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Abstract

Efficient, compact, and reliable terahertz frequency converters preferably op-
erating at ambient temperature are crucial for stabilising far-infrared opti-
cal sources. This thesis focuses on the design and characterisation of tera-
hertz Schottky diode harmonic mixers for frequency stabilisation of quantum-
cascade lasers.

First, the influence of idler terminations on harmonic mixer performance
and diode embedding impedance at radio and local oscillator frequencies was
studied. Based on this, a 3.5-THz, x6-harmonic mixer was designed. A pla-
nar, single-ended Schottky diode with a sub-um contact area was realised on a
2-um suspended GaAs substrate. The integrated mixer circuit was assembled
in an E-plane split-block with the aid of beam leads. The Schottky diode an-
ode pad was designed to act as a radio frequency E-plane probe and extended
as a beamlead to provide dc ground, resulting in an electrically compact cir-
cuit. The design was validated by conducting a sensitivity analysis of critical
parameters that are susceptible to fabrication tolerances. Two integrated cir-
cuits with Schottky contact areas of 0.11 and 0.14 um? were assembled on
mixer modules and dc¢/RF characterisation was carried out. Both harmonic
mixers exhibited a conversion loss of about 60 dB at an intermediate fre-
quency of 200 MHz. When evaluated in a phase-locked loop, it resulted in a
signal-to-noise ratio of 40 dB, which was more than sufficient to phase lock
the quantum-cascade lasers.

This work presents uncooled, efficient THz harmonic mixers for stabilising
THz optical sources. It opens up many opportunities for building a THz
heterodyne spectrometer with a high spectral resolution to detect gas species
such as hydroxyl radical and atomic oxygen in the frequency range of 3-5 THz.

Keywords: Frequency converters, Frequency stabilisation, Harmonic
mixers, Heterodyne receivers, Phase locking, Schottky diodes, Ter-
ahertz electronics.



ii



List of Publications

This thesis is based on the following appended publications:

[A]

D. Jayasankar, J. Stake and P. Sobis, "Effect of Idler Terminations on
the Conversion Loss for THz Schottky Diode Harmonic Mixers," in pro-
ceedings of the 44th Int. Conf. on Infrared, Millimeter, and Terahertz
waves (IRMMW-THz), Paris, Sep. 2019, pp. 1-2,DOI:|10.1109/ITRMMW-
THz.2019.8873938|.

D. Jayasankar, V. Drakinskiy, N. Rothbart, H. Richter, X Lii, L. Schrot-
tke, H T. Grahn, M. Wienold, H-W. Hiibers, P. Sobis, and J. Stake, "A
3.5-THz, x6-Harmonic, Single-Ended Schottky Diode Mixer for Fre-
quency Stabilization of Quantum-Cascade Lasers," IEEE Transactions
on Terahertz Science and Technology, vol. 11, no. 6, pp. 684-694,
Nov. 2021, DOI: 10.1109/TTHZ.2021.3115730.

D. Jayasankar, V. Drakinskiy, P. Sobis, and J. Stake, “Development
of Supra-THz Schottky Diode Harmonic Mixers,” in proceedings of the
46th Int. Conf. on Infrared, Millimeter, and Terahertz waves (IRMMW-
THz), Chengdu, Sep. 2021, DOI:10.1109/IRMMW-THz50926.2021.956.

Other publications that are not included as they are beyond the scope of this
thesis:

D]

H. Richter, N. Rothbart, M. Wienold, X Lii, L Schrottke, H T. Grahn,
D. Jayasankar, V. Drakinskiy, P. Sobis, J. Stake, and H-W. Hiibers,
"Phase Locking of 3.5-THz and 4.7-THz Quantum-Cascade Lasers Using
a Schottky Diode Harmonic Mixer", in proceedings of the 46th Int. Conf.
on Infrared, Millimeter, and Terahertz waves (IRMMW-THz), Chengdu,
Sep. 2021, pp. 1-2, DOI:10.1109/IRMMW-THz50926.2021.9566876.

D. Jayasankar, V. Drakinskiy, P. Sobis, and J. Stake, "Design and de-
velopment of 3.5 THz Schottky-based fundamental mixer", in proceed-
ings of the 2020 50th European Microwave Conference (EuMC), Utrecht,
Jan. 2021, pp. 595-598, DOI: 10.23919/EuMC48046.2021.9338204.

iii


www.doi.org/10.1109/IRMMW-THz.2019.8873938
www.doi.org/10.1109/IRMMW-THz.2019.8873938
www.doi.org/10.1109/TTHZ.2021.3115730
www.doi.org/10.1109/IRMMW-THz50926.2021.9567206
www.doi.org/10.1109/IRMMW-THz50926.2021.9566876
www.doi.org/10.23919/EuMC48046.2021.9338204

iv

[F]

P. Sobis, V. Drakinskiy, D. Jayasankar, A. Hammar, M. Anderberg,
A. Emrich, E. Saenz, and J. Stake, "4.7 THz GaAs Schottky diode re-
ceiver components’, in proceedings of the 30th Int. Symp. on Space
Terahertz Technology (ISSTT), Gothenburg, Apr. 2019, pp. 133.

J. Vukusic, V. Drakinskiy, D. Heineras, D. Jayasankar, T. Bryllert,
V. Valenta, M. Geneviev, F. Martin, and J. Stake, "Reliability assess-
ment of GaAs and InP THz mixers and frequency multipliers fabricated
on 3" wafers", in proceedings of the 30th Int. Symp. on Space Terahertz
Technology (ISSTT), Gothenburg, Apr. 2019, pp. 134.



Acknowledgments

Foremost, I would like to express my sincere gratitude to Prof. Jan Stake for
his guidance and unwavering belief in me during the course of my master’s
and PhD studies. I am forever indebted to the supra-THz team members,
Dr. Peter Sobis, Mr. Vladimir Drakinskiy, and Mr. Mats Myremark, for
their remarkable expertise and for being my pillar of support. Thanks to
Dr. Tomas Bryllert and Dr. Josip Vukusic for all the fruitful discussions. I
am grateful to my examiner Prof. Christian Fager for his continued support.
Special thanks to colleagues from the German Aerospace Center (DLR), Dr.
Heiko Richter, Dr. Nick Rothbart, and Prof. Heinz-Wilhelm Hiibers for their
support and encouragement. My sincere gratitude to colleagues from the
Paul-Drude Institute for Semiconductor Physics (PDI), Dr. Lutz Schrottke,
Dr. Xiang Lii and Prof. Holger T. Grahn for their insightful comments and
suggestions. Thanks to Dr. Nick Ridler, Mr. Steven Durant, and Dr. Jeffrey
Hesler for all the discussions in the TEMMT project. My appreciation also
goes to Dr. Karin Cedergren, Dr. Tobias Bergsten, Dr. Per Olof Hedekvist
and colleagues from the Research Institutes of Sweden (RISE), Borés.

I appreciate the Ericsson research foundation for funding my research visit
to Germany and the European Microwave Association (EuMA) for the intern-
ship award. This PhD was supported by the Swedish Foundation for strategic
research (SSF). The mixer development was carried out in the GHz centre
and financed by the European Space Agency (ESA) and the Swedish National
Space Board (SNSB).

To incredible women in my life, Balasaraswathy Jayasankar, Jayashree S.,
Dr. Mayuri S. Rao, Sara Catteau, Debora Perlheden, and Dr. Irina Nefedova.
Thanks for being the shoulder I can always depend on. Thanks to Fida, Sam,
Niklas, Rasmus, Andreas, Calle, Ayron and Azega for making me feel at home.
Thanks to colleagues Junjie, Yin, Jenny, Juan, Marlene and Anis for making
this journey more fun and exciting. Last but not least, I would like to dedicate
this thesis to my Amma and Appa for their love and support.

