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Abstract

Due to demand from Earth and astronomical sensing applications a sub-harmonic
Schottky diode based mixer is designed and optimised to work at a receiver frequency of
664GHz. Practical work is undertaken to lower the junction capacitance of the diodes by
fabricating them with smaller anode sizes by using electron beam lithography instead of

ultra-violet photolithography.

The diode topology is optimised focusing on the diode fingers themselves to improve
performance at this frequency by studying the component electrical characteristics of the
diode and then optimising the inductance of the diode fingers. This is the major novel
activity in this body of work and shows that subtle changes in the design can have a large

positive effect on the performance of the diodes at these ultra-high frequencies.

The optimised diodes are used as the basis of a sub-harmonic mixer design which is
designed to work at a centre frequency of 664GHz. After initial difficulties and a re-design
the conversion loss of the mixer is measured at 15-16dB with a noise temperature of
9000K which whilst below the target performance is still a significant achievement. The
optimised diodes in a separate mixer also operating at 664GHz are shown to give a
performance of 11dB conversion loss and around 3500K noise temperature. The diodes

and this second mixer (designed by RPG) are now available commercially.
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Abbreviations used in this Thesis

AC - Alternating Current

ADS - Advanced Design System (Agilent)

ALMA - Atacama Large Millimetre Array

DC - Direct Current

ESA - European Space Agency

HFSS - High Frequency Structural Simulator (Ansoft)

HIFI - Heterodyne Instrument for the Far Infrared (on board ESA’s Herschel telescope)

IF - Intermediate Frequency

IV - Current Voltage

LO - Local Oscillator

MHS - Microwave Humidity Sounder (instrument on MetOp satellite)

PMMA - Poly(methyl methacrylate)

RAL - Rutherford Appleton Laboratory

RF - Radio Frequency

RPG - Radiometer Physics GmbH

SEM - Scanning Electron Microscope

STFC - Science and Technology Facilities Council
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Chapter 1 - Introduction

Passive millimetre wave detection has a growing market especially with security interest in
mm wave imaging systems and with radio astronomy. All passive mm wave detectors
operate somewhere between 30 GHz and 3000 GHz (wavelengths between 10mm and
0.1mm)and detect naturally occurring radiation. Particular areas of interest for this project
are 330 GHz and 660 GHz as around these frequencies there are absorption peaks of
interest from commonly found molecules in the atmosphere and space. There are other
applications around these frequencies including molecular spectroscopy, security imaging

and radar systems.

This area of the spectrum has not yet been fully exploited but advancements have been
made driven by scientific applications in remote sensing and astronomy (e.g. ALMA,
HERSCHEL HIFI, MetOp MHS). In remote sensing the 664GHz channel can be used for
detecting cirrus clouds and cloud ice path measurements which are in turn used to

calculate cloud ice content measures that can be used to refine climate models.

The choice of frequency is due to a combination of the science needs and the fact that
relatively few results have been reported at 664GHz and there is an opportunity to
demonstrate novel performance. There is a limited availability of components, system and
test hardware up to 1000GHz but this is improving and should not be an issue for the

project.

Direct detection of these frequencies is not possible at sufficient spectral resolution, with
high sensitivity and low noise and a large instantaneous bandwidth, to be useful with any
existing technology. Other useful attributes for a direct mm (or submm) wave detector are
being simple, inexpensive, rugged and compact. The last three of these attributes are
useful as often this sort of instrument is flown at high altitude on light aircraft, balloons
or even satellites in order to meet the science needs. This is because there is a lot of

interest in atmospheric observations using mm wave frequencies.
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Indirect detection of these frequencies is a far better method. Heterodyne receivers mix
the desired input signal with a fixed known signal called the local oscillator which is
usually near or in the desired frequency range of the input signal. This gives a mixed
output signal which contains several product signals. The two main products come from

multiplying together two sinusoidal waves using a common trigonometric identity.

sin(A) -sin(B) = % [cos(A — B) — cos(A + B)]

tiffj?gffj

A A,
— 12 = [cos 2w (f1 — fo)t —cos2w(f1 + f2)i]

This clearly shows the two main products come from the sum of the original frequencies
(fi+f2) and the difference between them (fi-f2). As mixers are not perfect, the input
frequency and the local oscillator can also normally be detected in the output signal from
the mixer, but once the mixer is in a system, all but the most useful part of the output is
usually filtered out. The most useful part is the difference signal as this can be detected
with good spectral resolution and high instantaneous bandwidth (usually limited by the
bandwidth of the mixer) as it is usually well under 50GHz. Existing detector technology at

these frequencies is readily available, such as vector network analysers.
1.1 Types of Detection
Direct Detection

There are several types of direct detector available at high frequencies (anything over
150GHz). Bolometers are about the only sensitive method of direct detection available, but
they operate over a broad spectral range and although they can achieve good spectral
resolution, they have a small instantaneous bandwidth as a result of the use of a Fabry-
Perot filter. Fabry-Perot filters work by internal reflections between two surfaces where the
distance is variable. The distance can be changed to tune the frequency response of the

filter and to sweep it across a large range of frequencies. The small instantaneous
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bandwidth of these filters make measurements over a large range of frequencies time

consuming.

Heterodyne Detection

Use of a nonlinear component (such as a Schottky diode junction) in a heterodyne detector
(e.g. mixer) can provide both a fine spectral resolution and a potentially large
instantaneous bandwidth. However, they are generally more complicated devices and
require a high frequency local oscillator signal which can be difficult to obtain for sub-mm

operation.

The main high sensitive heterodyne receiver types are those based on superconducting
tunnel junctions, hot electron bolometers and Schottky barrier diodes. SIS
(superconductor-insulator-superconductor) junctions have achieved record sensitivity and
low noise [1]levels and are the first choice for radio astronomy applications. Hot electron
bolometers also show good sensitivity, but they suffer from the same limited bandwidth
problems as direct detection bolometers. Both SIS and bolometer based systems require
cryogenic cooling which increases their complexity and therefore cost for design,
assembly and ongoing use. Both systems also require very low LO power, typically under
1uW. This means that it can be more practical to get a LO signal for such sub-systems,

especially at very high frequencies (>500GHz).

Heterodyne receivers using Schottky diodes have the advantage of working well at room
temperature (although if they are cooled to cryogenic temperatures, sensitivity improves).
This means they are simpler to integrate into compact airborne or space based
instruments and they are also ideal for taking measurements over longer periods of time
as the running costs are a lot lower. They do require larger LO powers at room
temperature though, in order to get the required sensitivity. Applying a DC bias to the

junction can also improve sensitivity but at the expense of additional noise.
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The requirement for much larger LO powers at ever increasing frequencies has led to the
development of constantly improving frequency multipliers and multiplier chains in order
to provide good LO signals resulting from more easily available signals. In general the
power available at a given frequency is inversely proportionate to the frequency, so as you

increase the frequency the power drops.

One way of alleviating this problem is to use sub harmonic mixers. In fundamental mixers
the LO signal is around the same frequency as the frequency being detected, but in a sub
harmonic mixer the LO is around half the frequency with a trade-off with conversion
efficiency and LO power requirement. This means that a higher powered LO source will
more likely be available. Sub harmonic mixers do require a higher powered LO source than
their fundamental equivalent although a sub harmonic mixer would be simpler than a

multiplier and mixer combination if the LO was not readily available.

Generation of LO

Direct generation of THz frequencies across the whole mm wave range is not possible and
the gap widens further when you require the signal at room temperature to drive a
Schottky based multiplier. There are two primary directions from which to approach the

problem, electrical and optical and presently both are not without problems.

From the electrical side devices such as Resonant tunnelling diodes and Gunn diodes are
capable of producing signals of up to about 0.75 THz, but at very low power levels [2].
They can be used in arrays to increase the power output, but high frequency arrays have

not yet been demonstrated [34].

From the optical side, Quantum cascade lasers are an area of current development and are
approaching 1THz operation [56], but still at low powers and they require cryogenic
temperatures. Devices at the lowest frequencies (i.e. a few THz) also operate in pulsed

modes and not continuous wave.
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Other techniques such as stacking Josephson junctions and shaping the stacks into
resonant cavities has produced small powers up to 0.85THz but the devices are still in

relatively early stages [7].

In order to get higher power at the relevant frequencies the most common practical
options are electrical up-converting from lower frequencies or down-converting from

higher optical ones.

Up-converting uses a non-linear element (such as a Schottky diode) which is excited to
generate harmonics. One of the harmonics is then extracted and used as the LO. The
extracted harmonic is usually of a higher frequency than the input signal and these
devices are usually referred to as Schottky multipliers. They are usually realized as

doublers or triplers and can be combined into chains to multiply further.

Down-converting signals into the THz region can be done by photomixing of two lasers.
This relies on a similar principle to heterodyning and has produced signals a few mW in

strength, but the stability of the lasers remains a major problem.
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Figure 1-1 (reproduced from [8]) - THz-emission power as a function of frequency. Solid lines are
for the conventional THz sources; IMPATT diode stands for impact ionization avalanche transit-time
diode, MMIC stands for microwave monolithic integrated circuit, TUNNET stands for tunnel injection
transit time. Ovals denote recent THz sources. The values of the last two are indicated by peak
power; others are by c.w. power.

In Figure 1-1 the devices below 1THz are mainly limited by parasitic capacitance and

transit time limits. Those above 1THz are limited by inter or intra band bandgaps.

Quasi Optical Systems

There are two main types of sub-mm wave Schottky diode receiver systems. These are

based around quasi-optical and waveguide systems.

The initial quasi-optical design was the corner cube antenna. This uses a 90° corner
reflector (like 3 adjacent sides of a cube) with a wire antenna coupled to the Schottky chip.
They are quite a mature technology and have been built at frequencies up to a few
Terahertz. The main disadvantage of quasi optical systems is the relatively poor main

beam efficiency. In the case of the corner cube antenna [9]this reduces the amount and
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quality of the signal that even makes it into the device. Other antenna forms in quasi-
optical systems have been tried, including double slot and thin membrane approaches but

they are generally outperformed by waveguide structures.

Waveguide Systems

In waveguide structures the signal is coupled into the waveguide using a corrugated feed
horn and nearly perfect coupling efficiency can be achieved [10] by such approaches.
Waveguide structures have become the most common form of Schottky diode receivers
especially with the growth in planar diode technology and control and reproducibility of

embedding impedances.

Both types of system, waveguide and quasi-optical, can be built using either whisker
contacted or planar Schottky diodes, although planar diodes are becoming by far the
dominant type mainly due to their robustness, although the parasitic capacitances are

somewhat higher than for the whisker contacted junctions.

Whisker Diodes

The modern day whisker contacted geometry uses an array of holes in oxide which sit over
preformed metallised Schottky contacts on the epitaxial layer. This metallised area is then
contacted with the metal whisker. This provides a very low parasitic contact to the diode
which is the main reason for its high performance and therefore use at submillimeter
wavelengths. Another benefit is that the whisker can be used to couple power into the
diode, where it acts as a mono-pole antenna and in a corner cube this appears as an array
of mono-poles (5 reflections) due to the multiple reflections of the primary whisker in the

three faces.

The biggest problem with whisker contacted diodes is that they are not very reliable when
it comes to vibration and shock tests. They can be made rugged enough for airborne or

space operation, but this becomes more difficult as the anode is made smaller because
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the whisker has to be kept larger which in turn leads to increased parasitic capacitance
due to the metal overlap. It is also very difficult to make receivers using more than one

diode.

