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Abstract

Since the discovery of carbon nanotubes twenty years ago, they have been studied heavily.
Carbon nanotubes are known to have excellent mechanical, electrical, and thermal conductivity
properties as well as for having a very large aspect ratio. Researchers are finding new ways to use
carbon nanotubes in our everyday world. In this thesis, carbon nanotubes are put into a vacuum
diode configuration and tested at different temperatures to see how the field emissions would
change with temperature. The carbon nanotubes that were used in these experiments were
randomly aligned Multi Walled Carbon Nanotubes (MWCNTS). These carbon nanotubes were

grown in house using a chemical vapor deposition process on a silicon wafer.
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CHAPTER 1
Introduction
1.1 Carbon:

Carbon is the sixth element found on the periodic table and located on column 4. This
means that carbon atoms have four valence electrons in its outer shell to form covalent bonds with
itself, as well as other types of bonds with other elements. The diversity of bonds and their
corresponding geometries enable the existence of structural isomers, geometric isomers, and
enantiomers [1]. They are found in large, complex, and diverse structures and allow for endless
variety of organic molecules [1]. Carbon is the fourth most abundant element in the solar system,
after hydrogen, helium, and oxygen. Carbon is utilized in the development of the highest strength
fibers, considered to be one of the best lubricants (graphite), known as the strongest crystal and
hardest material (diamond). Essentially as a non-crystalline products (vitreous carbon), it is one
of the best gas absorbers (activated charcoal) and one of the best helium gas barriers (vitreous
carbon) [2].

There are many different ways carbon atoms can be bonded together, but the three most
common forms are graphite, diamond, and the amorphous carbon that is the focus of this thesis.
Carbon structures called fullerene are carbon atoms that form hollow structures like spheres or
tubes. These hollow spheres are called buckyballs and the hollow tubes are called carbon
nanotubes. The carbon atoms are joined together in hexagonal rings to form a graphene sheet.

1.2 Carbon Nanotubes (CNTSs):

Carbon nanotubes are tubes of carbon in the form of graphite sheets that are rolled up.
Nanotubes are perfectly straight tubules with diameters of nanometer size, and properties close to
that of an ideal graphite fiber. Carbon nanotubes were discovered accidentally by Sumio lijiuma

in 1991, while studying the surfaces of graphite electrodes used in electrical arc discharge [3]. In



general, carbon nanotubes can come in three different forms: Single Walled Carbon Nanotubes
(SWCNTSs), Double Walled Carbon Nanotubes (DWCNTS), and Multi Walled Carbon Nanotubes
(MWCNTSs). Single wall carbon nanotubes consist of a single layer of graphite that is rolled up.
These carbon nanotubes have a diameter of only a few nanometers. Double wall carbon nanotubes
consist of two layers of carbon that are rolled up to make a tube structure. The multiwall carbon
nanotube consists of many layers of carbon. Each of the three different kinds of carbon nanotubes

has different properties and is made using a different method.

0.5t0 1.5nm >100nm

Figure 1.1 (Left) Single wall carbon nanotube structure (Right) The structure of a multi walled

carbon nanotube structure



1.3 Synthesis of Carbon Nanotubes:

There are several different ways to synthesis carbon nanotubes. The three most common
ways are electric-arc discharge, laser vaporization, and chemical vapor deposition (CVD). The
carbon nanotubes that were used in the experiments of this thesis involved synthesis using
chemical vapor deposition.

The first carbon nanotubes were synthesized using the electric-arc discharge method. The
electric-arc creates carbon nanotubes by striking an arc between graphite electrodes in an inert
atmosphere (argon or helium). This process also produces carbon soot containing fullerene
molecules [4]. The optimal yield of the nanotubes can be obtained under a helium atmosphere of
500 Torr, and a current roughly 100A [5].

In laser vaporization, a piece of graphite target is vaporized by laser irradiation under high
temperature in an inert atmosphere. The quality of the carbon nanotubes depends on the reaction
temperature with the best quality around 1,200°C [4]. The laser’s vaporizing pulse lasts only ~10ns
and carbon nanotube growth then can occur undisturbed from further excitation, even for single
laser ablation events [6].

For chemical vapor deposition, a carbon containing gas (hydrocarbon source) is heated in
a quartz tube that is enclosed in a furnace. The thermal energy initiates a chemical reaction and
breaks up the carbon containing molecules. The freed carbon is then deposited on the substrate
placed in the quartz tube. The substrate material can be Si, mica, silica quartz, or alumina. The
nature and yield of the deposit obtained in the reaction is controlled by varying different parameters
such as the nature of the catalytic metals and their supports, the hydrocarbon sources, the gas flow

rate of feed gases, the reaction temperature, the reaction time, and others [4].



1.4 Carbon Nanotube Application:

Since the discovery of carbon nanotubes, we have learned that they have valued
mechanical, physical, and electrical properties. Over the past two decades, researchers have
discovered and adapted carbon nanotubes with many of the electrical devices we use today.
Semiconducting carbon nanotubes have been proposed for such nanoelectronics applications as
high-speed field-effect transistors (FETs), few or single-electron memories, and
chemical/biochemical sensors [7]. With carbon nanotubes being both metallic and a

semiconducting, an all-nanotube electronic device can be envisioned [1].