Divya Jayasankar
Géteborg, Nov. 2021






Acronyms

AM
Au
CAD

CVD
CW
DC
DLR
DSB
DUT
EM
ESA
FEM
FET
FIR
GaAs

HB
HEB

IC

Amplitude Modulation

Gold

Computer Aided Design
Chromium

Chemical Vapour Deposition
Continuous Wave

Direct Current

Deutsches zentrum fiir Luft- und Raumfahrt
Double Side-Band

Device Under Test
Electromagnetic

European Space Agency
Finite Element Method
Field Effect Transistor

Far Infrared

Gallium Arsenide
Germanium

Harmonic Balance

Hot Electron Bolometer
Hertz

Integrated Circuit

vii



IF

IR
LNA
LO
LOCUS

MMIC
MLT
MoM
PDI
PLL

Pt
QCL
RF
S-parameter
SiO,
SSB
SOFIA
Ti
TPX

3-D

viii

Intermediate Frequency
Infrared

Low Noise Amplifier
Local Oscillator

Linking Observations of Climate, the Upper atmosphere and
Space weather

Microwave Monolithic Integrated Circuit
Mesosphere-Lower Thermosphere

Method of Moments

Paul-Drude-Institut fiir Festkorperelektronik
Phase Locked Loop

Platinum

Quantum-Cascade Laser

Radio Frequency

Scattering parameter

Silicon dioxide

Single Side-Band

Stratospheric Observatory for Far-Infrared Astronomy
Titanium

Polymethylpentene

Three Dimension



Symbols

Z1p
Z10
ZRF

Boltzmann’s constant

Buffer layer doping concentration
Barrier height

Built-in potential

Conduction band

Conversion loss

Diode ideality factor

Depletion width

Diode embedding impedance at IF
Diode embedding impedance at LO
Diode embedding impedance at RF
Effective electron mass

Effective hole mass

Effective Richardson’s constant
Electrical conductivity of buffer layer
Electrical conductivity of epi-layer
Electron affinity

Elementary charge

Epi-layer doping concentration
Forward voltage

Guide wavelength

Junction capacitance

Low-field electron mobility
Low-field hole mobility

Magnetic permeability of free space
Metal work function

Mixer conversion loss

Permittivity of free space

Planck’s constant

Relative permittivity

Reverse voltage

Schottky contact area

ix



E, Semiconductor bandgap

R Series resistance

c Speed of light in vacuum

s Skin depth

tepi Thickness of epi-layer

E, Valence band

A Wavelength

Cjo Zero-bias junction capacitance
Constants

c 2.9979 x 108m/s

h 6.6260 x 10734 m? kg/s

kg 1.3806 x 10723 m? kg s72 K~!

po 4 x107"H m™!

e 8.8541 x 10712F m™!

q 1.6021 x 10719 coulombs



Contents

[Abstractl i
[ist of publications] iili
|Acknowledgements v

vii

[1__Introduction| 1
5
2.1 Schottky diode| . . . . . . ..o oo 5
2.1.1 Diode equivalent circuit| . . . . .. .. ... ... .. .. 8

[2.1.2  Current-voltage characteristic| . . . . . . .. ... .. .. 8

[2.1.3  Junction capacitance|. . . . . . .. ... 9

2.1.4  Series resistancel . . . . . . ... ... 10

2.1.5 Cut-off frequency|. . . . . . . ... ... ... ... 13
B2TMAXEIS -« o o o e e 14
2.2.1 Single-ended diode mixer| . . ... .. ... ... .... 16

2.2.2 Sub-harmonicmixer| . . . . .. ... ..., 17

Xi



2.3 Mixer conversion lossl. . . . . . . ..
2.4 Mixernolsel . .. ... ... ... ..

[3__Design and fabrication of harmonic mixer|
3.1 Design approachf . . . .. ... ...
[3.1.1  Mixer topologyf . . . . . . ..
8.1.2 Diode selection| . . . . .. ..

I;;llll (:ll!!lss; lll!s“ll .........

[3.1.7 IF impedance transformer| . .

[3.1.8  Sensitivity analysis| . . . . . .

3.2 Fabrication of harmonic mixer circuitsl . . . . . . . . .. .. ..

8.3 Mixer assembly| . . . . .. ... ..

[4.2.1 3.5-THz, x6-harmonic mixer]
[4.2.2  4.7-THz, x8-harmonic mixer|

B__Conclusion and future work|

|6 Summary of appended papers|

APP C

[References|

|Appended Papers|

xii

21
21
22
23
24
26
29
30
31
33
34
35

37
37
39
41
47

49

51

53

57

68



CHAPTER 1

Introduction

Terahertz (THz) heterodyne spectroscopy is an invaluable tool to understand
the physics, distribution profile, and concentration of molecular and atomic
gas in space |1]-]4]. Studying the chemical composition of the Earth’s atmo-
sphere can provide valuable insights into global warming and climate change.
In particular, detection of gas species such as atomic oxygen (OI) at 4.7 THz
[5], 16], and hydroxyl radical (OH) at 3.5 THz in the mesosphere-lower thermo-
sphere (MLT) regions can improve the climate and weather prediction models
[7-19)-

Despite its attractive scientific potential, THz is the least explored region in
the electromagnetic spectrum due to the unavailability of sources. However,
with the recent development of quantum-cascade lasers (QCLs), the realisa-
tion of THz heterodyne spectrometers has become feasible [10], [11]. QCLs
can provide a few-mW of output power and operate in continuous-wave (CW)
mode, thereby making it an ideal candidate as a local oscillator (LO) source
for THz spectrometers |12]-[14]. However, they are sensitive to cryocooler vi-
brations, temperature, and bias current variations, leading to frequency drifts
and instabilities. Hence, it is critical to stabilise the LO sources for resolving
fine features in the gas emission spectra.
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Many authors have reported phase-locking of a QCL, and a few of them
are summarised here. In 2009, Rabanus et al. demonstrated phase locking
of 1.5-THz QCL using a hot-electron bolometer (HEB) as well as employed
the QCL as an LO source in a heterodyne experiment [15]. However, HEBs
requires a cryocooler for their operation, and therefore, is not suitable for long
lifetime space and airborne missions.

Frequency converters preferably operating at ambient temperatures are re-
quired to meet future earth observation missions scientific objectives and in-
strumentation requirements. Detectors based on Schottky diode technology
are the workhorses behind high-altitude balloons and space-borne missions
such as ODIN and Microwave Instrument for Rosetta Orbiter (MIRO) [16]-
[18]. Schottky varactor diodes are employed as frequency multipliers in the
LO chain that pumps the mixers are utilised in the Heterodyne Instrument for
Far-Infrared (HIFI) instrument onboard of Herschel space observatory (HSO)
[19], and Sub-millimetre Wave Instrument (SWI) in JUpiter ICy moons Ex-
plorer (JUICE) mission [20]. It offers a wide range of intermediate frequencies
(IF), fast response time, and can work in ambient temperatures, thereby elim-
inating the need for cryocoolers |21]. In 2005, Betz et al. demonstrated phase-
locking of a 3-THz QCL to a far-infrared gas laser using a corner cube mount
GaAs Schottky diode mixer [22]. Erickson et al. |23] reported the first THz
balanced Schottky diode mixer in 2009. Subsequently, Danylov et al. [24]
demonstrated phase locking of a 2.32-THz QCL using a balanced-Schottky
diode x21-harmonic mixer, which exhibited a conversion loss of about 110 dB.
Bulcha et al. has demonstrated phase locking of 2.5-THz QCL using a single-
ended Schottky diode x4-harmonic mixer which yielded 35 dB conversion loss
[25]-[26]. Hence, it is desirable to have compact, efficient and reliable harmonic
mixers operating above 3 THz, which can be utilised in frequency stabilisation
of far-infrared optical sources.

This thesis presents the development of Schottky diode-based harmonic
mixers operating above 3 THz for QCL frequency stabilisation. A detailed
large-signal analysis of harmonic mixers with different idler terminations was
carried out to improve the harmonic mixer’s performance. [Paper A] presents
the corresponding diode embedding impedances at RF and LO frequencies
and the mixer conversion loss. Based on this theoretical evaluation, a 3D-
electromagnetic (EM) model was implemented using a FEM solver (Ansys
HFSS). The designed mixer circuits and blocks were fabricated at the Chalmers



University of Technology. A 600-GHz, x64-cascaded active multiplier chain
was used to pump the harmonic mixer. The QCL was grown and fabricated at
Paul Drude Institute for solid-state electronics (PDI), Berlin. The RF mixer
characterisation was carried out at the German Aerospace Center (DLR),
Berlin and the results are summarised in [Paper B]. The discrepancy between
the EM-simulation and measurements are discussed, and from this under-
standing, a design of 4.7-THz, x8-harmonic mixer was carried out, and the
preliminary simulation results are presented in [Paper C].

