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1. Introduction

The terahertz waves, also known as terahertz radiation or T-waves or
THz, consist of electromagnetic waves within frequencies from 0.3-3 THz
which corresponds to the wavelengths from 1 mm to 100um [1]. Since
the THz waves constitute of wavelengths of 1 mm and shorter, it is also
termed as submillimeter waves [2]. Besides, the millimeter wave region
covers the frequency range from 30-300 GHz with wavelengths from 10
mm to 1 mm. The terahertz and millimeter wave regions lie between
the microwave and infrared wave frequencies of the electromagnetic spec-
trum. Electronic devices like amplifiers and oscillators are used in the
microwave band whereas lasers, LED and optical detectors are common
for frequencies above 10 THz [3]. But in between, that is in the THz
band, none of these technologies are well fitted. Hence, there appears to
be a technological gap, the so-called THz gap, in terms of output power
and signal detection.

Terahertz and millimeter waves provide several advantages over long
electromagnetic waves. At higher frequencies, dimensions are in the range
of a wavelength enabling miniaturization of key components and circuit
design. Further, the available bandwidth is considerably large compared
to that of the microwave frequencies facilitating higher data rate commu-
nications. Moreover, strong resonances of some gaseous elements, such as
oxygen, ozone and water vapor are observed in the millimeter wave and
THz range enabling atmospheric studies using millimeter wave and THz
technologies. In imaging applications, a high spatial resolution can be ob-
tained at terahertz and millimeter wave frequencies providing high defini-
tion images. Despite the advantages, this frequency range has the draw-
back of higher atmospheric losses compared to lower frequencies which
makes it unsuitable for long range radio communications. Furthermore,

at higher frequencies, device fabrication, integration and cost reduction
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remain as major challenges.

THz and mm-wave region have been the least explored frequency bands
in the electromagnetic spectrum in the past decades. However, the THz
and mm-wave technologies are gaining higher interest in the present con-
text due to their wide application areas from radio astronomy [4], earth
observation [5], high capacity communication systems [6], and radar [7] to
imaging [8, 9], material characterisation [10], biological studies, and

medicine [11].

1.1 Motivation, scope and contents of the thesis

The most applicable field of the THz technology these days is in radio
astronomy and earth science. High resolution heterodyne receivers are
used to study the different astronomical objects and phenomena in space
as well as in the earth’s atmosphere, for example star formation regions,
molecular clouds, planetary atmosphere, comets and the earth’s strato-
sphere [4]. Cryogenic devices, such as superconductor-insulator-supercon-
ductor (SIS) and hot electron bolometer (HEB) mixers, are available for
THz heterodyne detection. Similarly for THz generation, vacuum tube de-
vices like gyrotons, klystrons and backward wave oscillators (BWO) are in
use [3]. These THz detectors, with their cryostats, as well as the genera-
tors are large in size and expensive with limited operational life. However,
for the space exploration missions, it is desired that the instruments are
small, light, compact, durable, and preferably inexpensive. In order to
fulfill these requirements, the solid state electronic devices are preferred
for THz signal generation and detection.

The Schottky diode is the key component in almost all non-cryogenic
mixer and multiplier applications at THz frequencies [12]. In THz re-
ceivers, both the mixer and the local oscillator chain multipliers are typ-
ically built using Schottky diodes. Hence, efficient characterisation and
modelling techniques have a key role in the development of Schottky
diode-based devices with a state-of-the-art performance.

Traditionally, performance and quality of the Schottky diodes are ac-
cessed with current-voltage (I-V), capacitance-voltage (C-V) and
S-parameter measurements. However, these measurements are insuffi-
cient to fully charaterise the behavior of the diode under operating con-
ditions. For example, miniaturization of the diode size for the higher fre-

quency applications implies reduced thermal capability and elevates tem-
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perature induced effects. The reduced thermal capability and self-heating
of the diode have imposed two challenges. First, the characterisation of
the diodes using only traditional techniques, such as I-V and C-V mea-
surements, do not provide reliable results on the effect of some diode pa-
rameters, e.g., the series resistance is masked by the change of other pa-
rameters as a function of the temperature. Second, in many cases thermal
constraints have become the limiting factor rather than the obtainable
electrical performance. This is especially true when high power varactor
diodes are integrated on membrane substrates. To overcome these lim-
itations, a new thermal characterisation method has been developed in
this thesis work to extract the diode parameters, such as the peak junc-
tion temperature and associated thermal time-constants, under a known
input power level. This method is especially suitable for small-size diodes
with fast thermal time constants. Measurement based thermal character-
isation of the THz diodes is still an interesting topic of study as only very
limited work on the thermal analysis of planar Schottky diodes has been
carried out so far.

In this thesis, charge trapping effect and low-frequency noise are also
studied. This is considered as a complex subject but is of high interest
regarding the THz Schottky diode modeling and reliability analysis. Indi-
cations of charge trapping in THz Schottky diodes is experimentally inves-
tigated with various measurement techniques including current-voltage,
capacitance and low-frequency noise measurements.

In addition, performance evaluation of the low-barrier Schottky diodes
in terms of conversion loss and effective noise temperature has been made.
As the measurement platform, a fundamental mixer test-jig is used with
low-loss E-H impedance tuners for RF and LO signal matching. The main
objective of this part of the thesis is to evaluate the applicability of the
Schottky diode with a low-barrier height in millimeter wave frequency
mixing applications.

Furthermore, this thesis includes material characterisation studies at
millimeter wave frequencies. Characterisation is based on the transmis-
sion line method where the material sample is placed inside a short sec-
tion of an enclosed transmission line placed between two ports of a vector
network analyzer. The reflection and transmission S-parameters mea-
surements are performed in the frequency range from 75 to 325 GHz, and
an evaluation of the permittivity and loss tangent is made from direct

comparison of measurement results with simulation as well as calculated
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values from analytical equations.

1.2 Scientific contributions of the thesis

The scientific contribution of this thesis work has been listed in the fol-

lowing points:

20

e Development of new verification routine for validating extremely

fast pulsed I-V and transient current measurement setups for ther-
mal characterisation of THz Schottky diodes [I].

Development of a novel method for thermal characterisation of THz
Schottky diodes, based on the transient current behavior enabling
the extraction of thermal resistances, thermal time-constants, and
peak junction temperatures of THz Schottky diodes. The new method
can be used to measure small diode devices with thermal time con-
stants down to about 300 ns [II]. The application of the developed
method is demonstrated for thermal characterisation of Schottky
based prototype mixer and multiplier blocks for MetOp-SG satellite

instruments [III].

Experimental study on charge trapping and low-frequency noise in

THz Schottky diodes with various measurement techniques [IV].

Evaluation of the performance, in terms of conversion loss and noise
temperature, of the low-barrier Schottky diodes for millimeter wave

mixing applications [V].

e A proposed fast and easy-to-use method for permittivity and loss

tangent extraction of a material at millimeter wave frequencies (75
to 325 GHz) [VI]. As an application, the proposed method is used for
evaluating suitable polymer materials for printing millimeter wave

components [VII].



2. Schottky diode characterisation

Any non-linear electronic device can be used for the purpose of frequency
mixing or multiplication. However, at millimeter and THz frequencies,
only few devices can provide an acceptable conversion efficiency and low
noise performance. Basically, GaAs Schottky barrier diodes are preferred
and commonly used in the heterodyne receiver as a mixing element. The
reason behind this preference of the Schottky diode over other semicon-
ductor devices is that it does not have any minority carrier storage thus
enabling a high speed performance. Further, features such as high mo-
bility, large bandgap and easy processing technology make GaAs the best
known choice for a THz receiver element [3, 13]. In recent years, a sig-
nificant effort has been made on the development of tunable solid state
terahertz sources with GaAs Schottky barrier diode based frequency mul-
tipliers [12]. The basic principle is to use the nonlinearity, reactive and
resistive, of the diode for generating output power at harmonics of the in-
put signal with a good efficiency. Besides, nowadays Schottky diodes are
also been used in direct detection [14].

In this chapter, various characterisation techniques applied to the THz
Schottky diode are discussed. A novel thermal characterisation method
suitable for small Schottky diodes is presented along with its application.
Charge trapping and low-frequency noise studies are discussed, and fi-
nally, characterisation of low-barrier Schottky diodes for mixer applica-

tions at millimeter wave frequencies is presented.

2.1 Schottky diode

In contrast to the p-n semiconductor junction diode, the Schottky diode
consists of a metal-semiconductor junction, where a gold or platinum metal

contact is established with a semiconductor material, such as silicon or
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gallium arsenide (GaAs). N-type semiconductors provide small series re-
sistance and higher cutoff frequency due to its larger carrier mobility and
hence are preferred over the p-type semiconductors. The Schottky diode is
a majority carrier device, and therefore, does not have the recombination
time limitation. These diodes are much faster than the pn-junction diodes,
in which the speed is limited by minority carriers [15, 16]. The Schottky
diodes can be classified into two categories; resistive (varistor) and capac-
itive (varactor) diodes. The varactor diodes are used for frequency multi-
plication purpose whereas the varistor diodes serve as mixers, detectors
and multipliers. Compared to varistors, varactors have some advantages,
such as high conversion efficiency, high power output, and high break-
down threshold.