CHAPTER 2

2.1 Vacuum Tube Diode:

John Ambrose Fleming invented the first vacuum diode in 1904, and held the first patent
for a vacuum type device. His device was a metal plate that was introduced in an incandescent
lamp and the diode was used for detection in wireless communication [8]. This device utilized the
thermionic emission phenomenon. A vacuum tube diode consists of a metal cathode and anode
that are in a glass bulb. Inside the glass bulb is a vacuum. If a cathode is heated (thermionic
emission), it is found that electrons from the cathode become increasingly active. As the
temperature increases, they can actually leave the cathode and enter the surrounding space [9]. A
voltage source is applied across the cathode and the anode. When the voltage is increased to a
certain amount, the electrons that left the cathode are attracted to the anode. If there are gas
molecules present in the space between the cathode and the anode where the electrons will travel,
collisions will occur impeding the flow of electrons [9]. Vacuum tubes that was a breakthrough

technology and used throughout the first half of the 1900s.
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Figure 2.1 Circuit schematic of a vacuum tube [10]

2.2 Thermionic Emission Theory:

The current emitted from a metal increases with the temperature of the metal and the
applied field strength [24]. Millikan and his associates [12] have shown that as the higher
temperatures are approached, at which ordinary thermionic emission begins, the strong field
emission does become sensitive to temperature and finally blends into the thermionic. The
equation for the current density of the thermionic emission can be represented as [25]:

] = AT2e~W/kT

In that equation, A, which is the Richardson constant, is equal to 1.2 x 10® A/m?K?, T is

temperature in kelvin, W is the work function, and k is the Boltzmann constant.

2.3 Field Emission Theory:

The main features of the phenomenon (field emission) of the extraction of electrons from
cold metals by intense electric fields are well known. An approximate theory of the effect was
first developed by Schottky [12]. The emission mechanism has been well described by wave

mechanics: free electrons “tunnel” through the surface potential barrier of the metal when the latter



is altered by the applied field [13]. Normally at field strengths of the order of 108 \V/m (below the
electrical breakdown), the potential barriers at the surfaces of metals and semiconductors usually
become very thin and result in field emissions of electrons due to the tunneling effect. [14]

The theory of cold cathode field emission of electrons from metals into vacuum is often
described by Fowler-Nordheim (FN) theory, after the first authors to treat this effect as wave-
mechanical tunneling through a triangular potential barrier [15]. Using a free-electron gas model
to determine the tunneling probability expressed as a Taylor series expansion at the Fermi level,

one obtains the following expression for the current density:

g (@EY) [ —42m) e
(8TThg) ehqE

Where h = Planck’s constant, g = electronic charge, E = electric field, ¢ = work function, and m

= free electron mass [30]. In a Fowler-Nordheim plot (log J/E2 vs 1/E), this equation is represented

by a straight line.

2.4 Carbon Nanotube Diode:

The structure of the carbon nanotube diode is very similar to the vacuum diode except that
it uses carbon nanotubes as the cathode for the field emission. There is a metal plate for the anode,
but instead of the metal cathode, carbon nanotubes are used. In the vacuum tube diode the cathode
is heated for electron emission, but the carbon nanotubes do not have to be heated. The carbon
nanotube diode is referred to as a cold cathode diode, since the cathode is not heated. The reason
the carbon nanotubes do not needed to be heated like the coil to start releasing electrons is because
they are one of the best electron-emitting materials available. This is because high field

enhancement is expected due to the high aspect ratio of the length to the diameter [11]. The field



emission properties of the carbon nanotubes are affected by the length of the CNTs and the spacing
between them. It is important to characterize the effect of length and spacing on the field-emission
properties in order to obtain the high and uniform field emission current at low electric field value

[11].

©
- - O
Figure 2.2 Carbon nanotube diode setup.

This diode setup was connected to a power source and an ammeter to read the current
value. The power supply and ammeter were connected by GPIB cords to a computer. When a
MATLAB program on the computer was run, the program controlled the power supply and
recorded the data. Different voltage values were input into the program to sweep through and test
the field emission of the carbon nanotubes from 0 to 1000 volts. For the experiments that were
run, the carbon nanotube samples were grown on silicon substrates. Glass spacers were placed on
each side of the carbon nanotube sample. The anode consisted of a ceramic block with a stainless

steel rod in the middle of the block. This was placed directly above the carbon nanotubes with a

metal contact on top for the electrical connection.



CHAPTER 3

Fabrication
3.1 Preparing Wafer:

The first part in the fabrication of the carbon nanotubes is to clean and pattern the silicon

wafer. These processes are done in a class ~100 clean room where a cleanroom suit or bunny suit
is required to be worn.

The wafers that are used in the carbon nanotube fabrication are N-type, 100mm (4 inch),
<100> silicon wafers. These silicon wafers were purchased from Silicon Quest. The wafers have
a thickness between 475-575 um. The front side of these silicon wafers is polished with the back

side etched. A picture of a wafer and the label from the wafers packaging can be seen in Figure
3.1

i
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Figure 3.1 (Left) N-type Silicon wafer. (Right) Wafer details from packaging.