Planar Diodes

Planar Schottky barrier diodes are a newer development and address the main issues with
whisker diodes, because they are fully fabricated using well established lithography
techniques. They can also be easily integrated with filters or coupling circuitry on chip too.
The fabrication techniques mean the contact is much more rugged and reliable and
hundreds of diodes can be fabricated reproducibly and reliably on a single 1cm square

wafer. They can also be produced on chip in line with transmission line filters.
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1.2 Schottky Diodes

The Schottky diode (named after German physicist Walter Hermann Schottky who first
predicted the Schottky effect) is a semiconductor diode which uses a metal-semiconductor
junction as a Schottky barrier. This rectifying barrier results in very fast switching times
and low forward voltage drop. The fast switching times are a result of the Schottky diode’s
being majority carrier devices, which means they only utilise one charge carrier. This is in
contrast to PN diodes which rely on the recombination of electron-hole pairs which limits

the switching speed.

The IV relationship for a Schottky diode can be shown by the Shockley ideal diode

equation.

1o =1 €™ _1)

Where,
1, = Diode current in amps

1 = Saturation current_in amps
(typically 1 x 102 amps)

e = Euler's constant (~ 2.718281828)
q = charge of electron (1.6 x 10™"° coulombs)

V, = Voltage applied across diode in volts

N = "Nonideality” or "emission” coefficient
(typically between 1 and 2)

k = Boltzmann’s constant (1.38 x 10%°)
T = Junction temperature in degrees Kelvin

Figure 1-2 [11] - Shockley ideal diode equation

This diode equation is derived with the assumption that the only processes giving rise to
current in the diode are drift (due to E), diffusion and thermal recombination-generation.
It doesn’t describe the levelling off of the |-V curve at high forward bias due to the
internal resistance of the diode.Even for small forward bias voltages the exponential is

very large so the subtracted 1 becomes negligible and can be ignored. The equation can
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be further simplified by combining the constants into what is called the thermal voltage,

V.

kT
Iﬁr - —,

where q

[ = Ioe¥o!/0a)

Figure 1-3 - Ideal diode equation, simplified.
The ideality figure, n, is usually between 1 and 1.4. As n increases, the non-linearity of the
diode decreases and virtually all aspects of a mixers performance become worse. For this

reason ideality is often used as a general indicator of a diodes quality and performance.

Ideality is affected by several mechanisms. Surface imperfections at the barrier interface
are a major cause of non ideal behaviour. Much care is taken during fabrication to ensure
that between the final etching of the anode hole and the deposition of the metal into the
hole to create the Schottky contact the clean, fresh semiconductor surface is not affected.
This is difficult though, as it takes a finite time for the metal evaporation chamber to
pump down between the sample being etched and loaded into the evaporator and the
metal being evaporated. One way to improve this is to use a load lock on the vacuum

chamber so the entire chamber does not require pumping down to a low enough level.

Despite the prominence of temperature in the equation its effect on mixer efficiency is

small [12].

Quantum tunnelling across the Schottky barrier is another current mechanism that

deviates the performance of the diode away from ideal behaviour.

The skin effect alsoalters the high frequency resistance associated with the diode as it is
the tendency of an AC current to distribute itself so the current density at the edge is
higher than that in the centre. This is due to eddy currents created by the AC current and

causes the resistance to increase with the frequency of the current.
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One area where no evidence can be found is the choice of llI-V semiconductor used. Due
to it’s higher mobility, InP may be a better choice than GaAs, but no extensive studies
have been found relating to improved mixing performance of Schottky diodes based on

InAs or InP.

Capacitance

In order to operate at THz frequencies the anode must have a diameter of less than Tum.
This reduces capacitance of the junction as the capacitance at the anode is directly related
to the surface area of the depletion region. It is necessary to reduce the capacitance as
high frequency signals cannot effectively modulate the active regions of junction devices

with a certain maximum capacitance. This basically manifests itself as a cut off frequency.

The depletion region is formed when the metal is brought into contact with the
semiconductor. When this happens electrons from the semiconductor spontaneously move
from the semiconductor to the metal due to differences in the Fermi energies. This leaves
behind ionised donor locations in the semiconductor. The area containing these ionised

donors is called the depletion region as it is free of mobile charge carriers [13].

o

(T

[T ]

Valisge [¥]

Figure 1-414 - The IV performance of a Schottky Barrier

The junction capacitance is due to the structure and doping of the device, but the overall

capacitance of the diode (as measured) is much greater. This is mainly due to the
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additional parasitic capacitance between the two metal pads that are used to contact the
device however there are other sources of capacitance in such a complicated structure.
These capacitances (other than the junction capacitance) are known as parasitics. The only
way the junction capacitance can be isolated is by calculation using the junction area and

doping densities to calculate the amount of charge separation that takes place.

10
V

1_ oy
( ¢b,-)

CV) =

Figure 1-5 - An equation relating capacitance to zero junction bias capacitance, CjO , built in
potential and voltage.

Using the zero bias capacitance and the series resistance of the diode (which can be
determined by DC measurements) it is possible to calculate an indicative cut-off frequency
for the diode. This makes several assumptions though, including negligence of the skin

effect, which affects the resistance of the device at high frequencies.

1

fo=mm
27R,C,

Figure 1-6 - Equation for calculating the cut-off frequency
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Figure 1-7 [14] - A schematic of a cross section of a diode

Resistance

Series resistance in a Schottky diode structure is caused mainly by the doped
semiconductors at the metal interfaces i.e. the ohmic contacts and the Schottky contact.

At higher currents the voltage drop across the ohmic becomes significant.

The series resistance can be calculated from the equation show below. AVd is the
difference in voltage between the measured IV characteristic and the Ideal Diode

performance at a particular current.

AV,

R.
Id

Figure 1-8 - Series resistance
This leads to a larger problem, not with the diodes, but with how they are described. The
series resistance measured by this method depends on the current so it can be made to

look smaller (and hence the diodes look better) by making the measurements at higher
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currents. There is not at present a standard current for characterising diodes and as such
across Europe and indeed the world it can be difficult to compare diodes from different
manufacturers in literature as they often don’t quote the current that the measurements

were made at.
Equivalent Circuit

These main components that describe the diode behaviour can be combined into an

equivalent circuit and to predict the behaviour of a Schottky diode when used in a mixer

!Cj -
Es L
Rj

—”Cp

or multiplier.

Figure 1-9 [15] - Schottky diode equivalent circuit - Cj is the parasitic capacitance of the depletion
region of the junction, R; is the nonlinear resistance of the Schottky barrier, Rs is the series
resistance of the substrate and contacts and Cp is the parasitic capacitance including that between
the ohmic contacts.

The performance of the diode ultimately affects the performance of the overall mixer, but
other factors, such as impedance matching are also important in the mixer design and
fabrication. You can make a bad mixer with a good diode but you can’t make a good

mixer without a good diode.
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1.3 Mixer Circuits

The previous section deals with the characteristics of discrete diodes. This section deals
with the characteristics of systems which contain the diodes. This includes losses and

noise, which are the most often quoted figures when it comes to mixer performance.

The focus will be on Schottky heterodyne waveguide mounted mixers operating at
frequencies of 100GHz and above. Multipliers for similar frequencies will also be

discussed.

Harmonic or fundamental Mixers

The difficulty in producing sufficient LO power at higher frequencies has led to the
development of subharmonically pumped mixers. The performance of a mixer at higher
frequencies may be limited by the lack of sufficient LO power, or by excess LO noise. In
these cases it can be better to use a mixer that is pumped at half the required LO
frequency and use the second harmonic, produced in the diodes, to mix with the incoming
signal. These mixers are based on fairly mature technology and whilst theoretically they
cannot match fundamentally pumped mixers of the same frequency, in practice they are

not that far behind.

A fundamentally pumped balanced mixer is an attractive option as it avoids the need to
inject the LO though a coupler in front of the mixer due to the natural isolation between
the LO and the signal within the diode structure. This would make it easier to incorporate
in instrumentation. It is practical in general communication mixers, but due to the high
frequencies involved in this project is not straightforward. The diode would be feasible to
manufacture although would require significant development first, but the LO
requirements would be much more difficult to meet because at least two diodes need to

be pumped by power generated at the signal frequency and there is nothing available.
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A fundamental mixer (single-ended) would have good sensitivity but due to the LO power
being coupled with the signal optically or using a lossy waveguide couple more LO power

would need to be generated than is required by the mixer and this is not available.

For a given frequency it is usually easier to subharmonically pump a mixer than to use the
same source to drive a frequency multiplier. This is because the additional loss in the
doubler is higher than the loss from using a harmonic to drive a mixer. At frequencies
over 500GHz subharmonic mixers [16] are about twice as good as the latest frequency
multiplier [17] driven mixers. With developments in the production of mixer diodes less
power is needed but this affects both types of mixer (subharmonic and multiplier driven
fundamental mixers) equally, so they both get better. One problem with harmonic mixers
is the output bandwidth which is limited by higher IF impedance. Sub-harmonic mixers of
this type also give good separation between the signal, LO and IF as the frequencies can

be well separated by simple filters in the waveguide cavity.

It is possible to achieve subharmonic mixing with a single diode mixer but the
fundamental mixing response is usually much greater than the second harmonic response,
which makes the device very inefficient in this form. A much better solution is the use of
an anti-parallel diode pair, and if the diodes are identical then there is no fundamental

mixing response.
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Figure 1-10 - An anti-parallel diode pair produced at RAL. Single diodes can be made using the
same process by only exposing and etching one of the anodes before the Schottky contact is made.

Noise

The noise in a mixer has two main components: noise arising from the diode and noise
arising as a consequence of noise on the LO/RF signals. The second part of this is fairly
straightforward - if you put a noisy signal into a simple mixer you can expect a noisy
signal to come out of it. One exception to this is that a well-designed (good diode match)
subharmonic mixer will reject LO noise in generation of the harmonic and therefore gives

a very clean signal to mix with the RF.

Noise in a diode is dominated by shot noise and thermal noise for low frequency mixers
but at higher frequencies noise is created by hot electrons, intervalley scattering and traps
at the metal-semiconductor interface [18], [19].Shot noise is caused by the statistical
fluctuation in the number of electrons crossing the Schottky junction. Thermal noise is
due to the random thermal motion of the charge carriers. Hot electrons are caused by high
electric fields in semiconductors and are electrons which are not in thermal equilibrium
with the lattice. Intervalley scattering and interface traps are both noise mechanisms which

are caused by irregular movement of carriers.
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The thickness of the epitaxial layer and the quality of the ohmic contacts to the device

have also been shown to affect the noise properties of a Schottky diode [20].

The most common figure given for the noise performance is the double sideband noise
temperature. This is a measure of the noise in the system both above and below the
carrier frequency. The noise of a device is measured by presenting hot and cold loads to

the system.

Schottky, SIS and HEB (Hot Electron Bolometers)
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Figure 1-11 - Noise performance of different heterodyne systems (reproduced from [21])

Bias

One way that it is possible to reduce the LO power needed is to bias the diode junction.
This means that the signal does not have to drive the oscillation all the way to the knee of
the IV curve of the diode. The bias brings the midpoint of the signal closer to the knee so

smaller signals can drive the diode to the non linear part of the response, but for back to
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back diodes arranging for each to have a separate bias, whilst being closely coupled at

millimetre wave frequencies is very challenging.