GaAs based whisker-contact Schottky diodes were in common use over
many years in the millimeter wave frequency range [17-19]. Advantages
like a simple structure, small area device fabrication and reduced junc-
tion capacitance made these diodes preferable also for the THz receivers.
However, due to issues, such as the complexity in assembly with inte-
grated circuits and the reliability, development toward planar structure
diode technology has already long been in the focus [20-24]. The planar
structure diodes enabled the ability for easy assembling and manufactur-
ing of compact and inexpensive sources and receivers. However, due to the
planar structure, an increase in the parasitic shunt capacitance limits the
performance of the diodes at higher frequencies. Basically, three design
parameters of the GaAs Schottky diode: anode diameter epi-layer doping
and epi-layer thickness, can be optimized for its operation in THz frequen-
cies [13]. However, the topic of parameter optimization is not within the

scope of this thesis work.

2.1.1 Current-voltage (I-V) and capacitance-voltage (C-V)
characteristics

Figure 2.1, according to [25], presents the energy band diagram of the
Schottky-junction under four conditions. First, when the metal and semi-
conductor are not in contact, Figure 2.1.a, the Fermi level in semicon-
ductor is higher than that in metal. The work function, ¢&,; in metal
and ¢®5 in semiconductor, is defined as the energy difference between the
Fermi level and the vacuum energy level. When the metal is in contact
with the semiconductor, Figure 2.1.b, electrons flow from semiconductor

to metal resulting in positively charged depletion region on the semicon-
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ductor side. The flow of electrons continue until the difference between
the initial Fermi energy levels is compensated by the developed potential.
Due to the accumulation of electrons on metal surface, a potential barrier
is formed, known as the built-in voltage. Similarly, electrons on the metal
side also experience a potential barrier known as the Schottky barrier.
The Schottky junction can be either reverse biased or forward biased. In
Figure 2.1.c, reverse bias is applied to the junction meaning the positive
voltage is applied to the semiconductor side and the negative voltage to

the metal side.

a) r h A b)
qPy qPs ax Py
s
E¢ Ec
Y e e e Ep o — A - Er
B v
- Ey - E;
metall 'semiconductor metall ‘semiconductor

d)

; q( Py tVy)
E..
]qu Ec
o EE— Er.
= Ey o .
[metall semiconductor (metal] semiconductor
- +—

Figure 2.1. Energy band diagram of the Schottky-junction for a) metal and semiconduc-
tor not in contact, b) two materials in contact forming a Schottky-junction,
¢) reverse biased Schottky-junction and, d) forward biased Schottky-junction
[25].

In case of forward a bias, Figure 2.1.d, positive voltage connected to the
metal side and negative to the semiconductor, the potential barrier is low-
ered enabling an easy pass for electrons over the barrier. Consequently,
the current through the junction increases exponentially with an increase

in bias voltage following the thermionic-field emission model as [26—29]
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Q(V_IRS)
I = I —_— | -1/, 2.1
) o

where ¢ is the electron charge, V is the applied bias voltage, kg is Boltz-
mann’s constant, T; is the junction temperature, R, is the series resis-
tance, I;,; and 7 are the reverse saturation current and the ideality factor,

respectively, which can be written as [28, 29]

_ *ok 2 qq)B
Isat = SA™ T} exp <_kBTj> ; (2.2)
q qEoo
=—FK 2.
n oy oocoth { KT, } (2.3)

where S is the junction area, A** is the modified Richardson constant (8.2
Acm—2K~2 for GaAs), and &p is the Schottky barrier voltage and Ey is a
constant with a constant doping density.

Capacitance of a Schottky diode junction is determined by the charge
accumulation on both sides of the depletion region and the capacitor size
is dependent on the size of the junction, doping density and the applied
bias voltage. Mathematically, the junction capacitance of the Schottky

diode can be written as

Cj

) 2.4
[1— v/, @4

=
where Cjg is the zero-bias capacitance.

2.1.2 Frequency conversion in Schottky diode

The nonlinear I-V and C-V characteristics of a Schottky diode can be used
for frequency conversion of the signals enabling the possibility to trans-
late the functionality of lower frequency electronics into the higher fre-
quency bands and vice versa. For example, the Schottky diode mixers can
down-convert a high-frequency signal to lower frequencies for easy am-
plification and analysis or up-convert a low-frequency signal to a higher
frequency. Further, frequency multipliers can produce harmonics of the
signal frequency. If we consider only the room temperature device, GaAs
Schottky barrier diodes are known to be the most suitable solid-state de-
vice for frequency conversion applications at millimeter wave and THz

frequencies.
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2.2 Effect of temperature on diode characteristics

The effect of the external environment temperature variation can be ob-
served in the I-V characteristics of the Schottky diode as a shift in the
knee (or turn on) voltage. As the temperature rises, the knee moves to-
wards the lower voltage and vice versa, which means that at a constant
voltage, the current is larger at a higher temperature. This effect can be
observed in Figure 2.2 where the I-V curves of a test diode are plotted for

different temperatures.

o
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o
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Figure 2.2. Temperature dependent I-V curves for a test diode. Temperature range from
300 K to 350 K. Y-axis in logarithmic scale.

Furthermore, the Schottky diodes experience a self-heating effect caused
by the bias current. Hence, the temperature dependence of the saturation
current (2.2) and the ideality factor (2.3) plays an important role in char-
acterisation of the thermal and electrical properties of the diode under the
operating condition. The temperature of the junction can be estimated us-

ing the relation [28, 29]

Tj =Ty + PrRy, (2.5)

where T is the ambient temperature, Pr is the dissipated power in the
junction, and Ry is the thermal resistance of the diode. If we assume that

all the power is dissipated in the diode junction, then

Pr=VyI. (2.6)
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For a circular anode, the thermal resistance can be estimated as

Ry =12 2.7
4r,

where py is the thermal resistivity ( 22 x 1072 Km/W for GaAs at 300 K)
and r, is the anode radius. In case of a Schottky diode, the geometrical
structure and the materials in the vicinity of the anode determine the

thermal resistance.

2.3 Thermal charactersation of THz Schottky diodes

Thermal characterisation of a semiconductor device refers to the measure-
ment of the temperature response to the internal self-heating [30]. The
semiconductor diode junction heats up as current flows during its opera-
tion. The generated heat is large and is concentrated in a small junction
region. This heat diffuses out to the package (chip-solder-case) and then
eventually to the local ambient according to the laws of thermodynamics
and heat transfer. With an increase in the frequency of operation, the size
of the semiconductor diode has to be reduced in order to avoid the parasitic
effects. However, with the reduced size, the thermal capability, meaning
the ability to remove the heat away from the junction, is degraded. The
quality and reliability of a semiconductor device depend strongly on its
operating temperature [31], because excessive temperature usually im-
plies reduced performance and accelerated aging effects. Hence, ther-
mal characterisation is required for accurate estimation of the junction
temperature as a function of time and associated thermal time-constants

(chip-solder-case) for thermal modeling of the device self-heating.

2.3.1 Thermal characterisation methods

The literature on various thermal characterisation methods for semicon-
ductor devices is vast [32—38] and the suitability of a particular method is
usually determined by the device-under-test (DUT) and the measurement
situation. An extensive review on various thermal characterisation tech-
niques for semiconductor devices is given in [31]. In case of small Schot-
tky diode devices, the relevant thermal characterisation methods are ther-
mal modeling methods, imaging methods, and electrical test methods.
Thermal characterisation of Schottky diodes can be performed with the

3-D modeling tools [32—-34] which enable the understanding of heat flow
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paths inside the device and a comparison with measurement results. De-
spite the advantages, such as flexibility, fast testing, and no need for the
device fabrication, these methods however cannot account for the un-
expected fabrication errors and the practical measurement conditions.
Imaging methods [35, 36] on the other hand provide a non-destructive
approach for determining the temperature and the thermal resistance of
the device. However, these methods cannot provide speed, resolution, or
penetration of the anode metallization. The electrical test method [30, 37]
is a commonly applied method for the thermal characterisation of diodes.
However, this method has some limitations when applied in case of small
anode area diodes with the fastest thermal time-constants.