Before the silicon wafer is ready for photolithography, it first is cleaned. The wafer is put
into a wafer holder and then placed into a spin rinse dryer. The spin rinse dryer spins at a very
high rate and directs water directly at the wafer. After a set amount of time, the water stops

9



shooting and the dryer continues to spin. After the spin rinse dryer, the wafer is placed into an

oven at 120°C for a dehydration bake.

Figure 3.2 (Left) Wafer holder (Right) Spin rinse dryer machine.

3.2 Photolithography:

The first step in the photolithography process is to apply HMDS (hexamethyldisilazane)
by a vapor process. Applying HMDS to dehydrated wafers is one common method for achieving
the surface hydrophobicity required to prevent photoresist delamination [16]. The silicon wafer is
placed into a glass chamber and 5 drops of the HMDS are put into the chamber and the top is put

on. The wafer sits in the chamber for 5 minutes.
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Figure 3.3 (Left) Bottle containing HMDS. (Right) Chamber for HMDS vapor process.

The next step is to apply photoresist on the wafer. The photoresist material is composed
of three components: a photoactive compound, a base resin, and a suitable organic solvent system
[17]. To apply the photoresist evenly on the wafer, the wafer is placed onto a spinning disc and a
vacuum holds the wafer down. The spinner can be seen in Figure 3.4. The photoresist is poured
into the center of the wafer. The wafer then spins at 3000 rpm for 30 seconds. This process will
coat the wafer with a thin even layer of the photoresist. AZ P4620 was the photoresist that was
used in this process. This photoresist is a positive photoresist. For a positive photoresist, the
resist is exposed to UV light where the underlying material is to be removed. In these resists,
exposure to UV light changes the chemical structure of the resist so that it becomes more soluble
in the developer [18]. After the photoresist has been spun on, the wafer is placed on a heater for a
soft-bake at 105°C for 1 minute. Soft-baking plays a critical role in the photo-imaging. The

photoresist coatings become photosensitive, or imagable, only after softbaking [18].

11
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Figure 3.4 (Left) Spinner to apply photoresist. (Right) Heater for the soft bake
The next step in the photolithography process is to pattern the wafer. The wafer is placed
into a machine called a mask aligner. This machine consists of a powerful UV light that is used
to expose the photoresist. It also has a microscope, so multiple layers of masks can be lined up.
In our process, we only used one mask. The mask can be seen in Figure 3.5. It consists of 5mm
by 5mm squares. The UV light that goes through the square will expose the photoresist. For this

process, the UV light was set to turn on for 30 seconds.
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Figure 3.5 (Left) Photolithography Mask. (Right) Mask Aligner

The last part of the photolithography process is to develop the wafer. The developer that
was used in this process was called AZ 400K Developer. This was mixed in with water at 2 parts
water to 1 part developer. The wafer was placed into the developer and water mixture for
approximately 45 seconds to 1 minute. The time the wafer was in the solution would be different
for each run. The wafer is examined under the microscope to ensure that all the photoresist had
washed away in the exposed areas. If some photoresist remains, the wafer is put back into the

developer solution until it is gone.

13



Figure 3.6 (Left) Developer Solution (Right) Station to develop the wafer
3.3 Sputtering:

After the wafer has been patterned using the photolithography process, it is now ready for the
catalyst metal layer to be sputtered. The catalyst layer is necessary for carbon nanotube growth.
For our samples, iron was used as a catalyst. The catalyst layer was formed during the sputtering
process. The sputtering process takes place in a vacuum chamber. A two inch disc of iron is then
placed on the target area. The wafer is secured facing upside down, so it is directly in line with
the iron target. The chamber is pumped down to around 3-5 x 10 Torr. Argon is pumped into
the system and the chamber maintained a constant pressure of 70 mTorr. The sputtering process
is described as follows [19]: a DC voltage is applied between the target and the substrate which
ionizes argon atoms and creates a plasma, hot gas-like phase consisting of ions and electrons, in
the chamber. This plasma is also known as a glow discharge. These ionized argon atoms are
accelerated to the anode iron target. The collision with the target ejects iron atoms, which travel

to the substrate and eventually settle on the wafer. Electrons released during argon ionization are

14



accelerated towards the anode substrate, subsequently colliding with the background argon atoms,
creating more ions and free electrons in the process, continuing the cycle. An image of the
sputtering process is show in Figure 3.7. The sputter process continues for 5 minutes. The
deposited thin layer of iron only a few nanometers thick throughout this process.

The first tested samples are given a sputtering time of 5 minutes resulting in a few nm iron
film. The other samples that are tested are sputtered with iron for 5 minutes and then sputtered

with carbon for 8 minutes.

Vacuum chamber

—H MFc

substrate i

Substrate holder P

Coating flux
Ar
\ l /plasma Gas

EERh target

T B Hbo gun

Vacuum [P)Ev{,lzlr:
pump
supply

Figure 3.7 Illustration of the sputtering chamber.

After the sputtering process, the photoresist from the wafer needed to be completely
removed. For this process, acetone and methanol were used to clean the photoresist from the
wafer. The silicon wafer was put into a glass bowl and then acetone was poured into the bowl.
The wafer was moved up and down in the acetone. This process removed most of the photoresist.
This process is then repeated using methanol. The acetone and methanol baths are repeated a few

times to ensure that all the photoresist is removed from the wafer. After the methanol bath, the

15



wafer was washed with deionized water. To ensure that all the photoresist was removed from the

wafer, it was examined under a microscope.

