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ABSTRACT

This research work is concerned with the study, design and fabrication of an energy harvester
for converting radiant heat to electricity using rectenna technology, with key application being
on the automobiles. A review of previous works of other researchers is presented, and the main
limitations hindering the realisation of a practical and functional rectenna device as well as the
main factors for optimising device performance highlighted. The temperature profile of an
automobile engine and exhaust was measured in order to determine the operable temperature
ranges, which is a key factor when determining the optimum device dimension. The contact
angles made by a 5ul drop of water on surfaces coated with different self-assembled
monolayers (SAMs) were measured in order to determining the hydrophilicity and
hydrophobicity of the surfaces. This gives an idea the surface energy of the dielectric films,
thus giving an indication of how uniform a surface coated with such dielectric film will be.
Finally, a setup for the low frequency characterisation of the diode was made and validated

using ordinary diodes.
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CHAPTER1

INTRODUCTION

This work aims to study an energy harvester, and develop a device fabrication process step for
harvesting and converting radiant heat (thermal energy) to electricity using nanorectenna

arrays. The key application for these devices is waste-heat recovery from cars’ exhaust pipes.

1.1  Energy Harvesting

Energy harvesting refers to the conversion of energy from the environment that would have
been otherwise lost, into a different form of energy that can be readily utilised (for example
electrical energy). Energy harvesting devices can thus enable an increase in efficiency in both

industrial and domestic systems as well as underpin new technology [1].

In its essence an Energy Harvesting System (EHS) comprises of an energy source, a conversion
device, which performs the actual harvesting and energy conversion, and an energy storage

module. The major advantages of an EHS are:

e Free energy source
e Technically maintenance-free when properly installed in a dust-free environment, and
can last for the end-application/user’s lifetime

e Environmentally friendly.

1.2 Motivation

Any object radiates heat, which is often just dissipated or wasted to the surrounding
environment. A large amount of heat is produced and wasted in everyday domestic and
industrial activity, such as cooking (in domestic ovens/cookers), home heating/warming (in
boilers), domestic heating and power generation (in micro combined heat and power),

transport/movement (in automotive exhaust and engines), light and heavy industrial processes



etc. These activities can thus provide an enormous heat source which can be harnessed and

recovered as electrical power.

Thermoelectric devices for converting heat to electricity are already well developed, but apart
from being bulky, the issue of difficult-to-dispose toxic material (tellurium) as well as low
operational efficiency ~ 7% [2] has been a major factor limiting their widespread use. More
environment-friendly, maintenance-free devices, such as rectennas, is the key motivation and
theme of this research work. The rectenna device is of special interest because it does not need
to be in contact with the hot object/system to operate. Furthermore their manufacturing process
is cost effective and does not require materials with high environmental impact and difficult to

be disposed of.

1.2.1 Temperature profile Measurement of an Automobile Engine and Exhaust

The main focus of this work is thermal energy harvesting from automotive systems, such as
internal combustion engines and exhaust pipes. The temperature profile of an automobile
engine and exhaust is thus necessary to identify the most suitable temperature range at which

rectennas have to operate.

These temperature profile was carried out on a Volkswagen 1.9 litres diesel engine (used on
Polo models), shown in figure 1.1, with the respective thermal images. The key engine

parameters are summarised in table 1.1.

Table 1.1: Key engine parameters for the VVolkswagen 1.9 litres diesel engine used.

Engine model Volkswagen SD1 Cylinders 4
Displacement 1896¢c (1.9litres) Nominal Power 44kW @3600rpm
Bore and Stroke | 79.5mm and 95.5mm Nominal Torque 130Nm @ 2200rpm

The engine was operated at a set speed of 2400 rpm for approximately 26 min. with six different
throttle and brake (load) values. The temperature readings were taken using thermocouples
(shown by the red arrows in figs.1.1a & c). These were connected to four different locations

shown in red, in table 1.2.



Table 1.2: Automobile temperature profile measurement values.

Sample Throttle | Brake Fuel Water Air Air | Coolant | Coolant | Exhaust | Engine
Setting | Setting | Quantity | Flow Inlet Inlet Inlet Outlet Temp Speed
No. .
Injected Pressure | Temp | Temp Temp

[%] [%] [mg/r] | [Vmin] | [kPa] [K] [K] [K] [K] [rpm]

1 12 12 0.0 0.4 0.32 292.6 284.6 285.6 386.2 1318
2 15 0 4.8 0.3 0.32 292.9 284.4 285.4 403.2 2098
3 20 13 4.8 0.3 0.38 294.4 284.1 285.2 4442 2370
4 25 27 8.8 0.4 0.41 297 283.6 285 504.2 2458
5 30 37 11.2 0.4 0.41 302.2 283.4 284.8 575.2 2399
6 36 46 14.1 0.3 0.44 308.8 282.6 287.4 651.2 2399

From table 1.2, it can be seen that a temperature of 651.2K was recorded at the exhaust

manifold as the engine approached the top set speed of 2400 rpm, though not at full load.




f
Figure 1.1: Images showing: (a) engine top view, (b) thermal image of the top view, (c) exhaust

muffler, (d) thermal image of the exhaust muffler, (e) exhaust manifold and (f) the thermal
image of the exhaust manifold. The red arrows are pointing at the green thermocouple wires.

1.3 Thermal Energy

The amount of heat radiated by a body depends on its temperature, with the intensity
proportional to the fourth power of the absolute temperature of the body, in accordance with

Stefan-Boltzmann’s law [3]:
Eb =ol 4 (11&)

where o is the Stefan—Boltzmann constant and T is the absolute temperature of the body.

Equation 1.1a gives the emissive power of a body for a given temperature over all frequencies.
The emissive power as a function of the frequency v, known as the power spectral density, can

be expressed as [4]:

e 2hv® 1
b =2 | T (1.1b)
exkr —1

where h is the Planck’s constant, ¢ the speed of light in vacuum, and k the Boltzmann’s

constant.



Thermal radiation has a frequency spectrum that spans from the terahertz region into the near
UV region of the electromagnetic spectrum (EMS). The spectrum of this radiation follows the
spectral emissive power curves of a black body for different temperatures, and the region is as

shown in figure 1.2.
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Figure 1.2: Variation of the spectral emissive power of a blackbody with wavelength for
different temperatures [4]

Energy harvesting within this region using rectennas is still to a great extent unexplored due to
the challenges of technological constraints in fabricating a rectifier that can operate efficiently
in this frequency range. Aside from rectennas, other devices that can harvest thermal energy
include thermophotovoltaic devices (these also harvest radiant thermal energy) and

thermoelectric devices (these harvest non-radiant thermal energy).

1.3.1 Thermophotovoltaic devices:

These devices convert radiant thermal radiation into electricity using photovoltaic cells based

on narrow bandgap semiconductors. Filters are typically used to control the spectrum incident



on the Thermo-PV cells [5], [6], [7]. The overall device efficiency, 7rpy is the product of the

individual efficiencies of the emitter, PV cells and filters.

The main issue with these devices is that radiations with photon energy much higher than the
semiconductor bandgap often heats up the photovoltaic cells, thereby endangering the cells.
Moreover, filters that can restrict such radiations add a further degree of complexity to the

devices.

1.3.2 Thermoelectric devices:

In these devices, temperature gradient and electrical voltage are inter-convertible in accordance
with the Seebeck and Peltier effects, which describes how potential difference can be generated
by a temperature gradient and how heat flow can be created by the flow of electric current
respectively [8] [9]. A simple diagram of the device operation is shown in Fig. 1.3 The device
maximum efficiency is dependent on the temperature gradient between the cold and hot ends,

in accordance with equation 1.3 [9].

_ Thot _Tcold (1+ ZT) -1

NMmax =
Thot J@+2T) +TTC°'d (1:3)

hot

where ZT is the thermoelectric figure of merit given by:

B S, °T
Pﬂvth

ZT

(1.4)

where Sy is the Seebeck coefficient, p the resistivity, and A the thermal conductivity.

Though these devices have the merit of no noise, no vibration or mechanically moving parts,
the main challenge is the necessary temperature gradient which requires a cooling system

combined with materials, such as tellurium, which is rare, highly toxic, and difficult to dispose.
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effect in a thermoelectric device.

A summary of the advantages and disadvantages of the devices discussed is shown in table 1.3.

Table 1.3: Advantages and Disadvantages of the thermophotovoltaic and thermoelectric

devices

Thermophotovoltaic

Thermoelectric

Advantages

no acoustic noise
no mechanically moving parts,
hence no frictional losses

no acoustic noise
no mechanically moving parts,
hence no frictional losses

Disadvantages

heating up of PV cells by
radiations higher than device
bandgap

designing filters that can
restrict such radiations
increases device complexity

bulky devices

to realize the needed
temperature gradient will
greatly increase automobile
complexity

Tellurium, a rare and toxic
material, is one of the major
components used in its

production
Efficiency e depends on the individual e depends on the temperature
efficiencies of the PV cells and gradient between the cold and
filters hot ends and ZT
1.4 The Rectenna

The word rectenna is coined from rectifying antenna, which means an antenna coupled to a

rectifying device. A simple rectenna may consists of a dipole antenna with a rectifier (diode)

connected across its feed-point ‘F’ [3], [10] as shown in figure 1.4.
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Figure 1.4: A simple rectenna element and heat source [3].