In this thesis work, a new thermal characterisation method has been de-
veloped for small THz Schottky diodes with fast thermal time-constants
[II] which allows the extraction of all the thermal resistances and thermal
time-constants associated with the DUT. The fundamental idea is to use
the forward diode current as the temperature sensitive parameter (T'SP)
for the temperature calibration and to measure the transient current re-
sulting from a change in power dissipation. A calibration curve is created
by measuring DC I-V characteristics at different controlled temperatures,
it is then used to map the measured transient current values to the corre-
sponding temperatures. Finally, the extraction of the thermal parameters
is performed by fitting an equation based on the exponential cooling (or
heating) law (2.8) to the measured results.

According to (2.5), the steady state junction temperature can be calcu-
lated with a constant power level. However, in real-world case, heating
or cooling does not take place instantly. To determine how fast a device
heats or cools down, it is important to consider the exponential nature of
the heat flow and thermal time-constants related to the different parts of
the device. For example, when the heating current is turned off, the Schot-

tky diode junction temperature as a function of time can be expressed as

T(t)=To+T1 x (em'p <;—lt>> +..4+T, x <exp (;)) , (2.8)

where

Tp = RQ,TLCGJI' (29)

Here, T;,(n > 0) is the level of temperature rise related to a thermal resis-

tance of a certain part of the device and T, is the corresponding thermal
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time-constant. Ry, is the thermal resistance associated with this part of
the device, and Cy,, is the corresponding thermal capacitance. The peak
temperature of the device can be written as the sum of the temperature

levels and the ambient temperature at zero time instant as

T(tIO) =To+T1+..+7T,. (2.10)

2.3.2 Measurement setup and verification

Measurement setup

In this work, a semiconductor parameter analyzer is used for both tem-
perature dependent DC I-V and transient current measurements. The
main advantages offered by the semiconductor parameter analyzer are
first, the synchronized source and measurement capability, and second,
the simple cabling between the DUT and the system in order to reduce
the measurement errors.

Figure 2.3 shows a simple schematic diagram of the setup for I-V and
transient current measurements. The semiconductor parameter analyzer,
Agilent B1500A (Agilent B1530A Waveform Generator/Fast Measurement
Unit), with two source-measurement channels serves as the main instru-
ment in the system. Each of the two channel consists of a remote-sense
and switch unit (RSU), where the current-voltage measurement takes
place. The input voltage is applied from one channel of the analyzer and
the current measurement is performed in the RSU of the other channel.
For fast and accurate measurements and a simple cabling setup, the RSU

is placed near the DUT.

Semiconductor Parameter Analyzer

RSU RSU

Current

Voltage
sourcing

ement

Figure 2.3. Schematic diagram of the measurement system [II].

Figure 2.4 presents the photograph of the measurement setup on the
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probe station for thermal characterisation. Single-anode varactor Schot-
tky diodes from Chalmers University of Technology, Goteborg, Sweden,
with different anode sizes (5 um?, 9um?, and 12 um?), are measured. Each
diode is mounted on an on-wafer co-planar waveguide test carrier, which
can be contacted with a ground-signal-ground (GSG) RF probes as shown
in the figure. The diodes test carriers are placed on the temperature-
controlled chuck of the Cascade Microtech probe station. Each measure-
ment is performed in the temperature range of 283 to 333 K with steps of
10 K. For temperature control, Temptronic Corporation Thermal Platform
is used and the thermal chuck is shielded in order to obtain temperature

uniformity over the chuck.

Microscope

Figure 2.4. Photograph of the measurement setup on probe station. DUTs are placed on
the temperature-controlled chuck and the shielding is applied around it [II].

Verification

Reliability of the developed thermal characterisation method depends on
the accuracy of the measurement system. Measurement of the DUT out-
side the specified range reduces the accuracy in an unknown way. Hence,
a verification routine is essential in order to make sure that the mea-

surement parameters, such as the DUT resistance, heating/measurement
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current levels, and current setling time are within the verified range dur-
ing the measurement of the DUT. To fulfill this requirement, a verification
routine for transient current measurement setup has been developed in
[I]. It is applied beforehand the actual transient current measurements

for accurate thermal characterisation of the DUT.

2.3.3 Characterisation procedure and results

The developed new thermal characterisation method involves three main
steps. The first step is the generation of the current-temperature calibra-
tion curve from temperature dependent I-V measurements for each DUT.
I-V measurements are made at different temperatures and a heating cur-
rent and measurement current levels are selected. The heating current
level is in the range of few mA and the measurement current is selected
at sufficiently lower value without creating significant self-heating of the
diode. Current-temperature relationship is then established by recording
the current levels at different temperatures for a selected voltage value
(corresponding to the measurement current level). Figure 2.5 shows the
calibration curves obtained for each diode type from temperature depen-
dent-measurements.

The second step involves the measurement of the transient current re-
sulting from the change in power dissipation. This means that the diode
is heated until it reaches the steady state at thermal equilibrium by ap-
plying the heating voltage. After the heating period, the voltage level
is changed to the measurement voltage and the corresponding transient
current response is measured. Figure 2.6 presents the transient current
measurement results for diodes with three different anode sizes.

The third and final step is the extraction of the thermal parameters. A
cooling curve (response) is created by mapping the measured transient
current values to the corresponding temperature values of the diode with
the help of the calibration curve. The cooling curve contains all of the
information necessary for thermal parameter extraction. The thermal
time-constants and the temperatures corresponding to the intermediate
equilibrium stages are extracted using the least squares error curve fit-
ting technique with (2.8). Finally, extraction of the peak junction tem-
perature is performed using extrapolation of the cooling curve. Figure 2.7
represents the heat flow path from the hot junction to the local ambient
through intermediate thermal stages of the diode.

The extracted thermal parameters of the diodes are presented in Table
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Figure 2.5. Calibration curves for varactor diodes with different anode sizes [II].
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Figure 2.6. Transient current measurement results for varactor diodes with different an-
ode sizes [II].
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Figure 2.7. Thermal response plots of different anode size diodes. The smallest diode
heats up the most as expected [II].
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I. The ambient temperature in this case is 293 K. From the data, it can
be observed that the extracted peak junction temperature is larger in a
smaller area anode diode than in a larger area diode, as expected. Ta-
ble IT presents the extracted temperature levels and thermal resistance
corresponding to different parts of the diode. A comparison between the
thermal parameter extraction results using the new method, two 3-D sim-
ulation tools (ANSYS Mechanical and COMSOL Multiphysics), and an in-
house thermal characterisation method [38] are presented in Table III. In
case of a Schottky diode with an anode area of 9um?, the thermal char-
acterisation result for the total thermal resistance is within 10 % of the

average value of 4020 K/W when using all four approaches.

2.34 Measurement uncertainty

The uncertainties in thermal characterisation measurements are related
to the electrical transients of the measurement system, the measured
transient current, and the temperature accuracy of the thermal platform.
The largest contributor to the uncertainty are the very first current points
after the change from heating to the measurement voltage level. This is
caused by the electrical transients and need to be suppressed before actual
measurements of the DUT. From the verification routine [I], it is observed
that the measured transient current points 250-300 ns after the change
in voltage level can be used for thermal parameter extraction purpose. To
ensure that the fastest time-constant is larger than 250 ns in the DUTs,
ANSYS and COMSOL 3-D thermal simulations are performed.

An error analysis is performed by changing the starting time points in
the measured transient current data used for the extraction. With the
different starting points, the error in the extracted peak junction temper-
ature is + 3.0 K and that in the thermal resistance is + 450 K/W.

The transient current is measured using the Agilent semiconductor pa-
rameter analyzer with the uncertainty of 0.1 % of the reading. The noise
floor of the system is 0.2 % of the measurement range. The Temptronic
Corporation Thermal Platform has a temperature accuracy of 0.5 K with
the temperature stability of 0.1 K. The chuck temperature uniformity is
0.5 K. By using the Monte Carlo analysis, an estimate of the total error in
the peak temperature and thermal resistance extraction is calculated to

be approximately + 4.2 K and + 570 K/W, respectively.
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2.3.5 Advantages and applications of the developed thermal
characterisation method

Advantages

The main advantages (or differences) of the new thermal characterisation
method compared to the standard electrical test method can be summa-
rized in three points. First, this method avoids pulse-heating problem
that appears in the standard electrical test method where current pulses
of different widths are applied for heating up the diode. In that case, the
temperature of the diode rises with fast pulse excitation thus changing
the power dissipation, which implies a reduced accuracy in determination
of the junction temperature. In the new developed method, the diode is
heated up to the steady state thermal equilibrium and hence avoids the
aforementioned problem.

Second, this method uses the diode current as the temperature sensitive
parameter instead of the diode voltage. Theoretically this is insignificant.
However, when we consider building a practical measurement setup, ob-
taining a suitable heating current levels with sub-microsecond pulses is
not possible with the current state-of-the-art synchronized source-and-
measure equipment. However, the equipment for voltage pulsing with
sufficient voltage levels and sub-microsecond (even 300 ns) pulses is com-
mercially available [39, 40]. The only drawback of this selection is the
generation of a non-linear calibration curve which requires extra temper-
ature controlled I-V measurements.