The samples were then placed on a hot plate at 300°C for 4 hours for annealing. Annealing
has two important functions. One is to eliminate oxidation of the metallic surface and the second

is to form nucleation of metallic catalyst seeds to grow CNTs in the CVD furnace [20].

3.4 Chemical VVapor Deposition (CVD):

The last process in growing the carbon nanotubes is for the wafer to undergo a chemical
vapor deposition process. Chemical vapor deposition (CVD) is a widely used materials-processing
technology. The majority of its applications involve applying solid thin-film coatings to surfaces,
but it is also used to produce high-purity bulk materials and powders, as well as fabricating
composite materials via infiltration techniques [21]. In our process, a mechanical roughing pump
is connected to a quartz tube. A quartz plate is used to hold the silicon wafer in the quartz tube.
This quartz plate is pushed to the center of the tube and kept there during the CVD experiment.
The mechanical pump is turned on to pump down the tube. The quartz tube is heated up to 705°C.
Using two gas flow controllers, one for argon and one for acetylene, with flow rates of 22ccm and
75ccm respectively, gas is introduced into the chamber. When the gases start flowing into the
tube, the pressure begins to rise and then levels off at 70.8 Torr. This experiment is run for 40
minutes for each sample that was tested in this thesis. Varying the time of the CVD will vary how

long the carbon nanotubes will grow on the subsrate.
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Figure 3.8 Chemical Vapor Deposition Chamber

The images below are the SEM pictures of the carbon nanotube samples grown using this
method. The pictures taken are of two different carbon nanotube samples. The first sample was
sputtered with iron for 5 minutes, annealed for 8 hours, and placed in the CVD furnace for 40
minutes. The second sample was sputtered with iron for 5 minutes and sputtered with carbon for
8 minutes, annealed for 8 hours, and placed in the furnace for 40 minutes. The pictures are of the
edge of the carbon nanotube sample and images of the middle of the carbon nanotube sample. The
second process, i.e. the carbon layer, enhances the carbon nanotube grown and results in growing
vertically aligned carbon nanotubes [31]. However, in this case vertical carbon nanotubes did not

grow. This can be attributed to not having the correct thickness of carbon over the iron catalyst.

17
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Figure 3.9 SEM Image of the edge of the 5 minute sputtered iron CNT sample at 5k
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Figure 3.10 SEM Image of 5 minute sputtered iron CNTSs at 10k
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Figure 3.11 SEM Image of 5 minute sputtered iron CNTs at 30k
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Figure 3.12 SEM Image of the edge of the 5 minute sputtered iron and 8 minute sputtered carbon

CNTs at 10k
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Figure 3.14 SEM Image of 5 minute sputtered iron and 8 minute sputtered carbon CNTSs at 30k
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Figure 3.15 SEM Image of 5 minute sputtered iron and 8 minute sputtered carbon CNTs at 70k
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CHAPTER 4

Field Emission Characteristics

4.1 Vacuum Chamber:

Once the sample is ready to be tested for the field emission, it is placed in a vacuum
chamber. All the tests are done in a vacuum pressure of 3 x 10 Torr.

These vacuum chambers use a mechanical pump to initially pump the chamber down to
10-70 mTorr, then the turbo pump can be turned on to further pump down the chamber to 107 torr
range. A turbo pump is made up of many layers of blades that are stacked on each other.
Turbomolecular pumps work on the principle that gas molecules can be given momentum in a
desired direction by repeated collision with a moving solid surface. In a turbomolecular pump, a
rapidly spinning turbine rotor ‘hits’ gas molecules from an inlet of the pump towards the exhaust

in order to create or maintain a vacuum [22].

Figure 4.1 (Left) A turbo pump with the side cutout showing how the blades are laid out. (Right)
An ion gauge used to measure pressure.

22



Figure 4.2 illustrates the layers of blades stacked on top of each other. The blades are very
delicate and can break easily if not handled correctly. When turning off the turbo pump, the blades
must come to rest before turning off the mechanical pump and venting the chamber. The ion gauge
is used to measure the pressure after the turbo pump has been turned on. The ion gauge uses a
filament that heats and releases electrons. The pressure that is indicated on the controller is based
on the ionization of the gas molecules by a constant flow of electrons. The negative electrons are
emitted at a controlled, selectable rate from a heated filament (cathode) and are accelerated toward
a positively-charged wire grid (anode). As the electrons go from the cathode to the anode, they
will collide with gas molecules and produce positive ions. At a constant filament-to-grid voltage
and electron emission current, the rate at which positive ions are formed is directly proportional to
the density of molecules (pressure) in the gauge for pressures below approximately 1 x 107 Torr
[23].