Basic operational principle

The antenna generates a fluctuating signal from the incident radiation. This signal is then
converted to DC output by the rectifier and fed to the load R through an inductor which

prevents (chokes) the radiation from leaking to the load [3].

The features and conditions for optimum performance of a rectenna device include:
I. An antenna that can collect the EM radiation at the desired frequency range.
ii. A high cut-off frequency rectifier with suitable nonlinearity that can convert fluctuating
signal to DC.

iii. A good impedance match between the antenna and rectifier.

The antenna considered in this work is a bow-tie antenna. This antenna is considered because
it is a broadband antenna, hence it can collect a wide range of frequencies since thermal
radiation is a broadband radiation. The schematic of a typical bowtie antenna is shown in figure

1.5, with the rectifier located at feed-point, F [11].



Flare angle
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Figure 1.5: A schematic of a typical bowtie antenna.
A and B are the antenna elements (metals of assumed negligible intrinsic resistance),
the Gap is the position of the diode, and F is the feed-point [11].

Assuming the heat source and rectifier of the rectenna to be at temperatures Ta and Tp
respectively, Ta appears at the antenna feed-point with a Johnson-Nyquist (J-N) power spectral
density (PSD), and the maximum power available for conversion from this heat source is

expressed as [3], [12]:

21,2
7k
Pav = 6h (TA2 _TDZ) (1.5)

where k is Boltzmann’s constant and h Planck’s constant.

It can be seen from (1.5) that the maximum power available for conversion, Pay, is proportional
to the difference of the squares of the two temperatures Ta and Tp, this is as a result of the
nature of the PSD curve shown graphically as the hatched area of figure 1.6.

Since the resonant length of an antenna scales linearly with the wavelength of an incident EM
wave [10], and Johnson-Nyquist (J-N) power spectral density (PSD) does not depend on
frequency, because thermal noise is white, power according to Eg. 1.5, is not related to the

antenna dimension.
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Figure 1.6: PSD curve of the rectenna showing the region of available convertible power [3].

For a given source temperature, the quantum cut-off frequency for maximum power can easily

be determined as [3]:

_ kTp

fq -

(1.6)

In this work, the target operational temperatures are the temperatures obtained from the

automobile engine and exhaust profile measurement. Details of the measurement are as already

given in section 1.2.1.

The equivalent circuit diagram of the rectenna device is shown in figure 1.7.

Heat Source
| (radiation)

V@ Rop

Lue

Ru

AC sub—circu‘i?

DC sub-circuit

Figure 1.7: An equivalent circuit diagram of the rectenna device.
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In the equivalent diagram of figure 1.7, Varepresents the fluctuating source, Ra represents the
antenna resistance, C., is a fictitious capacitance which shows the inability of the antenna to
radiate a DC signal, Rp represents the diode resistance, Cp represents the diode capacitance,

L+r represents the high-frequency inductor serving as choke, and Ry is the resistive load.

Efficient rectenna operation requires matching Ra with Rp (i.e. proper coupling between the
antenna and rectifier resistances) and making the time constant, t, expressed as T = RC, to be
less than the shortest period, T, of the source V. Being less than the period, T, makes it possible
for signals from the antenna to drop across the diode resistance Rp, rather than being shorted
out by the capacitance Cp. This time constant, T, is used when defining the rectifier cut-off

frequency, fe, which is the upper frequency limit for efficient rectification, above which

rectification becomes less efficient [13-15]. The cut-off frequency is expressed as [16]:

Fo 1
C'_EﬁiiiJ (1.7a)

where
Rp = diode resistance (differential resistance),

Cp = diode capacitance,

&.& A
Cp= OJ (1.7b)
R —lx 1
CA (de (1.7¢)
Vo )l _,

where

A = diode junction area,

11



d = distance between the two diode metal electrodes; this equally denotes the thickness
of the insulating layer,

J = current density through the diode,

Vp = voltage across the diode,

€0 = vacuum permittivity,

er = relative dielectric constant of the insulating layer.
It can be seen from (1.7a) that the cut-off frequency of the diode depends on its RC time
constant. Since efficient device operation requires matching Ra and Rp, the only option left for
realizing a high cut-off frequency is to alter the capacitance Cp, expressed as shown in (1.7b).
Efficient tunnelling requires that the distance, d, between the two metal electrodes (i.e.
thickness of the insulating layer) should be very thin, of the order of 2 to 5nm , this implies that

it is only the diode junction area, A, that can be minimized to realize a small time constant.

The overall device efficiency consists of two parts which are radiation and junction

efficiencies.

e Radiation efficiency (77rad ): This is the efficiency by which the antenna collects and

radiates the incident signal/radiation, and it is expressed as [17]:

Nrad = I:)rad — I:)rad 18
ra .
I:)absb I:)rad + I:)Ioss. ( )

where P,.q , Papsp and P are the radiated power, power absorbed by the antenna and
power dissipated in the material of the antenna, respectively. For P,4 to be efficiently

coupled to the diode, the impedance of the diode must match that of the antenna to

minimize antenna-to-diode power transfer loss.

e Junction efficiency(ﬂjunc): This is also known as the tunnelling or rectification

efficiency, and is the efficiency by which the diode convert the ac signals to dc. The

12



junction efficiency is bounded by the Carnot efficiency, which sets a limit to the amount
of useable power (work) a heat engine can generate from a thermal source.
1.4.1 Rectenna Dimensions and Temperature Ranges
The resonant length of an antenna scales linearly with the wavelength of the incident EM wave,
in accordance with antenna theory [10]. The wavelength at which maximum convertible power
can be extracted from the source is determined from the thermodynamic quantum cut-off

frequency equation, (1.6), thus:

where c is the speed of light, fq is the resonant frequency of the antenna, and 4 is the wavelength

for maximum convertible power, therefore

c ch

l = —_— = —
fq KT (1.9)

Rectenna for Automobile Engine:

The general ambient temperature for normal operation of most automobile engines range
between 363.7K and 394.3K [18]. The thermodynamic quantum cut-off frequency and

wavelength of this temperature range, is calculated from (1.9) and shown tabulated in table 1.4.

Table 1.4: Quantum cut-off frequency and wavelength of automobile engine.

Lower value Upper Value
Temperature (K) 363.7 394.3
Quantum cut-off Frequency (THz) 7.6 8.2
Wavelength (um) 39.6 36.5

It is worth mentioning here that the higher the temperature of an EM radiation, the shorter the
corresponding wavelength, and the more powerful the radiation is as it can easily be deduced
from (1.9). The values of the wavelength computed above shows that a micrometre scale

rectenna is most suitable for harnessing the thermal radiation of an automobile engine.
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Rectenna for Automobile Exhaust:

When an automobile operates with its nominal power at full speed, (i.e. on full load), the
temperature of its exhaust ranges between 477.6K and 922K (at the maximum). But working
with the temperature profile measurement conducted, the values obtained range from 386.2K
to 651.2K. Applying these values to (1.9), gives the respective quantum cut-off frequency and

wavelengths as shown tabulated in table 1.5.

Table 1.5: Quantum cut-off frequency and wavelength of automobile exhaust.

Lower value Upper Value
Temperature (K) 386.2 651.2
Quantum cut-off Frequency (THz) 8.0 13.6
Wavelength (um) 37.3 22.1

It can be seen from table 1.5 that micrometre scale rectennas are still very suitable for

harnessing the thermal radiation from automobile exhaust.

1.4.2 Rectenna Figures of Merit

Devices are compared using universal figures of merit to bring about technological

improvement. Some of the figures of merits that apply to the diode in a rectenna device are:

Differential Resistance (Rp): This is the inverse of the slope of the diode’s I-V characteristic.

It should be low, (of the order of 100 Q [19]), to provide good impedance matching between
the antenna and the diode. Small barrier height (the difference between the metal work function

and insulator electron affinity) and thin insulator are requirements for low Rp.

Responsivity: This is also known as the curvature coefficient, and is a measure of the rectified
dc voltage or current with respect to the input power of the incident radiation. It shows how
efficiently the diode can rectify signals, and can be calculated directly from the -V
characteristics of the diode. The current responsivity (Iresp), defined as the change in dc current
per unit power of the absorbed incident radiation, is given by half of the ratio of the second and

first derivatives of current with respect to voltage. This is expressed as [20], [21]:
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dZ/
1 dv 2

I Resp — 2 d%v (1.10a)

while the voltage responsivity (Vresp), which is a ratio of the diode’s output voltage to the

absorbed input power of the incident radiation, is expressed as [5]:

Vv t
VResp = (ﬁj (1.10b)

n

where Vot is the output voltage of the diode, and Pin is input power of the incident radiation.

The units of current and voltage responsivity are A/W and V/W respectively [5] [20]. A
requirement for large responsivity is a large curvature in the 1-V curve, this implies a small
slope (higher resistance), hence small-barrier height (lower Rp) results to smaller responsivity.
To achieve a better responsivity while keeping the resistance low, multi-insulator tunnel diodes

could potentially be used [22].

