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ABSTRACT 

Fabrication process of capacitors and Schottky diodes with nanogap electrodes is explained in this 

Thesis. The Schottky diode is made with IGZO in the nanogap, whereas the capacitor is made with 

ZrO2 in the nanogap which acts as the dielectric. Moreover, the electric characterization of both 

the diode and capacitor was obtained for different frequencies and different diameters. The end 

result showed that as the frequency increases the diode performance increases, but the capacitance 

of the capacitors decreases. Also, the barrier height and concentration were obtained using the 

Mott-Schottky plot for different frequencies. The 10MHz had the highest carrier concentration 

(5.9E+18cm-3) and barrier height (1V). 
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Chapter 1: Introduction 

Nanotechnology 

The world we live in is not what it used to be ten years ago. Day by day we witness new advances 

in technology. Moore’s Law states that the number of transistors in an affordable Central 

Processing Unit (CPU) will double every two years. Some say this affects the speed or power, but 

we can also link it to size. The transistors have to shrink for the CPU to fit more. That is why 

researchers are investing so much in nanotechnology, to fit more in less.  

When we look at units we add a certain prefix that will signify the factor. We can use kilo, 

mega, or giga for example which signifies that the unit is multiplied by a thousand, a million, or a 

billion respectively. Moreover, we can use mili, micro, or nano for example which signifies that 

the unit is divided by a thousand, a million, or a billion respectively. When we say nanotechnology, 

we mean a device in the nanometer scale. That is how much advancement in technology has 

reached, a device that is some nanometers tall.  

Look all around you. Your phone, TV, laptop... etc, they all have nano scaled devices today. 

With the shift into smarter homes and cities, we, as scientists, aim to even make everything made 

up from nano devices. 

 

Energy Harvesting  

As it was mentioned, smart cities are the future, but to make it happen we need to invest in IoT 

(the internet of things). IoT is a new term that talks about connecting everything (from microwaves 

to cars) with the internet.  
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As the future progresses, we need to leave the familiarities behind. Familiarities such as 

the batteries. Batteries can be harmful to the environment, so researchers are looking for ways to 

improve on that. Today, researchers harvest light, heat, and vibration for energy. Light from the 

sun is converted into energy using solar cells. Heat such as heat from the human body can be 

harvested. Moreover, vibration or motion can be used to harvest energy using piezoelectric 

material. However, there is one more source that is not as widely used as those three currently, the 

RF energy. 

We encounter RF energy in our everyday life without knowing it. Wi-Fi, Bluetooth, and 

so much more wireless connections that we do not use fully. Also, when we use a device it usually 

emits electromagnetic waves. Therefore, when the wireless connections reach the device it causes 

a disturbance in the electromagnetic waves around us. This disturbance is wasted. 

In this project we focus on harvesting that wasted energy from radio frequency using 

wireless energy harvesting. For RF to work we need an antenna to capture the energy, and a 

rectifying circuit which contains diodes to convert the Alternating Current (AC) signal to Direct 

Current (DC), and a capacitor to save the energy.  
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Chapter 2: Background and Theory  

Devices 

Diode  

Diodes are electrical components that allow the current to pass through one direction but not the 

other. Diodes are the main components of a rectifying circuit. A rectifying circuit is a circuit that 

converts AC signal to DC. This circuit is really important for our wireless energy harvesting 

because the antenna captures an AC signal and the circuit would convert it to DC. There are a lot 

of rectifying circuits and the most used one is the full wave rectifier. An example of a full wave 

rectifier is shown in figure 1.  
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Figure 1: a full wave rectifier circuit with a smoothing capacitor. 

There is also the output from the circuit which shows what 

happens with and without the capacitor. 

 

The figure shows both the negative and positive cycles indicated by the arrows. During the 

positive half cycle D1 and D2 are on, and D3 and D4 are on during the negative half cycle. The 

figure also shows the output voltage. The dashed lines show the output voltage if we had no 

capacitor parallel to the load. The dashed lines show the reason it is called a full wave rectifier, 

and that is because it outputs both the positive and negative input voltages as a positive output. 

Moreover, diodes limit the frequency where the rectifying circuit can work. This limit is 

set by the power of the output. Due to the diodes as we increase the frequency the power decreases, 

so we usually measure the maximum frequency that decreases half the power (-3dB). This 

maximum frequency is called the cut-off frequency. When the power is reduced by half then the 

voltage would be 1/2of its maximum value. Another disadvantage of the diode is that there is a 

voltage drop. When it is used in a circuit it takes some power for it to switch on (which is around 

0.7V for PN junctions) which might cause problems when we are working on low voltage 

applications.  