Integrated diode circuits and Substrate techniques for performance improvement

Traditionally, discrete Schottky diodes have been flipped and soldered onto filters that are
mounted in the mixer blocks. Now it is more common to define the transmission line
filters as part of the lithography process which means that they are directly coupled to the
diodes as the filters are part of the same metal layer as the metal deposited on the diodes
and the diodes and filters are then supported by strips of dielectric, such as undoped
GaAs or quartz. This helps to reduce the resistance in the device which reduces the losses

of the mixer.

Another way of decreasing some of the parasitics in the device is to etch the structure
from behind and to either use the membrane that is produced or to transfer this thin

structure on to a quartz structure [22], [23].

Performance of existing Devices

Mixer Performance

Actual data on fundamental Schottky diode mixers above 300GHz is scarce, mainly due to
the difficulty in generating sufficient LO power, and the competition from SIS mixers. The
competitive nature of funding generally from space agencies also makes publication less

likely when work is completed.
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Frequency LO Power |conversion (dsb Bandwidth |anode size anode area |series resistance |diode
Type (GHz) When |Who (mW) loss (dB)  |noise (K) [{%6) {um) (um~2) (ohms) ideality
sub harmonic WG |183 Jun-07 |RAL 4.7 600 2 round 3.1 10.6 1172
fundemental 640 1398  |JPL 8.1 1640 0.4x2 0.8 7 1.31
fundemental WG [385 Sep-00 |Virginia 8 1200 0.9 round 0.6 11 1.32
Qo 258 Jan-93 |Michigan 2.5 7.2 1310 10 1.2 round 1.1 10 1.13
sub harmonic WG |600 1396  |JPL 10 12 4200 3 0.4x2 0.8 3.8 1.26
585 1997 |Virginia 116 7.6 2380 13 1.2 round 11 14 117
690 1997  |Virginia 1.04 9.2 2970 1.2 round 1.1 14 1.17
258 1994 |Michigan 7.8 1600 1.5 round 1.8
sub harmonic WG |665 1992 |Massachusets 5100 virginia type 1L8 15
10dBm
fifth harmonic WG [650 2004  |Helsinki (130GHz} |27 virginia type SC1T5
Sub harmonic WG 340 2012 | RPG 1300 unknown
Sub harmonic WG 448 2012 | RPG 5.9 1100 Unknown
Sub harmonic WG 664 2012 | RPG 1500 unknown
Sub harmonic WG 525 2011 Virginia 2-3 n/a 2000 Unknown

Figure 1-12 - A table showing high frequency Schottky diode mixer performance [24], [25], [26],
[27], [28], [29], [30]
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Figure 1-13 - The performance of existing Schottky Multipliers [31], [32], [33], [34], [35], [36], [37],
[38]
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The above graph shows the difficulty in producing sufficient power to use as LOs to drive
mixers at high frequencies as the efficiency plummets even in state of the art devices. The
higher frequencies shown are actually multiplier chains. The efficiency combined with the
input powers of one or two hundred milliwatts at most explains the microwatt outputs

which are insufficient to drive mm wave Schottky mixers.

Availability of Devices

There are only a few sources for obtaining Schottky devices used at frequencies above
100GHz around the world. The main research groups in the field are at Jet Propulsion lab
(USA), Technical University of Darmstadt (Germany) and Rutherford Appleton Laboratory
(UK). The main commercial suppliers of devices are Virginia Diodes (USA), Radiometer
Physics GmbH (Germany) and Teratech (a spin out of the RAL research group - UK). Due to
the specialist nature of this work and the competitive interests involved both commercially
and academically it is not common for the groups to publish their work in order to protect

their intellectual property.

Other on-going projects in the same frequency range

There are 3 projects underway in Europe alone targeting a similar frequency range which
shows the demand for such devices is expected to grow. 2 are funded by the European
Space Agency and one by the European Union’s Framework Programme 7. These are
competitive in nature as described above, with the best performing devices likely to be

selected for future use in ESA missions.

Modelling of mixer circuit components
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This part of the report deals with the various mixer circuit component modelling that has

been completed both at the University of Leeds (Microwave office) and Rutherford

Appleton Laboratory (ADS and HFSS).
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Figure 1-14-Microwave office mixer circuit and output graph showing a typical simulated mixer

output spectrum

HFSS familiarisation

The first step of mixer simulations is learning the basics of Ansoft’s HFSS (high frequency

structural simulator) and Agilent’s ADS (Advanced Design System). The first step was

familiarisation with HFSS through two tutorials; “Getting Started with HFSS: A Waveguide

T-junction” and “Getting Started with Optimetrics: Optimizing a Waveguide T-junction

Using HFSS and Optimetrics”. These tutorials introduced the basic building blocks of the
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software like constructing a device and adding ports before running simulations and
graphing the results. The second tutorial started to look at optimising design parameters

in order to meet specific performance targets.
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Figure 1-15 - The waveguide T-junction with the E field overlaid showing the field after the design
has been optimized to give a 1/3 to 2/3 split in signal by moving the septum.

The optimetrics part in this design was set to vary the distance of the septum from the
centre of the T until the output to one port was twice the output to the other port. This is
very simple in HFSS as everything can be parameterised and this sort of optimisation then
takes the form of a simple equation which the software tries to solve by changing allowed

parameters.

Filter Design and Simulation

The next stage was to leave behind waveguides and design a basic microwave band pass

filter and simulate it in HFSS and ADS. It was important again to parameterise as much as
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possible to make any changes to the designs easier. It was also very important to make
sure both designs were identical, but unfortunately global parameters couldn’t be

exchanged between the two programs. This is what the filter looked like in both

programs.

Figure 1-16 - 3D model of filter design in Ansoft HFSS
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Figure 1-17 - Schematic view in Agilent's ADS of simple filter design without step discontinuity
models

This chart compares dBS(1,1) and dBS(1,2) outputs of both initial filters in the range of
170 to 210 GHz.
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Figure 1-18 - Graph comparing output of initial models

As you can see there is broad agreement from the two different simulations in the band
stop area used. A big difference is visible in the reflected signal loss around 175 and 205
GHz with the ADS simulation showing a lot more loss, -15 to -20 for the HFSS trace is still

a fairly big loss and whilst not perfect it is acceptable for a filter of this type.

The best way to increase the accuracy of the ADS simulation is to insert junction s
parameters between the transmission line elements to simulate the change in width of the

lines more accurately. Theses junction s parameters are simulated in HFSS then exported

and linked into the ADS project.
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Figure 1-19 - The ADS project design including the junction s parameter blocks

This step brought the results a bit closer (especially after the junction blocks were

orientated the right way round). Adding a 50o0hm tline at each end of the design in ADS
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instead of just telling it there were 50o0hm ports at each end also improved the similarity
of results (which means the filter ends were not 50 Ohms therefore causing unwanted
reflections), but there was still room for improvement. In order to improve the HFSS
simulation, the design was checked over thoroughly and boundary conditions were added.
The simulation was also changed to include more passes for refinement of the results and
more interpolation points on the results graph. This seemed to improve the alignment of
the bandpass areas at 175 and 205GHz, but it also shifted the whole band stop area a

couple of GHz to the right.
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Figure 1-20 - improved HFSS and ADS results

These results were acceptable, but not as close as they should be despite the two totally

different approaches that these two pieces of software use.

In an attempt to improve things further the length of each different width of gold was
changed from 33mm to 27mm to make it more like a quarter of a wavelength. The design
was also rebuilt in both programs from the ground up now that substantially more
experience in the programmes had been gained since the designs were initially attempted.
The frequency range was also increased to 1-300GHz. There are lots of similarities

between the graphs (especially the S(1,1) traces) but the band stop area is significantly
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wider in the ADS trace and also has sharper edges. The first minimum after the stop area
in each S(1,1) trace also occurs at a very similar magnitude and the overall shape of the

graph below 100GHz is very similar for both S(1,1) traces.
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Figure 1-21 - Final HFSS and ADS comparison, over larger range
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1.4 Summary

The aim of the project is to design and produce Schottky based fundamental mixers that
work at high frequencies (around 330GHz and 660GHz). All practical work so far has
tended towards improving the fabrication of existing diodes and decreasing the anode
size by using an electron beam lithography (EBL) step instead of a UV photolithography
step. This step involves defining the anode area with the E-beam lithography then etching
through a 250-300nm oxide layer using RIE to prepare for the overlay finger
photolithography stage. The E-beam resist is stripped and then the sample is recoated
with new UV-sensitive resist, then the finger and pad are exposed and this also opens a
clear area over the EBL exposed anode and the remaining 50nm or so of oxide is etched
before the Schottky metal contact is deposited on the finger and anode area. To improve
on the diodes produced by photolithography, the anodes must have a diameter of less
than Tum. This should be easily possible using EBL and anodes with diameters as small as
100nm should be possible. Smaller anodes enable higher frequencies to be mixed as they
reduce some of the parasitics in the diode. One aspect of the future work, besides that of
the mixer circuit design and implementation (i.e. membrane or substrate-transfer etc), will
investigate the effects on performance of sub-micron anodes and the ratio of the
perimeter to area - where the suspicion is that the smallest perimeter to area ratio will

give the lowest leakage and noise figure.

Oxide and Resist Etching

The first tests were based around the etch rate of a layer of SiO2 and the etch rate of the
resist (495A8 PMMMA). These tests were necessary in order to ensure that the resist layer
was robust enough in the RIE process to mask the areas of the oxide that are not meant to
be etched while the 300nm deep holes are etched where they are not covered in resist and
under where the anodes are to be deposited. This resist was chosen to provide a thick
layer that would be suitable for use in the relatively harsh environment of a plasma

etching system.
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The resist thickness is also an important factor in the minimum feature size that can be
exposed on the electron beam system. In general you can’t produce features that are
much smaller than the thickness of the resist (typically <0.5 of the resist thickness) but in

this case it’s not a problem as the anode areas will be larger than 500nm diameter at first.

495PMMA A Resists
Solids: 8% - 11% in Anisole

25000

20000 \

15000 \

10000 _ —
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0 |

500 1000 1500 2000 2500 3000 3500 4000 4500
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Figure 1-22 - PMMA was spun using this graph from the data sheet as a reference. The arrow

shows the desired thickness and spin speed used.

The actual resist thickness varied somewhat, and tended to be on the thicker side of the
desired 500nm which was fine as the aim was the thickest possible single layer resist
using the resists already available. All resist thickness heights (and etch heights
mentioned later) were measured with an Alpha Step 1Q Surface Profiler which has a

guaranteed 0.1% step height repeatability.
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Figure 1-23 - Resist Thickness Variance of PMMA495A8

In the CHF3 system used at Rutherford Appleton Laboratory (RAL) the resist was etched at
the same speed as the underlying SiO2. This was done using the standard planar Schottky
diode process which is 20°C, 30sccm CHF3, 6sccm Argon, system pressure of 50mTorr,
150W power (with OW reflected) for 5 minutes. For the first sample (squares.a) the step
height of the resist before etching was 645+7nm, and the step height after etching was
654+10nm. After cleaning (in acetone, then IPA, then water then dried) the step height
was 226+3nm. From this the etch rate of the SiO; was calculated to be 0.75nms-! and the
etch rate of the resist is very similar. After optical inspection on squares.a it appeared that
the SiO2 layer had been etched all the way through to the underlying GaAs layer (which is
not etched at the same rate as the SiOz). Because of this result, i.e. the similarity between
the PMMA and SiO: etch rate the etch rate indicated by the alpha step is not reliable, so

another sample (squares.b) was etched using the same conditions as the first.