Asymmetry: This is the absolute ratio of forward to reverse bias current at a particular bias
voltage. It is related to responsivity which depends on the asymmetrical nature of the I-V curve
at a particular bias point, and increases with increasing asymmetry. At zero bias, nonzero
responsivity is an indicator of the asymmetry in the I-V curve, which is necessary for rectenna
operation. The diode’s asymmetry, expressed as shown in (1.11), should be greater than 1
(unity), since a value of 1 indicates full symmetry (i.e. equal barrier heights at both side of the

insulator) and hence no rectification [20].

J forward

I:Asymmetry = ]

(1.11)

reverse

where Jis current density.
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The nonlinearity: This is a ratio of the differential conductance to the conductance, and

mathematically, it is double differentiation of the diode current with respect to the voltage. It
gives an indication of the sharp turn-on voltage of the diode as well as the extent to which the

diode deviates from a linear resistor. The nonlinearity expressed as in (1.12), should be greater

than 3 [20] [23].

Yav
J

Fonlinearty = (1.12)
%
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CHAPTER 2

THEORY AND BACKGROUND OF STUDY

Brief discussions of some high frequency (terahertz range) diodes are presented in this chapter,
together with some relevant previous research works in the field. A specific terahertz frequency
range, 0.75 — 1.1 THz, is considered as it can be conveniently accessed with the equipment

available in the THz laboratory in the Engineering Department.

2.1  Rectification

This is the conversion of a fluctuating voltage to a dc voltage using a non-linear device known
as a diode. In the context of this work, high frequency diode is implied due to the wavelength
and corresponding frequency of the target radiation. High-frequency diodes capable of
operating at THz frequencies, include self-switching diodes (SSD), Schottky diodes and metal-

insulator-metal (MIM) diodes.

2.1.1 The self-switching diode

An SSD is a planar device fabricated by creating insulating trenches in a semiconductor layer.
Applying a positive bias to the device attracts electrons into the channel, thus causing current
flow; on the other hand, reversing the bias will repel all the electrons flowing through the
channel. These two processes are just the same as forward and reverse bias in a rectifying
junction. Although it has a simple architecture with a nonlinear current-voltage (I-V)
characteristic resembling that of a conventional diode, its operational upper frequency limit is

within the far infrared region of the EM spectrum [24-26].

2.1.2 The Schottky Diode
The Schottky Barrier Diode (SBD) is a lightly-doped n-type semiconductor-metal junction

diode with a typical forward voltage drop in the range of a few hundreds of mV. Their upper

frequency limit is still within the far infrared region of the EM spectrum [27-30], [31] and they
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require an initial bias for the electrons to overcome the depletion barrier before any significant

conduction can occur. It also has a relatively high reverse leakage current.

2.1.3 Metal-insulator-metal (MIM) diodes

The operational principle of these diodes is based on the quantum mechanics principle known
as tunnelling. In quantum mechanics, tunnelling means the flow of electrons from the cathode
through a thin insulator to the anode, without necessarily acquiring an energy level greater than
the energy barrier provided by the insulator. The structure of MIM diodes include a base metal
(which acts as the anode), an insulator and a top metal (which acts as the cathode). The insulator
can be in the form of an oxide, (then the diode will be properly called a metal-oxide-metal

(MOM) diode), or an organic insulator.

MIM diodes are fundamentally fast diodes with operational frequency within the target
frequency range of this research work, hence they are the diodes of interest in this work. The
point-contact MOM diode has been reported to operate at over 130 THz [32], but it has a major
limitation of being structurally unstable due to the fragility of the point of contact (its tip) with
the dielectric layer. A major concern about MOM diodes is the oxide dielectric layer. Furnace
oxidation of the base metal often results in an oxide of uncontrolled thickness being formed,
as well as the formation of a non-uniform layer which are often dominated by pin holes. For
tunnelling to occur, the dielectric layer must be very thin (<5 nm thick) [33], and for good
throughput, the dielectric layer must equally be very uniform, without pin holes which causes
short-circuit, thereby reducing yield. A better and improved method of oxide deposition is the
use of a combination of reactive ion-etch and plasma-etch (RIE/PE) oxidation regrowth
technique as reported by Dodd et al. [33]. This resulted in a more uniform oxide of controlled

thickness being deposited as the dielectric unlike as it was with the furnace oxidation process.

Another challenge of the MOM diode is the presence of tiny pin holes in the oxide layer as

well as the possibility of forming other compounds of the actual oxide. To overcome these
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challenges, an organic insulator which forms a self-assembled monolayer (SAM) was used as
the dielectric layer in place of the metallic oxide [34]. The insulator, octadecyltrichlorosilane,
(OTYS) has closely packed carbon atoms which form a very uniform monolayer-thick dielectric
between the two metal electrodes of the diode. A molecule of the organic insulator consists of
a polar head group SiCls, (of the silane family of compounds), and a long chain methyl-
terminated non-polar alkyl-group C1gHs7 as shown in figure 2.1. The polar head attaches firmly
to the substrate while the non-polar alkyl tail is held in an upward position to form a monolayer-
thick canopy. The dielectric thickness depends on the number of carbon atoms in a chain of the

molecule. The thickness of the OTS layer is approximately 2.8nm [35].

Head group
—

Alkyl group
Figure 2.1: A molecule of the organic SAM octadecyltrichlorosilane (OTS).

2.2  Previous Research Works

The concept of exploiting the wave nature of EM radiation and the subsequent conversion to
useful electric power via antenna-diode system was originally proposed by R. L. Bailey and J.
C. Fletcher during a NASA summer project they undertook in the late 1960s. However, in
1972, R. L. Bailey officially published the concept as a research work where he named the

converting device as electromagnetic wave energy converter (EWEC) [36] [37].

A micron-scale metal-oxide-metal diode was developed by Dodd et al. Two dissimilar metals
(titanium and platinum), separated by a native oxide (oxide of titanium) produced by reactive
ion etching (RIE) and plasma oxidization, were used to realize signal rectification [5]. A
stoichiometric analysis of the oxide layer (which comprises of various oxides of titanium) using

time of flight secondary ion mass spectrometry (TOFSIMS) reveals that titanium monoxide
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(TiO) was the dominant oxide in the layer and not titanium dioxide (TiO-) as reported in [38].
The major device limitation is that the thickness of the dielectric layer, titanium oxide, was not
uniform, this resulted to nonuniform electric field within the device which in addition to
impedance mismatch reduced the efficiency greatly. Etor et al. developed a new structure of
the MIM diode using a self-assembled organic insulator, in place of the more common metallic
oxide. The realized MIM diode which was fabricated had a very uniform insulating layer. This
was due to the compactness of the carbon atoms in a molecule of the organic insulator and its
self-assembling nature. The device performance was greatly limited because of poor
impedance matching. A narrowband matching structure was developed and used with a

broadband antenna [34].

Pan et al. demonstrated the conversion of mid and far infrared thermal radiation using a spiral
micro antenna and an ultra-fast self-switching diode. The very low efficiency, (0.02%), of their
work was still due to a mismatch between the impedance of the diode and antenna structure
[3]. Gadalla et al. demonstrated a nanorectenna for infrared detection, using 0.7 nm thick
copper oxide (CuO) as an insulator between the overlapping arms of gold and copper. The
mismatch between the antenna and diode impedances adversely affected the performance of

the device, as there was no structure for impedance matching [39].

Nano antenna dimension, geometric shape and material type are essential factors to consider
when determining the electrical properties, absorption and emission capabilities of the antenna.
Vandenbosch et al. studied various lengths of dipole nano antennas made of different materials;
silver (Ag), gold (Au), aluminium (Al), copper (Cu) and chromium (Cr), with a view to
determining the optimum upper boundary absorption and radiation efficiency limit for
harvesting solar energy. They stated that Aluminium (Al) which is lesser in total harvesting
efficiency (about 50%) and forms a transparent oxide is preferred to the high efficient Silver
(Ag), which is prone to oxidization, and Gold (Au) which is very expensive [17]. In a later
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development, they analysed the overall efficiency of the nanorectenna by considering the
efficiencies of the two phases involved in its operation i.e. EM radiation absorption efficiency
and rectification efficiency, and proposed that for a match between the impedance of the

antenna and the rectifier, the rectifier impedance should be of the order of 100 Q [19] [13].

Periasamy et al. developed a point-contact MIM diode structure, using anodic oxidation (of the
metal layer) for insulator deposition. In contrast to the complete conventional planar structure,
the second metal is in the form of a bent wire and hence results in a point-contact diode area.
The point contact approach drastically reduces the diode contact area, which consequently
reduces the capacitance and RC constant, thus helping to achieve a reasonably high cut-off
frequency. Although this method proves to be very useful when studying the effect of metal
work-function difference on the electrical properties of MIM diodes [40 - 43] [16], the delicate

nature of the point of contact (tip) makes the device to be fragile and structurally unstable.