Therefore, in this project, we used a Schottky diode. A PN-junction diode is fabricated 

using a junction of two semiconductors, but a Schottky diode is fabricated using a junction of a 

semiconductor and a metal. This makes the Schottky diode faster and have a lower voltage drop 

(lower turn on voltage).  The lower turn on voltage is important for this project because it helps 

increase the cut-off frequency since the domain this project aims to use is in GHz. 
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Schottky diodes have their own built in junction capacitance (Cj) and barrier resistance (rd), 

which are in parallel to each other, and a series resistance (Rs) as it is shown in figure 2. 

 

Figure 2: Schottky diode equivalent circuit. This shows that a 

Schottky diode has built in junction capacitance (Cj), barrier 

resistance (rd), and a series resistance (Rs). 

 

From figure 2, we can have a relation between the input and output voltages of the Schottky 

diode which is expressed in equation 1 

 

𝑉𝑉𝑜𝑜𝑜𝑜𝑜𝑜 = 𝑉𝑉𝑖𝑖𝑖𝑖 × 𝑋𝑋𝑗𝑗

�𝑅𝑅𝑠𝑠2+ 𝑋𝑋𝑗𝑗2
           (1) 

 

Rs is the series resistance where Xj is the capacitor reactance. To calculate Xj we use 

equation 2 

 

𝑋𝑋𝑗𝑗  =  1
2𝜋𝜋𝜋𝜋𝐶𝐶𝑗𝑗

                            (2) 

 

Here f is the frequency, so when we increase the frequency Xj decreases, and vice versa. 

In other words, when the frequency is low, Xj would be much higher than Rs which will result in 
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Vout=Vin. However, when the frequency is high, Xj would be low which will result in 

decreasing  Vout. Moreover, when Xj =Rs, then Vout=Vin/2. Therefore, the frequency, that makes 

Xj =Rs true, is the cut-off frequency. 

 

 𝑓𝑓𝑐𝑐𝑜𝑜𝑜𝑜−𝑜𝑜𝜋𝜋𝜋𝜋  =  1
2𝜋𝜋𝑅𝑅𝑠𝑠𝐶𝐶𝑗𝑗

               (3) 

 

Therefore, we need to confirm that the diode is functional at the frequency that fits the radio 

frequency that is captured by antenna. 

One way to increase the cut-off frequency is to reduce Rs by reducing the thickness to the 

nanometer scale of the semiconductor. However, doing so in the traditional sandwich type (metal 

1 and metal 2 are stacked vertically with the semiconductor between them) is very challenging. 

Also, it can have holes which cause shorts. Moreover, it would increase Cj which will cause the 

cut-off frequency to reduce. 

 Therefore, in this project, the diodes were fabricated in a co-planer type. The two metals 

are horizontal with the semiconductor between them. Decreasing the thickness of the 

semiconductor here reduces the time it takes charges to transport across (transit time) which will 

therefore increase the cut-off frequency. 

 

 

These were the main properties of the diode, and the reason we made Schottky diodes is to 

increase the cut-off frequency and reduce the turn on voltage. My main contribution to the project 

is to fabricate and characterize the electrical properties of these diodes and so they may be 

integrated to a rectifying circuit at a later stage. 
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Capacitor 

Rectifying circuits can be sufficient with using diodes alone, but to optimize it into becoming a 

true AC to DC, we need to use a capacitor. Capacitors are electrical components that stores and 

releases electrical energy. From figure 1, it is noticeable that without a capacitor the dashed line, 

which shows the output voltage, goes all the way to zero between the positive and negative input 

cycles. However, when we use a capacitor, it starts discharging to the output so that the output will 

not drop all the way to zero, which is indicated by the solid line in figure 1. The better the capacitor, 

or the more we use, the more ideal the line would become and will look more constant. 

Capacitors are inversely proportional to the distance between the metals. Capacitors are 

fabricated using two metals with a dielectric in-between. Therefore, reducing the thickness of the 

dielectric to nanometers will increase the capacitance by a significant amount which will make 

the output of the rectifying circuit even smoother. 

 

Measurement of Barrier Height 

Barrier height is the energy barrier formed by the junction of the semiconductor and the metal in 

the Schottky diode. In figure 2, the rd here is the barrier height. Barrier height is the energy needed 

for the electrons to move and it is denoted as B= Ec-EF, where Ec is the conduction band and EF is 

the Fermi level.  
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Figure 3: energy diagram of a Schottky diode. The junction of a 

metal with the semiconductor results in having the barrier height. 

 

We can see in figure 3 the energy diagram of a Schottky diode. The left of the E axis is the 

metal, whereas the right is the semiconductor. It is shown that the barrier height is the difference 

of the conduction band with the Fermi level at the junction. The q here is the symbol for electron 

charge to imply that the barrier height is in eV. Usually ΦB is measured in Volts, but when we 

multiply it with 1e (which is also another value for q), we get eV as the unit. 

To calculate the barrier height, we need to obtain the Mott-Schottky graph. The Mott-

Schottky graph is a graph that compares C-2 vs V. After obtaining the graph we can use equation 

4 to calculate the barrier height in Volts (to convert to eV just multiply by 1q which is 1 coulomb). 