For squares.b the resist thickness was 707+4nm, the step height after etching was
731x6nm and the step height after cleaning and removal of the PMMA was 164+9nm.

This gave an etch rate of 0.68nms-! which is different to the first, but not by very much.
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Figure 1-24 - Images showing the difference in image quality between a FEGSEM (left)

and an ordinary tungsten filament SEM (right)

The same experiments were carried out in the CH4 system at the University of Leeds under
the following conditions - 100W, OW reflected, 90sccm CFs, 10sccm Oz, 24 °C, 30mTorr,
150V DC. This gave a SiOzetch rate of 0.97nms-! and the resist etched about 2.5 times
faster than the SiO2. The enhanced etch rate of the PMMA in the system at Leeds is
thought to be due to the presence of oxygen in this process as similar gas mixtures are
also used for cleaning processes due to their ability to etch hydrocarbons. It is worth
pointing out that at Leeds there is no CHF3 process at present. The consequence of the
PMMA being etched at 2.5 times that of the SiO2, is that a much thicker layer would be
required compared to the process of using CHF3 at RAL. Although relatively

straightforward this finding took some time and many process runs to confirm.

Effect of Chamber Pressure on Reactive-ion etching

There are many variables to consider when using an RIE step in a microfabrication process
as can be seen in the list of conditions used above. Power and gas flow rates generally
affect the rate of the etch, as does temperature, DC bias, overall system pressure, gas
ratios and sample size (referred to as chamber loading effect). The gas mixture can affect
the rate of the etching and the nature of the etching that occurs (chemical or sputtering)

can be affected by the system pressure and DC bias. The type of etching that occurs also
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affects the surface roughness of the areas that are etched, and as mentioned earlier, this
can also be affected by the DC potential that is built up between the two electrodes, which
in turn affects the kinetic energy or momentum of the etching species. The chamber
pressure can affect all of these attributes as well as the isotropy of the etch. The isotropy
is of interest as RIE is often used primarily because of the high degree of anisotropic
etching that can be achieved compared to wet etching which tends to be isotropic
(although it can sometimes be controlled by changing which face of the crystal structure
that is being etched). The high aspect ratio anisotropic etching is desirable for many
applications where the vertical sidewalls that are created are needed for the device being
produced.The high anisotropy results from balancing the formation of an organic polymer
and the sputtering and chemical etching components of the etching. In essence, a thin
polymer layer is formed on the newly etched surface and where this surface is
perpendicular to the bombarding Oxygen and CF4 ions then the sputtering, which results
from the momentum transfer arising from the DC electric field, wears away this thin
polymer. However, on the side-walls of the feature to be etched the ions impinge
obliquely and the sputter etch rate is reduced to the point where the polymer still shields

the edge-walls from the reactive ion etching.

The pressure was varied whilst the other variables were all kept constant in an attempt to

characterise the effects of changing the chamber pressure alone.

At RAL the chamber pressure was varied from 25mTorr to 100mTorr which showed that
increasing the pressure from 25mTorr to 65mTorr increased the wall verticality and after
that it didn’t appear to get any more vertical. It is difficult to judge the angle accurately
without mounting cross sections of the samples properly in the SEM, but there was not
sufficient time or need to do this, so the samples were coated with a thin layer of metal
then imaged with an SEM using a tilted stage to look at the profile of the etch at the

exterior corners. This gave the best view of the etch sidewall angle.
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T

Figure 1-25 - Etch profile at 65mTorr (left) and 25mTorr (right) showing increase in wall verticality.

Electron Beam Lithography exposure

The next stage was to characterise the electron beam exposure required to expose the
layer of 495A8 PMMA which would be suitable as a resist mask for CFs or CHF3 plasma
etching of SiO2 on GaAs. This was initially done using the Raith (E-beam machine
manufacturer) demo pattern, which contains automatic dose test areas and then using
some custom patterns to check that the dose was correct for holes of the appropriate size.
This is a potentially complex process as the ideal exposure depends on the surrounding
feature sizes in a non trivial way, which is referred to as the proximity effect. It was found
that for small dots, a dose of 200% of the standard doseof 100uC/cm2(at 10kV) was the

correct dose. This means that a dose of 200 uC/cmzis required for areas exposed.
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30um

Figure 1-26 - Raith software demo pattern for area exposure dose test (left) and spot exposure does
test (right)

Fabricating diodes with small anodes

The results from testing the dose on a thick layer of PMMA and the oxide etch testing
were combined in an attempt to fabricate diodes with anodes smaller than 1Tum diameter.
First to prove that it was possible the holes were etched in blank oxide. The holes were
spaced far enough apart so that there would be no proximity effects on these patterns

when the exposure was carried out.
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Figure 1-27 - 500nm holes patterned in 250nm thick SiO2 on GaAs

This testing showed that it was quite possible to reliably etch holes as small as 220nm in

the oxide layer to the required depth as shown in Figure 1-28 and Figure 1-29.

Signal A = SE1 Date :25 Feb 2008
EHT = 10.00 kv WD= 6mm Photo No. = 34 Time :11:14:37

Figure 1-28 - 210nm hole etched in oxide layer.
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Signal A = SE1 Date :28 Feb 2008
EHT=1000kY WD= T7mm Photo No. =2 Time :16:02:47

Figure 1-29 - Image showing the depth of small features etched in a layer of oxide.

The next step on receiving a part processed sample from RAL was to pattern the holes in
the resist so that they can be etched and then the metal deposited to form the Schottky

barriers.

The first step was to convert the dxf file from RAL into a GDSIl database for use in the
electron beam system. This turned out not to be straightforward and resulted in the
hierarchy being lost, so the new E-beam compatible file was used to create a totally new
design file that was hierarchy based. This enabled changes to the design (and especially

the alignment linescans) to be made much more easily.

The alignment step has proved to be much more difficult than expected. This is believed
to be in part due to the shape of the alignment marks on the part processed sample which
are 4-5um wide squares. Investigations to look at the effect of changing these squares to
10um crosses, which are the recommended alignment marks for the Raith alignment
software could be tried in the future, as well as other measures which are described later
but these would imply making a new optical mask set, which may be inevitable. In Figure
1-29 the very small squares are the 4-5micron alignment markers which are simply too

small for the alignment algorithm to find them accurately and extract the required data.
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Figure 1-30 - Optical microscope photo showing the ohmic contacts and the small
square alignment marks of the sample from RAL

A different approach was tried. Instead of using the predefined alignment marks, the
ohmic contacts themselves were used to gather the alignment data to align the anodes.
Due to their size, the E-beam software picked them up a lot more easily and a successful
alignment could be made (positions shown in Figure 1-31). After adjusting the decision
thresholds in the alignment algorithms used for detection, it was possible to do a fully
automatic exposure, where the software takes line scans of the ohmic contacts to
establish where they are, then calculates the new positions for the exposed patterns and,

in this case, exposes the anodes in the right place accordingly (as seen in Figure 1-32).
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Figure 1-31 - The design of the repeat unit with the alignment linescans shown (in green)

Figure 1-32 - an almost perfectly positioned anode hole developed in the resist layer.

At first, the consistency of the automatic alignment was not very good, and after some
further studies has been improved, by, a) increasing the number of points on the line
scans and b) the number of line scans the software does before averaging and then

determining the position of the feature. Adjusting the threshold and decision points of the
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algorithm that determines the position of the feature has also lead to increased

consistency.
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Figure 1-33 - A line scan before the algorithm optimisation that shows nothing, but the algorithm
has picked up a feature incorrectly
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Figure 1-34 - A line scan showing a correctly identified and positioned feature after changes to the
algorithm. It would also no longer detect features like those found in Figure 1-33.

The downside of these more accurate scans is the cross that is seen in Figure 1-32. This is
because the line scans are a large enough dose so that when the sample is developed, the
resist where the line scans were performed is developed away. Fortunately, it is not
expected to have a significant effect on the finished diodes because these will be later
covered by resist and before the fingers are exposed and developed. At present the anode
alignment step vyield is estimated to be around 50%. This will be known better when the
fabrication of the sample has been completed at RAL and the diodes have been fully

characterised.

The line scan identification algorithm still needs improving. In the example below, the
edge on the right has not been as tightly identified as the edge on the left. This is merely
a result of the incorrect thresholds being set in this case, which can be improved upon.
However, there are often trade-offs such that setting these decision points is not always
simple or straightforward. For example they can be strongly affected by the beam

characteristics used (i.e. 10kV versus 30kV), as well as the microscopic properties of the
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metal pattern edges used for the alignment markers. Due to the small size of the anode
(in the case of Figure 1-32) compared to the size of this feature (the width of the ohmic
contact) an error of this size in the calculated position of the ohmic will result in the anode
being exposed up to 2um away from where it should be, which is unacceptable for an

anode that is only around Tum across.
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Figure 1-35 - Line scan 1019 showing error in position
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Figure 1-36 - Line scan 1019 after noise reduction and improvement in algorithm accuracy

After the algorithm has been further improved the scan is accurate enough to enable
exposure of the anode in the correct position. Because successful exposure depends on
all line scans in a write field being correct then there are certain optimisations that can be
made to increase the chances of a successful exposure. One major limitation of the
accuracy in this case was the shape of the pattern and the shape of the writefield. The
instrument can only accept square writefields in a regular non-overlapping array. In this
case, the repeat unit of the diode pattern was slightly non square, which meant there were
always problems in one direction with getting the writefields to overlap with the repeat

unit of the pattern.

This could be improved by creating a new mask where the repeat unit was a square, so the

writefield of the ebeam could be exactly matched to the pattern.
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Figure 1-37 - part of the current repeat unit showing alignment marks (small blue squares) and
linescans for alignment (green lines)

Each writefield requires 4 alignment marks for optimal accuracy, one in each corner of the
writefield. There are two options for this in a new square based pattern. The first option
would be to have a mark in each corner of the repeat unit of 8 diodes, however this would
mean that if one mark was not scanned perfectly then the position of the anodes in 8
diodes would be compromised. If the writefields were made a lot smaller so that there was
only one diode per E-beam writefield, with an alignment mark in each corner, then this
would mean that one scan imperfection would only compromise the accuracy of one
diode. This is the preferred patterning approach. This should improve the yield across the
chip, but would result in a longer exposure time because there would be 8 times the
number of linescans. This may also cause problems due to beam drift in the E-beam

machine, but it is unlikely as the whole exposure would still be under about 4 or 5 hours.
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Figure 1-38 - a proposed design for a smaller writefield

Another way of increasing the reliability of the scans would be to change the shape of the
alignment marks. When the pattern is first aligned to the sample, it is done manually with
3 points on the sample in the chamber being matched to their respective points on the
design file in the software using the machine as a conventional SEM albeit with a very
accurate stage to read the positions. This can be done to an accuracy of less than a couple
of microns over the whole sample. The E-beam machine uses this manual alignment to
decide where it should do the linescans for the exposure alignment. If these manual
alignments are not perfect (i.e. to within 1-2um) then the linescans will miss the small
square alignment marks used in the original pattern, which will result in misalignment for

that writefield.
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Figure 1-39 - marks used at the edge of the chip for manual alignment

Figure 1-40 - Proposed idea for a new alignment mark showing linescans for alignment (in red)

One straightforward way this can be improved is by changing the shape of the alignment
marks. If they are changed to crosses (or “L” shapes) that are 10um along, and if each line
is 2 or 3 um wide then these patterns are much easier to find. The linescans are then
arranged in an offset cross and the chances of the linescan hitting the cross during its

scan are much higher than with a small square.
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The developmental challenges of exposing and etching small anodes in Schottky diodes
has been described but has not yet produced satisfactory results. In order to prove the
performance benefits to the diodes of using small anodes a sample needs to be fabricated
with an overall yield of above 90% so the diodes can be tested and adequate statistics

gained.