Krishnan et al. fabricated MIM tunnel diodes for IR-detectors operating at room temperature
and used them to experimentally determine the effect of dielectric thickness and contact area
on the I-V characteristics of the diodes. The outcome of their work was a confirmation that
decreasing both the insulator thickness and diode contact area increases tunnelling current [44].
A graphene-semiconductor rectenna in which the bowtie antenna is a monolayer graphene
while an n-type Gallium Arsenide (n-GaAs) semiconductor serves as the substrate was
proposed by Dragoman et al. The device has a very poor nonlinearity, in addition to the fact
that the performance was limited by the formation of a Schottky barrier at the graphene-

semiconductor interface [45].

With a carbon nanotube-based optical rectenna, Anderson et al. were able to demonstrate
rectification within the wavelength range of 404nm to 980nm, with maximum rectification at

awavelength of 638nm. The very low efficiency,3 x 10~¢%, of the device was due to the thick
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dielectric layer, (a 16 nm quad-insulator stack of Al.O3/ZrO2/Al,03/ZrO2), which resulted to a
large device resistance [46]. Cowell et al used ZrCuAINi thin film electrode to fabricate both
symmetrical and asymmetrical MOM diodes with Al>Os as the dielectric layer. ZrCuAINi (in
the ratio of 40:35:15:10) formed the two electrodes for the symmetrical diode while Aluminium
was the upper electrode for the asymmetrical diode. Impedance mismatch in addition to a
defective dielectric layer caused by the formation of a native oxide ZrO- before the actual Al,O3

are the major limitations of the device [47].

Auton et al. used a small area local gate to optimize a graphene ballistic rectifier (GBR)
integrated with a broadband antenna. The device which has a very high impedance, 6.7 MQ at
zero bias, was used demonstrate terahertz (THZ) imaging at a reported frequency of 685 GHz.
The high device impedance at zero bias was a big mismatch to the antenna impedance of

approximately100 Q, as there was no structure for matching the impedances [48].

Balocco et al. designed and fabricated an array of nanowires with broken symmetry, otherwise
known as self-switching diodes (SSDs), and were able to detect microwaves up to 110 GHz at
room temperature with the diodes. At a bias current of 10 pA, the impedance of the 18 parallel
nanowires was approximately 50 kQ; this was a significant mismatch to the 50 Q RF source
since an estimated 0.4% of the RF input power was effectively utilized by the device while
about 99.6% was reflected, this thus adversely affected the device performance. In a later
development, they experimented on the SSDs using a free electron laser at temperatures less
than 150 K, and were able to detect signals at 2.5 THz [49, 50]. By coupling the SSDs to a self-
complementary 200 nm thick Au bowtie micro-antenna, Balocco et al were able to achieve
signal rectification at room temperature up to 1.5 THz. However, the mismatch between the
antenna impedance of 72 Q and the SSD impedance of 150 kQ adversely affected power

transfer which thus limited the device performance [25]
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Although conventional rectification at RF and microwave frequencies has made possible the
development of micro rectennas with conversion efficiencies as high as 91%, due to great
improvement in the efficiency of the rectifying diodes [51], the development of real time

infrared and optical frequency rectenna is still a very big challenge [52].

A summary of the previous relevant research works reviewed with their respective limitations

is shown in table 2.1.

Table 2.1: A summary of some previous relevant research works with their limitations.

Authors Type of Device Detected Efficiency | Limitation
Frequency

Dodd et al, | Metal-Oxide-Metal | Not Not Nonuniform thickness of

2014 Diode (MOM) Available | Available |the  dielectric layer,
Titanium oxide, results to
nonuniform electric field
which  reduced vyield
greatly

Etor et al, | Metal-Insulator- 20GHz Not Developed impedance

2016 Metal Diode (MIM) Available | matching  structure s
narrowband while antenna
IS broadband; this thus
limited power transfer.

Pan et al, | Spiral antenna & | 5.3THz 0.02% Impedance mismatch b/w
2014 SSD antenna and diode greatly
(Self-switching affected yield

Diode)

Gadalla et | Metal-Oxide-Metal | 28.3THz Not No structure for matching

al, 2014 Diode (MOM) Available | the impedance. Variation
in diode and antenna
impedance affected device
efficiency greatly.

Periasamy et | Point-contact Not Not Very fragile and delicate

al, 2010 Junction Available | Available | point-contact

Krishnan et | Metal-Oxide-Metal | Not Not Nonuniform thickness of

al, 2008 Diode (MOM) Available | Available | the dielectric Nickel oxide
(NiO) results to
nonuniform electric field
which  reduced vyield
greatly
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Dragoman et | Graphene/n-GaAs | 897GHz Not The formation of a
al, 2016 rectenna Available | Schottky barrier at the
graphene-semiconductor
interface limits the
maximum frequency to
GHz; device nonlinearity is
very poor.
Cowell et al, | Metal-Oxide-Metal | Not Not Defect in dielectric layer
2011 Diode (MOM) Available | Available | due to the formation of a
native oxide ZrO; before
the actual Al,Os in addition
to impedance mismatch
Anderson et | Carbon  nanotube | Optical 3x10%% | The very thick dielectric
al, 2019 Rec. 4.7 X layer, 16nm, resulted to
10%Hz ) large device resistance,
hence low efficiency
Auton et al, | Graphene Ballistic | 685GHz Not High device impedance at
2017 Rectifiers for THz Available |zero bias was a big
detection and mismatch  to  antenna
imaging impedance
Balocco et | SSD 110GHz Not High device impedance
al, 2005 (Self-switching Available | reduced efficiency
Diode) drastically
Balocco et |SSD at a temp. < |25THZ Not High device impedance
al, 2008 150 K Available | reduced efficiency
drastically
Balocco et | SSD at room temp. | 1.5THZ Not High device impedance
al, 2011 300 K Available | reduced efficiency
drastically
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CHAPTER3

CONDUCTION MECHANISMS AND NUMERICAL
SIMULATION

This chapter covers the current conduction mechanisms occurring in a MIM diode, which is

the diode of interest in this research work and the key component of the considered rectennas.

3.1  Conduction Mechanisms within a Metal-Insulator-Metal Diode

Various types of current conduction mechanisms occur through a thin dielectric film (an
insulator) sandwiched between the two metal electrodes of an MIM diode, and these are as a
result of the interaction between the electrodes and the insulator. They include: direct electron
tunnelling, Fowler-Nordheim (F-N) tunnelling, Schottky emission, Poole-Frenkel (P-F)

emission and hopping conduction.
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Figure 3.1: Schematic energy band diagram of an MIM diode showing its biased state with an
applied positive voltage V on M.
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In the energy band diagram of figure 3.1, V. is the vacuum level (energy level of electrons that

are outside the material), F. is the Fermi level (energy level above which all states are empty
and below which all states are filled up at absolute zero), €4 is the electron affinity of the

insulator, @, is work function of metal 1 (M is cathode), while ®, is work function of metal 2

(M2 is anode); ha and hy, are the barrier heights at Mi-insulator and Mo-insulator junctions

respectively.

According to classical physics, an electron can only overcome and crossover a potential barrier
when its energy level is greater than that of the potential barrier. However, in quantum
mechanics the wave nature of electron makes it possible for an electron to pass through (tunnel
through) a barrier into the dielectric layer without necessarily acquiring an energy level greater
than that of the potential barrier. When the electrodes of an MIM diode are polarized, an electric
field develops across the dielectric layer which must be very thin (<5 nm thick) for tunnelling

to occur.

3.1.1 Direct Electron Tunnelling

When the dielectric thickness is less than 3.5 nm, direct electron tunnelling becomes the
dominant tunnelling mechanism [53]. In direct tunnelling unlike the F-N tunnelling, electrons
tunnel through the barrier, directly across the dielectric layer, into the anode electrode as shown
in the energy band diagram of figure 3.2. The current density for direct electron tunnelling is

expressed as [53-57]:

J = N eXp thE (ht)z 1— t (313.)
__ Cq?
8rhe, e, (3.1b)
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where V is the applied voltage, C is a correction factor which is a function of the applied

voltage, barrier height, and the dielectric thickness, q is the electron charge, h is the Planck’s

constant, htis the barrier height, &, is the permittivity of free space, &, is the insulator dielectric

constant, mr” is the effective mass of the electrons in the dielectric, and E is the electric field in

the dielectric (assumed constant).

hy

M

Insulator

Figure 3.2: Schematic energy band diagram of an MIM diode showing Direct tunnelling.

3.1.2 Fowler-Nordheim (F-N) Tunnelling

In F-N tunnelling, the electric field across the dielectric is high enough to make the energy
barrier thinner than at zero bias [53]. In this tunnelling mechanism, electrons tunnel through
the potential barrier into the conduction band of the dielectric as shown in figure 3.3. The

density of the tunnelling current under this mechanism is expressed as [53-56]:

q3E2 —872'[”2qu* 0

“gann, ¥ 3hE () (3.2)

3
J 2

where mr” is the effective mass of electrons in the dielectric, h is the Planck’s constant, q is the

electron charge, E is the electric field across dielectric, and htis barrier height.
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Figure 3.3: Schematic energy band diagram of an MIM diode showing F-N tunnelling.