The thesis begins with an overview of Schottky diodes, diode I-V charac-
teristics, estimation of diode series resistance and junction capacitance, het-
erodyne detectors and mixer theory. It is followed by Chapter 3 about the
design of the 3.5-THz planar, single-ended Schottky diode x6-harmonic mixer.
Chapter 3 also concludes with a brief discussion of the integrated circuit and
mixer block fabrication and mixer assembly. Finally, in Chapter 4, the dc/RF
characterisation results are presented. The results show promising prospects
for the availability of compact, uncooled, and efficient THz harmonic mix-
ers, which opens up many opportunities for building future air/space-borne
heterodyne receivers with a high spectral resolution.






CHAPTER 2

Theory

This chapter starts with a brief overview of the historical development and
theory of Schottky diodes. The second part of this chapter is devoted to mixer
theory, and a brief overview of few mixer topologies.

"The Schottky-barrier diode is the cockroach of microwave tech-
nology: it is has been around since the beginning and is impossible
to exterminate. Schottky-barrier diodes existed before any other
microwave electronic devices and will be around long after all the
others are gone [27]." - Stephen A. Maas

2.1 Schottky diode

Schottky diode is a two-terminal device composed of a metal-semiconductor
(M-S) junction. Fig. shows the symbol and cross-section of the Schottky
diode. The first work on metal-semiconductor diodes was reported in 1874 by
Ferdinand Braun, who observed the current rectification effect while probing
a galena crystal (lead sulfide) with a metal wire [2§]. Crystal detectors played
an essential role in the development of wireless telegraphy, for which he was
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awarded the Nobel prize in 1909 together with Marconi [29]. Around the same
time, crystal detectors operating up to 60 GHz were developed by J.C. Bose
130]

@) Anode
Depletion
— region
\ Metal
N/ n
—{= Semiconductor nt
\
J) Ohmic contact
O Cathode
a) b)

Figure 2.1: Schottky barrier diode a) Schottky diode symbol b) Cross section of
the metal-semiconductor junction and the depletion region is indicated
by dotted lines.

Walter H. Schottky [31] postulated the concept of depletion layer; majority
charge carrier conduction over the barrier; the relation between the barrier
height and work function of metal and semiconductor; image-force lowering
effect [32]. A metal-semiconductor junction can act as a Schottky barrier
depending upon the barrier height ®;, and it is given by,

Dy = dm — Xs (2'1)

where ¢,,, is the metal-work function and y; is the electron affinity in the
semiconductor [33]-[34]. Both n- or p-type semiconductors can be used to
realise a Schottky diode. However, for high-frequency applications, n-doped
GaAs is preferred due to high electron mobility and carrier velocity [35]. Typ-
ical metals used as an anode contact are chromium (Cr), titanium (Ti), plat-
inum (Pt), and gold (Au). For n-type semiconductors, the most commonly
used ohmic metal is gold-germanium (Au-Ge) [36].

Under thermal equilibrium conditions, a depletion region of width W is cre-
ated due to the flow of electrons from the n-type semiconductor to the metal.
Further transport of electrons is prevented due to the built-in potential (1)
created between the metal and semiconductor junction as shown in Fig. 2.2h.
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Er q(Whi+VR)

Figure 2.2: Energy band diagram of a metal and (n-type) semiconductor junction.
(a) Thermal equilibrium, (b) Forward bias V, and (c) Reverse bias
Vk.

An external voltage has to be applied across the diode, i.e., forward bias or
reverse bias, to facilitate movement of majority carriers [37]. Depending upon
the polarity of the applied voltage, the depletion width (W) of the space-
charge region can be altered. Under forward bias condition see Fig. [2:2p, the
diode operates in a voltage-controlled resistor mode, also known as a varistor.
Resistive mixers are generally operated in the varistor mode. Under reverse
bias condition as shown in Fig. 2.2k, it acts as a voltage-controlled capacitor,
or varactor [|38]. Schottky diodes are typically operated in varactor mode for
highly efficient frequency multiplication applications [39]. Material properties
of GaAs at room temperature is given in Table [2.1]

Table 2.1: GaAs material properties at 300 K [40]—[42]

Symbol Description Value
E, Bandgap energy 1.42 eV
€s Relative permittivity 12.9
m} Effective electron mass 0.063
L Low-field electron mobility | 9000 cm?/V.s
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2.1.1 Diode equivalent circuit

A quasi-static equivalent circuit model for a Schottky diode is as shown below
in Fig. It consists of three elements, a series resistance (Rj), a non-linear
junction capacitance and a current source. With quasi-static assumption, all
non-linear elements are assumed to change instantaneously when their control
voltage varies. It allows representing the equivalent circuit of a solid-state
device by lumped linear and non-linear elements.

Anode

Rs

]+
V) == Vlj @ LV

)

Cathode

Figure 2.3: Quasi-static equivalent circuit model of a Schottky diode.

2.1.2 Current-voltage characteristic

The current flow in a Schottky diode is governed by the following carrier
transport mechanisms: thermionic emission, tunnelling, and recombination of
holes. For n-type semiconductors, current due to the minority charge carriers
can be neglected. Schottky diodes that are realised using high-mobility semi-
conductors, such as GaAs, the majority carrier transportation is dominated
by thermionic emission. Richardson was the first to explain the process of
thermionic emission in vacuum tubes [43|. Later, Bethe proposed that it is
also applicable to Schottky diodes |44]. Richardson’s constant can be experi-
mentally obtained by measuring the saturation current density as a function
of temperature [45]. The current-voltage (I-V) characteristic of metal and
n-type GaAs contact is given by
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q
I](‘/}) - IS <6{,Cp(77kBJT) - > (2 2)
where,
_ *% 2 _q¢b
I, = SA™T exp(kBT> (2.3)

I;(V;)— Diode junction current,

I, — Reverse saturation current,

V; — Junction voltage,

n— Ideality factor,

S— Schottky contact area,

A**— Effective Richardson’s constant [45],
T— Absolute temperature,

¢p— Barrier height,

q— Elementary charge

kp— Boltzmann’s constant

For an ideal diode with conduction dominated by thermionic emission, the
ideality factor 7 is equal to 1. However, an high epi-layer doping concentration

can result in a narrow depletion width Wy = ZqEwa‘ thereby causing the
V aNepi

electrons to tunnel through the barrier which degrades the ideality factor [32].

2.1.3 Junction capacitance

The voltage-dependent junction charge and corresponding capacitance for a
homogeneously doped diode can be derived using Poisson’s equation [46)].
The voltage-dependent depletion width is given by,

€,

Wy =
chpi

(thyi = V) (2.4)

where €, is the relative permittivity of the semiconductor, Nep; is the epi-
layer doping concentration, and V is the applied dc voltage across the diode.
The space charge Q; is,

Q) = 5qNepiWa = 51/26. Nepi (1 = V) (2.5)
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and the junction capacitance is,

€s quNcpi
=S 77—7m—= 2.6
W, 2(thp; — V) (26)

OjE

When the voltage applied across the diode is varied, the depletion width
W, will also vary as a function of the junction voltage. The zero-bias junction
capacitance is then given by,

qesNepi
U 4757 ept 2.
Cio = 81|15 (2.7)

For Schottky diodes with sub-micron contact area, the first-order fringing
effect is added as shown below [47],

€sS 3e.S
Cj B Wd(%) Danode (28)
ESS Wd
¢y 2 (1 +b( Ramde» (2.9)

where Ranode and Danode are the radius and diameter of the Schottky con-
tact, respectively, and b is the numerical constant 1.5. Detailed analysis of
junction capacitance of Schottky diodes with realistic geometries that are im-
plemented in a 2-D ensemble Monte Carlo simulator can be found in [48].