The initial focus during the first year was on the fabrication of the diodes, but the majority
of the work in years 2 and 3 was on the design of the diode and mixer, which is focussed

on in the next chapters.
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Diode characterisation experiments

RAL is working with the GaAs foundry United Monolithic Semiconductors (UMS) to mass
produce a working Schottky diode for high frequency work using a modification of the
existing UMS BES diode process. There have been some problems with the initial wafer run
and the one that was characterised is the difference in anode size and therefore current in
each direction. The graph below in Figure 1-42 shows that there is a repeatable and
measurably larger current in one direction (the blue data points which are the top diodes

as per the image below) of the pair than the other.

Figure 1-41 - A completed Schottky diode pair produced using the RAL UV photolithography
process

This is attributed to differences in the anode area which are caused during the isolation
step in the fabrication. This is because the diodes are isolated by ion implantation instead
of a deep mesa etch step (as in Figure 1-41). The angle of the substrate during the ion

implantation has affected the anode size slightly.
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100.00
90.00
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3000 * plys 1V (bottom)
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anode length (um)

Figure 1-42 - Comparison of anode size and current - bottom and top are references to the two
diodes in each pair when viewed as in Figure 1-41and the potential of +/- distinguishes the
direction of the current and therefore the diode being tested.

Reverse breakdown voltage was also measured and compared between the two wafers that
were processed in the first run by UMS. The first wafer (u1r-8) was sourced by RAL from
their usual supplier, but the second wafer (u2r-20) was supplied by UMS and they

deposited the oxide. It is yet to be confirmed what the causes of this difference are.
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Current (uA)
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Figure 1-43 - Reverse breakdown voltage comparison
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1.5 The Future

As hinted at earlier, the automatic anode alignment needs further refinement in order to
increase the device yield. This can be achieved by further refinement of the alignment
algorithm, some of which has been done by looking at the effect of the changes on
linescans from previous exposures, but an exposure using the refined algorithm has not
yet been completed, as the focus of the work in year two shifted towards the circuit design
aspects. This in addition to changes to the alignment marks on the pattern, and even the

shape of the pattern itself should lead to improvements in the device yield.

The main activity in the second year was the design and then fabrication of the first mixer.
Which follows in the next chapters. The design work built on the HFSS and ADS experience
reported in this chapter to design and optimise both the diode and the mixer block before

they are produced. The first product of this process is a 660GHz subharmonic mixer.
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Chapter 2 - Inductance Studies in Mixer Diodes

Diode Parameters

The overall aim of these simulations is to design a Schottky diode that performs better at

high frequencies (>400GHz) in a mixing circuit than the existing design (Figure 2-4).

The first stage in this process is to try and understand the existing design better by
extracting the parasitic loss parameters from the diode model so they can be controlled or

changed to improve the performance of the diode.

This is done by taking a full 3d model of the diode and solving it in Ansoft’s HFSS
software. This produces 4 port s-parameter data for the diode which can be exported in
the standard .s4p format. At this stage, the non-linearity of the diode is not considered,
we are only looking at the transmission through the structure of the diode when it is

placed in a simple channel.

Figure 2-1 - An image of the 3D model in HFSS of the original RAL diode
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Figure 2-2 - An image of a wireframe model of the RAL diode showing the port at the anode as a
red ring under the end of the finger.
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The simple circuit shown at the bottom of the ADS schematic in Figure 2-3 is the exported

data from the HFSS 3d model and the circuit at the top is described below.

The numbered circuit at the top is a lumped element model of the diode which is used to

extract the parameters of the diode. 1 is the calculated junction capacitance of the anode

which is caused by the depletion layer created when the Schottky contact is formed. 3 is

the inductance of finger. 2 (and 4) is the sum of the parasitic capacitances in the device

including between the end of the finger and the ohmic pad and between the two fingers

and between the two pads. 5 is a 50 ohm impedance to represent the port at the anode in

the 3D HFSS models as the ADS simulation only uses two ports.
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In the preferred simulation technique the performance is compared by looking at the
single sideband conversion loss of the mixer. This is calculated using the following

equation:

Conversion Loss (dB) = 10log (PIF) (1)

PRrr

Where P is the power at the intermediate frequency, calculated from the simulated
current and voltage at the IF port and Prr is the known power that is put into the circuit at

the RF.

There are many ways of representing the parasitics in the diode cell using lumped element
models which can be as simple or as complex as you like. One aspect of the parasitics that

has been neglected in previous studies is the inductance of the diode finger.

This inductance in the finger can be calculated in several ways. Perhaps the simplest way
is to approximate it to a length of round wire. For high frequencies the inductance of a

wire is given by this equation [39]:
Lac = 2L (In (%) - 1.00) @)

Where Lac is the inductance in nH, L is the length of the wire in cm and r is the radius of
the wire in cm. This gives an inductance of 0.03nH for an approximation of the finger in a
standard RAL diode to an isolated round wire far from a ground plane or earth. The
inductance can be decreased by making the finger shorter or by increasing the cross

section area.
Changing the current design

The cross section area can be increased by either using a thicker layer of deposited gold

to make up the finger, or by changing the design and shape of the finger.
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Figure 2-4 - Existing RAL diode model in HFSS

The performance of this change in design was simulated using a variety of techniques.
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Figure 2-5 - ADS circuit used to optimise performance at a variety of frequencies

This ADS circuit shows the initial set up used. The S parameters were calculated for a
diode suspended in a channel by HFSS and then exported. This circuit shows the RF and
LO on the left and the diode cell and IF in the bottom right with a variety of ideal filters
and circulators separating them, which may not be realizable in real-life but help to
condition the initial simulation. A more detailed description of the circuit can be found in
the Mixer design section. The circuit is set up to optimise the conversion loss by changing
the real and imaginary components of the RF and LO impedances at each frequency every
25GHz from 300 to 750GHz (RF frequency). This should give an indication of the
performance of the diode in mixers of ever increasing frequency as it is optimised at each
step. Due to the constraints of the circuit the setup is duplicated at different frequency
ranges of 300-450GHz RF, 400-550GHz and 500-750GHz. This means that the filters can
be set up so that the RF, LO and IF signals are always isolated from each other. If the
whole frequency range was done at once then LO signals could go straight to ground

through the RF circuit.

To provide another comparison, a version of the RAL diode with the usual x separation of
the diodes doubled was used. This would provide a model with an approximation of
inductance from Equation (2) of over 0.1nH (compared to 0.03nH for the standard RAL

diode).

N\
R

Figure 2-6 - RAL diode with 40pm fingers

¥
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The results of the ADS circuit shown in Figure 2-5 for all 3 diode models above is shown

in Figure 2-7.

Diode Mixing Comparison

RAL diode

Y Diode

Long diode

Conversion Loss (dB)
o

-10

-12 T T T T T T T T
300 350 400 450 500 550 600 650 700 750
RF Frequency (GHz)

Figure 2-7 - Diode mixing Comparison, RAL diode is as shown in Figure 2-4, Long diode as shown
in Figure 2-6 and Y diode as shown on right in Figure 2-23

According to this set up, the Y diode does indeed provide an increase in performance of
up to 1dB over the existing diode. The existing diode’s performance drops off in
experimental results above 400GHz, but this is not really shown here by the dark blue
line. In this respect, the Y diode (red line) is very similar but overall a little better. This is

probably due to the fact that the impedances are being optimised at each frequency step.

A different approach was needed to look at the performance changes in the diode in more
depth. A similar ADS circuit was used, but this time only over a single frequency range
(550-750GHz). This circuit was also set up so that the impedances were only optimised
for a single frequency (664GHz) which was chosen due to current project needs for a
mixer at this frequency. Using a single frequency for the optimisation process also

dramatically reduced the simulation time on the computer. From this optimisation of the
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impedances at 664GHz the impedances are then locked and the input frequency range is
scanned from 550-750GHz at the RF. The resultant conversion loss graph shows the
bandwidth performance of the diode assuming the impedance values are fixed as they
would be in a real mixer device. The peak conversion loss and the 3dB bandwidths can

then easily be compared across diode designs to ascertain their performance.

RF Frequency (GHz)
0.00

550 570 590 610 630 G50 670 690 710 730 150

-2.00

-4.00

-6.00 -

-8.00 -
—_—

——RAL{20)
-10.00 ——RaL_30

— RAL_40 (long)

Conversion Loss (dB)

. ——RAL_1S
-12.00 -

-14.00

-16.00 -+

-18.00

-20.00

Figure 2-8 - Bandwidth performance of mixer diodes in circuit optimised at 664GHz, RAL_number
indicates the length of the air bridge finger in microns.

This graph shows that the peak conversion loss (usually at the optimisation frequency of
664GHz) does not change much when the design of the diode changes between the
original RAL model (RAL (20)) and the Y design. As expected it also shows that the
performance drops off when the length of the fingers is extended. The bandwidth does
change a lot, but cannot be compared directly by using the 3dB bandwidth figure as the
performance does not drop 3dB on each side in the frequency range used. The bandwidth

drops when the fingers are shortened or lengthened. To use another frequency range
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would involve similar problems to those described above with regards to the band pass

filters used to keep the RF, LO and IF signals separate.

400.00
3 300.00
c
()]
®
S 200.00
E
©
L 100.00 -
2 _ mX_LO
E £
a ¢ 0.00 m X_RF
>0
g = mY_LO
S -100.00
g BY _RF
T -200.00
(]
=
& -300.00

-400.00

Diode

Figure 2-9 - Real (X_LO and X_RF) and imaginery (Y_LO and Y_RF) simulated impedances as
optimised in ADS at 664GHz for various diode designs

Figure 2-9 shows that the impedances for most of the diode designs except the original Y
and RAL designs are a bit unusual and tending towards the maximum values that were
allowed during the optimisation process. This has also resulted in fairly high error
function values which can be seen in Figure 2-10 which leads to the belief that something

in the simulation is not going as smoothly as it should be.
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RAL(20) RAL_ 10 RAL . 30 RAL_: 40 RAL_. 25 RAL_. 20 RAL_15
(long)
Diode

Error function

Figure 2-10 - Final Error Function for ADS simulations of various diode designs

These high impedance values and error rates were suspected to be related to the de-
embedding method used in the 3D simulations in HFSS. Initially the models were de-
embedded so that the distance between the de-embedding points at either end of the
model was constant whilst the length of the diode fingers was changed and it is this
method that produced the results above. De-embedding to the same point in the design
and varying the distance between the two de-embedding points as the lengths of the

fingers change should be better.

The error function shown in Figure 2-10 is based on the optimisation goals in Figure 2-5

and is a least squares formulation averaged over the frequencies of the simulation.
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[ ort3

ort3

Figure 2-11 - Diode model showing new de-embedding point just behind edge of contact pad
regardless of finger length.