4.2 Electrical Connections and Data Acquisition:

The vacuum chambers have electrical feedthrough connections to connect a power supply
to the sample inside the vacuum chamber. The carbon nanotube diode is connected to a Stanford
Research Systems, Inc Model PS325 power supply and a Keithley 485 autoranging picoammeter.
The power supply and the picoammeter are connected to a computer through GPIB cables. The
computer runs a MATLAB code that connects up to the power supply and controls the voltage

output of the power supply. The circuit diagram of the setup is shown in Figure 4.7.
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Figure 4.2 (Top) Picoammeter (Bottom) Power supply

The MATLAB code help to run the experiment and collect the data. The MATLAB code
was written by Haitao Zhao, a former PhD student in our research group [32]. The power supply
and the picoammeter have a GPIB port in the back, but a converter was used to connect it to the
computer. A Prologix GPIB-USB Controller 6.0 was used to convert the GPIB to USB port.
Address values were given to the power supply and picoammeter, so the computer could talk and
control the devices. The power supply was set up as address 20 and the picoammeter as address
22. When the MATLAB code is run, a graphical user interface (GUI) pops up. In this GUI, there
are nine boxes (as shown in Figure 4.3), to enter the voltage values to be tested. Each column can
be set to increment the voltage values differently. In a normal run, the first column would be set
to start at O Volts and end around 200 Volts with an increment of 50 Volts. The second column
starts at 210 Volts and ends around 400-500 Volts with an increment of 10 Volts. The third column
includes values starting at 550 Volts and going up to 800-1000 Volts and incrementing by 50 Volts.
The reason behind this is that the values between 200-500 Volts are the most important, because

this is the voltage range in which the carbon nanotube diode starts emitting electrons.
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Figure 4.3 MATLAB Field Emission Test GUI

The first thing the code does is to set a variable equal to the serial port of the USB. Once
the connect button is pressed, various GPIB commands are written to that variable containing the
serial port for initial setup. When the start button is pressed, the voltage values that were entered
into the GUI are saved in variables and the test begins to run. The different voltage values are sent
to the power meter and the code reads and saves the current value from the picoammeter. This
data is placed into an Excel file that can be used later to make plots and visually see the results.
The MATLAB source code can be found below in the appendix.

4.3 Diode Configuration and Testing:

After the carbon nanotubes have been fabricated onto the silicon substrate, they are put into
a diode configuration. The carbon nanotubes on the silicon represent the cathode part of the diode.
The middle of the ceramic block was drilled out, so a stainless steel rod could be placed into the
drilled hole. The drilled hole was precisely the diameter of the stainless steel rod, so that that the
rod would be a tight fit and would not fall out. The ceramic block and stainless steel rod were the
anode of the diode. Glass spacers were placed down on the silicon for the ceramic block to be
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placed on. The glass spacers have a thickness of 140um. The diode was then set up in a vacuum

chamber as shown in Figure 4.4.

+ V& -

Figure 4.5 Equivalent Circuit
This carbon nanotube diode setup is in a small bell jar chamber. The leads that connect the

diode to the power supply and current meter go straight down therefore requiring a small table.
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The piece of silicon which is not visible in the picture is sitting on a piece of tungsten, so the
connection could be made.

The carbon nanotube diode setup in Figure 4.1 is a vacuum chamber to test field emissions.
A heater element was needed to be added into a vacuum chamber to run these experiments. For
this reason, tungsten filament heater lamps were used. These tungsten filament bulbs were set up
with a metal reflector, so that all the radiation would be targeted in one direction. For this heating
element, three of these bulbs were connected in series. These bulbs were controlled by a controller
that reads the temperature inside the vacuum chamber by a thermocouple. The thermocouple
touches the black piece of ceramic the experiment is set up on. The desired temperature is set on

the controller and it maintains that temperature.

Figure 4.6 Carbon nanotube diode setup in vacuum chamber with heating element.
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4.4 Field Emission Testing Results:

These tests were set up to see how the electron field emission from randomly aligned
carbon nanotubes would change as the temperature increased from room temperature. As stated
before, these field emission tests were performed in a very high vacuum (3-5 x 10 Torr). When
the tests are run, the MATLAB program saves the current values read at the picoammeter with the

voltage values sent to the power supply. Excel was used to plot the data using a line scatter plot.
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1.00E-08
Voltage (V)

Figure 4.7 Voltage vs Current plot
For a better representation of this data, electric field and current density are used for the
plot. The electric field (E) is found by subtracting the voltage of the power supply by the current
multiplied by the resistor and then that value divided by the gap distance between the carbon
nanotubes and the anode. The current density (J) is found by dividing the current by the surface
area of the metal anode that is exposed to the carbon nanotubes. An example of this data can be

seen in Figure 4.8.

E: =

Venr Vappiiea — Ve (Voltage — Current * Resistance) [ %4
dgap dgap B Gap Distance (um) um
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Figure 4.8 Field Emission Data, Electric Field vs Current Density

For the field emissions tests that were performed at different temperatures, four different
types of carbon nanotube samples were used. In all of the samples presented in the thesis, as the
temperature of the carbon nanotube diode increased, the turn on point would decrease.

The first carbon nanotube sample was made using a 5 minute sputtering, 8 hour anneal,
and 40 minute chemical vapor deposition process. This sample was tested from room temperature
to 300°C. For the data below in Figure 4.9, the data might not show the decreasing turn on voltage
decreasing with the increase of temperature linearly, but the turn on voltage of the carbon nanotube

diode is just as good or better than that of the carbon nanotube diode at room temperature.