3.1.3 Schottky emission

This is also known as thermionic emission, and it is the process of emitting thermally excited
electrons, with sufficient energy, from the surface of a metal to overcome the potential energy
barrier at a metal-dielectric or metal-semiconductor interface. The height of the potential
barrier can be lowered by the image force which is best described as the electrostatic force on
a charge near a conductor. The image force is a force of attraction as a result of the electric
image of the charge, and the barrier-lowering effect of image force is known as Schottky effect
[53]. Schottky emission is the most common current conduction mechanism in a dielectric at

relatively high temperatures.

The current density, J of majority carriers in an M-S junction under thermionic emission is

expressed as [53-56]:

J=AT?exp

KT (3.31)
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«  4mgk®m’
A =T (3.3b)
where A" is Richardson constant, E is the electric field across dielectric, T is the absolute
temperature, q is the electron charge, hi is the barrier height, h is the Planck’s constant, m” is

the electron mass in dielectric, k is the Boltzmann’s constant, &, is the permittivity of free space,

and &r is the dynamic dielectric constant.

The energy band diagram depicting Schottky emission in a metal-insulator-metal diode is

shown in figure 3.4.

he1
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Figure 3.4: Schematic energy band diagram of an MIM diode showing Schottky emission.

3.1.4 Poole-Frenkel (P-F.) Emission

This is also known as internal Schottky emission, and entails the emission of electrons from
traps within the dielectric into the conduction band of the dielectric as a result of thermal
excitation, as shown in figure 3.5. Traps may result from oxygen vacancies in oxide dielectric

when an electric field is applied at a high temperature [53].

29



=
M
@~

Insulator

Figure 3.5: Schematic energy band diagram of an MIM diode showing P-F emission.

The barrier height in P-F emission is the depth of the potential well where the electron is
trapped. Applying an electric field across the dielectric reduces the potential energy of the
trapped electron, thereby increasing the probability of its being thermally excited out of the
trap; this means that P-F emission normally occurs when an electric field is applied at a high
temperature. The density of current flow as a result of this conduction mechanism is expressed

as [53-56]:

T (3.4)

—q(ht—\/mq

J=P" exp[

where P” is a constant, other notations are as already defined.

3.1.5 Hopping Conduction

This is a non-thermally activated process, and entails the tunnelling of electrons from one trap
site to another within the dielectric film. If the trap sites are of the same energy level, an elastic

tunnelling is said to occur. Conversely, when tunnelling is between trap sites of varying energy
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levels, inelastic tunnelling occurs. Energy band diagram of an MIM diode showing the hopping

conduction mechanism is shown as e and f in figure 3.6.

Insulator VP

Figure 3.6: Schematic energy band diagram of an MIM diode showing (e) Elastic and ()
Inelastic Hopping tunnelling respectively.

The current density of electrons hopping from one trap site to another in a dielectric film can

be expressed as [5] [53-56]:

J= q{a(nv)exp[%} (3.5)

where q is the electron charge, a is the mean spacing between trap sites, n is the concentration
of electrons in the dielectric conduction band, v is the vibration frequency of electrons within
the traps, E is the electric field across dielectric, Ea is the activation energy from trap site to the

minimum level of the conduction band; other notations are as already defined.
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Device operation is not determined by any single conduction mechanism, rather there is always
a combination of different mechanisms which can occur simultaneously or at different times
during the operation of the device depending on the operational voltage, temperature, and

dielectric thickness.

As mentioned before, the structure of an MIM diode includes a base metal (which acts as the
anode), an insulator and a top metal (which acts as the cathode). In this research work, Titanium
(Ti) and Platinum (Pt) with work functions 4.33eV and 5.65eV, respectively, are considered as

the base metal (M2) and top metal (My).

Metal electrodes with dissimilar work function are normally used because they induce built-in
voltage (Vi) across the insulator when the device is under thermal equilibrium. This built-in
voltage is the potential barrier which electrons must overcome, when the device is biased,
before any form of current conduction can take place. If Vy; is zero, the MIM structure will be
ohmic and there will be no rectification; it is thus necessary to maximize the work function
difference. Narrow bandgap (high electron affinity) materials should be considered and used
as insulators since they give rise to small barrier height which is a requirement for both low

resistance and low turn-on voltage (Von) [58].

3.2 Numerical Simulation of Charge Transport across the Dielectric Layer

A good knowledge of the quantum transmission probability of charge carriers through an ultra-
thin dielectric layer is required for the modelling and numerical simulation of tunnelling

current.

Some attempts to make the calculation of tunnelling currents through thin dielectric layers
easier followed the ground-breaking work of Fowler and Nordheim [59, 60]. Gundlach et al
[61] were able to prove that oscillations occur in the tunnelling I-V curves using the

transmission probability of a trapezoidal barrier. Maserjian et al [62] in their work
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experimentally observed these oscillations from F-N currents tunnelling through thermally

grown SiO2 insulating layer of thickness less than 4 nm.

h
The theoretical study, at low voltages (V = 0) and high voltages (V > Et), of the tunnelling

effect of current between two metal electrodes separated by a sufficiently thin insulating layer

was first made by Sommerfeld and Bethe [63]. Holm extended the theory to intermediate

h
voltages (O <V < Ht) [64-66], while J. G Simmons derived a generalised theory for this

tunnelling effect which makes possible the derivation of more accurate expressions as well as
the resolution of the inconsistencies associated with the works of Sommerfeld, Bethe and Holm
[65]. These earlier works of Sommerfeld and Bethe, Holm, and Simmons all concentrated on
similar metallic electrodes, having the same work function, in which case the polarity of the

applied voltage has no effect on the 1-V characteristic of the tunnelling junction.

In a later work, J. G. Simmons extended the theory to include dissimilar metallic electrodes
with dissimilar work functions [66]. When dissimilar electrodes are used, the nature of the I-V
characteristic of the tunnelling junction depends on the polarity of the applied voltage. At low
voltages, the tunnelling junction becomes forward biased when the electrode with lower work
function is positively biased; however, at a higher voltage the junction becomes forward biased

when the electrode with higher work function is positively biased.

Under thermal equilibrium, a potential barrier develops in a dielectric layer separating the two
metallic electrodes of a metal insulator metal tunnel junction. If the junction is composed of
similar electrodes, then the barrier is said to be symmetrical; if on the other and the junction is
made up of dissimilar electrodes, an asymmetrical barrier builds up within the dielectric layer.

This asymmetric barrier is caused by an intrinsic field, Fint, which develops within the dielectric
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layer due to the contact potential difference between the two electrodes whose work functions

differ.
The intrinsic field, Fint, is expressed as:

o, -,
Fint = q—d (3.6)

where @1 and ®> are the work functions of the first and second electrodes, q is the electron

charge, and d is the thickness of the dielectric layer.

As discussed earlier, an asymmetric potential barrier develops within the dielectric layer of an
asymmetric metal insulator metal diode. The barrier being asymmetric simply means that the
barrier heights are not equal, hence Aht # 0. The fact that Aht # 0, was not considered in the

conventional F-N tunnelling theory which describes the emission current as [59]:

3
_Av? | —Bdh?

| ex
ah, Pl Ty 37

where A and B are constants, V is the applied voltage, d is the thickness of the barrier, and h is

the barrier height.

This not only compromises the accuracy when determining the F-N tunnelling current of an

asymmetrical MIM tunnelling junction, but also affects the accuracy when estimating the

|

I
barrier height. From (3.7), Millikan et al [67] first described the linearity of plotting IOQUV_Z

versusy, , which otherwise is known as the Fowler-Nordheim (F-N) plot.

<|r
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3.2.1 Estimation of the barrier heights of an asymmetric MIM tunnel junction

The accuracy of estimating the barrier heights of an asymmetrical MIM tunnelling junction is
greatly improved when the difference in barrier height is considered and not neglected, i.e. Ahy
# 0. Incorporating the difference in barrier height component, Ahy, into (3.7) results to an

emission current expression given as [68], [53, 54]:

3
AV +Ah, ) " —~Bdh,2

| = e
dh, V +Ah, (3.8)

where Aht = hyt - he is the difference in barrier height, all other notations are as already defined.

J Versus

1
J Versusy, for an asymmetrical MIM tunnelling junction

1

v +—Aht) , Which is more accurate than the

log| —————
From (3.8), a plot of [(V + Ah, )2

I
conventional F-N plot of IOQUF

can be made. By fitting this plot to the current-voltage (I-V) experimental data of an
asymmetrical MIM tunnelling junction, the barrier heights hy and hy, can be estimated as fitting
parameters. This underscores the importance of Ahi, as the source of asymmetry in an

asymmetrical MIM tunnelling diode.

Figure 3.7 is the schematic energy band diagrams of a biased MIM tunnelling diode showing
(a) forward biased and (b) reverse biased conditions respectively. When the diode is forward
biased, by applying a positive voltage to the lower work function electrode, the magnitude of
the current tunnelling through the junction is expressed as [68], [53, 54]:

K 3 1
|+ = Ti(v +Ah, )? exp(— K, (hy )2 mj (3.9)
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where the constant K is a function of the dielectric thickness and tunnelling junction area,
while K> is a function of the effective mass of tunnelling electrons in the dielectric as well as

the dielectric thickness; all other notations are as already defined.