This new de-embedding method produced a similar comparison between the diodes and
the finger lengths, but with much more sensible optimised impedances and lower error

functions.
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2-12 - Performance of different diode designs with new de-embedding method
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Figure 2-13 - Impedance values for diode designs with second de-embedding method (y axis which
shows the range of allowed values has been kept the same as the first one for comparison)
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Figure 2-14 - Final Error functions for second de-embedding method

These changes haven’t really made the comparison between diode designs any more

useful, but they have increased the reliability of the comparison as the impedance values
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are much more sensible. This can easily be seen by comparing the impedance graphs in

Figure 2-9 and Figure 2-13.

The simulations detailed so far have provided comparisons between different diode

designs, but they are fairly arbitrary in terms of how the change in design affects the

electrical performance of the devices.

Electrical Performance

In order to increase understanding of these effects, a lumped element model of the diode

was put into the ADS circuit in place of the imported s parameters as per Figure 2-3. This

enabled the lumped inductance to be directly changed to see if this change related in any

way to the change in the length of the finger.
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Figure 2-15 shows a similar circuit to Figure 2-5, but the S-parameters extracted from
the HFSS simulations have been replaced by a lumped element circuit. This enables the
inductance element to be directly changed to look at the expected changes in
performance of the mixer circuit. If the changes to the performance are similar to those
seen when the length of the finger in the HFSS model was varied then we will be fairly

confident that it is the change in inductance that is bringing the improved performance.

RF Frequency (GHz)
0-00 T T T 1
550 600 650 700 750
-5.00 001
e 0,02

o
< -10.00 0.03
3 e 0.04
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% -20.00 0.09
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- N
\ \\\ o
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Figure 2-16 - Effect of changing the finger inductance in the lumped element model (legend shows
inductance in nH)
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Figure 2-17 - Impedance values changing as a result of changing lumped inductance (nH).
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Figure 2-18 - Final error function of changing inductance simulations.

The effect of changing the inductance shown in Figure 2-16 shows that there is a peak at
0.04nH of finger inductance that provide the best conversion loss and bandwidth. Some
higher values (>0.09nH) have a slightly better peak conversion loss at 664GHz, but fall off
more dramatically as the frequency increases. This almost coincides with the value
calculated using the equation in Equation (2). For the standard RAL diode which was
0.03nH. The difference can be attributed to the geometry of the finger compared to the
ideal case of a round wire which was used in the calculation. The proximity of ground

planes and other elements can also affect the inductance in the 3d model.
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In order to look at this inductance matching further, a simple 3d model was constructed
containing a simple 1x1x20um strip of gold in a vacuum. The S parameters of this
structure were then exported and a simple circuit was set up in ADS to try and match the
exported S parameters. The result of this was an inductance of 0.0075nH which is a factor
of 4-5 difference from the values previously gained, this difference can probably be
attributed to similar effects and geometry differences as mentioned in the previous

paragraph. The capacitors seen in the circuit were necessary to get a good match.
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Figure 2-19 - ADS circuit for inductance matching.
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Figure 2-20 - S parameter matching of the simple 3d model (blue) and the ADS inductance circuit
(red).

Refining the diode fingers

Changing the width of the diode fingers was also studied as the radius is another key

component in the inductance equation (2).

Changing the width of the finger in the simulations had a small stepped effect on the
performance of the diode in a mixer circuit, but not as great an effect as changing the

length of the diode finger.
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Figure 2-22 - The effect of changing the width of the diode fingers with 11um long fingers
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The result of all these simulations shows gradual improvement of the performance of the
diode in a mixer as the finger length is shortened and the width of the finger is increased,
which is what might be expected intuitively. Changes have to be made to this design
however in order that it can actually be fabricated. The first change is to change the shape
of the diode slightly to try and reduce the parasitic capacitance by making the finger

thinner at the anode end. At the other end the finger is kept as wide as possible (Figure

=
\/_

Figure 2-23 - Evolution of ideal diode design to one that can actually be produced.

2-23). This gives a very similar overall shape.

Final Design

This design has almost identical performance to the Y design including matching
impedances which can be seen in Figure 2-13. There is however still a processing problem
with this design. In order to create the air bridge, the material underneath the finger
needs to be etched away and this was not possible with such a wide feature being
suspended. This meant that holes had to be created in the fingers to create something
more similar to the Y design. This resulted in the “psi” diode due to its similarity to the
Greek letter. This further processing need has also had no effect on the performance or
matching of the diode as seen in Figure 2-27 the results are almost identical for the diode

with and without the holes required for processing.
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Figure 2-25 - Diode fingers showing surface current density
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Figure 2-26 - SEM image of fabricated "Psi" Diode
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Figure 2-27 - Performance of latest diode designs in a simulated mixer
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Further production batches of the diode design have shown that in some diodes where the
holes were not created properly the under etching still occurred without any problems so

it appears that the holes are not actually required for processing as initially posited.

Figure 2-28 - SEM image of fabricated diode with no holes in one finger

Conclusion

The diode parameters have been extracted using simulation and experimental results then
the inductance has been focussed on and the diode design changed in order to improve

the performance of the diodes at high frequencies.
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Chapter 3 - 664 GHz Sub-harmonic Mixer Design

The overall aim of these simulations is to design a sub-harmonically pumped Schottky

diode mixer that operates at 664GHz with state of the art performance.
Mixer circuit configuration

The circuit design used is similar to that developed by Thomas et al [40] and is shown

below.

IF Output

Diode Pair

Bandpass filters

Ground

Figure 3-1 - Circuit configuration shown as bottom half of split waveguide block

The incoming signals are coupled to the circuit through a feedhorn antenna for the RF
signal and a waveguide port for the LO signal via waveguide to microstrip probe
transitions. These transitions incorporate a machined step and a backshort, the position of
which can be tuned in order to increase the match to the filter circuit. The shape of the

step was questioned due to advances in machining equipment in order to test whether or
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not the overall mixer performance could be improved. Whilst the original shape showed
the worst performance in simulations where only the transition was considered it did not
make a noticeable difference to the overall mixer performance and due to the time
involved in creating and refining new machining techniques, it was decided to stay with

the traditional curved transition.
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taper2 2cunves

yo ; Jr//
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AN \)
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Figure 3-2 - waveguide transition shapes tested
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Figure 3-3 - Waveguide transition simulation performance

The RF probe is located in close proximity to the diode pair in order to couple the
maximum signal and reduce losses. This is important due to the expected strength of the
RF signal in field applications. Step-impedance microstrip filters are used to direct the LO
and RF energy through the circuit. These filters are straightforward to optimise and
manufacture compared to other filter options. Both filters are low-pass filters. The filter
closest to the diodes is designed to reflect any RF power that passes the diodes from the
probe back to them whilst letting the LO signal pass through to the diodes from the LO to
microstrip transition. The second filter is designed to reflect the LO signal away from the
IF port and towards the diodes. The IF signal is able to pass through both filters to the IF
port from the diodes. There is also no possibility of the IF signal leaking into the
waveguides via the probe transitions as the size of the waveguides means that the cut off
frequency for transmission is far higher than the IF signal. The circuit ground is created at
the opposite side of the RF probe from the diodes by trapping a beamlead between the

two halves of the waveguide block.
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The block is manufactured in two halves for ease of machining access and mounting the
circuit in the block. The split plane is parallel to the filter circuit as this reduces any

waveguide losses caused by a break in the conductivity of the inner waveguide surface.

The LO and RF waveguides are facing each other so that the signals are dealt with at
opposite sides of the 2cm cube for easy experimental setup. The IF port is located at the
opposite end of the circuit from the ground on a third face of the cube. The waveguide
sizes were chosen to match with a 332GHz doubler currently in design to act as an LO for
the mixer and to match with waveguide sizing convention with metricised versions of the

EIA waveguide WR series.

Some work was done to look at the high frequency waveguide losses as due to the
standard 2cm block used there is almost 10mm of LO waveguide in the configuration used
and if the block was re-drawn to be used with an external feedhorn (like a corrugated

feedhorn) for better performance then there would be almost 10mm of RF waveguide too.

Blocks were designed and manufactured to measure this loss at 3cm and 6cm lengths
which included surfaces within the design that would be worked with the same tool as the
waveguide channel to measure the surface roughness of the bottom and sides of the

waveguide.
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Figure 3-4 - Waveguide test blocks (6cm long)
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Figure 3-5 - Simulated waveguide loss at varying frequencies and surface roughnesses
Due to time constraints and the difficulty in measuring losses accurately at high
frequencies these have not yet been characterised. A team from VDI [41] have since

published some work on this subject when testing VNA extender systems and they have
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shown that simulation is within a factor of 1-1.5 of experimental results. There is only

data published in the RF frequency of interest to this thesis though.

Methodology for Circuit design

The first step in the design process is to simulate a model of the diode in an ideal circuit
in order to determine the embedding impedances of the diode. For this simulation a
standard diode model is used but it is customised with known parameters that have been

gained from calculations and characterisation of existing diodes.

The embedding impedances are calculated by a software optimisation technique that
works out what impedances are required in order to give the best conversion loss of the

mixer circuit.

Changing the diameter of the anode on the diode changes the capacitance associated with
the diode. This in turn affects the associated embedding impedances of the diode. This
can be useful as bringing the impedance of the diode closer to 50 ohms will make it easier

to match the input signal to the diode and the output from the diode.

Diode Configuration

The diode pair for the sub-harmonic mixer will be in an anti-parallel configuration as
shown in Figure 3-5. This is because we have chosen not to add complexity to the circuit

through the addition of a DC bias.
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Air inside GaAs substrate

GaAs substrate
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Figure 3-6 - Open loop configuration (left) and anti-parallel diode configuration

Methodology for Circuit design

The simulation methodology for the mixer design is described below, some examples
from the sub-harmonic mixer design later are given as examples to illustrate some of the
stages. Each stage of the process for the mixer design is described in detail and here is an

overall process flow:

Determine ideal diode impedances.

e Define circuit topology.

e Optimise diode cell.

e Calculate S parameters and transmission line properties of circuit elements.

e Perform S parameter matching to optimise constituent lengths.

e Perform harmonic balance analysis of final circuit. Backshort lengths are re-

optimised in these final nonlinear simulations.

Ideal Diode Impedances
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An anti-parallel pair of diodes and some ideal matching elements is the first circuit to be
analysed. This is done in ADS using the harmonic balance calculations. This is a two-tone
nonlinear analysis that enables the voltages across the diodes to be measured as well as
the current through them which can be related to all the mixing products generated by the
diode pair. This analysis enables the impedances of the diodes at the all the frequencies

fm'n:|m>< foe + N % fLO|(where m and n are relative integers) but in practice, this is

limited to m=3 and n=9 to save on computational complexity. The LO multiplier is higher
due to the much larger LO powers that are expected to be present in the system, meaning
the resultant harmonics will be larger in magnitude and more should be considered in the
simulation. The embedding impedances Z_RF and Z_LO presented to the pair of diodes at
foe and f, are the most important. They are the input impedances looking into the
diodes mounted in the circuit. Z_RF has an impact on the conversion loss and therefore
the noise performance of the mixer. Z_LO has an impact on the amount of LO power
needed to pump the mixer. The impedances are optimised to maximise the coupling to

the diodes at fy. and f, which means that a mixer with the minimum conversion loss

that requires the minimum LO power can be designed.