2.1.4 Series resistance

The diode series resistance is estimated by taking into account: undepleted
epi-layer, spreading, and ohmic contact resistance as shown in Fig. 2:4]

e Undepleted epi-layer - Epi-layer resistance can be approximated as

tcpi - Wd

Re i=
P S Oepi

(2.10)

where, top; is the total thickness of the epi-layer and o.p; is the electrical
conductivity of epi-layer which is given by,

Oepi = chpi/chpi(Ncpi»T) (211)

10
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Ilepi is the low-field electron mobility . Due to the voltage dependence
of Wg, Repi varies with voltage as well. However, for analysis purpose,
this dependence is neglected and the Rp; is calculated when Wy = 0.

e Buffer layer - For a point contact diode, the dc series resistance in the
buffer region can be approximated as [49],

1
R, ding = ————————— 2.12
spreading 4opuffer anode ( )
where, opufer is the electrically conductivity of the buffer region,
Tbufter = ¢Nbufter hbutter (Nbutter, ) (2.13)

and Npufter, Ubufter are the doping concentration and corresponding low-

Schottky contact

Cathode Cathode

contact

b) 0)

Figure 2.4: Diode series resistance. a) Illustration of the air-bridge and Schottky
contact b) Resistance contribution from the epi, buffer layer, and ohmic
contact ¢) Current flow in the highly conductive buffer layer limited
by the skin depth §s and transfer length L;.

11
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12

field electron mobility in the buffer region.

At high frequencies, spreading current in the buffer region is confined to
the surface of the buffer region due to the skin effect [50], [51],

/2 ¢
5y = £WHbuffer (2.14)
Obuffer

For Schottky diodes with planar geometry, analytical estimation of spread-
ing resistance in the buffer region is not straightforward due to the lateral
current flow, and the ohmic contact does not surround the Schottky con-
tact by 360° [52]. A careful estimation of spreading resistance in a planar
diode requires 3D-EM simulation using a FEM solver [51]. Alijabbari
et. al, reported quasi-vertical Schottky diodes with low parasitics in a
monolithically integrated structure [53].

Ohmic contact - For a vertical diode, the ohmic contact resistance can
be estimated using [54], [55],

Rcontact = *pc (215)

ohmic

Low-field mobility model - electron mobility of electrons at room tem-
perature for the specific doping concentration is calculated using the
empirical low-field mobility model by Sotoodeh [42] as shown in Fig. [2.5
With increasing doping concentration, scattering due to impurities in-
creases which in turn reduces the electron mobility.

Hmaz ( %)91 — HUmin

N X
14 ( )
Nyes(77)0
where, Tj is room temperature, fim,i, and fimq. is 500 and 9000 cm? /V.s,

respectively and Nyef is 6 x 1016 cm™3. 6y, 65 and ) are fitting constants
for majority carriers: 0.39, 2.1, and 3.0 [42].

/L(N, T) = Pmin +

(2.16)
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Figure 2.5: GaAs Electron mobility vs. doping concentration calculated using the
empirical low-field mobility model .

2.1.5 Cut-off frequency

Cut-off frequency is an important figure of merit to compare the performance
of Schottky diode based mixers and multipliers in THz applications. It is
calculated using the formula given below,

1

f; - 27T]%S(7j0

(2.17)

It is critical to reduce the series resistance and junction capacitance for in-
creasing the cut-off frequency. Reducing the Schottky contact area will reduce
the Cjo but increase Rs. On the other hand, increasing the epi-layer doping
concentration Nep; will reduce Ry but increase Cjo. In addition, high Nep;
will narrow the depletion width Wy thereby increasing the tunneling current
which will in turn increase the ideality factor n. As a result, it will worsen the
diode’s non-linearity. Hence, it is a trade-off between the cut-off frequency
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and the mixer performance .

0.5
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o
~
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Figure 2.6: Cut-off frequency as a function of Schottky contact area and doping
concentration.

2.2 Mixers

Mixers are also referred to as frequency converters utilising the non-linear I-
V characteristic of a device (diode or transistor) to convert a high-frequency
signal to low-frequency or vice-versa. The process is called frequency down-
conversion or up-conversion, respectively. Heterodyne receivers utilise two
signals: an RF signal that carries the information and an LO signal generated
by a local oscillator source. In a THz receiver system, the IF signal is typically
amplified using a low-noise amplifier (LNA) and later analysed in the
receiver back-end. Fig.[2.7shows the illustration of a THz heterodyne receiver.
The commonly used mixer symbol and the frequency conversion is shown
in Fig. When the frequency conversion or mixing process is achieved
using non-linear resistance, the device is referred to as a resistive mixer [58],
. When accomplished using non-linear reactance, it is called parametric
mixers . Different mixer topologies utilising diodes as a mixing element
are summarised below.

14



2.2 Mizers

Receiver front-end Receiver back-end
Mixer LNA IF amplifier
\ S~ >{>— Spectrometer
/ L
Antenna
Frequency
stabilisation
circuit
QCL

Local oscillator

Figure 2.7: Illustration of the THz heterodyne receiver showing the front, back-end
receiver and the local oscillator chain.

RF IF = s
Jan)
) Image| RF
5 t
% IF i
~ ] i
LO Frequency (Hz)

Figure 2.8: Mixer symbol - A three port device with two inputs and one output
port for the IF signal.
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Chapter 2 Theory

2.2.1 Single-ended diode mixer

A single-ended mixer topology consists of a single mixing element (diode) and
filters for transmission and suppression of the signals, as shown in Fig.
The mixing process occurs due to the diode’s non-linear current-voltage char-
acteristic (I-V), explained as follows.

+ DC bias
RF
choke
DC
block
- Band-pass | | | Low-pass IF
RF filter —| [ | | filter [ |
LO Schottky
diode Load

Figure 2.9: Schematic of a single-ended diode mixer.

The incoming signals (RF and LO) can be expressed as,

VRr(t) = Vrrcos(wist) (2.18)

Vio(t) = Viocos(wiot) (2.19)

where, wys = 27 fir and w), = 27 flo. The frequency mixing process is due
to the non-linear current-voltage characteristic of the mixing element such as
a diode or transistor. Using Taylor series, the diode current can be expressed

as,
i(t) = ag + a1v(t) + axv®(t) + azv®(t) + ... (2.20)

v(t) = Vrp(t) + VLo(t) (2.21)
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2.2 Mizers

and is expanded as,

Z(t) =ag + al[VRF (t) + V1o (t)
+az[Vrr(t) + Voo (t)}Q (2.22)
+a3[VRF (t) + VLo (t)}g

Z(t) = as [VRF<t)2 + VRF(t>2 + 2VLo(t)VRF(t)] (2.23)

i(t) = aaVrrViLo[cos(wit + wio )t + cos(wir)t] (2.24)

Equation consists of a sum and difference of the input signal frequen-
cies. The sum frequency term wyt + wj, is approximately twice the RF signal
whilst the difference frequency w,s — wy, is the desired IF signal. A low-pass
filter will remove the sum frequency term and all the undesirable higher order
mixing products. In this thesis, the single-ended diode mixer utilises the n*?
harmonic of the LO signal to generate the IF signal [61] and hence is referred
to as harmonic mixer.

fir = frr — nfLo (2.25)

where, n is the harmonic index.

2.2.2 Sub-harmonic mixer

The sub-harmonic pumped mixers at millimetre-wave applications are realised
using anti-parallel diode topology [62]. It was first proposed by Cohn et. al
in 1975 [63]. The schematic of the anti-parallel diode mixer is as shown in

Fig.

Band-pass RF choke ‘Low-pass L.
RE—"fiier jgﬁz filter | filter IF
Anti-parallel N
diodes LO

Figure 2.10: Schematic of the sub-harmonic mixer
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Chapter 2 Theory

It utilises a LO signal which is half of the RF signal (fro = %fRF), which
is advantageous in THz applications where the LO signal generation is made
possible using frequency multipliers based on solid-state devices [64]. Diodes
are often connected in series or parallel to reject certain mixing products or
harmonics. The desired output frequency is generated by mixing the RF signal
with the second harmonic of the LO signal.

WIF = WRF — 2 WLO (2.26)

The I-V characteristic of an anti-parallel diode mixer is,

I=1+1
=f(V) - f(=V)
=[aV +bV2+CV3 4 .| = [-aV +bVZ —cV3 + ]
=24V +2CV3 + ...

(2.27)

The frequency mixing process results in only odd-order components and no
even-order components. When employed as a sub-harmonic mixer, it utilises
the second-harmonic or third-order mixing product to generate the IF and
suppresses the fundamental mixing product. On the other hand, an anti-
series mixer generates only even-order components [46].