Third, with the new method, it is possible to extract all the thermal pa-
rameters from a single transient measurement. A cooling curve provides
all the information required to fully characterise the diode’s thermal per-
formance. One more advantage of this method is the ability to source
and measure at different terminals enabling the isolation of the termi-

nals with the DUT.

Application

The new thermal characterisation method can be used in the process de-
velopment, electro-thermal modeling, and in reliability analysis of Schot-
tky devices. One of the applications where the thermal characterisation
of Schottky devices plays an important role is the space missions where
the devices have to operate over a long period of time without the pos-

sibility of repair or replacement. Thermal impedance measurements are
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extremely important to determine the life time testing conditions of these
devices, and to evaluate their reliability. The Schottky diode technology
is used for frequency conversion and generation in three of the mm-wave
and THz instruments on-board the European Space Agency’s MetOp-SG
satellites. In this thesis work, the thermal characterisation is performed
for Schottky diodes used in these instruments as a part of the reliability
assessment process [III]. Different multiplier and mixer prototype mod-
ules have been thermally tested in addition to the thermal simulations.
Measurement setup for this task consists of a semiconductor parameter
analyser, a heating oven and a temperature sensor as shown in Figure 2.8.
Here, only one channel of the semiconductor parameter analyser is used
for I-V characteristics and transient current measurements. The added
advantage of this setup is the ability to measure RF and thermal proper-
ties from only one port (DC bias port) of the prototype blocks. This implies
that there is no need of mounting diodes on a separate module blocks for

the characterisation purpose.

Semiconductor parameter
analyzer

DUT Temperature
| Sensor \

Figure 2.8. Block diagram of the measurement setup and photograph of the prototype
block (inside the oven) connected to the remote-sense and switch unit (RSU)
of the semiconductor parameter analyzer [III].

In addition to the thermal measurements, also RF measurements are
performed for three identical multiplier prototype blocks. The results in-
dicate that the block with a poor thermal performance (large peak junc-
tion temperature) has small output power as well as low efficiency. This
implies that the developed thermal characterisation method can be used
to study the interrelation between the thermal and RF performance of the
devices. Further, the method can be applied to check the reproducibility

of the assembly of discrete devices.
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2.4 Charge trapping and low-frequency noise in THz Schottky
diodes

Traps in a semiconductor device are known or implied to be a cause of
many unidealities in the device operation. Regarding the characterisa-
tion of Schottky diodes, reported problems include at least irregularities
in I-V and C-V measurements, possibly sometimes even making the char-
acterisation impossible in practice. As traps include charge capture and
release effects, it is obvious that their effects may contribute to some error
in the characterisation and extraction of electrical parameters and indi-
rectly also in the derived thermal parameters. Besides, a variation in the
characteristics of a device performance is usually specified by the noise.
In semiconductor devices, low-frequency (LF) noise relates to the fluctu-
ation in the charge transport which is determined by carrier scattering
and trapping effects. Further, the majority of failures in electron devices
are known to be caused by defects during the manufacturing process or
operation [41]. Low frequency noise measurements can be used as a di-
agnostic method to identify defects and failures in semiconductor devices
as this noise is sensitive to the defects. Hence, accurate measurement of
the LF noise can provide valuable information on the device quality and
its reliability [42].

Studies regarding charge trapping and subsequently the LF noise is
vital for the Schottky diodes especially when used in mixer and diode
detector applications. In the mixer with a low intermediate frequency
case, the low-frequency noise (due to traps) can be up-converted to higher
frequencies limiting the performance of the mixer device. This is actu-
ally true also in multiplier chains, where multipliers are used to get sig-
nal at a higher frequency [43]. Besides, at large input power levels, the
low-frequency noise mechanism is dominant which determines the per-
formance of the Schottky-based diode detectors. Hence, characterisation
of the detector requires measurement of the diode noise behavior across
the operating range of input power levels [44, 45]. Furthermore, low-
frequency noise can also cause phase noise in oscillator circuits and it lim-
its the system sensitivity in small-signal mixer applications at microwave
and millimeter wave frequencies [46].

In general, the quality of the interface between semiconductor and metal
determines the performance and reliability of a Schottky diode [47-49].

There is plenty of literature available on various methods for character-
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isation of trap states in a Schottky diode. Investigation of the traps in
Schottky diodes are usually performed by current-voltage (I-V) [50, 51],
frequency dependent capacitance, conductance and admittance measure-
ments [52-54]. Besides, deep-level transient spectroscopy (DLTS) meth-
ods are well known as a unique and powerful tool for study of electrically
active defects in semiconductors [65—-60]. However, these methods are
not suitable for THz Schottky diodes with a small capacitance (in the fF
range). On the other hand, a noise spectroscopy technique has also been
used as a tool to study defects in semiconductors [61, 62]. In the case of
Schottky diodes, low-frequency noise has been studied widely [63—72] be-
cause noise spectroscopy is a more feasible technique for characterising

such small area devices compared to the conventional DLTS techniques.

2.4.1 Measurements and results

In this thesis work, experimental investigation has been carried out in or-
der to study the indication of charge trapping in THz Schottky diodes with
various measurement techniques including current-voltage, capacitance
and low-frequency noise measurements [IV]. Measurements are made in
on-wafer environment using a probe station and GaAs diodes from vari-
ous manufacturers are tested.

From the measurement results it is observed that with the I-V and
C-V measurements alone, it is challenging to identify the presence of
traps in the DUT. The capacitance measurements provide some indica-
tion about the presence of traps. It was evident that the most suitable
methods to investigate the trapping effect, in small area Schottky diodes,
are capacitance-frequency and the low-frequency noise measurements as
both methods reveal the presence of traps (if any) in the DUT and also
exhibit strong correlation between the measurement results.

In the low-frequency noise measurements, the measured noise power
spectral density (PSD) provides the information about the number of dis-
tinct trap levels which is determined by the number of Lorentzian levels
it exhibits. For example, Figure 2.9 presents the total measured PSD that
can be fitted with the combination of the 1/f noise, two Lorentzian noise
components (GR1 and GR2) and shot noise. Each Lorentzian component
is associated with a trap level, characterized by a discrete energy level
and a time-constant. The corner frequency of the Lorentzian spectrum
(fc) provides the trap time-constant (f. = 1/277t). Mathematically, the

total noise PSD can be expressed as
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" B ct .
Ni—tot = +Z T J{f oL + Shot noise, (2.11)

where A is the amplitude of 1/f noise and B; is the constant corresponding

to the plateau of a Lorentzian component.
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Figure 2.9. Decomposition of the PSD into 1/f and Lorentzian components [IV].

From the least square error curve fitting of the noise PSD, the 1/f noise
and generation-recombination noise parameters can be extracted. An il-
lustration plot of a diode sample is shown in Figure 2.10 which presents
the fitting of the measured PSD with (2.11) at 1 mA current bias level.
The current level of 1 mA is relatively large for the detector diodes. How-
ever, in case of multiplier and mixer diodes (measured in this work), this
value is realistic if they are pumped with high RF power (few mW). The
characteristics frequencies at 10 Hz and 3 kHz are identified correspond-

ing to the time-constants of 15.9 ms and 53 ps.
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Figure 2.10. Least square curve fitting of the measured PSD [IV].
Several measurements were made in order to insure the repeatability
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of the results. The effect of light on the measurement results was found
to be negligible. The origin of the trap states in the THz Schottky diodes
are not fully understood, howerve, they can be related to the unwanted

impurities and defects present in the GaAs layer during fabrication.

2.5 Characterisation of low-barrier Schottky diodes for millimeter
wave mixer applications

Considering only the room temperature devices, Schottky diode frequency
mixers have been the most suitable selection for heterodyne receivers at
millimeter and sub-millimeter waves. However, at higher frequencies, a
major limitation of these devices is the difficulty in obtaining sufficient
local oscillator (LO) power from solid state sources. One approach to ad-
dress this problem is to use sub-harmonically pumped anti-parallel GaAs
diode pairs where the LO frequency is halved. However, for optimum
conversion efficiency and high LO power requirements still exists. For ex-
ample, a state-of-art sub-harmonic mixer based on GaAs Schottky diode
requires 3 mW to 5 mW of LO power. Hence, it is desirable to obtain a
mixer that can operate with a lower LO power with an acceptable conver-
sion efficiency and noise temperature. The LO power requirement can be
significantly reduced by replacing the GaAs diodes with the low-barrier
Schottky diodes where the barrier height can be lowered. For example
with InGaAs this can be achieved by increasing the indium mole fraction.
Along with the reduction in the LO power requirement, an added advan-
tage of using a low-barrier diode is its high electron mobility, compared to
the GaAs diodes, which leads to lower series resistance and, eventually,
to better conversion efficiency. Recent studies [73, 74] showed that the
mixer based on low-barrier Schottky diodes may require LO power in or-
der of few hundreds of microwatts which is considerably lower than that
required by the GaAs based mixers.