29



In(J/EA2)

1 0 1 2 3 4 5
__ 0.00001 -
£
£
<
=
g 0:000001 —®— Room Temperature
s —e—100C
c
2 —o— 150C
]
“  0.0000001 - o200¢
—e—250C
—e—300C
1E-08 Electric Field (V/pm)
Figure 4.9 Field Emission Data from Fe sputtered CNT sample
13 Fowler-Nordheim Plot

-14

-15

-16

-17

-18

-19

2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

e,

RFCT

B
........
...........
.........

..........

—@— Room Temperature > NG
—e— 100C Noene 00 NG
—e— 150C .

=0 200C
—@— 250C
—@— 300C
-------- Linear (Room Temperature)
-------- Linear (100C)

-------- Linear (150C)

-------- Linear (200C)

-------- Linear (250C)

-------- Linear (300C)

1/E

Figure 4.10 Fowler-Nordheim Plot of Field Emission Data in Figure 4.9
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Temperature Vturn on Slope

Room Temperature | 1.42V -9.5868
100C 135V -5.2408
150C 1.07V -3.2525
200C 121V -3.4824
250C 149V -5.0463
300C 1.56V -4.391

Table 4.1 Turn on voltage and slope of F-N Plot of Figures 4.9 and 4.10

For the next carbon nanotube sample, it was made using a 5 minute sputtering iron then an

8 minute sputtering carbon, 8 hour anneal, and 40 minute chemical vapor deposition process. This

recipe has been used in the past to grow vertically aligned carbon nanotubes. Unfortunately, the

carbon nanotubes did not grow in a vertically aligned orientation, but were randomly aligned. Two

different carbon nanotube samples from this batch were tested. The SEM images of these samples

can be seen in Figures 3.12-15. Figure 4.11 and 4.13 show the field emission data from these

samples and different temperatures. In both of the samples, the turn on voltage of the device

decreases as the temperature increases.
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Figure 4.12 Fowler-Nordheim Plot of Field Emission Data in Figure 4.11

Temperature Viurn on Slope

Room Temperature 249V -17.389
100C 249V -18.223
150C 227V -14.802
200C 2,13V -16.205
250C 2.06V -15.674
300C 2.01V -14.023

Table 4.2 Turn on voltage and F-N plots of Figures 4.11 and 4.12
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Figure 4.14 Fowler-Nordheim Plot of Field Emission Data in Figure 4.13
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Temperature Viurn on Slope

Room Temperature 193V -14.679
100C 1.78V -12.708
150C 1.86V -12.536
200C 1.64V -12.574
250C 1.50V -8.296

300C 143V -15.294

Table 4.3 Turn on voltage and F-N plots of Figures 4.13 and 4.14

In this next data, a carbon nanotube sample was made using a 5 minute sputtering, 8 hour
anneal, and 40 minute chemical vapor deposition process. But instead of using the piece of ceramic
with the stainless steel rod another carbon nanotube sample was used at the anode to see how the
field emission data would change. Data for this sample was taken from room temperature to
200°C. The data follows the same pattern as the other data with the turn on voltage decreasing as
temperature increases. With this sample the turn on voltage is almost a half a volt less than the

other samples presented in this thesis.

oy |

Figure 4.15 CNT Diode Setup with CNT as Anode
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Figure 4.17 Fowler-Nordheim Plot of Field Emission Data in Figure 4.16
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Temperature Viurn on Slope
Room Temperature 1.21V -11.398
100C 1.14V -10.434
150C 1.07V -8.747
200C 0.93V -8.8501

Table 4.4 Turn on voltage and F-N plots of Figures 4.16 and 4.17

4.5 Thermionic Emission Contribution:

Using the Thermionic Emission equation described earlier, the current densities for each

of the temperatures tested were calculated.

Temperature Current Density

100C 2.776 * 10°° A/m?
150C 5.426 * 10* A/m?
200C 3.129 * 1037 A/m?
250C 1.458 * 1032 A/m?
300C 1.059 * 1028 A/m?

Table 4.5 Current Density Values from Thermionic Emission
The current density values from thermionic emission that were calculated from the
equation show that the current density is so low that it did not contribute to lowering the turn on
voltage of the carbon nanotube diode. The work function is a constant of 4.5 eV for these carbon
nanotube samples. When the equation is solved with the temperature values used in the tests, the

values are shown in Table 5.

4.6 High Temperature Bake and Field Emission Test:

There was also a test set up to see if the carbon nanotubes could survive at high
temperatures. For this test, a sample is baked at 850°C for 30 minutes. Field emission data was
taken from this carbon nanotube sample before and after the bake. The data can be seen in Figure
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4.18. This shows that the carbon nanotube can survive at high temperatures. The field emission
data from after the bake was better than the field emission data taken before the bake. The turn on

voltage of the carbon nanotubes before the bake was 1.02V and the turn on voltage after the bake

was 0.7V.
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Figure 4.18 Field Emission Data from Sample after Bake
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Figure 4.20 SEM Image of CNTs at 30k after the 850° Bake
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CHAPTER 5

Carbon Nanotube Patch Antenna

5.1 Design:
Microstrip patch antennas have become the most in demand antenna based on their

applications. Their merits include low fabrication weights and cost, and the ability to operate
operating in high frequency range. The main drawback of microstrip antennas have their main
drawback in terms of narrow bandwidth, low efficiency and relatively large size [26]. Most to all
of the patch antennas use copper as the radiating material. A feedline is used to excite and radiate
by direct or indirect contact. There are many different techniques of feeding. The four most
popular techniques are coaxial probe fee, microstrip line, aperture coupling, and proximity
coupling [27]. The carbon nanotube patch antennas used in this thesis use the microstrip feed
method.