Evaluating (3.9) further results to the tunnelling current density equation already expressed in

(3.2) [53, 54].

T g e
hu
- R
V:V+ M2
il V=V
Insulator |
M, Insulator

(a) (b)
Figure 3.7: Schematic energy band diagrams of a biased MIM tunnelling diode showing (a)
forward biased and (b) reverse biased conditions; M is lower work function electrode.

Similarly, when reverse biased, the same magnitude of current tunnels through the junction,

with the only difference being the change in sign as shown in (3.10).

) 31
|~ =——L(V +Ah, ) exp(— K,(hy, )2 Viah J (3.10)

It can be seen from (3.9) and (3.10) that the current tunnelling through the MIM junction for
either of the two bias conditions depends on the two barrier heights. It is the need for proper
estimation of the barrier heights when modelling the charge transport (tunnelling current)

across the dielectric layer of a metal insulator metal junction. It is worth mentioning that F-N
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tunnelling only becomes the dominant conduction mechanism within the diode when the
applied voltage bias is greater than the barrier heights, hy and hy, for either the forward or

reverse bias conditions respectively.

For a proper analysis of an asymmetrical MIM tunnelling diode, (3.9) and (3.10) are linearized

as [68], [53, 54]:

3
" Ky Kz(htl)E 1
logf ——— |=log| — |—
((Vﬂht >2J (htJ 23 |Vean, (311)
(ho):
o Ky Kz (hep )2 1
log| |-————1 |=log _
[(V +Ah, )2 } (htzj 2.3 V + Ah, (3.12)

1

m is very evident

} VErsus

from equations (3.11) and (3.12). The magnitude of the slope and intercept of the characteristic

o - log| | ———
The linearity of the characteristic plot of ( (v + Ah, )2

plot for the forward and reverse bias conditions can easily be deduced from (3.11) and (3.12)

as:

3

mt = _KZ(htl)E
3 (3.13)
| Kalhp)2
23 (3.14)
. K
b =|09(h—1j (3.15)
t1
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) K
b™ = Iog(ﬁ] (3.16)
t

where m* and m™ are the slopes of the characteristic plots for the forward and reverse bias
conditions respectively, while b* and b™ are the intercepts of the characteristic plots for the

forward and reverse bias conditions respectively.

Equations (3.13) and (3.14) are the expressions for the forward and reverse bias slope while

(3.15) and (3.16) are the expressions for the forward and reverse bias intercept.

Considering the ratio of the forward and reverse bias barrier heights from the slope and

intercept expressions gives:

me (hyg )

mol Uy =r (3.17)
- h
b™—b™ _ t1 | _

0 _(hIZ ] - (3.48)

Given the fact that Ahy = hy - hyp, the barrier heights hy and hy, can therefore be estimated

correctly from (3.17) and (3.18) as:

ho = rAh;
S (3.19)

Ah,
hy, = (ﬁ} (3.20)

The experimental data of four asymmetrical MIM diodes fabricated using dielectric layers of

different self-assembled monolayers (SAMs) having different chain lengths are shown in table
3.1. These data were used in validating the accuracy of barrier height estimation as suggested

by Simmons.
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Table 3.1: Experimental data of some fabricated asymmetrical MIM diodes [69]

SAM s (nm) Aht hu ht
(dielectric layer) dielectric (eV) (eV) (eV)
thickness
C8 1.2 0.084 0.263 0.179
C10 1.34 0.1 0.287 0.187
C12 1.57 0.157 0.422 0.265
C18 2.23 0.373 0.448 0.075

In order to validate the data shown in table 3.1, the 1-V characteristics of the fabricated MIM
junctions were numerically simulated and plotted in matlab, using a custom code already
available in the group. The code is based on the non-equilibrium Green function (NEGF)
approach proposed by Datta for the simulation of nano and molecular devices [70]. The plots

are as shown in figure 3.8.

L5 ) ! ) ! ! ) ! ) T

Current (uA)

-1.5 1 1 1 1 1 L 1 | 1

Voltage (V)

(a) 1-V characteristic curve of 100pm? MIM diode with 8-Carbon atom SAM
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(b) Logarithmic 1-V characteristic curve of 100um? MIM diode with 8-Carbon atom SAM
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(c) 1-V characteristic curve of 100pm? MIM diode with 10-Carbon atom SAM
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(d) Logarithmic I-V characteristic curve of 100um? MIM diode with 10-Carbon atom SAM
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(e) 1-V characteristic curve of 100pm? MIM diode with 12-Carbon atom SAM
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(9) I-V characteristic curve of 100um? MIM diode with 18-Carbon atom SAM
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(h) Logarithmic I-V characteristic curve of 100um? MIM diode with 18-Carbon atom SAM
Figure 3.8: Plots showing the I-V characteristics of fabricated MIM diodes with parameters
as shown in table 3.1.

Experimental data from table 3.1 were equally used in validating the accuracy of barrier height

J VErsus

in figure 3.9. This plot was observed to be in good agreement with the work of Cowell et al

[68].

1

m as shown
t

N . . log| |———
estimation. This was done by making a plot of ( (v + Ah, )2

It can be observed that the current in figures 3.8a, c, e, and g ranges from 2.5 A (18-carbon
atoms) to as high as 100 A (8-carbon atoms); this implies that diodes fabricated from high
carbon atom SAMs (18- and 12-carbon atoms) are more functional and realistic than those
fabricated from low carbon atom SAMs as can be seen from the asymmetric nature of their

respective 1-V curves.
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Asymmetry is a necessary figure of merit for the diode in a rectenna device, and it should be
greater than 1 (unity), because a value of 1 indicates full symmetry (i.e. equal barrier heights

at both side of the insulator) and hence no rectification [20].

12 ; ; | | ;
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log(abs(I/(V+Ahy)?))
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-2 ) ) )

1/(V+Ahy)

Figure 3.9: A plot of log (|I/ (V+ Ahy)?)) vs. 1/(V+ Ahy).
If this plot is properly fitted to a plot of the experimental data, the barrier heights hy and he

can be estimated to a high degree of accuracy as fit parameters, given acceptable values of the
constants K; and Kz. A linear regression of the plot can then be used to estimate the values of

the slope and intercept, m and b respectively.
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The MIM diode fabricated using 18-Carbon atom SAM is the model used for this fitting. The
details of the diode are: zero-bias resistance and responsivity of 5 GQ and 8.0 V! respectively
and a maximum responsivity, asymmetry and nonlinearity of 20.8V?, 117.8 and 6.8

respectively.
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CHAPTER 4

DEVICE FABRICATION

4.1 Fabrication Processes
This chapter discusses the process steps that have been designed and developed which will be

required in the future for the fabrication of MIM diode-based rectennas. As said previously in

section 2.1.3, MIM diodes basically consists of a base metal, an insulator and a top metal.

4.1.1 Wafer processing

Four 2-inch plane borosilicate glass wafers were cleaned by heating them in a mixture of water
(150 ml) and decon-90 (30 ml), at a temperature of 45 °C for 15 minutes; subsequently the
wafers were heated again, at the same temperature, in deionized water alone for another 15

minutes and then dried at a temperature of 90 °C in a Medline Scientific vacuum oven.

4.1.2 Insulator preparation and deposition

Four solutions of different self-assembled monolayer (SAM) organic insulators were prepared
in the glovebox. This was done by using a micropipette to measure out 20 ul volume of each
insulator and adding it to 80 ml volume of hexane, which serves as the solvent. The various
mixtures were sonicated for 25 minutes. The prepared organic insulators were deposited on the
processed borosilicate glass wafers by immersing and soaking the wafers separately in each
solution of the organic insulator and hexane, and leaving it steady without stirring for a reaction
time of an hour. Afterwards, the wafers were removed from the respective solutions and
immersed immediately in 4 separate beakers of hexane and then sonicated for another 15
minutes; this is to ensure that any loose SAM particles on the wafer were completely removed.
After the insulator deposition, the wafers were baked for 30 minutes at a temperature of 90 °C

to ensure that no residual hexane is left on the wafer surface.

The different organic insulators prepared are: BTS (butyltrichlorosilane, 4-carbon atoms),

OCTS (octyltrichlorosilane, 8-carbon atoms), DTS (decyltrichlorosilane, 10-carbon atoms) and
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OTS (octadecyltrichlorosilane, 18-carbon atoms). The first three have the same chemical
constituents and structure as the Octadecyltrichlorosilane already shown in figure 2.1, with the

only difference being in their respective numbers of carbon atoms.

4.1.3 Determination of water contact angles (WCA)

The contact angles a drop of water (5 pl) made on the respective insulator-coated wafer surfaces
were measured in order to determining the hydrophilicity and hydrophobicity of the surfaces.
This was done with a view to determine how compact and tight the atoms in a molecule of the
insulator are, thus giving an indication of the uniformity of the surface. A smaller contact angle
indicates a more hydrophilic surface while a larger contact angle indicates a more hydrophobic

surface (with more compact and tight molecular atoms).