The diode model used in this simulation circuit can be tweaked using averaged measured
values of junction capacitance, ideality and series resistance taken from known batches of

production diodes.
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Figure 3-7 - Circuit for embedding impedance calculation

Linear Circuit Matching

The optimised values of Z_RF and Z_LO are used in the design of the matching circuit for
the diodes. In order to do this a linear analysis of the transmission and reflection between
the diodes and the signal sources is performed. This cannot be performed with the non-
linear diode model as seen in Figure 3-6 so it is replaced with a data component

representing it’s calculated impedances over the RF and LO simulation frequency ranges.

Using the linear analysis the transmission and reflection coefficients between the diodes

and the RF and LO source can be calculated. For an ideal mixer the maximum value of

Sdiode-L0 OF Sdiode-rF is 0.5 = 0.707 .

Diode and Circuit Configuration
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An optimised diode configuration (see diode chapter for more detail) is modelled at this
point using the finite—element method in HFSS. This involves solving an accurate 3D
model of the diodes which include wave ports at the anodes and at either end of the diode
structure. The other independent parts of the mixer are also drawn and analysed using 3D
models from which the S parameters are extracted and imported into an overall circuit in
ADS. Other electrical parameters are also calculated in HFSS and used to refine items in
the ADS model such as standard microstrip circuit components. This approach enables the
lengths of the different sections of the LO and RF filters as well as the waveguide

backshorts to be optimised using the target of 0.707 as the perfect transmission goal.

The circuit configuration is then taken from the optimised model and put into a harmonic
balance model where further refinements to the configuration take place, usually on the

backshort and microstrip to waveguide transition lengths.

Suspended microstrip filters

Differing widths of suspended microstrip lines present different impedances, if this
difference is large then they can present a discontinuity at their interface that causes the
signal to be rejected. If several interfaces like this are constructed in series then this

filtering is stronger.

Due to the frequency dependant nature of the electrical characteristics of the microstip
lines, separate simulations are performed for the LO and RF frequencies in order that the

optimisation is accurate.

low

Figure 3-8 - simple filter schematic
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Figure 3-9 - Electromagnetic field at the low impedance port shown on a high impedance to low
impedance microstrip transition as used for export of 2-port S parameters to ADS for length
optimisation.
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Figure 3-10 - Example of an entire RF filter in ADS using standard transmission lines and the
imported S parameter files from HFSS

Changing the diameter of the anode on the diode changes the capacitance associated with
the diode. This in turn affects the associated embedding impedances of the diode. This
can be useful as bringing the impedance of the diode closer to 50 ohms will make it easier

to match the input signal to the diode and the output from the diode.

Circuit Design for 664GHz Mixer
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The first step as per the methodology was to optimise the S-Parameters which represent

the coupling between the LO and RF inputs and the diode pair.
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Figure 3-11 - S-Parameter coupling between the inputs LO (left) and RF (right) and the diodes.
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Figure 3-12 - Reflection at the LO (left) and RF (right) ports show fairly good coupling.

Non-linear optimisation of the backshort lengths followed and the overall performance
was optimised giving the final performance as shown in the figure below which gives a
conversion loss of better than 10dB for the range between 650 and 690 GHz given enough
LO power. The optimisation goals for the non-linear circuit were (equally weighted)
Conversion Loss with a target of 0, and reflection of the LO and RF signals with a target of

between -30 and -40dB.
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Figure 3-13 - Mixing performance of the final design at varying LO powers (2, 3, 4, ImW from top)
across the LO band of interest.

The figures above and below show that the design should function well given an LO power

of >1.5mW going into the waveguide to microstrip transition.
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Figure 3-14 - Conversion loss at 664GHz vs LO Power

The figure below shows the final configuration of the mixer block and the filter strip in it.

IF Output

Diode Pair Feedhorn

Bandpass filters

Ground

Figure 3-15 - Overall block design including circuit and diode pair
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Block manufacture

Figure 3-16 - Standard 2x2x1cm half mixer block blanks

18kU #*1le8 1868 km

Figure 3-17 - SEM micrograph of channels after machining
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Figure 3-18 - Finished mixer block half undergoing gold plating in solution

Figure 3-19 - Finished mixer block halfs
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Filter Manufacture

Figure 3-20 - Filter circuit mask close up

Figure 3-21 - Manufactured filter circuits on Quartz covered in protective layer of resist
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Circuit Assembly Process

Figure 3-22 - First the circuit is selected and placed under a microscope where it is checked

Figure 3-23 - Then a diode is tested electrically, selected, soldered onto the circuit and tested again
to ensure it's DC characteristics have not been affected by the process
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Figure 3-24 - Finally the completed circuit is glued into the mixer block

Figure 3-25 - Micrograph of assembled mixer circuit showing diodes mounted on circuit in lower
half of block
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Chapter 4 - 664GHz Sub-harmonic mixer evaluation,

re-design and modification

The original mixer design was tested at with 6mW then 11mW of LO power at 332GHz but

no mixing was observed.

On further investigation into the original simulations it was discovered that there were

some inconsistencies.
Waveguide Port Impedances

The first of these was the differences in the methods used by the two main software
packages used in the way that they calculate rectangular hollow waveguide port
impedance. ADS only uses a single method for hollow waveguide and a different one for

microstrip ports (like the IF port).

Ansoft Corporation XY Plot 1 zpi zpv test
600.00

Curve Info
re(Zo(WavePort1))
Setup_RF - Sweepl
re(Zo{WavePort2))
Setup_RF - Sweepl

500.00

- Zpv

— T — T T — T T T T — T T — T
600.00 620‘.00 64(!.00 660.00 680.00 700.00 720.00
Freq [GHZ]

Figure 4-1 - Port impedance calculated using two different methods at either end of a simple piece
of rectangular waveguide
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Figure 4-2 - Original simulation (Conversion Loss above and LO and RF input reflections below)
after correcting port impedance methods

This large difference in the LO and RF match using the new method (fig 4.1) could explain
the lack of mixing as the reflections at 664GHz are high, between 1- and -3dB. This
would still mean 1-2mW would reach the diode pair though, so some mixing would still
be expected. Re-optimisation of filter lengths eliminates this mismatch though and

simulated performance returns to expected levels.
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Figure 4-3 - Re-optimised simulation returns performance to expected levels
After this correction there was still a lack of correlation between the whole mixer model

from HFSS and the distributed model with the extracted s parameters of each section in

ADS.
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Figure 4-4 - 664GHz mixer whole model in red and distributed in blue
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Figure 4-5-A 320GHz mixer design (by M Henry)for comparison showing whole model in red and
distributed in blue.

Breaking down the model into smaller pieces

Several “semi-distributed” models were run as discussed in the next sections and the
problem was narrowed down to the waveguide to microstrip transitions, but could not be

eliminated.
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Figure 4-6 - First Stage of semi-distributed model, replacing the IF filter with the whole filter from

HFSS (below)

This didn’t appear to make a difference on the simulation.
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Figure 4-7 - First stage of semi-distibuted model (below) with original distributed model (above)

Next the RF low pass filter was also substituted with the whole version, but this also had

no effect on the simulation.
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Figure 4-8 - Second stage - overview of original (above) and semi distributed model (middle) with IF
and RF filters replaced (below) in order to get a feeling of the circuit changes
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Figure 4-9 - Second stage results still similar, distributed left and semi distributed right

Replacing the RF input and ground starts to indicate a problem with differences in the

models. This could be due to circuit errors in ADS or 3D drawing errors in HFSS.
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Figure 4-10 - Stage 3, replacing the RF input and ground with the full model s-parameters from
HFSS
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Figure 4-11 - Stage 3 semi-distributed model
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Semi-distributed model

Stage 4 was to replace the entire RF half of the model in ADS with it’s HFSS equivalent.
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Figure 4-12 - Stage 4 semi-distributed model and results
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This time there is huge differences between the two models. The final stage was to repeat
with the LO half of the circuit model and this again showed large differences like the

whole model comparison in Figure 4-4.
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Figure 4-13 - Stage 5 of semi-distributed model

The next few tests were derived to check the method and the models to try and discover
what was causing the differences in the models. The first step was to look at the port de-
embedding and it was decided to switch to comparing s—-parameters instead of conversion
loss as this would me more sensitive to small changes than the conversion loss (as will be

seen later on).

Port de-embedding tests
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Figure 4-14 - De-embedding test circuits including a reference through line and the full distributed

model
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Figure 4-15 - De-embedding tests initial results

The initial results did not match as expected (above) but this was improved upon once the

correct port impedances were put in place (below). This shows that the filters match as

expected when the de-embedding method is changed.
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Figure 4-16 - De-embedding test results showing good matching. Dark blue line has no de-

embedding and is not expected to match.
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This knowledge about de-embedding methods was applied and the distributed and whole

models were updated with a new, consistent de-embedding method but they still did not

match up.
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Figure 4-17 - RF and LO coupling in distributed (red and blue) and whole (cyan and pink) models

After all of these investigations the models still did not match, so the HFSS model and ADS

circuits were both re-drawn from scratch. The S-parameter optimisation stage was also

removed from the whole process in order to simplify it.

Re-building and Simplifying the Simulation Models
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Figure 4-18 - old distributed ADS model
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Re-evaluating the Filter Performance

The performance of the filters was also re-examined and it was decided to change from a
3 element filter to a 5 element filter. This is due to the smaller difference in impedance in
the different microstrip line widths because of the narrow quartz substrate compared to
lower frequency mixers where a 3 element filter is normally adequate. It was decided that
the 7 element filter was not needed as this would further increase simulation timescales
and did not provide as much benefit as moving from 3 elements to 5 as can be seen

below.
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L= 407
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Figure 4-20 - Performance of differing IF low pass filters
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Figure 4-21 - Performance of differing RF low pass filters

:||:||7

Figure 4-22 - 3 element filter between two sections of 50o0hm microstrip
The filters were optimised separately before being combined in the distributed model and

being further optimised.
Bringing all the Pieces Back Together

This gave a similar performance to the original distributed model, but now there was
much better correlation between the whole model and the distributed model. An almost

complete model was formed so that the backshort lengths could still be optimised.
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Figure 4-23 - new model performance of almost whole model (whole model in pink in top left)

Figure 4-24 - Almost whole model
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Figure 4-25 - Same simulation as above after further 200 optimisation iterations for the 325-
240GHz LO range

The performance at this point is not perfect and the LO reflection in particular is poor. |
went back to the distributed model and re-optimised for the whole simulation range
(300-360GHz at LO). This provided a set of results which looked less than ideal, but with

a good conversion loss.
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Figure 4-26 - distributed model (with the extracted s parameters of each section in ADS) optimised

across full simulation range

With these results the RF and LO matching are both off centre but this should be corrected

by optimising the waveguide backshort and transition lengths in the almost whole model.
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For verification these lengths are applied back into the whole model and the simulation is

run again to ensure it matches.
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Figure 4-28 - whole model and distributed model correlation can be seen on the left. Input
reflections for the whole model are shown on the right

The LO reflection is a little sharper than hoped for so the relevant parameters were
optimised in the whole model in HFSS to see if any improvement could be gained, but
there was little change to the LO reflection or the conversion loss. This is very computing

resource intensive so the number of iterations are limited.