 

 Φ𝐵𝐵  =  𝑉𝑉𝑏𝑏𝑖𝑖  +  (𝐾𝐾𝐾𝐾
𝑞𝑞

× 𝑙𝑙𝑙𝑙(𝑁𝑁𝑐𝑐
𝑁𝑁𝑁𝑁

))             (4) 
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Vbi is the bias voltage which is the  x-intercept of the fit line. KT/q is the Boltzmann 

constant over electron charge which totals to 25.7 mV. Nc is the effective density. Finally, Nd is 

the charge density. The charge density can be calculated also found from the graph then using 

equation 5. 

 

𝑁𝑁𝑁𝑁  =  − 2
𝑞𝑞𝑞𝑞𝐴𝐴2

(𝑁𝑁𝐶𝐶
−2

𝑁𝑁𝑑𝑑
)−1             (5)  

 

ε in equation 5 is the dielectric constant of vacuum εo multiplied by the relative dielectric 

constant εr. A is the cross-sectional area. And (dC-2/dV) is the slope of the fit line. 
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Material Methods 

Thermal Evaporation 

Thermal evaporator is a common physical vapor deposition (PVD) method of thin film deposition. 

Typically, in a thermal evaporation process, a solid material is heated up to its melting point in a 

high vacuum environment. The material is loaded into an electrically heated boat (crucibles) and 

it is usually located in the bottom of the chamber. Whereas the substrate is suspended in the frame 

above the crucibles. Mechanical shutters and quartz detector are also used to control the thickness 

of the deposition.  

As the materials heat up in the boat, the source shutter will open allowing the vaporized 

material to rise toward the substrate. When the desired deposition rate is reached the substrate 

shutter will open and the material will be deposited on the substrate. The quartz sensor will 

measure the thickness of the layer, and the substrate shutter will close once the desired thickness 

is achieved. A schematic of the thermal evaporation set up is shown in Figure 4. 

 

 

Figure 4: Setup of thermal evaporate. 
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Photolithography 

Photolithography is a fabrication process in the microscopic scale. This process is a technique to 

pattern films/features on a wafer using UV light on a photosensitive chemical. The pattern is made 

using the design on the photomask. Moreover, the procedure for photolithography require multiple 

steps. 

First, the wafer needs to be cleaned. The wafer could have organic or inorganic substances 

on it or it can be oxidized. Therefore, the wafer has to be cleaned in order to start the process. 

There are a lot of cleaning chemical to use such as HF or hydrogen peroxide that can be used 

depending on what type of substances need to be removed so that the wafer would be clean. 

After that, the wafer needs to be prepared. The preparation process depends on the 

application. Preparations could be just annealing the wafer at first, then adding an insulator layer 

by adding oxygen to make silicon dioxide. For the photolithography to happen, we need a layer 

that is going to be patterned or shaped using the UV light. 

Then, we need to add a photoresist. Photoresist is a chemical that can be soluble or 

insoluble depending on the type. The use of a photoresist is to make the pattern on top of the layer 

that was prepared previously to easily etch the layer. Photoresist can be either positive or negative. 

A positive photoresist is insoluble by the photoresist developer except for the parts that were 

exposed to the UV light. On the other hand, the negative photoresist is soluble in photoresist 

developer except for the parts that were exposed to UV light. The choice of the type again depends 

on the application. The photoresist is applied by spinning the wafer and dropping the photoresist 

in the middle. Because of the spinning the photoresist will start covering the whole wafer evenly. 

After that, the wafer is baked. 
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Afterwards, a mask, that was previously designed to the desired pattern, is aligned on top 

of the wafer. If the mask is open where the patterns are then we use positive photoresist if we want 

to etch out the pattern or use negative photoresist to keep the pattern and etch the rest. If the mask 

had is covered where the patterns is and lets the light through everywhere else, then we use 

negative photoresist if we want to etch out the pattern or use positive photoresist to keep the pattern 

and etch the rest. Moreover, if the application requires it, the wafer is baked again. 

Next, the layer under the photoresist is etched at the areas that do not have photoresist.  

Etching is divided into two types: wet and dry (plasma). Wet etching, like the name implies, uses 

liquid etchants to etch the layer. Dry etching uses plasma or bombarding particles to etch the layer. 

The type is chosen depending on the application, selectivity of layer itself, and the need of isotropic 

or anisotropic. 

Finally, the remaining insoluble photoresist is removed by a resist stripper. Figure 5 shows 

all the steps mentioned for the photolithography process. 
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Figure 5: the process of photolithography. This shows all the steps 

after the first cleaning step. 