2.2.3 Idler terminations

Saleh [58] has proposed different schemes and mixer topologies based on reac-
tive idler terminations. The undesired out-of-band frequencies are referred to
as idlers. The mixer’s performance can be improved depending on the idler
terminations (short or open circuit).

All idlers are grouped into one and terminated by an open or short circuit
in the unitary division scheme. These mixers are called Z-, and Y-mixers,
respectively. In the binary division scheme, the out-of-band frequencies are
divided into odd and even frequencies. Grouping even and odd idler frequen-
cies and terminating them with a short and open circuit are referred to as
H-mixer, and vice-versa is a G-mixer Table. 2.2}
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2.8 Mizer conversion loss

Table 2.2: Mixer classification system based on idler terminations

Idlers wo,, | Idlers wo, 41 | Assigned name
Short Short Y-mixer
Open Open Z-mixer
Open Short G-mixer
Short Open H-mixer

2.3 Mixer conversion loss

Conversion loss is a useful figure of merit when evaluating the performance of
the mixers. The mixer conversion is given by,

L = Prr in/PiF out (2.28)

where, Prpin and Pirout are input RF frequency and output intermediate
frequency respectively. When no energy is dissipated in the out-of-band fre-
quencies (idlers), the theoretical limit of the conversion loss is 3 dB for a double
side-band mixer (DSB) [65]. In reality, the mixer conversion loss is degraded
due to various factors such as: diode series resistance, power dissipation in
idlers, impedance matching, and self heating effects [66].

2.4 Mixer noise

Noise is an important figure of merit for mixers. The major contributors of
noise in Schottky diodes are

e Thermal noise, also called Johnson or Nyquist noise, originating from
discrete nature of electric charges [67]-[68].

e Shot noise is generated due to current flow across the junction [69].

The shot noise current can be modelled as a current source parallel to I;
and thermal noise associated with the resistance contributions from epi-layer
R.,; and buffer region Ry, e can be modelled as a series voltage source [70]

as shown in Fig.

Ishot = 2quB (229)
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Chapter 2 Theory

where, I; is the instantaneous current flow across the junction and the
equivalent noise temperature of the junction is given by,

qV;
Tinor = -2 2.30
hot = 52 (2.30)

The mean square voltage amplitude of thermal noise is given by,

Uthermal = 4kTBR (231)

where, B is the bandwidth in Hz and R is the resistance.

Anode

Rs

vthermal

] +
Gi(Vi) Li(V))
\%

— l A O
(L_

Cathode

Figure 2.11: Equivalent circuit of noise sources in Schottky diode
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CHAPTER 3

Design and fabrication of harmonic mixer

This chapter describes the mixer topology, diode selection and modelling,
single-ended Schottky diode mixer design, integrated mixer circuit fabrication,
mixer blocks machining, and mixer assembly.

3.1 Design approach

Mixer block - Waveguide based mixers and multipliers are often realised in
an E-plane split block configuration as it does not affect the current distribu-
tion of the fundamental waveguide (TE1q) mode. It eases the milling process
of rectangular waveguides (1:1 aspect ratio) |71]-[73]. In addition, metal-
waveguide mixers are attractive due to their direct thermal and grounding
connections [74].

RF feedhorn - At THz frequencies, loss due to the atmospheric attenua-
tion is high. Hence, the RF feedhorn was directly integrated into the mixer
block. The diagonal feedhorn is an ideal candidate since they do not require
additional waveguide transitions [75].

LO chain - The LO signal is generated from a 600-GHz, x64-active multiplier
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Chapter 8 Design and fabrication of harmonic mixer

chain, which has a WM—SSdﬂ output waveguide with UG-387 flange interface
[76].

Diode modelling - For a given Schottky contact area, diode series resis-
tance (R;) and zero-bias junction capacitance (Cjo) was estimated using the
analytical model presented in chapter

The embedding impedances that offers low conversion loss for an ideal Z-mixer
was estimated at RF, LO, IF using an in-built diode model in the circuit sim-
ulator (ADS) [paper A]. Next, 3D-electromagnetic (EM) modelling is carried
out in the FEM solver (HFSS). The embedding impedances at RF and LO
frequencies were presented to the diode, and the mixer performance is evalu-
ated in terms of conversion loss and RF/LO return loss. Finally, sensitivity
analysis of critical parameters was carried out to check the robustness of the
design [Paper B].

3.1.1 Mixer topology

The single-ended diode mixer topology, as shown in Fig. [3.1]is chosen due to
its simplicity and to ease the circuit fabrication process.

High-pass RF choke LO choke
filter filter filter
IF
N N
[N\
~Z == = °
Z ey ZLO
RF Schottky 0 LO
3.5 THz diode ~600 GHz

Figure 3.1: Schematic of the single-ended diode harmonic mixer. Zrr and Zio
are the optimum embedding impedance at the RF and LO frequencies
respectively. Upon mixing, 6" harmonic of the LO signal generated
from the multiplier chain will result in a down-converted IF signal at
200 MHz.

IRF waveguide name designation. ’W’ stands for waveguide, M’ for metric, and the
number is the waveguide width in pm

22



3.1 Design approach

3.1.2 Diode selection

The traditional "vertical" whisker contact Schottky diodes offer low parasitic
capacitance but are susceptible to vibrations and not reliable as the Schottky
contact diameter decreases [77]. In 1987 Bishop et al. proposed a "planar'
Schottky diode technology, paving the way for the development of robust,
reliable, and mechanically stable Schottky-diode structures [78§].

The Schottky contact area is preferably less than 0.2 ym? and epi-layer with
6 x 1017 cm ™3 doping concentration was chosen to reduce the parasitics and
to operate below the cut-off frequency. It is followed by a highly doped buffer
layer with a concentration of about 5 x 10*® em~3 to facilitate conduction to
the ohmic contacts. The thickness of the epi-layer is equal to the depletion
width Wy at zero bias, and the buffer layer is 0.5 pm [51]. The top and bottom
etch stop layers have different thicknesses due to the tolerances in the front
and backside etching process steps.

6x10"7 cm? Epi-layer n GaAs 50 nm

5%10'8 cm Buffer layer n™" GaAs 0.5 um
Top etch stop layer (Al,Ga)As 60 nm

Semi-insulating GaAs membrane layer 2 um

Bottom etch stop layer (Al,Ga)As 0.4 um

GaAs substrate 650 um

\—//’/—\

Figure 3.2: Epitaxial material layer structure of a typical THz Schottky diode
mixer

Three different Schottky contacts were fabricated (0.14 ym? + 20%) to
tackle problems that may arise due to fabrication tolerances. Fabrication
of circuits at high frequencies is often limited due to higher order propagat-
ing modes in the supporting GaAs substrate. In order to reduce the circuit
losses and parasitics, the integrated diode technology will be realised using
suspended stripline technology in 2-ym thick GaAs membrane [79], [80] as
shown in Fig. 3.2
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Chapter 8 Design and fabrication of harmonic mixer

3.1.3 Embedding impedances

Harmonic balance is a commonly used technique to evaluate the mixer perfor-
mance. It partitions a circuit consisting of both linear and non-linear elements
into subcircuits, as shown in Fig. [3:3] The linear circuits are analysed using
a multi-port matrix (S- or Y-) in the frequency domain, and the non-linear
circuits are modelled using their I-V characteristics are analysed in the time
domain. The goal of a harmonic balance simulation is to find a set of voltage
waveforms that give the same current in the linear and non-linear subcircuits
[46].

I
|
i
Embedding | 1 z@) =Z=CV) v
LOE network | ’ 4 CD ¥
| |
|
|
|
|

Figure 3.3: Mixer embedding network. The series resistance of the diode and the
embedding impedance are analysed in frequency domain. The non-
linear junction capacitance and conductance are represented in time
domain.