In this thesis work, characterisation measurements and simulations
have been performed with InGaAs low-barrier Schottky diodes from ACST
GmbH, Germany [V]. The diode features the anode diameter of 1.5 um, the
differential resistance (known also as the junction resistance at zero bias,
Ryisy) of 3150 ©, the DC current responsivity of 14.4 A/W and diode the
substrate dimensions of 147x46 um?, with 4um height. Although these
diodes have been fully characterised for low power detector applications,

their performance as mixers has not been tested yet. Hence, the suitabil-
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ity of such diodes for millimeter wave mixing applications is studied in
this work by evaluating the key performance parameters, such as the con-
version loss and noise temperature. As a measurement platform, a funda-
mental mixer test-jig [75] is used that consists of low-loss E-H impedance
tuners for matching RF and LO signals. Furthermore, 3D diode mod-
els are created and simulated in High Frequency Structure Simulator
(HFSS) and circuit simulations are performed in Advanced Design Sys-

tem (ADS) to compare with the measurement results.

2.5.1 Measurement setups and results

Conversion loss and noise temperature are the two key parameters evalu-
ated in this work. Figure 2.11 presents the experimental setup for conver-
sion loss measurement where G-band amplifier/multiplier chain (AMC),
from Virginia Diodes Inc. (VDI), serves as the LO source at 182 GHz. For
a coherent RF source, an Agilent vector network analyzer (VNA) along
with the Oleson VO5VNA2-T/R extension unit is used that provides the
RF signal to the mixer at 183 GHz. The intermediate frequency (IF) out-

put, at 1 GHz, is measured with the power meter/spectrum analyzer.

Isolator

L Variable
attenuator
e
RF
: : : LO IF
LO source Isolator Coupler Mixer test jig Power meter/

Spectrum analyzer

Figure 2.11. Experimental setup for conversion loss measurement with a coherent RF
source [IV].

From the measured output power at the IF port, single side band (SSB)

and double side band (DSB) conversion losses are calculated as [76]

P
Lssp = %, (2.12)
L,L;
L = st 2.13
DSB= T ( )
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where Prr is the measured RF power at the input of the mixer, P;r is the
measured IF power, L, is the SSB conversion loss at signal frequency (183
GHz) and L; is the SSB conversion loss at image frequency (181 GHz).

Figures 2.12 and 2.13 present the measured SSB and DSB conversion
losses as a function of LO power at both the signal and image frequencies.
It is evident from the plots that the IF impedance tuning (with a stub
tuner) significantly improves the conversion efficiency of the mixer. At 0.1
mW of LO power, DSB conversion loss of less than 5 dB is obtained which
indicates significant reduction in the LO power requirement for mixer
operation when using the low-barrier diode under test.

For noise temperature measurements, the setup shown in Figure 2.14
is used where the so called Y-factor method [76, 77] is applied in order to
obtain the mixer equivalent noise temperature. The IF chain consists of
an IF tuner, an isolator, and a low-noise amplifier. The IF output from the
mixer is connected to an isolator with a matched load termination. The
RF port of the mixer is used to apply the hot (absorber at 296 K) and the
cold (liquid nitrogen at 77.5 K) loads to the mixer and the respective hot
and cold noise powers are measured from the IF port. As an LO source,
a Gunn+doubler combination is implemented because it contributes less
noise compared to the VDI AMC.

183 GHz (without IF tuner)
-©-183 GHz (with IF tuner)

181 GHz (without IF tuner
|&-181 GHz (with IF tuner

- a4
> D

SSB conversion loss (dB)
3

02 04 O 0. 1 12 14 16
LO power (mW)
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[=+]
@
o
i

Ocl‘)

Figure 2.12. SSB conversion loss measurement results [IV].

With the known hot and cold noise power, the Y-factor and consequently

the effective noise temperature of the whole setup can be written as

Py Ty + 1T,
_H_THT e 2.14
Po Tc+T. ( )

Ty YT

T, ;
) Y -1

(2.15)
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Figure 2.13. DSB conversion loss measurement results [IV].
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Figure 2.14. Experimental setup for noise temperature measurements. IF chain consist-
ing of an IF tuner, an isolator, a low-noise amplifier and an attenuator.

where Py and P are the noise power with hot and cold load, respectively,
and Ty and T are the noise temperatures of the hot and cold loads, re-
spectively. T}, and T, are the corrected hot and cold noise temperatures
that take into account the attenuation in the RF path including the horn
antenna, waveguide section and coupler. These noise temperatures can

be calculated as

' Thc (1 - L) To, (2.16)

Lrp
where Ly is the total attenuation in the RF path and Tj is the ambient
temperature.

Two measurements approaches have been implemented to evaluate the
noise temperature in the work. First, with the direct measurements where
the noise temperature is simply calculated by measuring the output noise
power with the noise figure meter and applying the Y-factor method. The
effect of the IF chain in the measurement setup is calibrated out with the

same noise source (diode) as used for calibrating the noise fiugre meter.
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The noise source is connected to the input of the IF chain and then the
calibration is performed, meaning the noise figure meter is calibrated to
the output port of the IF impedance tunner.

Second, with a variable attenuator in the IF chain where the hot and
cold noise powers are measured at different adjustments of the variable
attenuation of the IF chain (0 to 20 dB). This approach requires two indi-
vidual measurements, namely that of noise temperature of the IF chain
(with the attenuator) and of noise temperature of the whole setup. The
linear dependence of the IF chain noise temperature to the noise temper-

ature of the whole setup can be written as

Te =Ty + LpseTrr, (2.17)

where Ty, is the mixer noise temperature and 7T;r is the noise tempera-
ture of the IF chain. Solving this equation, the mixer noise temperature
and the DSB conversion loss can be calculated.

Figure 2.15 presents the comparison between the noise measurement
result obtained from the two approaches. The measured noise tempera-
ture from the variable attenuation method appears to be higher than that
obtained from the direct noise measurement. This might be attributed
to the fact that the accuracy of the attenuation method partly depends
on the number of attenuation points considered during the measurement
because the larger the number of attenuation points, the better the accu-
racy of the curve fitting, and consequently an improved accuracy in the
noise temperature results. However, the differences in the results ob-
tained from these approaches are not fully understood. It is speculated
that the postion of the attenuator after the LNA (see Figure 2.14) might
have caused such a large uncertainty in the results since a large attenu-
ation is needed in order to affect the system noise temperature. Hence,

further studies are required to determine these effects.

2.5.2 Simulation results

A 3D-diode model is built and added to the mixer test jig 3D-model in
HFSS. Then the S-parameter simulations are performed and the results
are exported to the ADS circuit simulator. The diode’s electrical param-
eters, such as the series resistance, junction capacitance, saturation cur-
rent etc., are defined in ADS representing the diode junction and then the

evaluation of conversion loss and noise temperature is preformed with
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Figure 2.15. Noise temperature for mixer diode obtained from two noise measurement
approaches [IV].

harmonic balance analysis. Figure 2.16 shows a snapshot of the 3D-diode
model mounted in the test carrier and placed inside the mixer test jig.

The ADS circuit simulation schematic is presented in Figure 2.17.

Figure 2.16. HFSS simulation model consisting of EH-tuner, waveguide-to- suspended
microstrip transition, DC/IF filter, and the diode model [IV].
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Figure 2.17. Example circuit schematic of the simulation setup in ADS [IV].

Initially, the simulations are performed for three different contributions
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of the flicker noise (K; equals to 16.5, 2, and 0.5). However, comparison
of measurement and simulation results indicates that the actual noise
model, valid for low-power detector design, is invalid when designing low-
power mixers. Hence, new diode models are obtained with different values
of differential resistance. From this approach, better results are obtained
as shown in Figure 2.18. The new diode model showed improvement in
the mixer performance with significant reduction in noise temperature
compared to the earlier diode model. At the moment, these diode models
are only tested with simulation as the new diodes are being fabricated and

measurements are required to verify the simulated mixer performance.
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Figure 2.18. Simulated SSB and DSB noise temperature results with new diode mod-
els as a function of LO power. Diode 1 with 10 kQ2 and diode 2 with 1 kQ
differential resistance.
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3. Material characterisation

Accurate knowledge about the electromagnetic properties of the substrate
material at the operating frequency is a preliminary requirement from the
design point of view. Measurement of the dielectric properties of the ma-
terial is an important tool to understand the material behavior especially
at high frequencies as it can provide the electrical or magnetic character-
istics of the materials. This information is a critical parameter required to
implement the material in many microwave and mm-wave applications.
Besides, various application areas, such as material science, communi-
cation, circuit design and biological studies require information on the

complex dielectric properties of the materials [78, 79].