 

Self-assembly Monolayers Deposition 

The term self-assembly is commonly used to refer to the process in which disorganized systems 

spontaneously and reversibly form ordered systems. One of the most common examples of self-

assembly is that of the lipid bilayer in cell membranes. In material science, chemistry and other 

related fields, these systems are made up of molecules or nanoparticles that assemble into higher-

order structures of repeating basic units. One important factor in self-assembly is the nature of the 

interaction between the units. In some definitions this interaction is necessarily non-covalent, 

relying on forces such as Van der Waals, pi-pi bonding, and hydrogen bonding amongst others. 

 

Self-assembled monolayers (SAMs) are a class of the phenomena in which components of 

a disorganized system form an organized system on the surface of a substrate through the processes 

of adsorption. These components are often molecules consisting of a head group, a tail and a 

functional group. 

 

Each three of these parts can be tuned resulting in different properties for the monolayer. 

For example, the head group can be changed to encourage adsorption to one substrate over another 

and the tail can vary in length and complexity thereby altering the packing. Many of the most well-

known examples of SAMs bind to the substrate through chemisorption and the order and 

organization of the components is maintained through non-covalent pathways.  
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There are many methods that encourage the formation of SAMs. For the purposes of 

nanogap electrodes, one simple method is the introduction of the prepatterned substrate into a low 

concentration solution of the layer-forming components.  

 

Photonic curing 

Flexible and wearable devices are the new interest of research today. We see smart watches all 

around us today. Also, we saw some smart glasses and fitness trackers. These wearables can do a 

lot of measurements of body functions such as the heart rate. However, having circuitry in the 

wearable device is a must which makes it less flexible.  

Photonic curing is used to process thin films on low temperature substrates without 

damaging it by using a flashlight.  Circuits can be drawn with ink on substrates such as paper of 

flexible polymers that cannot withstand heat. The ink contains nanoparticles that are when heated 

become a really high-quality conductor such as copper. After that, the film is passed by the 

flashlight really for milliseconds. This will give the ink enough heat to become a highly conductor, 

and it also does not damage the substrate.  
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Figure 6: photonic curing process. The ink pass by the flashlight to 

become more conductive. 

 

Figure 6 shows the process of how quickly a device is passed by the flashlight to heat up 

the ink but not the substrate. We see that the nanoparticles in the ink is colored black before curing. 

That is an advantage because black absorbs the heat faster making the process simpler and less 

damaging.  

In this project, curing was used to convert a precursor between the metals. Fabricating the 

diode, we used aluminum in the inner circular and platinum as the outer substrate. These two 

metals had a nanogap between them that had to be filled with a semiconductor to fabricate an 

efficient diode. So, indium gallium zinc oxide (IGZO) precursor was inserted; however, to convert 

it to IGZO we need heat. The nanogap structure works very well with photonic curing because the 

metal electrodes can absorb the light, heat up rapidly and then efficiently transfer the heat into the 
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narrow gap where it converts the precursor. Here the heat is mostly delivered through the metals 

and not just direct absorption by the precursor. 

As for the capacitor, we had aluminum in the inner circular and gold as the outer substrate 

with a nanogap in-between. The nanogap had to be filled with an insulator to fabricate a functional 

capacitor. Therefore, we had to add zirconium oxide (ZrO2) in the nanogap as the insulator. Like 

the diode, photonic curing is used to rapidly heat the metals which will the deliver it to the nanogap 

and cure the ZrO2. 

 

Sol-gel Process 

Sol-gels are biphasic gel-like systems of solid particles within a liquid. The sol-gel process refers 

to a method which is able to produce both crystalline and non-crystalline materials from a colloidal 

sol solution. One primary use of the sol-gel process is the highly tunable production of metal-oxide 

nanostructures. This process for the production of metal oxides has many advantages including its 

relative cost, reliability, and simplicity as well as the ease of film modification.  

However, metal-oxide formation through the sol-gel process requires high temperature 

steps which are incompatible with organic or carbon-based substrates such as those necessary for 

the fabrication of flexible devices. For this reason, Park et al. pioneered a method for activation of 

sol-gels through deep ultraviolet irradiation. In this method, a metal hydrate precursor is stirred in 

2-methoxyethanol at 75ºC for upwards of 12 hours. This stirring time facilitates the formation of 

metal alkoxide species which in turn begin to form metal-oxide-metal (M-O-M) bonds. However, 

large amounts of metal-alkoxy species remain as a part of the yet forming films. In the traditional 

sol-gel method, these metal-alkoxy species as well as other impurities would be removed through 

the process of high temperature (upwards of 400ºC) annealing. With Park’s method, the partial as-
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spun films are exposed to deep ultraviolet (DUV) irradiation and moderate heating (150ºC) under 

a N2 atmosphere. Park et all suggest that their ‘photo-annealing’ method catalyzes the metal-oxide-

metal bond formation along with the cleavage and decomposition of the alkoxy groups. With 

prolonged exposure to DUV lamps, the second goal of annealing is also reached - film 

densification. The produced semiconductors have shown favorable results in practical tests on 

commercially available polymer substrates.  
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Chapter 3: Fabrication 

Fabrication of Nanogap Electrodes  

Fabrication processes for small scale devices typically involve a combination steps of depositions, 

pattering, coating, etc. In the specific case of nanogap electrodes fabrication, all processing steps 

must be executed within narrowly specified ranges in order to obtain functional final products. 