The optimum embedding impedance of a x6-harmonic mixer was evalu-
ated at RF and LO frequencies using this technique and discussed in detail
in [paper A]. The out-of-band frequencies or idlers were assumed to be short-
circuited (Z-mixer topology). The optimum impedance at IF is typically very
high, around kQ [81]. The embedding impedance varies as a function of fre-
quency and pump power. In Fig. 3] and Fig. 3.5 the optimum embedding
impedance at RF and LO frequencies for an LO power of 2 dBm is presented.
The simulated conversion loss of 20 dB was obtained for an ideal Z-mixer.
Depending on the type of idler terminations, the mixer conversion loss can
vary. In reality, it is impossible to present short-circuit terminations to all
idlers. Hence, the conversion loss is typically higher, and it increases with
increasing harmonic index.
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Z-mixer
L-contours

0.2

-1

Figure 3.4: Smith chart showing the conversion loss L contours and the RF opti-
mum embedding impedance at 3.5 THz. Contour level: 1 dB.

Z-mixer
L contours

0.2

-1

Figure 3.5: Smith chart showing the conversion loss L contours and the LO opti-
mum embedding impedance at 600 GHz. Contour level: 1 dB.
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Chapter 8 Design and fabrication of harmonic mixer

3.1.4 Choke filters

To maximise the coupling of incoming signals to the diode and improve the
mixer performance, it is vital to have broad-band filters that can prevent
signal leakage and provide isolation between RF, LO and IF chains.

3.1.4.1 Stepped impedance filter

Stepped impedance filters consist of alternating high-low impedance line sec-
tions. These sections are realised using suspended stripline technology by
varying the width of the strip lines as shown in Fig. [3.6, The 5! order
stepped impedance provided isolation of about -18 dB isolation at the centre
frequency (3.5 THz).

e
BN BN F

Figure 3.6: 3D-EM model of the planar stepped impedance filter which provides
RF signal isolation.

10 ym

25 ym

Figure 3.7: Cross section of the RF channel 3D-EM model showing the 2-pm-thick
GaAs membrane and 0.5-um-thick gold striplines defining the stepped-
impedance filter.

Fig.[37]shows the cross-section of the RF channel showing the stepped impedance
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3.1 Design approach

filter defined on a 2-um GaAs membrane. The top and bottom channels
have different widths to account for the misalignment of top and bottom split
blocks. The rounded corners arising from the milling process is taken into
consideration in the 3D-EM model design. To ensure only the fundamen-
tal quasi-TEM mode exists in the RF channel, the height and the width of

both top and the bottom channels were optimised. Fig. shows there is a
single-mode operation up to 3.75 THz.

150
Fundamental mode

= | [=——2""mode
? 120 3 mode
S 90
<
= 60
o
&
— 304

0 T T T

3.0 35 4.0 4.5 50

Frequency (THz)

Figure 3.8: Propagation factor versus frequency for fundamental, 2"¢, and 3"¢ or-
der modes in the RF channel.

3.1.4.2 Hammerhead filter

Higher order stepped-impedance filters can provide better signal suppression,
but at the expense of having an electrically long circuit. Hence, it is criti-
cal to have an electrically short filter that can provide good isolation over a
wide bandwidth. Hammerhead filter is a good candidate that satisfies these

requirements [Paper B, C]. Fig. shows the top view of the LO choke filter
suspended using beam leads in the LO channel.
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Beamlead for

100 pm mechanical support

PR

+

. Alignment structure
centering

Figure 3.9: 3D-EM model of the LO choke filter realised using a Hammerhead
filter. The gold beam leads provides grounding, heat transfer and
mechanical support. The asymmetrical GaAs membrane aids in the
precise alignment of the circuit in the block.
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Figure 3.10: 3D-EM simulation response of the hammerhead filter from 500 to 700
GHz with suppression better than -20 dB between 550 to 650 GHz.

Beam leads provide efficient support, heat transfer, electrical grounding, and
precise circuit alignment in the E-plane mixer split block. Fig. [3.10]shows the
filter response of the designed hammerhead filter with suppression better than
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3.1 Design approach

-20 dB between 550 to 650 GHz and high suppression of about -40 dB at the
centre frequency.

3.1.5 Harmonic mixer

Fig. shows the full 3D-EM model of the 3.5-THz, x6-harmonic mixer, in-
cluding the RF/LO waveguides and channels and the integrated mixer circuit
including the planar Schottky diode and choke filters. The RF port (WM-
64), LO port (WM-380), and the IF port were assigned with a waveguide
port. The harmonic mixer was evaluated using the multi-frequency adaptive
mesh at RF and LO frequencies, resulting in about >200000 tetrahedrons.
[Paper C] presents the upgraded design and preliminary simulation results of
a harmonic mixer operating at 4.7 THz.

Beamlead

ground \

~ To IF impedance
\ '/ matching circuit

Beamlead for
mechanical support

Figure 3.11: Full 3D-EM model of the 3.5-THz, x6-harmonic Schottky diode

mixer.

29



Chapter 8 Design and fabrication of harmonic mixer

—-0.2

RE embedding impedance
présented to the diode
in the 3D-EM model

Figure 3.12: Smith chart showing the RF embedding impedance presented to the
diode in the 3D-EM model from 3.4 to 3.6 THz shown in red dots
and the green dot represent the center frequency

3.1.6 Horn antenna

It is advantageous for terahertz heterodyne receivers to have feedhorns that
can maximise signal coupling to detectors and have low cross polarisation.
Corrugated horn is an attractive candidate due to their high sensitivity, and
low cross polarisation [82]. However, at THz frequencies, it is difficult to
realise them due to fabrication tolerances. Other feedhorn profiles such as
Pickett-Potter horns [83], [84] and multi-flare angle horns are widely used as
well, but they require a circular to rectangular waveguide transition. On the
other hand, diagonal horns can be directly integrated with the rectangular
waveguides [85]. Nevertheless, they have poor efficiency due to their high
cross polarization component.

In this thesis, the RF feedhorn is based on a standard diagonal horn design
described by Johansson and Whyborn [86]. A diagonal horn with an aperture
size of 384x384 um?, corresponding to a flare angle of 5.4°, resulted in a
simulated directivity of about 23 dBi.
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)

Figure 3.13: 3.5-THz diagonal horn. (Top) Simulated H-plane radiation pattern
of the diagonal horn. (Bottom) 3D-EM model of the feedhorn.

3.1.7 IF impedance transformer

An impedance transformer is required to transform the mixer IF impedance
150 Q to 50-2 IF output. It can be realised using a quarter-wavelength trans-
former, resulting in a very narrow bandwidth. To increase the bandwidth,
multi-section impedance transformers such as Chebyshev, and binomial are
commonly used. A three-section Chebyshev impedance transformer, as
shown in Fig. The simulated insertion loss was less than 0.3 dB in the
frequency range from 1.5 to 7 GHz. To realise a compact front-end receiver
module, it is beneficial to integrate the LNA to the mixer module as presented
in . This approach can minimise the ripples caused due to the mismatch
between the mixer and LNA.
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Chapter 8 Design and fabrication of harmonic mixer

Figure 3.14: Picture showing the layout of the three-section Chebyshev 150 to 50 €2
impedance transformer.

0

-10-
)
S 0.
(9))]

-30-

—Sy
-40 81.2 : : .

2 4 6 8 10
Frequency (GHz)

Figure 3.15: Return loss and insertion loss of the three-section Chebyshev
impedance transformer. Losses in the gold traces are taken into ac-
count in the 3D planar EM simulator based on Method of Moments
(MoM) in the circuit simulator.
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3.1.8 Sensitivity analysis

Sensitivity analysis was performed to check the robustness of the harmonic
mixer. The parameters with critical tolerances are varied by 10% of their
original value to approximate the partial derivatives [89] as shown in Table[3.1]
The relative sensitivity coefficient is given by,

qo _ AL/Lg
T Az/xg

where AL = L, — Ly denotes the change in the conversion loss, Ly the nominal
conversion loss, Ax the relative variation of the parameter in the study, and
zo the nominal value of the parameter. The relative sensitivity coefficient was
then calculated by studying the mixer conversion loss and is plotted as shown
in Fig. The diode ideality factor (1) has the strongest influence on the
conversion loss of the mixer due to its influence on the diode non-linearity.