3.1 Material measurement at millimeter wave frequencies

In the past years, different dielectric materials have been characterized at
lower (microwave) frequencies. However, accurate measurement of such
materials at millimeter wavelengths still remains difficult. Recently, ap-
plication areas of mm-waves, such as high data-rate transmission, au-
tomotive radars and sensors [80—83] have gained considerable attention
of the researchers for development of the future technologies. At these
frequencies, electrical performance of the devices depend strongly on the
properties of printed-circuit-board (PCB) or substrate materials. Hence,
it is important to fully characterise the material in terms of thickness,
dielectric constant, dielectric losses and other relevant electrical parame-
ters to obtain optimum device performance at mm-wave frequencies. For
example, future generation cellular networks that use 5G (Fifth Gener-
ation) technologies may require compact microstrip antennas where the
selection and characterisation of the substrate material is a prerequisite

for antenna designers. Furthermore, printing of electronics structures
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over a polymer is considered to be a promising method for manufacturing
electronic devices at mm-wavelengths due to the reduced costs and bet-
ter flexibility. In such a case, it is vital, from the design point of view, to

carefully obtain the polymer material dielectric properties.

3.1.1 Dielectric material properties

Any material is termed as dielectric if it has the ability to store energy
when an external electric field is applied [84]. Electric displacement (or

electric flux density) D is defined as,

D =¢F, 3.1

where ¢ = ¢pe, is the absolute permittivity, ¢, is the relative permittivity,

gy = 3(%” x 1072 F/m is the vacuum permittivity and E is the external
electric field. Dielectric constant, also known as relative permittivity, ..,
is defined as the ratio of absolute permittivity (¢) to the permittivity of the

vacuum, ¢g. It is a complex quantity and is represented as [85]

Er = S je”, (3.2)
€0

where ¢’ is the real part of permittivity that represents the measure of
stored energy in a material and the imaginary part, £, is the loss factor
that provides the measure of how lossy a material is to an applied external
electric field.

Loss tangent, also denoted by tand, is the ratio of the imaginary part of

the permittivity to the real part and can be expressed as

"
tans = °r. (3.3)

/
el

3.2 Characterisation methods for dielectric materials

Over the past few decades, various methods have been developed for eval-
uation of the electromagnetic properties of materials. An overview on the
available measurement methods for dielectric material characterisation
can be found in [86]. Selection of an appropriate method for a particular

application is determined by the factors, such as the desired measurement
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accuracy, measurement frequency range, convenience, cost, and shape (or
form) of a sample material. Commonly used techniques include free-space
method [87], coaxial-probe technique [88], cavity resonators [89], dielec-
tric resonator [90], and transmission-line techniques [91-93].

Each method has its advantages and limitations depending on the appli-
cation area and the material under test (MUT). The resonator techniques
are accurate and are useful for measuring low-loss materials but they are
narrow banded. The free-space method is considered more convenient
for broadband measurement but has lower accuracy and is suitable espe-
cially for large material samples. The coaxial-probe method can provide
broadband results and is suitable especially for studying liquids and semi-
solids. The transmission-line method, on the other hand, is suitable for

measuring lossy to low-loss MUTs in a broad frequency range.

3.3 Transmission line method

In this thesis work, a fast and easy-to-use technique based on the trans-
mission line method has been demonstrated to extract the dielectric pa-
rameters of the sample MUTs at millimeter wave frequencies [VI]. The
full two-port scattering parameters are measured over the frequency range
of 75-325 GHz by a vector network analyser. A precisely prepared ma-
terial specimen is inserted in a section of a waveguide (sample holder)
and is placed between the test heads. The reflection and transmission
coefficient magnitude and phase are measured and the estimation of the
dielectric parameters is made first with the direct comparison to the sim-
ulation results and second from applying analytical formulas relating the

S-parameters and the material sample permittivity.

3.4 Specimen preparation, measurements and simulations

Accuracy of the S-parameter measurements and, consequently, that of
the extracted dielectric parameters depends on the quality of the mate-
rial specimen. Hence, careful preparation of the test samples is vital. A
test material is cut carefully and inserted into a steel holder (thickness of
0.5 mm) which matches the waveguide opening dimension of the measure-
ment frequency band. In this work, material measurements are carried

out in four frequency bands (WR10, WR06, WR05, and WR03) covering
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the frequency range from 75-325 GHz.

Measurement setup consists of a vector network analyser with a mil-
limeter wave head controller and two external synthesisers, and two waveg-
uide test heads. The waveguide test heads are available for each fre-
quency bands. The measurement configurations as well as the waveguide
test heads and the sample holders need to be changed for measurement
in different frequency bands. Figure 3.1 presents the photograph of the
full two-port S-parameter measurement setup with a material specimen
placed between the waveguide test heads. To obtain the loss added by
the steel holder, S-parameter measurements are performed for an empty
holder (without any material inside) as a reference measurement. Then,
the material specimen is measured over the whole frequency band (75—
325 GHz). In this work, two types of material samples were tested. First,
with a Teflon test sample whose permittivity is well known, and second,

with a polymer whose dielectric parameters are unknown.

Figure 3.1. Photograph of the S-parameter measurement setup. The material sample is
placed between the waveguide test heads [VII].

Material measurement scenarios are simulated in commercial a 3D sim-
ulation software (HFSS) in the same frequency range of 75-325 GHz.
First, an empty space is simulated as a reference which represents the
empty holder case in the measurement. Second, a section of the waveg-
uide representing the material sample is inserted between the waveguide
blocks as shown in Figure 3.2. Simulated reflection and transmission co-
efficients are recorded for various sets of data for different dielectric con-
stant and loss tangents using a parametric sweep. Finally, the simulation
data sets are compared to the measured S-parameters to obtain the best

least square fit for the material dielectric parameters.
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Figure 3.2. Simulation structure in HFSS with de-embedded wave-port excitation [VI].
3.5 Analytical extraction of the material parameters

Various methods, including the classical Nicolson—Ross—Weir (NRW) tech-
nique [94-96] and others [92, 97-101], are available for the extraction of
the material electromagnetic properties. The basic idea in these methods
is to apply the measured (or numerically simulated) reflection and trans-
mission coefficients for the evaluation of the material properties. The in-
trinsic limitation of the NRW method is related to the electrical thickness
of the material sample. In this thesis work, along with the direct com-
parison of the simulation data sets to the measurement results, dielec-
tric parameters of the test material are also calculated using the modified
Nicolson-Ross-Weir (NRW) method [102, 103]. This method can be used to
extract the material parameters for the samples thicker than half wave-
length and does not require seeking of a solution branch as in the NRW
method.

The reflection coefficient in terms of the S-parameters can be written
as [94, 95]

52 — 52, +1
D=y+y/x2-1, y=-21_21-— 251211 . (3.4)

For the wave propagating through the material sample of thickness d, the

phase factor is given by

effyd _ Sll + 521 -T _ efadefj(ﬂdJrQﬂm) _ A6j¢, (35)

1= (St +Sa)l

where v = jw,/moeoy/n? — (w./w)?, n is the refractive index, w is the
angular frequency and w, is the angular cut-off frequency of the trans-

mission line section, « is the attenuation constant, 3 is the propagation
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constant, and m is an integer. Then, according to [94, 95] the material

properties can be extracted using

2 2
n? =ceppy = — {é ln(e“’d)} + (&> , (3.6)

w
where c is the speed of light (3 x 10® m/s).

The limitation with this approach relates to the periodicity of the phase
factor in (3.5) resulting in an infinite number of roots. This compli-
cates the extraction process since one needs to verify the correct root and
the correct branch of solution in (3.6) at each measurement point. The
modified NRW method [102] addresses this problem by measuring the
phase difference between the preceding measurement points. This helps
to maintain the correct branch of solution throughout the measurement
process. The advantage of this approach is that the verification of the
choice of the correct branch is required only at the first measurement
point. However, two conditions are required to be fulfilled in order to ob-
tain accurate extraction results applying this method. First, the phase
difference between two consecutive measurement points should not ex-
ceed 7 and second, the thickness of the material sample should be less
than )\/2 at the lowest measurement frequency.