Considerable effort focusing on optimizing the parameters of nanogap fabrication was much 

needed to satisfy both the performance and cost requirements.  

Simply to make the nanogap, we deposit two metals with Self-Assembling Monolayers 

(SAM) in between. This was made on a glass and silicon substrates. The metals used in this project 

were Al/Al and Al/Au and the thickness is 40nm for each electrode. Finally, the electrode spacing 

was varying from 5-20nm, which we referred to as a nano-gap.  

In this Chapter, we report the development of co-planar asymmetric nanogap electrodes 

manufactured on arbitrary substrate materials using adhesion lithography (a-Lith) as an alternative 

nano-patterning technique. First, thermal evaporator (Angstrom Engineering Inc.) was used to 

deposit the first metal onto a cleaned glass substrate. 40nm of Aluminum layer was deposited at 

evaporation rate of 10Å/s. Higher evaporation rate was used to ensure the uniformity of the film. 

After metal 1(M1) is deposited on the surface of the substrate, patterning of the thin film is carried 

out using photolithography technique. 

Photolithography process was done in a clean room to pattern, etch and coat the sample. 

The wafer is held on a spinner chuck by vacuum and resist is coated to uniform thickness by spin 

coating. Photoresist (AZ1512) is spin coated at 3000rpm for 30s and then soft bake at 100°C for 1 

min to evaporate the coating solvent and to densify the resist after spin coating. Contact aligner 

tool is used to align the wafer and the mask and to transfer a desired geometry (depends on the 
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application) from a pre- patterned chromium mask prior to exposure. Then, the sample get exposed 

to ultraviolet light at 6 mW/cm2 for 6 sec. The substrate is immersed in AZ726 developer solution 

and agitate gently for 20s, then soak once in DI water and dry with N2. Finally, we wet-etch the 

Al using commercial Al etchant for 80-120s depends on the thickness of the layer, then soak once 

in DI water and dry with N2. The substrate is ultrasonic in acetone then IPA for 20 minutes each 

to remove the photoresist and any of its residue. 

Self-assembled monolayers (SAMs) deposition is carried out after photolithography 

process. SAM solution is prepared by mixing 7.8mg powder of ODPA 

(OCTADECYLPHOSPHONIC ACID, 97%, Sigma-Aldrich) with 30ml of IPA.The solid ODPA 

is weighed out on weighing paper and then transferred directly to a small container with IPA.We 

leave the solution to stir for at least 5 hours or until the substance is completely dissolved. Once 

the solution is ready, the patterned substrate is placed in a petri dish with the SAM solution and 

leave it covered for 20 hours. The concentration and duration of the SAM treatment was heavily 

studied through this project. After 20 hours, rinse and dry the substrate with IPA and N2, and anneal 

it at 70 °C for 10-20 min using a hotplate. After SAM deposition, metal 2 (M2) is deposited using 

thermal evaporator just like the M1, with the same rate and thickness.  

The last step of fabricating the nano-gap using the Adhesion Lithography process is as 

follows. A thick layer of First Contact adhesive glue is applied all over M2 and leave it to dry. 

Manually peel-off the glue using a cryogenic sticky label or kepton tape. The second metal will 

peel-off where it overlaps with M1 leaving a nano-gap size at the boundary of M1 and M2. A 

schematic and photographs of a-Lith procedure is shown in figure 8. After the peeling process, 

SAM layer will be removed by UV-ozone treatment or oxygen plasma to create planar devices.  
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Figure 7: A description of adhesion lithography procedure. 1) The substrate with metal 1. 2) 

SAM in top of M1. 3) Metal 2 all over the surface 4) Peel of M2 using glue 
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Figure 8: Optical microscope images of Al/Au electrodes. 

 

 

 

 

 

 

 

 

 

Figure 9: SEM image of Al/Au electrode separated by nanogap 
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Fabrication of ZrO2 Based Capacitor 

Standard nanogap electrodes (Al/Au and Al/ITO) devices were spin casted with ZrO2 to fabricate 

a capacitor. ZrO2 solution was prepared with zirconium acetylacetonate (75mg/ml) in DMF with 

addition of ethanolamine. The solution was heated at 90°C overnight in nitrogen atmosphere 

(inside glovebox) then spin coated on top of the nanogap electrodes at 4000rpm for 30 second then 

dried at 120°C for10 minutes. The photonic treatment then carried out using Novacentrix 

PulseForge 1300 tool with pulse energy of 5.11J cm -2, pulse length is 500μs, repeated for 50 times 

at fire rate of 1.2Hz. 