Optimising the Backshort lengths
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Figure 4-29 - optimisation of the LO backshort length to improve LO S11 reflection - top to bottom
in the centre of dip 160, 105, 85, 40, 30, 70, 45 um

This shows that sweeping the backshort length in HFSS shows that the length used in the

optimised model (85um) is a good compromise between peak depth and width.
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Figure 4-30 - Optimisation results from HFSS for both backshort and both waveguide lengths

Optimising both backshort lengths and both waveguide transition lengths over a 4 day
period for the whole model in HFSS results in a wider but shallower peak for the LO (royal
blue line above). Using these lengths in the non-linear ADS model results in similar S11
plots for the LO but with a shallower peak. Despite the fairly large difference in LO

matching though, the conversion loss plot remains largely the same as before.
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Figure 4-31 - Previous LO and RF reflection plots (left) and after optimisation in HFSS (right)
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Figure 4-32 - Conversion loss after all optimisations. Distributed model in pink and whole model in

red.

Parametric Analysis of finished design

Several parameters were swept to check performance. Diode resistance, ideality and

junction capacitance gave similar results to the previous design. In the below figures, the

double headed blue arrow indicates the desired range of operation for the mixer as set

out in ESA Micromachined Receivers Technical Note 1 which are also replicated below in

Figure 4-33.
664 GHz receiver front-end

Parameter Value Comment
RF frequency range 655-675 GHz Tuning the LO
Input band (IF) 2 GHz
Mixer Noise Performance <2,000K DSB
Conversion loss <10dB
Nominal LO power 5mwW At half the RF frequency
Mass 50g

Figure 4-33 - Technical requirements for mixer from ESA Technical Note.
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Figure 4-34 - Diode parameter sweep - resistance, both diodes

This sweep of diode resistance shows that the lower the resistance the better the
performance of the mixer. Sweeping the ideality as below between 1.14 and 1.19 has little

effect on the performance.
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Figure 4-35 - Diode parameter sweep - ideality, both diodes
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Figure 4-36 - Diode parameter sweep - Cjo, both diodes

As expected, the junction capacitance has a noticeable effect on the performance of the
mixer with the bandwidth also being affected as well as the conversion loss across the

area of interest.
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Figure 4-37- Diode parameter sweep - resistance, one diode

As expected, changing the resistance of a single diode has a smaller effect than changing
the resistance of both, and no further unexpected results are seen. A similar effect is seen

in the ideality changes in a single diode.
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Figure 4-38 - Diode parameter sweep - ideality, one diode

-138-



Paul Wilkinson 664GHz Sub-harmonic Mixers

Conversion Loss (dB)
[N
T

| ' | ' | ' | '
600 620 640 660 680 700 720

RF Frequency (GHz)

%2/ PARAMETER sweep |

PoraomSweep

SweepC
SweepVaor="Diode_Cjo"
Start=0. 5e—-15
Stop=2.5%e—-15
Step=0.5e-15

Figure 4-39 - diode parameter sweep - Cjo, one diode
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Figure 4-40 - parameter sweep - diode position along x axis (length of filter)
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Figure 4-41 - parameter sweep - diode position along y axis
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Figure 4-42 - parameter sweep - circuit position along x axis

Changing the position of the diode on the filter circuit by 5um each way has little effect on
the mixer design performance. Changing the position of the filter circuit in the block has a
much more noticeable effect, but the filter should be able to be positioned within Tum or
so of the designed position without too much difficulty. This alignment is easy to see due

to the low impedance sections of microstrip in the waveguide to microstrip transitions.
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The filter thickness (below) also has a noticeable effect on the tuning of the mixer
performance, but since this is created by an automated dicing machine, and can easily be

accurately characterised using the SEM this is not expected to be a problem.
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Figure 4-43 - parameter sweep - quartz filter thickness

A few final tweaks were added to make the block more practical to manufacture, so the

final simulated performance for the whole model is shown below.
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Figure 4-44 - final whole model conversion loss (double headed arrow shows desired range of
operation)
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Figure 4-45 - final whole model input port reflections (double headed arrow shows desired range of
operation)
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The two new blocks have now been manufactured and the filter circuits are nearing
completion using a new improved fabrication process. The diodes will be taken from stock

so this means the assembly can be completed quickly.

Figure 4-46 - 664GHz_SHM_2 re-designed mixer blocks manufactured at RAL
The mixer will was tested at RAL using the new 332GHz doubler and also tested at RPG
where they currently have more power available at 332GHz. The mixer is optimised for an

LO power of around 4-5mWw.
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Chapter 5 - 664GHz Results

664GHz Mixer design results

The 332GHz RAL doubler was not completed in time for initial testing, so the mixer was
sent to partners Radiometer Physics GmbH in Germany for testing. At the time this was the

only place in Europe that had the required power at the LO frequency.

Frequency
Active Level Set Frequency Doubler
Frequency Attenuator Doubler 332 GHz SHM&40
Multiplier WR10 vDID180 X2 SNO2 SNO2
AFM6-110 @l X2 X2
W-Band
Medium Power
Amplifier
W-MPA-7880-22

IF- Amplifier 0,1 - 8 GHz
Miteg AFS$4-001 00800-14-OP-4-HE-S

38 dB Gain

IF- Amplifier 20 KHz - 20 GHz

20 dB Gain

Rohde & Schwarz Rohde & Schwarz
SMF 100 A FSU 50
Signal Generator Spectrum Analyzer

Figure 5-1 - Mixer test set up at Radiometer Physics GmbH (diagram from RPG).

The initial results gave a performance of 15-16dB for the conversion loss and a 9000K
mixer noise temperature which is below the simulated performance levels. Whilst this is a
lower performance than the target it is still a significant achievement to design a working

device in this timescale, especially one that is only a little below the target, as these
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devices are generally designed by a small group of people with significant experience in

the field. Since this testing no other results at this frequency have been published.

When the measurements were taken an LO power of 7mW was available which should have
been enough to draw out the peak performance of the design. Varying the LO frequencies
with both mixer blocks showed standing wave behaviour between the multiplier and the
mixer which was not consistent between the two blocks. This suggests that the diodes
were being pumped successfully and that lack of LO power was not likely to be
responsible for the performance. Further testing would show this but initially there was no
LO power available to complete the tests and no commercial parts were available to build

the required set up.

A doubler was being designed and manufactured at RAL in parallel to this work and
further measurements were completed at RAL once the doubler was complete, giving LO
power of 3-4mW at 332GHz. The LO return loss was measured using a 10dB directional
coupler which gave the available LO power of around 1-1.5mW. This gave an LO return
loss of -8dB which seemed reasonable given the fact that the LO return loss will degrade

due to the under-pumping of the diode.

Bias was applied to one of the diodes in the mixer and varied to try and achieve a good IF
match which was successful with a match of better than -10dB conversion loss achieved

which suggests the IF matching circuit is ok.

After these diagnostics were unsuccessful in identifying the problem one of the mixer
blocks was opened up and imaged in an SEM to look for physical problems. It was
suspected that if the diode chip was larger than simulated or if the solder was thicker then
there could have been RF coupling between the ohmic pads on the diodes and the channel

wall.
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Figure 5-2 - SEM image of inside the mixer block

The only discrepancy which was found was the position of the quartz line in the block
which was around 10um out of place making the diodes closer to the RF waveguide to
microstrip transition The other dimensions are very close (~Tum) to the design. As seen in
Figure 5-3 below, this could definitely be responsible for at least some of the discrepancy

between the simulated results and the observed performance.
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Figure 5-3 - parameter sweep - circuit position in block along x axis
This may seem like a simple adjustment to make, but the assembly of these devices is
highly skilled and time consuming work and as a result there was not an opportunity to

manufacture and assemble more devices for testing.
Diode results at 664GHz

The diodes optimised in chapter 2 were also used in a mixer design by RPG from which
the performance is shown below. The diodes were the same design, but the substrate was
thinned down from 15um to 8um for use in the mixer. Performance of around 11dB
conversion loss and 3500K Tmix were seen which shows that the diodes are capable of
better performance at 664GHz than was observed in the earlier mixer design. This result
has not been published and shows that 10dB was an ambitious target in the ESA
requirements. This in turn shows that the 15-16dB conversion loss in the mixer detailed

in the earlier chapters is a significant achievement.
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SHM®664 discrete RAL diode 1.0um A3 Block 1
LO drive level at RF/2 664GHz 7mW

7000 0.0
€— em——664GHz Tmix[K]
6000 2.0
e 664GHz L[dB] =
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4000 -6.0
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2000 -10.0

1000 -12.0
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Figure 5-4 - Performance of RPG mixer containing optimised diode - red line is left hand scale and
shows Mixer noise temperature, green line is right hand scale and shows mixer conversion loss [42].
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Chapter 6 - Conclusion

The main objective of this study was to produce a 664GHz sub-harmonic mixer with state
of the art performance. This target set in an earlier chapter has not been met, but the
result of a mixer with 15dB conversion loss and 9000K mixer noise is still a significant
achievement. Better performance was seen using the optimised diodes in other mixers
though with a conversion loss of 11dB attained by an RPG designed mixer. The
development of both mixers were funded by ESA as part of their competitive process to
identify future instrumentation, so the improved diode designed in this work is very likely

to be selected for future Schottky based receivers at this frequency.

The optimisation of the diodes was the first task and the decision to look at the
inductance of the fingers first through the basic modelling and then through full 3D
simulations paid off. The simulations showed significant performance benefits of the

modified design using fingers which started wide and tapered to a point at the anodes.

This modified diode design showed good results when measured in a mixer designed by
RPG (Figure 5-3) which is available commercially. The diodes themselves are also available
commercially [43] through Teratech Components, a spin-out company from the research

group at RAL where this work was completed.

The 664GHz mixer was designed using standard principles and techniques that have
shown to be proven. The design choices explained in Chapter 3 should have resulted in a
sub-harmonic mixer with state of the art performance that didn’t pose any manufacturing
hurdles that could not be overcome in a fairly straightforward manner. The 5 section
filters were demonstrated to have adequate performance in simulations which would
enable the correct signals to reach the correct parts of the circuits. The integrated
feedhorn would enable the mixer to be characterised without the complexity (and
expense) of manufacturing a corrugated feedhorn which would improve the signal

sensitivity of the mixer in use in a scientific instrument.
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The position of the filter strip in the block appears to be sensitive according to the
analysis completed in Figure 4-42 and this combined with the 10um position error shown
in Figure 5-2 seems the most likely reason for the under-performance of the measured

mixer compared to the design’s simulation results.

Better performance could be attained by re-building the mixers paying particular attention
to the position of the filter strip in the block and characterising this properly before
testing the high frequency performance of the device. This would enable the hypothesis
above to be tested but this could not be completed as part of this thesis due to time
constraints. Another iteration of the design may also lead to gains in performance but this
would take months of work for the design, manufacture, assembly and testing so was not
possible during the study period. It would be a good starting point for future work

though.

Future work that would improve the performance would include better characterisation of
the basic components of the mixer design and comparison to simulations. This is now
possible due to the availability of Vector Network Analysers that operate at the very high
RF frequencies in this work but which were not available at the time the design and testing
were undertaken. Characterisation of the microstrip, waveguides, filters and waveguide to
half height transitions at the appropriate frequencies would better inform the design of
the mixer block and enable some of the standards of mixer design to be challenged or re-
affirmed. Advances in micro-machining and computer aided manufacturing allow for new
topologies using top-down manufacturing methods compared to topologies that are
currently used though. New additive manufacturing production techniques like metal
powder laser sintering would perhaps allow even more elaborate topologies although
mounting the circuit in the block could be the limiting step. This would not be simple
though, mainly due to the difficulty in measuring power transmitted through these
structures at high frequencies because of the lack of signal power, receivers and other

components like directional couplers.
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