The geometry used in this thesis for the carbon nanotube patch antenna is a rectangular
shape. There has been extensive research about this kind of patch antenna and there are formulas
available to calculate the dimension of the radiating patch. The patch used in this thesis is a half-
wave rectangular patch antenna (or half-wave patch). The length of this antenna is approximately

half of the wave length in terms of the dielectric of the substrate material that is used [28].
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Figure 5.1 Rectangular Patch Antenna [29]
Two different antennas were designed for two different frequency values, 2.4 GHz and 5
GHz. The length of a patch antenna determines the frequency it will radiate at. The electric field
distribution for a half-wave patch has fringing fields that extend beyond the patch. This fringing
makes the patch effectively longer than its physical length, so the resonant length is less than a
half-wavelength [28]. The calculation for patches’ length is:

A

Length = 0'49\/87

where A is the wavelength and &, is the substrate dielectric constant. The substrate used to make

these carbon nanotube patch antennas is 99.6% Alumina Oxide (ceramic) which has a ¢, = 9.8.

Frequency Length of Patch
2.4 GHz 19.6mm
5 GHz 9.39mm

Table 5.1 Lengths of the Two Different Patch Antennas
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Two different methods were taken to design the widths of the patches. The width W is
used to adjust the input resistance [28]. The width for the 2.4 GHz patch was calculated using an

equation for high efficiency [28]. This equation for width is:

) A
Width= - (
2

8T+1)_1/2
2

where A is the wavelength and &, is the substrate dielectric constant. Working this equation out

gives a width of 26.88mm. The width of the 5 GHz was solved in a different way. Using the high
efficiency equation, the antenna input impedance will be higher than the 50 Q which is ideal so

the antenna and output are matched. Using this equation:

£2+1 (L2
Zn =90 (=) s
with Za being the antenna impedance, the width of the patch can be found for the exact antenna
impedance desired. Setting Za=50 Q and L = 9.39mm, the width for 5 GHz is equal to 41.6mm.
The high efficiency equation for width was used instead of designing the width from the antenna

impedance equation for 2.4 GHz because the width from the antenna impedance equation turned

out to be wider than the ceramic substrates available in the lab.

5.2 Fabrication:

The fabrication of the carbon nanotube patch antenna is very similar to the fabrication of
the carbon nanotube samples used in the field emission experiments. The substrate used to grow
the carbon nanotubes on for the patch is 99.6% alumina oxide (ceramic). The only major

difference in the fabrication process is masking the ceramic substrate.

The first part of the fabrication of the patch antenna is to create a mask for the ceramic
substrate. Since masks were not available with the dimensions of the two antenna sizes for a
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photolithography process, the masks were made from cutting Kapton tape and placing it on the

ceramic substrate to create an open square of exposed ceramic with the dimensions of the antennas.

Figure 5.2 Ceramic Substrate with Kapton Tape Mask

The next step in the fabrication process is sputtering. This procedure was done exactly the
same way as the carbon nanotube sample for field emission described in the sputtering section of
Chapter 3. Iron was first sputtered onto the surface for 5 minutes and then carbon was then
sputtered onto the surface for 8 minutes. This procedure was done for the 2.4 GHz and the 5 GHz
patch antenna design.

The last step is to grow the carbon nanotubes in the chemical vapor deposition chamber.
First the Kapton tape is removed from the ceramic sample and placed into the chamber. The same
procedures were done as described in the chemical vapor deposition section of Chapter 3. The
only part of the procedure that changed was the time the ceramic sample was left in the chamber.
For these patch antennas, the ceramic sample was left in the chemical vapor deposition process for

1 hour.
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The next part is to make the feed line and put the ground plane on the back of the ceramic.
For the feed line, a piece of copper tape was cut thin to around 1mm and placed on the ceramic
wafer at the edge of the carbon nanotubes to the edge of the ceramic. Using a small brush, silver
paste was used to make the connection from the copper feed line to the carbon nanotube surface.
Using a large sheet of copper tape, the back of the tape was peeled off the back side of the ceramic
and placed onto the sticky side of the copper sheet. A knife was used to cut the extra copper around
the ceramic substrate.