  

Fabrication of Pt/IGZO/Al Schottky Diode 

An IGZO precursor is spin coated on top of Al/Pt nanogap electrodes, followed by annealing and 

photonic curing procedures to transform the solution into the nanogap to fabricate Pt/IGZO/Al 

Schottky diode.  

The precursor solution of IGZO was prepared via sol-gel process. 0.1M of each indium(III) 

nitrate hydrate(99.999% purity from Sigma Aldrich), gallium nitrate(III) hydrate(99.999% purity 

from Sigma Aldrich), and zinc(II) nitrate hexahydrate(Fisher chemicals) is dissolved separately in 

2-Methoxy ethanol and stirred by magnetic bar overnight at 900rpm, at room temperature. 

The IGZO precursor solution composition volume ratio was In/Ga/Zn = 5:1:3. These 

solutions were stirred for overnight again at 900rpm. Then the solution filtered with 0.2μm PTFE 

syringe filter before spin coating the device. 

 The IGZO solution is spin casting on top of the nanogap electrodes at 3000rpm for 30 

seconds. Afterward, the substrate is dried on a hotplate at 130°C for 10 minutes followed by hard 

annealing process using photonic curing. Novacentrix PulseForge 1300 tool was used to flush the 
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device with pulse energy of 5.11J cm-2, pulse length is 500μs, 20 repeated pulses with a fire rate 

of 1.2Hz.  

 

Electrical Characterization  

Electrical characterizations of the devices were obtained at room temperature in a nitrogen 

atmosphere. KEYSIGHT B2912A was used to perform I-V characterization and a Solartron 1260A 

Impedance/gain-phase Analyzer was used for C-V and C-f measurements. Both systems were 

connected to a probe station and micro positioners. Voltage range applied was between (± 2V).  
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Chapter 4: Electrical Characterization 

In this chapter, electrical characterization of nanogap electrodes, capacitor, and diode is illustrated 

and discussed. Current-Voltage (I-V) and Capacitance-Voltage (C-V) measurements were carried 

out. Empty nano-gap electrodes were first tested and measured to give a better understanding in 

what application could be used. Electrical characterizations for diode are significant to determine 

the performance of the device by calculating rectification ratio and turn on voltage. However, in 

the capacitor, the focus mainly on the capacitance and breakdown voltages. I-V curves were plotted 

for current characterizations whereas C-V plots were used to study the capacitance.  

 

Diode Electrical Characterization 

I-V characteristics of Pt/IGZO/Al diode with different channel width (w) of 300, 600, 900μm is 

shown in Figure 10. Circular Pt/Al electrodes were used to fabricate this specific diode.  High 

rectification ratio of 104 and low turn on voltage of 100mV with (± 2V) applied bias is also 

observed. Obtaining such a high rectification ratio and low turn on voltage is due to the quality of 

the prepared IGZO precursor and the novel planar architecture of the device, which limit the series 

resistance. 

I-V characteristics of scaled diodes 300μm, 600μm, and 900μm are also shown in Figure  

10. One would expect a linear relationship between current and diode width, but no clear evidence 

extrapolated from the Figure 10. The three devices have similar values. This deviation could be 

due to the architecture of the device. Lack of data could be another cause. In the future, more 

variation of diode width should be fabricated and measured to give a better understanding of the 

relationship between the diode width and its performance. 
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Figure 10: I-V characteristics of scaled diodes 

  Charge density and barrier height were measured through a C-V analysis. C-V 

measurements were plotted for IGZO diode with 900μm width. From figure 11, we can conclude 
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that diode performance improves at higher operating frequencies. At 10MHz the value of carrier 

concentration found to be the highest of 5.9E+18cm-3 where the electron traps are minimized.  

 

Figure 11: C-V characteristics of scaled diodes. This shows the 

different effects of frequencies on the capacitance of the diodes. 
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Frequency 

 

Charge Density (𝑐𝑐𝑐𝑐−3) 

 

Barrier Height (V) 

 

1kHz 

 

2.50E+18 

 

-0.17 

 

10kHz 

 

2.51E+18 

 

-0.04 

 

1MHz 

 

2.71E+18 

 

0.15 

 

10MHz 

 

5.94E+18 

 

1 

Table 1, The charge densities and barrier heights for different frequencies 

 

In the following figures, we have the fitted lines for the 900μm with different frequencies. 