The images of a 5 ul drop of water on two wafer surfaces, as analysed using the image
processing toolbox of Matlab®, are shown in figures 4.1a and 4.1b. Figure 4.1a shows the image
of the drop and the contact angle it made just before insulator deposition. This is a good
indication of the hydrophilic nature of glass which like aluminium is easily wetted (i.e. oxidizes
when exposed to air). Figure 4.1b shows the same drop, (5 ul), and the contact angle it made

on the wafer surface coated with BTS.

(b)
Figure 4.1: Sul drop of water on (a): wafer without SAM and (b): wafer coated with BTS.
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The contact angles made by the water droplet on the respective wafer surfaces are shown in
Table 4.1. It can easily be observed that the drop made larger contact angles on the wafer
surfaces coated with the organic insulators than it made on the plane surface before being
coated with the insulators. In addition to that, the contact angles were increasing as the number
of carbon atoms in a chain of the molecule of the organic insulator increased. This implies that
the greater the number of carbon atoms, the more compact and tight the molecules of the
organic insulator; hence the monolayer formed will be more uniform with minimal pinholes

and thus more hydrophobic.

Table 4.1: Water droplet contact angles on the respective wafer surfaces.

. Contact angle of water on
Surface preparation
surface
Plane borosilicate glass 32.7°
Butyltrichlorosilane (BTS) 84.6°
Octyltrichlorosilane (OCTS) 87.1°
Decyltrichlorosilane (DTS) 90.0°
Octadecyltrichlorosilane (OTS) 90.0°

4.1.4 Atomic force microscope (AFM) imaging

A plane borosilicate glass and the insulator-coated wafers were scanned with the atomic force
microscope, and scanned images were taken. The scan, which was conducted in two modes
(tapping and Tunnelling AFM (TUNA) contact modes), was done to help in the analysis of the
respective wafer surfaces and to ascertain the degree of insulation provided by the dielectric

(organic insulator) films on the wafer surfaces.

Surface topography images of the plane borosilicate glass and the 4 insulator-coated wafers are
shown in figures 4.2a - 4.2e. These images were taken during tapping-mode scanning.
Significant visual differences in topography can be observed from the images, these are as a
result of the differences in the number of carbon atoms in a chain of a molecule of the organic
insulators. It is still worth noting that of the 4 organic insulators, the surfaces of the 8- and 10-

carbon atom insulators (OCTS and DTS) have a close similarity when compared with those of
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4- and 18- carbon atoms (BTS and OTS), this is due to the closeness in their numbers of carbon
atoms. The greater the number of carbon atoms, the more compact and tight are the molecular
bonds of the organic insulator, hence molecular compactness and tightness of the bonds
between the molecules of the dielectric are requirements for surface uniformity and larger

contact angle, which is a measure of surface hydrophobicity.

The surface topography image of the wafer coated with BTS (figure 4.2a) can be said to bear
a resemblance to the surface topography image of the plane borosilicate glass (figure 4.2e).
The reason for this similarity is that the length of the non-polar alkyl tail which forms the
monolayer-thick canopy on the wafer surface is very small in BTS unlike the case of other

insulators (figures 4.2b, c, and d).

: Data Zoom 12.0 nm Measure Data Zoom 12.0 nm
I 1 i
0.0 1: Height 1.0 pm 1: Height 1.0 pm

@) (b)
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1: Helght 1.0 um 1: Helght 1.0 |.lm
(c) (d)
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1: Height 1.0 |1m

)
Figure 4.2: Surface topography images of (a): BTS coated wafer (area of 1um?); (b): OCTS
coated wafer (area of 1um?); (c): DTS coated wafer (area of 1um?); (d): OTS coated wafer
(area of 1um?) and (e): A plane borosilicate glass (area of 1um?)

A schematic representation of the configuration for TUNA contact scanning, which is basically
done for determining the insulating capacity of the dielectric layer, is shown in figure 4.3a,
while the scan image obtained is shown in figure 4.3b. During this scanning mode, a DC bias
voltage Viias = 2 V was applied to the substrate, then the current flowing between the substrate

and the AFM tip was measured, using the ammeter A, as shown in figure 4.3a.
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Figure 4.3: (a) Schematic of TUNA scan configuration and (b) TUNA surface topography for
OTS as well as the TUNA current through the OTS dielectric layer.

Surface roughness plays a critical role in the appearance and adhesion of coatings. The root
mean square (RMS) roughness values for the plane borosilicate glass and insulator-coated
wafers are shown in table 4.2. It can be observed from the table that the values of the RMS
roughness are different; with the plane glass having the least value of 0.157 nm. Comparing
the RMS roughness values of the 4 insulator-coated wafers reveals that the wafers on which
the water droplet made the least and largest contact angles have the lowest and highest
roughness values of 0.23 nm and 1.55 nm respectively thus confirming the observations of

Guo-Huaet al and Song et al [71, 72] that surface roughness contributes to larger contact angle.
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Table 4.2: RMS roughness of plane borosilicate glass and insulator-coated wafers.

Surface (1pum?) RMS roughness (nm)
Plane borosilicate glass 0.157
Butyltrichlorosilane (BTS) 0.23
Octyltrichlorosilane (OCTYS) 0.888
Decyltrichlorosilane (DTS) 0.894
Octadecyltrichlorosilane (OTS) 1.55

The investigated SAMs can be exploited in a practical rectenna by:

1. Depositing the SAMs on the base metal (Titanium in this research work) which will act

as the anode electrode.

2. Heating the base metal with the deposited SAM for 30mins at a mild temperature below
the flash point temperature of the respective SAMs; (45 °C for BTS, 96 °C for OCTS, 110 °C
for DTS and 189 °C for OTS) in accordance with Alfa Aesar®, the manufacturer’s, safety data
sheets. The essence of this heating process is to ensure the proper polymerization of the SAM

molecules.

3. Depositing the top metal (Platinum in this research work) which will then acts as the

cathode electrode to complete the fabrication process.

4.2 Process steps for MIM junction fabrication

The procedures for device fabrication are in two phases as detailed below.

PHASE 1

1. Wafer processing: Four 2-inch borosilicate glass wafers were cleaned by heating them

in a mixture of water (150 ml) and decon-90 (30 ml), at a temperature of 45 °C for 15
minutes; subsequently the wafers were heated again, at the same temperature, in
deionized water alone for another 15 minutes and then dried at a temperature of 90 °C

in the oven (Medline Scientific OV-11).
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2. Spin-Coating with Photoresists: The wafers were then spin-coated with

polydimethylglutarimide (PMGI SF-9) lift-off resist and megaposit SPR-350 positive
resist. Positive resists dissolve the UV-illuminated areas of the wafer (areas exposed to
UV-rays), during wafer development unlike negative resists which dissolve the
unexposed areas of the wafer during development. PMGI, an alkaline soluble polymer
derived from polymethylmethacrylate (PMMA), is often spin-coated beneath
photoresists to serve as a lift-off resist in multilayer lithography where an undercut is
needed. The spin-coating conditions and timing are shown in table 4.3.

. UV exposure: This is the process of transferring or imprinting patterns from a
photomask onto a resist-coated wafer by exposing the mask and wafer to high
temperature UV rays using the electronic vision group machine (EVG-620). A
photomask is an opaque plate with defined transparencies tracing a pattern. Two masks
were used because the fabrication process is bi-layer, in which case the crossover of the
two layers will be the position of the diode. The first photomask was exposed with the
wafers at an energy level of 65 mJ/cm?, with vacuum-hard (V+H) as the contact mode.

. Wafer development: After exposition in the EVG, the wafers were developed using MF

319 Microposit developer (constituents of the developer are: Water = 98% and
tetramethylammonium hydroxide = 2%). This was done by moving the wafers gently
in the developer solution for 60 seconds; afterwards the wafers were rinsed two
consecutive times in a beaker containing deionized water, and subsequently dried with
nitrogen gas.

Metallization: This entails the deposition of metals (titanium 25nm thick and gold
100nm thick) on the patterned wafer samples, and the process is normally done using
the Moorfield minilab 080 e-beam evaporation system. The gold is normally deposited

on the titanium to prevent the titanium from being oxidized.
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6.

Lift-off: This is the process of immersing the metallized patterned wafers in a beaker
containing microposit remover-1165, and heating it gently at a mild temperature of
65 °C. The PMGI is dissolved by the microposit remover-1165 thereby lifting-off all
the metal and resist on the unilluminated portions of the wafers. After lift-off, the
deposited metal remains only on the initially exposed portions of the wafers from where
the positive resist was dissolved by the MF 319 developer. After the 1165 has stripped
the photoresist off, the wafers were then immersed in acetone and sonicated for 2 min,

before rinsing in isopropanol (IPA) and DI water.

PHASE 2

1.

Spin-Coating: The wafer samples were spin-coated again using the same resists as in
the first phase.

UV exposure: This process is similar to the UV exposition done in phase 1, the only
difference being that the second mask is exposed with the wafers instead of the first
mask, and this second mask must be set in order to cross-arm the metallized pattern of
the first mask on the wafer samples.