(3.1)

o w =~
T T

—

Relative sensitivity coefficient (S%)

i b az
t
€s
i a b2 Rs
I @ by
0 1 - W H

Parameters

Figure 3.16: Robustness of the 3.5-THz, x6-harmonic Schottky diode mixer. A
sensitivity analysis showing the influence of the circuit design and
diode model parameters listed in Table[3.1} The following parameters
were assigned to the harmonic-balance simulation: RF = 3.5 THz, IF
=5 GHz, LO power = 2 dBm, RF power = —50 dBm, and no dc bias.
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Chapter 8 Design and fabrication of harmonic mizer

Table 3.1: List of the circuit parameters studied in the sensitivity analysis

RF waveguide width a=2b| 64pum
RF waveguide height b 32 pm
RF backshort l 30 pm
Block RF filter channel width (top) ap 30 pm
RF filter channel width (bottom) as 25 pm
RF filter channel height (top) b1 10 pm
RF filter channel height (bottom) bo 10 pm
Series resistance R, 25 Q
Diode Ideality factor n 1.2
Schottky junction area S 0.11 pm?
GaAs Membrane Relative permittivity €s 12.9
Membrane thickness t 2 pm

3.2 Fabrication of harmonic mixer circuits

Fig.[3:17 shows the scanned electron micrograph of the planar, integrated, x6-
harmonic mixer circuits on the supporting GaAs wafer. [Paper B| presents
the detailed fabrication process.

100 um EHT = 5.00 kv Signal A= SE2 Date :4 May 2020 ~
F—1  wb=100mm Mag= 274X Time 10:2747 &

Figure 3.17: SEM picture of the single-ended integrated Schottky diode mixer cir-
cuits on the supporting wafer.
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3.3 Mixer assembly

Mixer block fabrication - The mixer was machined in an E-plane split
aluminium block using a high-speed, micrometre precision CNC milling tool
(KERN Evo). For details of the milling tools used in this process, refer to
[Paper B]J.

Assembly - The integrated harmonic mixer circuit was assembled on an E-
plane split block. The beamleads aids in heat transfer from the diode to the
surrounding metal and provide mechanical support as the integrated circuit
is suspended in the block, as shown in Fig. [3.18] The IF beamlead is punched
into the quartz circuit using a ceramic wedge. The quartz circuit and the
PCB are connected using a small bond wire, and finally, the SMA connector
is soldered to the PCB board. Finally, the harmonic mixer block is connected
to the 600-GHz LO multiplier chain as shown in Fig. [3.19

Figure 3.18: Micrograph showing the integrated harmonic mixer circuit assembled
on the bottom E-plane split block. Inset: Micrograph showing the
RF circuitry and the Schottky diode.
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B AN ( g ad i
horn aperture

Figure 3.19: Photograph of the harmonic mixer connected with the 600-GHz, LO
multiplier chain. The aperture of the 3.5-THz diagonal feedhorn is
indicated in the picture.
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CHAPTER 4

Characterisation of harmonic mixer

Integrated 3.5-THz, x6-harmonic mixer circuits with Schottky contact area
0.11 and 0.14 ym? were assembled on the mixer blocks. Both showed similar
performance in terms of mixer conversion loss [Paper B], [90]. The mixers
were successfully employed in a phase-locked loop application for frequency
stabilisation of the QCL, which yielded 40 dB and 30 dB SNR at 3.5 THz and
4.7 THz respectively |91]. In this chapter, dc and RF characterisation results
of the harmonic mixer with a Schottky contact area of 0.11 ym? is presented
in detail.

4.1 DC characterisation

Estimation of parameters such as diode series resistance R, ideality factor
71, and saturation current Iy, are crucial to model the Schottky diode’s dc
non-linear behaviour and to find a safe operating point. For accurate R
measurements, it is essential to eliminate the losses in cable and connectors,
and it is achieved by using four-point or Kelvin probe sensing. It consists of
force-and-sense probe pairs which are used for current-carrying and voltage
sensing, respectively, as illustrated in Fig. A static current-voltage (I-V)
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g Parameter g
s analyser g
BI1500A

Kelvin
probes

Figure 4.1: Illustration of the dc measurement setup (Top) and the principle of
four terminal sensing (Bottom).

measurements by either varying the dc voltage or current.

Self-heating effects in semiconductor devices have a considerable effect on
device performances . In particular, extraction of these parameters is
greatly influenced by temperature variations in the Schottky junction. To
isolate the effects due to self-heating, pulsed I-V measurement is a widely
used technique. A voltage or current pulse with a width less than the device
thermal time constant 7, is applied across the diode. The thermal time
constant is 1y, = RipCin, where, Ry, and Cyy, are thermal resistance and
capacitance, respectively.

Before releasing the integrated mixer circuits from the wafer, static I-V
measurements were performed on-wafer using Kelvin probes at room temper-
ature. Fig. shows the comparison of the IV measurement and ideal diode
model from the circuit simulator for 0.11 pm? Schottky contact area. The
following parameters were extracted by fitting the IV curves from the
ideal diode model with the measurements: Ry = 50 Q, n = 1.24, I5,; = 9 fA.
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Figure 4.2: Comparison of IV measurement and ideal diode model for a Schottky
contact area 0.11 pm?.

4.2 RF characterisation

Fig. [4-3 and [£.4] shows the photograph and schematic of the RF mixer charac-
terisation set up at the German Aerospace Center (DLR), Berlin. The QCL is
placed in a compact Sterling cryocooler which provides thermal stabilisation.
The typical operating temperature of the QCL is around 50 K with tempera-
ture stability < 1 mK. The signal from the 3.5-THz QCL was focused on the
harmonic mixer using a TPX lens. The 3.5-THz, x6-harmonic, single-ended
Schottky diode mixer has an integrated diagonal feed horn that receives the
incoming THz radiation. The harmonic mixer was pumped using a 600-GHz,
x 64-active multiplier chain based on three cascaded Schottky x2 MMIC mul-
tipliers from Chalmers University of Technology and a commercial x8 active
E-band drivers from Millitech (Smiths interconnect). A bias tee was used to
apply dc voltage to the harmonic mixer. The IF signal generated from the
mixer is amplified using a low noise amplifier (LNA), and the signal is read
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out using a spectrum analyser.

3.5 THz
% X 6-harmonic Z
chottky mixer &

g g\
) o) N

600-GHz,
§x 64 LO multiplier s
chain 1

)

Figure 4.3: A photograph of the measurement setup at the German Aerospace Cen-
ter (DLR), Berlin. The 3.5-THz QCL is placed in a Sterling cryocooler,
the THz beam generated from the QCL is focused to the harmonic
mixer using a TPX lens.
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4.2.1 3.5-THz, x6-harmonic mixer

The THz beam from the QCL is focused using a Polymethylpentene (TPX)
lens with a desirable beam waist (below 200 pm). The beam profile was eval-
uated using a microbolometer camera as shown in Fig. [£.5] The side lobes

Cryocooler
i 1
QCL | |
3.5THz L
'
[ ]
TPX lens S
[ ]
RF E DC voltage
3.5-THz IF
X6-harmonic > Bias-tee
Schottky mixer 200 MHz
LO
600-GHz
LNA
LO multiplier X 64 §7
chain
3-dB
Frequency power /
synthesizer @ splitter \
~9 GHz LTO QCL
PLL
Spectrum
analyzer

Figure 4.4: A schematic of the RF mixer characterisation setup showing the 3.5
THz-QCL, harmonic mixer and 600 GHz LO multiplier source. The
IF signal generated at 200 MHz is amplified using an LNA and read
out in the spectrum analyser.
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Figure 4.5: Picture of the THz beam profile from 3.5-THz QCL measured using
a THz camera. The aperture of the RF diagonal feed horn of the
harmonic mixer is indicated as a black line. The measured beam waist
was ~ 170 pm.

are caused due to the diffraction from the TPX lens. The harmonic mixer
connected to the 600-GHz multiplier chain was then aligned using an XYZ
micrometre stage. The absolute power measurement was carried out using a
Thomas Keating power meter at the mixer interface, eliminating the need to
de-embed the atmospheric attenuation at 3.5 THz. Absolute power measure-
ments at terahertz frequencies has been quite challenging due to: temperature
drift, slow response time, poor sensitivity and frequency dependent calibra-
tion.

The THz beam from the QCL was amplitude modulated using a mechanical
chopper with a frequency of 15 Hz. A TPX lens was used to focus the beam,
and the power meter head was aligned such that the incoming signal was
incident at the Brewster angle. The frequency was determined with high
precision (< 1 MHz) by measuring the absorption of the QCL radiation guided
through an absorption cell filled with methanol and comparing this spectrum
with a reference spectrum of methanol.