These graphs are the Mott-Schottky graphs. The Mott-Schottky graph shows the relationship 

between the voltage versus the reciprocal of the square capacitance. The fitted line is important 

because of two needed values, the slope and X-intercept. As mentioned in equation 5, the slope is 

needed to calculate the charge density. Moreover, the charge density and X-intercept are needed 

to calculate the barrier height. 
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Figure 12: Mott-Schottky plot for 1kHz 

 

In figure 12, we have the 1kHz frequency Mott-Schottky plot. It is noticed that the fitted 

line is clean; however, the X-intercept is really low and close to zero. This resulted the barrier 

height being too low. 
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Figure 13: Mott-Schottky plot for 10kHz  

 

In figure 13, we have the 10kHz frequency Mott-Schottky plot. It is noticed that the fitted 

line is also clean; however, the X-intercept is really closer to zero than that of 1kHz, but the reason 

for this is that because the frequency increased the X-intercept got higher. The barrier higher is 

still low but higher than 1kHz barrier height.  
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Figure 14: Mott-Schottky plot for 1MHz  

 

In figure 14, we have the 1MHz frequency Mott-Schottky plot. It is noticed that the graph 

is the smoothest. The X-intercept got to the positive side, so this proves that when the frequency 

increased the X-intercept got higher.  



 39 

 

Figure 15: Mott-Schottky plot for 1kHz  

 

In figure 15, we have the 10MHz frequency Mott-Schottky plot. The X-intercept is the 

highest of the group, so this again proves that when the frequency increased the X-intercept got 

higher. Therefore, the barrier height here is the highest. 
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Capacitor Electrical Characterization 

 

I-V measurement was carried out also for ZrO2 based capacitor and the focus will be on the 

breakdown voltage. Eventually every material has a dielectric breakdown point, at which the 

material cannot handle the applied voltage. This results in the dielectric between the electrodes 

become conducting and permits the passage of current. The voltage when capacitors just started to 

breakdown is 6V.  

 

Figure 16: Breakdown voltage of ZrO2 based capacitor 
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The capacitance of capacitor at different voltages and frequencies were studied. In the 

following graphs we have the conventional C-V curves for 300μm, 600μm, and 900μm 

respectively. We can notice that as the diameter increases, the capacitance decreases; however, it 

decreases an almost neglected amount. Moreover, the capacitance was measured with and without 

the dielectric ZrO2 but there was no change. One reason could be that the nanogap sized electrodes 

are already influenced by the substrate material regarding the dielectric properties. On the other 

hand, from the graphs we notice that as the frequencies increase the capacitance decrease and the 

graph gets smoother. 

 

Figure 17: C-V for ZrO2 based capacitor with 300um electrodes width at different frequencies  
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Figure 18: C-V for ZrO2 based capacitor with 600um electrodes width at different frequencies  

 

Figure 19: C-V for ZrO2 based capacitor with 900um electrodes width at different frequencies  
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Chapter 5: Conclusion 

All in all, we saw that nanotechnology is the way of the future. In this project, we tried to fabricate 

diodes and capacitors to make a rectifying circuit that will go into the energy harvester. Diodes are 

used to guide the electricity through one direction, which helps with the full-bridge connection. 

The full bridge connection is the core of the rectifying circuit. Moreover, the capacitor is used to 

hold charges, which helps smoothen the output of the rectifying circuit.  

 Processes made to fabricate the devices are thermal evaporation, photolithography, self-

assembly monolayers deposition, photonic curing, and sol-gel. Thermal evaporation is a PVD 

method to deposit thin films on wafers. Photolithography is used to draw patterns on wafers using 

masks and UV light. SAM deposition is the process where disorganized system is absorbed in the 

substrate to form and organized layer. Photonic curing is a process to heat a pattern with light 

quickly, so you will not damage the rest of the devices. Finally, sol-gel process is a process that 

produces crystalline and non-crystalline material from sol solution. 

 Moreover, capacitors were fabricated using ZrO2 as its dialectic. On the other hand, 

Schottky diodes were fabricated using IGZO in the nanogap.  

 The electrical characterization was shown. Th I-V curves showed a slight deviation for the 

diodes. As for the capacitors the I-V curve shows a dialectic breakdown. As for the C-V curve in 

diodes, we see that the diode performance increase with the increase of capacitance. As for the 

capacitors, the capacitance decreases as the frequency increases, but it gets smoother. Finally, the 

Mott-Schottky curves were obtained to get the barrier heights for each frequency for the 900μm 

diameter. We saw that the highest concentration (5.9E+18cm-3) and the highest barrier height (1V) 

belongs to the highest frequency 10MHz. 

 



 44 

  



 45 

REFERENCES  

1. (n.d.). Retrieved from https://nptel.ac.in/courses/Webcourse-contents/IIT-

Delhi/Semiconductor Devices/metal_semi/lec4.htm 

2. Beesley, D. J. et al. Sub-15-nm patterning of asymmetric metal electrodes and devices by 

adhesion lithography. Nat. Commun. 5:3933 doi: 10.1038/ncomms4933 (2014). 