The phase factor in terms of the S-parameters and the wave impedance

is given as

_ 1-— 5121 + S%l n 2511

evd ,
2591 (Z — %)521

3.7

where

(1 + 511)2 - 5221
== (3.8)
: (1—511)? - 55

For N measurement frequency points, the corresponding arguments are

given by (3.5) and the argument term at point N can be written as [102]

N evid
¢N =¢o+ Y arg () ; (3.9)
i=1

evi-1d

where ¢ is the phase value at the first measurement point. The natural
logarithm of the exponential in (3.6) can be expressed in the following
form [102]

In(e¥d) = ln(‘e”’d‘) + jarg(e??). (3.10)

52



Material Characterisation

Then, the refractive index of the material is extracted using [102]

1 N vid
(n?v) — (wc/wN)2 — o {j In (‘e“/NdD + o + Zarg <€i7_1d>] .(8.11)

i=1
Finally, the permittivity and the loss tangent of the material sample can

be computed with the equations

ny = /erplr, and (3.12)
€

tand = —. (3.13)
€

3.6 Extraction results

3.6.1 From direct comparison

In the direct comparison, measured reflection and transmission coeffi-
cients are compared with the simulation data sets of different permittivity
and loss tangent values. The least square error curve fitting method is ap-
plied to obtain the best fit of the simulated coefficients to the measured
counterparts. For example, in case of a Teflon material sample, a dielec-
tric constant of 2.0 and loss tangent of 0.003 are estimated from the curve
fitting of the transmission coefficient phase. For the unknown polymer,
the best fit values are found to be 2.4 and 0.06 for the dielectric constant
and loss tangent, respectively. Figures 3.3 and 3.4 present the measured
and simulated (best fit) transmission coefficient phase plots for both the
Teflon and the polymer material.

Here, a +10% deviation on the dielectric constant of Teflon and a +12.5%
on that of the polymer are simulated and compared with the measured
results. It is observed that the measurement data points are within the
limits for the whole measurement frequency band indicating that the ac-
curacy of the extraction results, obtained in this particular case, is within
+12.5%.

The loss tangent of the material sample is extracted similarly by com-
paring the measured and simulated loss incurred by the material sample

which can be calculated from the S-parameters as
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Figure 3.3.

Figure 3.4.

Figure 3.5.

=
=4

* Measured bhase for sample
100! —Simulated phase forer=1.8 |
— Simulated phase for er = 2.0 ‘

Simulated phase for ar = 2.2

Transmission Coefficient Phase (degrees)
<

- | | = H\,\j 1
110 140 170 220 325

Frequency (GHz)

Least square curve fitting of the measured transmission coefficient phase for

Teflon with +£10% deviation in simulated dielectric constant value [VI].

-
@
2

» Measured phase for sample
—Simulated phase forer=2.1
—Simulated phase forsr= 2.4

Simulated phase for er = 2.7 |

-
I=1
2

-100

Transmission Coefficient Phase (degrees)
(=1

Ll

180, 1 i = 1
110 140 170 220 325
Frequency (GHz)

Least square curve fitting of the measured transmission coefficient phase for
polymer material with +12.5% deviation in the simulated dielectric constant
value [VI].

.
.
L B .

-0.35-

cos e e g,

Loss (dB)
=)
=

I S

== Measured loss .,
= Simulated tans = 0.05 TN
= Simulated tané = 0.06

=+-Simulated tané = 0.07

30 80 90
Frequency (GHz)

Measured loss for unknown polymer compared with the simulated losses for
different values of loss tangent [VI].

Loss(dB) = —10log;q (|5%] + [$4]) (3.14)

Figure 3.5 shows the loss tangent extraction of the unknown polymer

where the losses computed using different simulated loss tangent values
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are compared with the measured loss. It is observed that the best fit is
obtained for loss tangent value of 0.06. In case of Teflon material, the best

value is obtained at 0.003.

3.6.2 From analytical calculations

The least square fitting of the measured data to the simulated ones pro-
vides a good estimation of the dielectric properties of the material sample.
However, it is important to verify analytically if the estimated parameters
are realistic and accurate. As explained in Section 3.5, the permittivity
and the loss tangent of the MUTs are computed (in MATLAB) from the
measured reflection and transmission coefficients. For the comparison
purpose, analytical calculations are also applied to the simulated reflec-
tion and transmission coefficients that are found to be the best fits as
mentioned in Section 3.6.1.

Figures 3.6 and 3.7 present the analytically computed permittivity and
loss tangent for Teflon and for the unknown polymer, respectively, over the
frequency range of 75-325 GHz. Extraction of the material parameters
are performed using both the measured and simulated S-parameters.

It is observed that the computed values of the permittivity and the loss
tangent are in a close agreement with the values that are obtained from
direct comparison except some ambiguities in the frequency range from
200 GHz to 250 GHz. The uncertainty in this frequency range is related
to the thickness resonance of the material sample. The thickness of the
material sample around 230 GHz is one half of the guided wavelength in
the material making S1; very small and leading to higher uncertainty in
the phase and consequently on the extracted parameters. Further, prop-
agation of the higher modes is possible in case of inhomogeneous sample
and the presence of air gaps between the sample and waveguide walls.
Overmoding problem is even worse while measuring samples with high
dielectric constants as the cutoff frequency changes promoting the propa-
gation of higher modes in the waveguide [104]. In this work, the samples
with the same thickness have been used. In the future work, different
thickness samples could be measured to avoid resonances in the extracted

results.
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Figure 3.7. Extracted permittivity and loss tangent for unknown polymer [VI].
3.7 Application

The ability to manufacture electronic devices in a large area at a low
cost has made printing technology a promising method compared to the
printed circuit technology for fabrication of microwave and millimeter
wave components on a substrate materials [105, 106]. Other advantages
of printed electronics are light weight, flexibility and easy integration.

It is essential to obtain the material properties, such as, permittivity
and loss tangent, prior to the design and printing of the electronic struc-
tures to the polymer materials. In this thesis work, the method presented
in the previous sections is applied to study the dielectric properties of var-
ious polymer substrate materials and their suitability for printing mil-

limeter wave components [VII]. Five different materials have been char-

56



Material Characterisation

acterised including inexpensive substrates, such as Polyethylene Tereph-
thalate (PET), Polyethylene Naphthalate (PEN), Polymethyl Methacry-
late (PMMA) and Polyimide film (PI), and specific plastic material, such
as, Preperm255. An example plot of the extracted permittivity and loss
tangent for PET material in WR-10 (75-110 GHz) frequency band is shown
in Figure 3.8. At 90 GHz, the permittivity of 3.5 and loss tangent of 0.03

are obtained from the extraction.
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Figure 3.8. Extracted dielectric parameters from measured and simulated S-parameters
for PET (Melinex) material sample [VII].

The extracted dielectric parameters of all five materials at 90 GHz are
listed in Table 3.1. The Preperm255 material exhibited lower loss com-
pared to other measured materials which makes it a potential candi-
date for printing the components, such as antennas for millimeter wave-
lengths. However, a test print on this material, with reverse-offset print-
ing method, indicated the material to be unsuitable as there was no proper
ink transfer leading to a bad quality of the printed samples. At least
partly this was due to the rougher surface of the Preperm255 material
compared to the other tested substrate materials. Further studies and
experiments are being made on the evaluation of ink properties (conduc-
tivity), achievable conductor thickness, and printing accuracy. Further-
more, printing process is being optimized to obtain better quality printed

samples for testing of the millimeter wave components.
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Table 3.1. Dielectric parameters for different material extracted from simulation and
measurement results at 90 GHz [VII].

Material g, (sim.) e, (meas.) tand (sim.) tand
(meas.)
PET 3.5 34 0.035 0.03
PMMA 2.3 2.3 0.02 0.02
PI 4.0 4.1 0.04 0.04
PEN 3.1 3.2 0.03 0.045
Preperm255 2.5 2.4 0.005 0.004
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4. Summary of publications

Publication I: “New verification routine for pulsed I-V and tran-

sient current measurement setup applied to a THz Schottky diode”

A verification routine is developed in [I] for validating extremely fast
pulsed I-V and transient current measurement setups. The latter one
is used in [II] for extracting the thermal parameters of the THz Schottky
diodes. The minimum pulse width of 300 ns is found to be feasible for
pulsed I-V measurements and the current settling time in transient mea-
surements is found to depend on the level of heating current applied to
the DUT.

Publication II: “Thermal characterization of THz Schottky diodes

using transient current measurements”

A novel method for extraction of the thermal properties of THz Schot-
tky diodes is introduced in [II] which is based on the transient current
measurements. The parameters, such as the thermal resistance, thermal
time-constants and peak junction temperatures are extracted for single-
anode varactor Schottky diodes with three different anode sizes (5, 9, and
12am?). The extracted total thermal resistance, for the diode with 9 pm?
anode area, is compared with the result from an in-house measurement-
based method and with the simulation results from two commercial 3D
thermal simulators. For this particular diode, the total thermal resis-
tance is within 10 % of the average value of 4020 K/W when using all four
approaches. The developed method can be applied to characterise small

area diodes with the thermal time-constant down to 300 ns.
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Publication III: “Characterisation of THz Schottky diodes for MetOp-

SG instruments”

An application of the thermal charactersation method developed in [II] is
demonstrated in [III]. Schottky-diode based mixer and multiplier proto-
types for the MetOp-SG satellite instruments are thermally characterised
as a part of the reliability assessment. Five frequency multiplier and two
mixer prototype blocks are measured. In addition to the thermal measure-
ments, RF tests are also performed for three identical multiplier proto-
types and their comparison illustrate that the prototype with larger ther-
mal resistance (or peak temperature) has smaller output power as well as

lower efficiency.

