The device is a 3x15 µm2 active area device with 0.3 A/W optical

responsivity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 187

B.3 Optical self-heterodyne experiment for evaluating opto-electronic

mixing performance of III-V Lab UTC-PDs . . . . . . . . . . . . . 188

B.4 Image of the experimental arrangement used for the evaluation of

the III-V lab UTC-PD optoelectronic mixing performance . . . . . 188



List of Tables

3.1 Literature parameters used in Equation 5 to calculate transit time

response . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 107

3.2 Summary of circuit parameters for �tted equivalent circuits . . . . . 112

4.1 Summary of material parameters used to model transmitter photo-

diode . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 137

4.2 Summary of material parameters used in receiver UTC PD full layer

model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 138

6.1 Summary of epitaxial layers and doping for integrated UTC PD and

FMB diode . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 181

A.1 Summary of epitaxial layers and doping for Device A . . . . . . . . 184

A.2 Summary of epitaxial layers and doping for Device B . . . . . . . . 185



Chapter 1

Introduction

1.1 Terahertz Spectral Region

The Terahertz (THz) spectral region is located in the electromagnetic spectrum be-

tween the far infrared and microwave regions of the spectrum and is referred to as

the THz Gap. It is typically under served in terms of commercial sources and detec-

tors when compared to the visible region of the spectrum. The gap, shown in Figure

1.1, is de�ned as 0.3 - 3 THz or 1mm - 100 µm. A broader range of 0.1 - 10 THz is

also often used.

Figure 1.1: The Terahertz region of the electromagnetic spectrum
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There are many chemical and biological responses that can be accessed by the

energy range (meV) covered by THz radiation that are useful for quanti�cation and

quali�cation of samples, this is perhaps well illustrated by observing atmospheric

transmission across a section of the THz band, shown in Figure 1.2. Here there

are many absorption lines corresponding to the variety of chemical species in the

atmosphere.

Figure 1.2: Atmospheric transmission coef�cient for the THz region of the spectrum[1.1, 2]

In addition to the absorption of some materials there are many that are transpar-

ent to THz radiation, which opens the door towards imaging in areas traditionally

inaccessible to the visible region of the spectrum. The main technological chal-

lenges involved in the production of THz devices depends on the approach taken.

For electrical oscillators the oscillation frequency is prohibitively high for most

diode technologies where the limits are imposed by electron transit times. For the

case of generation via stimulated emission the THz photon energy is lower than

that of the optical phonon energy, therefore sources relying on intra-band transi-

tions such as the Quantum Cascade Laser (QCL) require cryogenic cooling and in

some cases magnetic �elds. In the following sections a review of the current state

of the art Continuous Wave (CW) sources and detectors will be presented with a

focus on their suitability for spectroscopy in general, and more speci�cally to this

work, their suitability for on-chip integration, and frequency domain spectroscopy.


	Introduction
	Terahertz Spectral Region
	Continuous Wave Terahertz Generation
	Terahertz Detection
	Continuous Wave Terahertz Spectroscopy
	Terahertz Integrated Systems
	Organisation of the Thesis
	Novel Contributions
	References

	Design of Terahertz Lab On Chip
	Design Objectives
	Dielectric Waveguides
	Photonic Crystal Waveguides

	Metallic Waveguides
	Co-Planar Waveguides
	Rectangular Waveguides
	Planar Goubau Lines
	Metamaterial Waveguides

	Waveguide Selection
	Spoof Plasmonic Waveguide Theory
	Effect of Gold Material Properties

	Metamaterial Sensors
	Localised Spoof Plasmon Resonators
	LC type Resonators
	Effects of Gold Permittivity on Resonator Linewidth

	Spoof Plasmonic Waveguides With Resonators
	Conclusions
	References

	Characterisation of Source and Receiver Uni Travelling Carrier Photodiodes
	Determination of Optimal Parameters for Optoelectronic Mixing
	Effects of Optical Power at DC Operation
	Effects of Optical Power on LO Operation
	Optoelectronic Mixing Experiments with 40 MHz Intermediate Frequency
	Observation of Harmonic Distortion at 1 GHz Optical Heterodyne
	Discussion on Dominant Mixing Mechanism

	Determination of UTC Photodiode Impedance Under Saturated Operating Conditions
	Measurement of UTC Photodiode Impedance 
	Effect of Optical Illumination on Photodiode Impedance 
	Effect of Optical Power on Optoelectronic Frequency Response

	Impedance Measurement of UTC Photodiodes for Lab on Chip
	Mixing measurements on Device B photodiodes
	Impedance Measurements on UCL photodiodes
	Device Impedance for Design of waveguide transition

	Conclusions
	References

	Integration of Metamaterial Waveguide with UTC Photodiodes
	Simplified Device Impedance 
	Intermediate Frequency Extraction and biasing
	Microstrip Inductive Elements

	Equivalent Circuit Model 
	Circuit Analysis of Complex Load Impedance
	Transmission Line Analysis of UTC Photodiode Interconnections
	Metamaterial Waveguide Integrated Devices 

	Full Wave Modelling
	Full Layer Model of Transmitter and Receiver Photodiodes 
	Full Layer Model Results for Lab-on-Chip Devices
	Full Layer Model With Spiral Resonators

	Reduced Mesa Optical Modelling
	Metamaterial Waveguide Test Structures 
	Single UTC PD Integrated Metamaterial Waveguides
	Antenna Integrated UTC-PDs
	Conclusions
	References

	Optical Sub-System for Lab-on-Chip Frequency Domain THz Spectrometer
	Optical Sub-System Design
	Receiver System Performance
	Millimetre Wave Sensing of Glucose
	Conclusions
	References

	Conclusions and Future Work
	Summary of the Thesis
	Key Conclusions 
	Suggestions for Future Work
	On-Chip Terahertz Spectroscopy of Quantum States
	Integrated Uni Travelling Carrier Photodiode and Fermi Level Managed Barrier Diode

	General Conclusions 
	References

	Appendix A
	UTC Photodiode Devices
	Appendix D
	Experimental Methods
	References