3. Chasin, A., Steudel, S., Vanaverbeke, F., Myny, K., Nag, M., Ke, T., . . . Heremans, P. 

(2012). UHF IGZO Schottky diode. 2012 International Electron Devices Meeting. 

doi:10.1109/iedm.2012.6479030 

4. Chasin, A., Nag, M., Bhoolokam, A., Myny, K., Steudel, S., Schols, S., . . . Heremans, P. 

(2013). Gigahertz Operation of a-IGZO Schottky Diodes. IEEE Transactions on Electron 

Devices,60(10), 3407-3412. doi:10.1109/ted.2013.2275250 

5. Chasin, A., Volskiy, V., Libois, M., Ameys, M., Nag, M., Rockele, M., . . . Heremans, P. 

(2013). Integrated UHF a-IGZO energy harvester for passive RFID tags. 2013 IEEE 

International Electron Devices Meeting. doi:10.1109/iedm.2013.6724608 

6. Chen, Z. (2017). Radiofrequency Diodes and Capacitors Fabricated via Adhesion 

Lithography. Imperial College London. 

7. Deshmukh, M. M., Prieto, A. L., Gu, Q., & Park, H. (2003). Fabrication of Asymmetric 

Electrode Pairs with Nanometer Separation Made of Two Distinct Metals. Nano 

Letters,3(10), 1383-1385. doi:10.1021/nl034538p 

8. Full Wave Rectifier and Bridge Rectifier Theory. (2018, February 24). Retrieved from 

https://www.electronics-tutorials.ws/diode/diode_6.html 



 46 

9. Georgiadou, D. G., Semple, J., & Anthopoulos, T. D. (2017). Adhesion lithography for 

fabrication of printed radio-frequency diodes. SPIE Newsroom. 

doi:10.1117/2.1201611.006783 

10. Metal-semiconductor Contacts. (2006). Physics of Semiconductor Devices,139-151. 

doi:10.1007/0-306-47622-3_5 

11.  NovaCentrix. (2018, July 11). What Is Photonic Curing. Retrieved from 

https://www.novacentrix.com/tech/photonic_curing 

12. Photoresist: I-Line, DUV, Thick Photoresist: Silicon Valley Microelectronics. (n.d.). 

Retrieved from https://www.svmi.com/lithography/photoresist/ 

13. Semple, J. (2016). High-Throughput Large-Area Plastic Nanoelectronics. Imperial 

College London. 

14. Semple, J., Rossbauer, S., Burgess, C. H., Zhao, K., Jagadamma, L. K., Amassian, A., . . . 

Anthopoulos, T. D. (2016). Radio Frequency Coplanar ZnO Schottky Nanodiodes 

Processed from Solution on Plastic Substrates. Small,12(15), 1993-2000. 

doi:10.1002/smll.201503110 

15. Semple, J., Rossbauer, S., & Anthopoulos, T. D. (2016). Analysis of Schottky Contact 

Formation in Coplanar Au/ZnO/Al Nanogap Radio Frequency Diodes Processed from 

Solution at Low Temperature. ACS Appl. Mater. Interfaces. 

16. Semple, J., Georgiadou, D. G., Wyatt-Moon, G., Gelinck, G., & Anthopoulos, T. D. 

(2017). Flexible diodes for radio frequency (RF) electronics: A materials 

perspective. Semiconductor Science and Technology,32(12), 123002. doi:10.1088/1361-

6641/aa89ce 



 47 

17. Steudel, S., Myny, K., Arkhipov, V., Deibel, C., De Vusser, S., Genoe, J., & Heremans, 

P. (2005). 50 MHz rectifier based on an organic diode. Nature Materialsvolume. 

18. The PN junction Diode. (2011). Principles of Solar Cells, LEDs and Diodes: The Role of 

the PN Junction,69-122. doi:10.1002/9781119974543.ch2 

19. Wyatt-Moon, G. (2018). Nanoscale Large-Area Opto/Electronics via Adhesion 

Lithography. Imperial College London. 

20. Zanella, A., Bui, N., Castellani, A., Vangelista, L., & Zorzi, M. (2014). Internet of Things 

for Smart Cities. IEEE Internet Of Things,1(1). 

21. Zhang, J., Li, Y., Zhang, B., Wang, H., Xin, Q., & Song, A. (2015). Flexible indium–

gallium–zinc–oxide Schottky diode operating beyond 2.45 GHz. Nature 

Communications,6(1). doi:10.1038/ncomms8561 

 

 


	EXAMINATION COMMITTEE PAGE
	COPYRIGHT PAGE
	ACKNOWLEDGEMENTS
	Nanotechnology
	Energy Harvesting

	Chapter 2: Background and Theory
	Devices
	Diode
	Capacitor
	Measurement of Barrier Height

	Material Methods
	Thermal Evaporation
	Photolithography
	Self-assembly Monolayers Deposition
	Photonic curing
	Sol-gel Process


	Chapter 3: Fabrication
	Fabrication of Nanogap Electrodes
	Fabrication of Pt/IGZO/Al Schottky Diode
	Electrical Characterization

	Chapter 4: Electrical Characterization
	Diode Electrical Characterization
	Capacitor Electrical Characterization

	Chapter 5: Conclusion
	REFERENCES