Publication IV: “Experimental investigation of traps in THz Schot-
tky diodes”

In [IV], experimental investigation is made in order to identify the charge
trapping in THz Schottky diodes using various measurement techniques,
such as I-V, capacitance and low-frequency noise measurement. Pres-
ence of traps are indicated in I-V and C-V results. However the effect
is observed clearly in capacitance-frequency (C-f) and low-frequency noise

measurements.

Publication V: “Characterisation of low-barrier Schottky diodes

for millimeter wave mixer applications”

Low-barrier Schottky diodes from ACST GmbH are characterised in [V]
in order to study the suitability of such diodes for millimeter wave mix-
ing applications. A test diode is mounted on a fundamental mixer test-jig
platform, and conversion loss and noise temperature measurements are
carried out. In addition, 3D HFSS and ADS circuit simulations are also
performed and the results are presented. Conversion loss of less than 5

dB is obtained for 0.1 mW LO power in mixer operation at 181-183 GHz.

Publication VI: “Measurement of dielectric properties at 75 - 325

GHz using a vector network analyzer and full-wave simulator”

In [VI], an easy-to-use method for determination of dielectric properties of
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the material at millimeter wave frequencies (75-325 GHz) is introduced.
Dielectric properties of Teflon and an unknown polymer are extracted
both by comparing the simulated S-parameters with the measured ones
and by solving analytically equations with the measured S-parameters
(modified NRW method). The extracted result from both approaches are

found to be in close agreement

Publication VII: “Towards printed millimeter-wave components:

Material characterization”

An application of the material parameter extraction method introduced
in [VI] is presented in [VII], where the dielectric properties of potential
substrate materials for printing millimeter wave components, such as an-
tennas, are evaluated. Five different polymer materials are studied and
their permittivity and loss tangent are extracted in the frequency range
from 75-110 GHz.
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5. Discussions, conclusions and future
work

The research work presented in this doctoral thesis focuses on the charac-
terisation of Schottky diodes and dielectric materials, both for millimeter
and terahertz wave applications. The results of this research work are re-
ported in publications [I]-[VII]. Chapters 1-4 summarize the background
and objective of the research work, characterisation methods developed
both for THz Schottky diodes and for dielectric materials, and their appli-
cations as well as the scientific contributions of the research work.

The first part of the thesis describes the efforts made for characteri-
sation of the Schottky diode in terms if its thermal, noise and RF per-
formances [I]-[V]. The existing and the newly developed characterisation
methods are presented to study the Schottky diode characteristics for mil-
limeter wave and THz applications. The second part of the thesis presents
the characterisation studies made for extracting dielectric properties of
materials at millimeter wave frequencies [VI, VII].

Starting with the first part of the thesis, a novel thermal characteri-
sation method is developed in this work [II]. This method is based on
the transient current measurements and is suitable for small area THz
Schottky diodes with fast thermal time-constants. The capability of the
method to extract all the thermal parameters, i.e, thermal resistance,
thermal time-constants and peak junction temperature of the diode is
demonstrated. The limitations of the standard characterisation meth-
ods, such as electrical transients and self-heating, are addressed by us-
ing ultra-fast measurement equipment and small measurement current
levels, respectively. Three single anode varactor diodes with different an-
ode sizes are characterised. Furthermore, comparison of the extraction
results from the developed method against two 3D commercial simulators
and also against an in-house measurement-based method are presented.

Thermal simulations, to observe the temporal response of the diode, can
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be performed using commercial simulation tool such as COMSOL Mul-
tiphysics that can predict the thermal time-constants of the diode. This
facilitates the pre-fabrication process. However, experimental determina-
tion is crucial to obtain the realistic thermal performance of the diodes
under test. Nevertheless, perdiction of the thermal time-constants with a
commercial simulation tool can add an advantage to the developed mea-
surement based thermal characterisation method and will be explored as
a future work.

The thermal characterisation method in this work applies DC voltage
source to heat the diode and then measure the current response as the
diode cools down. Using an RF signal to heat the diode and measure
its thermal performance would have added an advantage to this method.
However, the RF signal cannot be switched on and off quickly enough for
obtaining meaningful measurement results. Further, applying an RF sig-
nal will change the I-V operating point of the diode resulting in inaccurate
measurements.

The new characterisation method developed in this work is applied to
thermally test the Schottky-diode based mixer and multiplier prototype
blocks for the MetOp-SG satellite instruments as a part of the reliabil-
ity assessment. These thermal tests provide the operating peak junction
temperatures and the heat flow (thermal time-constants) in the Schottky
diodes which is a vital information regarding the reliability of the satellite
instruments. In addition, comparisons of the thermal characterisation re-
sults are made with the RF results of three identical multiplier blocks. It
is illustrated that the block with higher thermal impedance has lower out-
put power as well as lower efficiency. Hence, some interrelation between
the thermal and RF measurement results are observed. Furthermore, it
is noted that the thermal characterisation method can be a good tool for
checking the reproducibility of the assembly of discrete devices. For the
multiplier blocks with multiple anodes, the measured peak temperature is
an effective temperature of all the anodes since each individal anode tem-
perature cannot be determined with the presented measurement setup.
However, with the help of a simulation tool this difference in anode tem-
perature can be predicted and is considered as a future extension to this
work.

The accuracy and consequently the reliability of the extraction results
from the developed thermal characterisation method in [II] is determined

by the accuracy of the measurement system. Hence, a verification rou-
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tine is required, before the characterisation procedure, to ensure that
the diode parameter space is within the verified range during the mea-
surements. Such a verification routine is developed in [I] for validating
the extremely fast pulsed I-V and transient current measurement setups.
The measurements performed for the routine include pulsed I-V measure-
ments with different pulse widths (using several voltage and current lev-
els) as well as transient current measurements using different heating
and measurement current levels. It is found that the minimum usable
pulse width in the presented measurement setup is 300 ns and the cur-
rent settling time is determined by the applied heating current level.

As a continuation of the Schottky diode characterisation work, experi-
mental investigations on the charge trapping and low-frequency noise in
THz Schottky diodes are made in this thesis work [IV]. Evidence of the
presence of traps is observed using various measurement techniques in-
cluding I-V, capacitance and low-frequency noise measurements. Among
the applied measurement methods, the low-frequency noise measurement
method is found to be the most suitable for identifying and characterising
charge trapping in THz Schottky diodes. As a future work, a quantitative
study and analysis is to be performed to improve the understanding of
trapping effects and their origin in small area THz Schottky diodes.

Further, a study on suitability of the low-barrier Schottky diode for mil-
limeter wave mixer applications is performed [V]. The low-barrier height
enables a lower LO power requirement in the mixer operation. Hence, it
is desirable to obtain a low-barrier Schottky-diode mixer that can operate
at low LO power but has an acceptable conversion loss and noise temper-
ature. In this work, such a low-barrier diode from ACST GmbH is charac-
terised for its performance in a mixing operation at millimeter wave fre-
quencies. The conversion loss and noise temperature are evaluated both
from measurements and simulations and the results are presented. It is
observed that with a low-barrier Schottky diode, the LLO power can be sig-
nificantly reduced while maintaining acceptable conversion loss and noise
temperature. The actual noise model, valid for the low-power detector de-
sign, is found to be invalid when designing low-power mixers. Hence, the
noise model is modified and simulations are performed. It is illustrated
that with the new noise model the results are promising. However, as a
future work, these results are to be verified with measurements of the
diodes .

Study of the material properties at millimeter wave frequencies both
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with measurements and simulations is performed in the second part of
this research work. Various methods are available for extraction of the
material parameters. However, each method has its own advantages and
limitations depending on the MUT and the measurement condition. The
transmission line technique can be applied for an easy, non-destructive
and wideband material parameter extraction at millimeter wave frequen-
cies. In this work, an easy-to-use method, based on the transmission line
method, for determination of dielectric properties of the material at mil-
limeter wave frequencies (75-325 GHz) is presented [VI]. Material’s di-
electric properties are extracted using two approaches. First, by com-
paring the simulated S-parameters with the measured ones, and second,
by solving analytical equations with the measured S-parameters (modi-
fied NRW method). The application of the developed method is presented
in [VII] where an evaluation of the dielectric properties of potential sub-
strate materials for printing millimeter wave components, such as anten-
nas, is performed. Permittivity and loss tangent for five different polymer

materials are extracted in the frequency range from 75-110 GHz.
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Errata

Publication VI

In equation (2) of Section 6, the summation term should read as,

N eid
2 i—1arg <6wi,1d)
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