Conversion loss of the harmonic mixer was determined by taking the difference
between the RF and IF power. Losses in the cables, as well as the connectors
and LNA’s gain, were considered. In Fig. [1.6] the applied dc voltage to the
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4.2 RF characterisation

mixer and LO power from the x64, 600-GHz, LO multiplier chain is varied,
and the corresponding conversion loss is plotted as a 2D contours. At low
LO power and bias, the conversion is higher than 100 dB. Increasing the LO
power or dc bias improves the mixer performance. Conversion null features
which are caused due to destructive interference of competing mixing products
are also observed [94]. The current safety limit of the diode (1 mA) sets the
higher limit on the LO power and dc bias that can be applied to the mixer.

0.0 L (dB)

100

90

> -0.4 20
2
mMm
-0.6
70
L>100dB
-0.8
60
2 3 4 | 6
Available LO power (dBm)

Figure 4.6: Measurement results. Conversion loss contours versus LO power and
bias of mixer M1 measured at an IF of 200 MHz, an RF of 3.443 THz,
and for an LO signal at 573.3 GHz. The measured RF power at the
mixer interface was about —3dBm and the available LO power was
about 5.6 dBm at 573 GHz.
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Figure 4.7: Simulation results. Conversion loss contours versus bias and LO power
simulated at an IF of 200 MHz, an RF of 3.443 THz, and for an LO
signal at 573.3 GHz. The ideal-diode model in the simulation was
assigned with parameters extracted from the dc measurements (Rs =
50 Q, n =1.24, Isar = 9 fA).
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Figure 4.8: Horizontal cross section from Fig. Conversion loss versus LLO power
at constant dc bias.

100 -
——LO power =3 dB
= LO power =4 dB
——LO power =5 dB
904
)
2
g
= 804
g
5
>
5
=]
© 704
60

-09 -08 -07 -06 -05 -04 -03 -02 -0.1 0.0
Bias (V)

Figure 4.9: Vertical cross section from Fig. 4.6 Conversion loss versus bias at
constant LO power. Conversion null features caused due to destructive
interference arising from competing mixing products can be observed
to move along lower bias points with increasing LO power.
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Horizontal cross-sections (i.e constant de bias) and vertical cross-sections (i.e
constant LO power) were taken from Fig. and plotted in Fig. and
Fig. [£9] respectively. The conversion null features move towards low bias
values with increasing LO power as shown in Fig. To understand the
harmonic mixer’s performance in Fig. a large-signal harmonic balance
simulation was performed. The ideal diode model described in chapter 2
was updated with parameters extracted from the dc measurements, and the
simulated conversion loss contours are presented in Fig. .71 A vertical cross-
section from the measurements Fig. and simulations Fig. was taken
at a constant LO power 5.2 dBm, and the corresponding conversion loss is
presented versus bias as shown in Fig.
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Figure 4.10: Comparison of conversion loss versus bias from measurements and
simulation at a constant LO power of about 5.2 dBm.

The down-converted IF signal from the harmonic mixer is amplified by an
LNA, and the signal is read out from the spectrum analyser. Fig. shows
the beat signal spectrum recorded with a resolution bandwidth of 510 kHz
and a video bandwidth of 10 kHz.
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Figure 4.11: Down-converted IF signal at 200 MHz from the harmonic mixer
recorded with a resolution bandwidth of 510 kHz and a video band-
width of 10 kHz.

4.2.2 4.7-THz, x8-harmonic mixer

The same harmonic mixer was evaluated at 4.7 THz, and using the 8" har-
monic of the LO signal, an IF signal at 3.7 GHz was generated. The measured
RF power from 4.7-THz QCL was about —2.2 dBm, and the operating tem-
perature of the QCL was about 50 K. At 592.3 GHz, the available LO power
from the multiplier chain is about 4.6 dBm. The dc bias applied to the mixer
via bias tee is varied, and the mixer conversion loss is plotted versus dc bias
for a constant LO power as shown in Fig.[412] At 0.4 V, a conversion loss of
about 76 dB was measured.
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Figure 4.12: Measured conversion loss of the 4.7-THz, x8-harmonic mixer versus
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CHAPTER b

Conclusion and future work

Detection of atomic and molecular spectral lines at THz frequencies is essen-
tial in atmospheric and planetary sciences. The development of QCLs has
accelerated the development of THz heterodyne spectrometers above 3 THz.
However, it is critical to stabilise the QCLs to resolve the fine features of the
molecular spectrum.

This thesis has focused on designing and characterising a 3.5-THz, x6-
harmonic mixer developed for frequency stabilisation of QCLs. First, the
effects of different idler terminations on mixer performance was studied. The
optimum embedding impedances that offers low conversion loss were evaluated
at RF and LO frequencies [Paper A]. Based on this, a 3D-EM model of the
harmonic mixer was designed, and the critical parameters which influence the
mixer performance were studied to evaluate the robustness of the design.

The key factors that limit the realisation of mixers at THz frequencies are
higher order propagation modes and substrate loss. To circumvent this prob-
lem, the integrated mixer circuits were fabricated on a 2-um GaAs substrate.
To reduce the parasitics, Schottky contacts with an area less than 0.2 pm?
were defined. The fabricated mixer circuits were assembled on two mixer split
blocks in E-plane configuration, resulting in similar mixer performance with
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Chapter 5 Conclusion and future work

a conversion loss of about 60 dB. The discrepancy between the simulations
and measurements were analysed, and important conclusions are discussed in
[Paper B]. One way to improve the harmonic mixer’s performance is to min-
imise the surface roughness of the split blocks and ensure there is no gap or
misalignment. [Paper C] presents an updated design with new RF/LO match-
ing circuits and filter design. Careful geometry optimisation was carried out
to reduce the spreading resistance in the buffer region, and the preliminary
simulation results are promising.

In the future, it is vital to work on thermal management and to study the
influence of self-heating effects on mixer performance. Another important
aspect of improvement in future designs is to consider a different mixer topol-
ogy. For example, anti-parallel diodes are advantageous because they suppress
fundamental and odd harmonics, which can considerably improve the mixer
conversion loss.
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CHAPTER O

Summary of appended papers

This chapter presents a summary of the appended papers and outlines my
contribution to each paper.

Paper A

Effect of Idler Terminations on the Conversion Loss for THz
Schottky Diode Harmonic Mixers

This paper presents the effect of idler terminations on conversion loss of the
harmonic mixers. The optimum embedding impedances for different mixer
topologies (Z- and Y-mixers) are studied.

My contribution: Writing the paper, Schottky diode modelling, analysis and
simulation of harmonic mixers in different idler configurations.
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Chapter 6 Summary of appended papers

Paper B

A 3.5-THz, x6-Harmonic, Single-Ended Schottky Diode
Mixer for Frequency Stabilization of Quantum-Cascade
Lasers

This paper presents the design and characterisation of a 3.5-THz, x6-harmonic
mixer. Based on the theoretical study presented in [Paper A], a 3D EM design
of the harmonic mixer was carried out. A sensitivity analysis was performed
to evaluate the robustness of the design. The integrated harmonic mixer was
realised on a 2-um GaAs substrate and assembled on an E-plane split-block.
Two mixers were assembled, and both showed similar performance [Paper
C]. The harmonic mixer with 0.11 pum? Schottky contact area exhibited a
conversion loss of about 60 dB.

My contribution: Writing the manuscript, design of the 3.5-THz, x6-harmonic
mixer, sensitivity analysis, mixer layout for circuit fabrication, CAD drawings
of the mixer blocks, quartz, PCB design and assembly. DC measurements,
wafer mapping, parameter extraction and RF characterisation of mixers.

Paper C

Development of Supra-THz Schottky Diode Harmonic Mixers

This paper presents RF characterisation results of the 3.5-THz harmonic mixer
with a Schottky contact area of 0.14 pum?. Also, an updated design and
preliminary simulation results of a 4.7-THz, x8-harmonic mixer is presented.
My contribution: Writing the paper, design of the 3.5-THz, x6-harmonic and
4.7-THz, x8-harmonic mixers.
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