Wafer development: This is exactly the same process as in the first phase.

Etching (gold etching): Gold etching was done by pouring the etch solution (potassium

iodide, iodine and deionized water in the ratio of 4:1:8 respectively) in a beaker, and
immersing the wafers in the solution for 20 seconds so that only the gold on the exposed
cross-arm of the two-mask patterns will be etched off, thereby exposing the titanium on
the cross-arm.

Insulator preparation and deposition: The self-assembled monolayer (SAM) organic

insulators were prepared in the glovebox, using a micropipette to measure out 20 pl
volume of each insulator and adding it to 80 ml volume of hexane, which serves as the

solvent. The various mixtures were then sonicated for 25 minutes and deposited on the
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processed borosilicate glass wafers by immersing and soaking the wafers separately in
each solution of the organic insulator and hexane. The setup is left steady without
stirring for a reaction time of an hour which afterwards, the wafers were removed from
the respective solutions and immersed immediately in 4 separate beakers of hexane and
then sonicated for another 15 minutes; this is to ensure that any loose SAM particles on
the wafer were completely removed. After the insulator deposition, the wafers were
baked for 30 minutes at a temperature of 90°C to ensure that no residual hexane is left
on the wafer surface.

6. Metallisation: This entails the deposition of the top metal layer Platinum, 40nm in

thickness, to complete the MIM diode fabrication.

Table 4.3: Spin-coating Conditions and Timing

Process Condition Time
Wafer dehydration bake 200°C 3 mins.
Spin PMGI SF9 500 rpm 10 secs.
Spin PMGI SF9 6000 rpm 50 secs.
Bake 200°C 5 mins.
Spin Microposit SPR 350 700 rpm 10 secs.
Spin Microposit SPR 350 3700 rpm 40 secs.
Bake 110°C 3 mins.
Expose to UV in EVG

Develop (MF 319) 60 secs.
Metallise

4.2.1 Diagrammatic representation of the device fabrication processes

The proposed fabrication process for a complete MIM junction is shown in figure 4.4,

SF-9
Patternet_j resist-coated wafer after bel_ng
exposed in the EVG and developed using
Glass substrate coated with SF-9 and MF 319. Patterning here was done using
SPR-350 photresists MASK 1
(@) (b)
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Figure 4.4: A pictorial representation of the bi-layer fabrication process steps.
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Although all the experimental process steps discussed above were not carried out, (the
metallization stage of phase 2, deposition of Platinum, was not done), the main experimental
achievement is the precision and accuracy in keeping to the spin-coating conditions as well as

during wafer development.
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CHAPTERS

INSTRUMENTATION FOR DIODE CHARACTERISATION

Electrical characterisation of devices is typically carried out in order to determine device
parameters such as the carrier doping density, type and mobility of carriers, parasitic resistances
as well as resistivity, nonlinearity, conductivity, interface quality, dielectric trap density, barrier

height etc. This is normally done in order to ascertain the quality and reliability of the device.

In this research work, diode characterisation was done to determine three main parameters
which are: the current-voltage (I-V) characteristic curve, differential conductance, and

nonlinearity.

The key instruments used to build the electrical characterization setup are:
I. AMATEK 7230 DSP lock-in amplifier
ii. Voltage combiner/current-voltage converter

iii. 4 extra heavy duty 9V dry batteries

5.1 Low frequency (LF) Characterisation

In order to perform LF characterisation, the diode is connected to two electrodes, signal and
ground ports, of the voltage combiner/I-V converter which is powered. This voltage
combiner/I-V converter is connected to the lock-in amplifier which is linked to a local area
network (LAN). It is the lock-in amplifier that provides the AC signal of given amplitude and
frequency across the diode. Using a MATLAB® code, the readings of the rectified current are
taken over a voltage range which is specified in the program. The essence of low frequency
characterisation is to determine three major parameters of the diode which are the I-V (current-
voltage) characteristic, differential conductance, and nonlinearity. From these, other figures of

merits such as responsivity, differential resistance and asymmetry can easily be determined.
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A sinusoidal signal is applied across the diode, and the amplitude of the applied signal is
measured at the fundamental and second harmonic frequency. Mathematically the

instantaneous current, |, is expressed by the Taylor series:

2
\% \%
l=l¢la—+b — | +......
S Vth (Vth ] (5.1&)
I
where Is is the peak current, & v V = Acos wyt is the applied voltage, Vin is the thermal
d?l
voltage, and boc —dV 5> . Further evaluation of (5.1a) gives:
| bA%? aA bA?
— = + - c0S Wyt + —— cos(2mqt)
ls  2v,? Vi 2V, 2 (5.10)

It is worth noting that the first term of (5.1b) is a dc component of the current, while the second
and third terms are the fundamental fo and second harmonic 2fo frequency components

respectively.

A schematic circuit representation of the LF characterisation principle and a pictorial
representation of the actual setup used for the characterisation is shown in figures 5.1 and 5.2

respectively.
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Lock-in
Figure 5.1: Schematic circuit representation of low frequency characterisation of the
diode, D. Va represents the AC source from the lock-in, Cp represents the diode junction
capacitance, while Vpc represents the applied DC bias.

Voltage combiner/
current-voltage
converter —

Figure 5.2: Pictorial representation of the actual setup used for the characterisation
The values of the sinusoidal signal amplitude, frequency, fundamental and second harmonic

phases are all set as well as varied from the lock-in amplifier main control panel.

5.2  Validation of low frequency measurement setup

The low frequency measurement setup was validated using ordinary p-n junction (1N4007)
and Zener diodes. An AC signal with amplitude 1 mV and frequency 1 KHz was provided
across the diodes. The AC amplitude value of 1 mV was chosen because it is less than the room
temperature thermal voltage of the diode which is 25 mV, secondly MIM diode for energy

harvesting needs to operate at zero bias voltage, and 1 mV is such a small enough value. The
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amplitude of the current at fo and 2fo was then measured over a voltage range, and a program
coded in Matlab® was used in plotting the I-V characteristics, differential conductance as well
as the nonlinearity curves of the diodes. Shown in figures 5.3 and 5.4 are typical plots used in

validating the low frequency measurement setup for the two diodes.

The presence of a capacitance across the diode junction results to an AC leakage current
through the diode capacitor. The two I-V curves (coloured blue and red) shown in the figures
are estimated from the 1% and 2" derivatives of the diode current respectively. The second

derivative (red curve) does not suffer from such leakage component.
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Figure 5.3: Plots showing (a) differential conductance, (b) nonlinearity and (c) I-V
characteristic curves of a zener diode with the sensitivities for fo & 2f, set at 2mV and 200pV
respectively and a time constant of 1sec.
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characteristic curves of an ordinary 1N4007 junction diode with both sensitivities for fo & 2f,
set at 2mV and a time constant of 1sec.
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CHAPTER 6

CONCLUSIONS AND FUTURE WORK

6.1 Conclusion

An overview of thermal energy conversion using rectenna technology has been presented and
the key factors for realising an optimally efficient device well highlighted. A temperature
profile measurement of an automobile engine and exhaust was made with a view to determine
the operable temperature ranges of an automobile. The values obtained from this measurement
are essential for calculating the dimension of the antenna in a rectenna device, since the outer
antenna dimension depends on the target frequency range which is a function of the source

temperature.

The contact angles made by a 5 pl droplet of water on wafer surfaces coated with thin films of
the self-assembled monolayer (dielectric) were measured in order to determine the
hydrophilicity and/or hydrophobicity of the dielectric films. This gives an idea of how compact
and tight the atoms in a molecule of the dielectric film are, thus giving an indication of how
uniform a surface coated with such dielectric film will be. A set up for the low frequency

characterisation of the diode was made and validated using ordinary diodes.

6.2 Future work

The challenge to develop a practical and functional rectenna device has given rise to a
reasonable number of research works in the field, of which some are listed in table 2.1. A vast
majority of these works have poor impedance matching as a major limitation. Therefore
carefully following the process steps of section 4.2 to fabricate an MIM tunnelling diode, and
developing a very good broadband impedance matching structure for matching the antenna and

diode impedances will make feasible a practical and functional rectenna device.
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6.2.1 Terahertz Characterisation

Since MIM diodes are fundamentally high frequency (terahertz range) diodes, with operational

frequency within the target frequency range of this research work, there is need for terahertz

characterisation of the fabricated diode, which is proposed in this section. This is normally

done using a terahertz emitter as a source. A mechanical chopper is placed between the source

and the rectenna device, which is placed at some distance from the source. The rectenna is then

connected to a lock-in amplifier as shown in figure 6.1. The chopper makes it possible for the

rectenna device to be intermittently exposed to terahertz signals from the source, while the

output signals from the device are read out via the lock-in amplifier. This intermittent exposure

from the chopper creates oscillatory on-and-off signals which can be read out in phase to

maximise signal-to-noise (SNR) ratio.

Xxcm

X
Yy

O 00

Lock-in

Rectenna

Terahertz emitter
(0.75t0 1.1TH2)

Figure 6.1: Terahertz characterisation setup for the rectenna device.

Chopper
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