The last part of the fabrication process was to add an SMA connector to the copper feed
line. To make a good connection, the SMA connector was soldered onto the copper feed line and
also soldered to the copper back side. The finished antennas can be seen below in Figures 5.3 and

5.4

Figure 5.3 2.4 GHz Carbon Nanotube Patch Antenna
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Figure 5.4 5 GHz Carbon Nanotube Patch Antenna

5.3 Results:

The goal for this project was to determine if chemical vapor deposition grown carbon

nanotubes could be used instead of copper as a radiating material for a patch antenna. Using a

Hewlett Packard 8753C Network Analyzer with a Hewlett Packard 85047A S-Parameter Test Set,

an S11 measurement was performed on both of the antennas.
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Figure 5.5 Network Analyzer Used for S11 Measurements

Plotting the log magnitude of the S11 measurements for the two antennas gave the two plots in

Figure 5.6 and 5.7.
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Figure 5.6 S11 Measurement for the 2.4 GHz Patch Antenna
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Figure 5.7 S11 Measurement for the 5 GHz Patch Antenna

The two figures above show that both antenna are matched right around the frequency they
were designed for. The 5 GHz antenna has a few small dips at other frequencies, but the frequency
it is matched at is right at 5 GHz.

One problem with using carbon nanotubes as the radiating material for patch antennas is
that the resistivity of the material can be large. If the resistivity is too large, the material will just
absorb all of the wave trying to be transmitted. That is one of the main reasons to do a longer
chemical vapor deposition process, which helped to decrease the resistivity of the carbon

nanotubes.
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CHAPTER 6
Conclusion

Carbon nanotubes are known to be one of the best materials for electron field emissions.
The multiwalled carbon nanotubes that were used in this thesis were grown by using a set recipe.
A silicon substrate would be patterned using photolithography processing in a clean room. Iron
was then sputtered onto the substrate (Carbon was also sputtered in some of the samples), then the
substrate was placed on a hot plate to anneal for 8 hours. The substrate was placed into a chemical
vapor deposition chamber for 40 minutes to grow the carbon nanotubes. The carbon nanotubes
were put into a diode setup in a vacuum chamber. A power supply and current meter were
connected to test and measure the diode. The diode was tested in the vacuum chamber at various
temperatures to see how the field emission properties would change. For just about every test, as
the temperature of the diode increased, the turn on voltage of the diode decreased. Carbon

nanotubes can also be used instead of copper for a patch antenna design.
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Appendix:

function varargout = FieldTest(varargin)

% FIELDTEST M-file for FieldTest.fig

%  FIELDTEST, by itself, creates a new FIELDTEST or raises the existing

%  singleton*.

%

% H=FIELDTEST returns the handle to a new FIELDTEST or the handle to
% the existing singleton*.

%

%  FIELDTEST('CALLBACK!'hObject,eventData,handles,...) calls the local
%  function named CALLBACK in FIELDTEST.M with the given input arguments.
%

%  FIELDTEST('Property','Value',...) creates a new FIELDTEST or raises the
%  existing singleton*. Starting from the left, property value pairs are

%  applied to the GUI before FieldTest_OpeningFcn gets called. An

%  unrecognized property name or invalid value makes property application
%  stop. Allinputs are passed to FieldTest_OpeningFcn via varargin.

%

%  *See GUI Options on GUIDE's Tools menu. Choose "GUI allows only one
% instance to run (singleton)".

%

% See also: GUIDE, GUIDATA, GUIHANDLES

% Edit the above text to modify the response to help FieldTest
% Last Modified by GUIDE v2.5 12-Dec-2010 14:54:15

% Begin initialization code - DO NOT EDIT

gui_Singleton = 1,

gui_State = struct('gui_Name', mfilename, ...
‘gui_Singleton’, gui_Singleton, ...
‘gui_OpeningFcn', @FieldTest_OpeningFcn, ...
‘gui_OutputFen', @FieldTest_OutputFcn, ...
'gui_LayoutFen', ], ...
'gui_Callback’, []);

if nargin && ischar(varargin{1})

gui_State.gui_Callback = str2func(varargin{1});
end

if nargout
[varargout{1:nargout}] = gui_mainfcn(gui_State, varargin{:});
else
gui_mainfcn(gui_State, varargin{:});
end
% End initialization code - DO NOT EDIT

% --- Executes just before FieldTest is made visible.

function FieldTest_OpeningFcn(hObject, eventdata, handles, varargin)
% This function has no output args, see OutputFcn.

% hObject handle to figure
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% eventdata reserved - to be defined in a future version of MATLAB
% handles structure with handles and user data (see GUIDATA)
% varargin command line arguments to FieldTest (see VARARGIN)

% Choose default command line output for FieldTest
handles.output = hObject;
handles.flag=0;

set(handles.edit5,'String’,num2str(0));
set(handles.edit6,'String’,num2str(20));
set(handles.edit7,'String',num2str(100));
set(handles.edit10,'String',num2str(120));
set(handles.edit9,'String',num2str(10));
set(handles.edit8,'String',num2str(260));
set(handles.edit13,'String',num2str(300));
set(handles.edit12,'String',num2str(80));
set(handles.edit11, String',num2str(1200));
set(handles.edit16,'String',num2str(600));
set(handles.edit17,'String’,num2str(5));
% Update handles structure
guidata(hObject, handles);

% UIWAIT makes FieldTest wait for user response (see UIRESUME)
% uiwait(handles.figurel);

% --- Outputs from this function are returned to the command line.
function varargout = FieldTest_OutputFcn(hObject, eventdata, handles)
% varargout cell array for returning output args (see VARARGOUT);
% hObject handle to figure

% eventdata reserved - to be defined in a future version of MATLAB
% handles structure with handles and user data (see GUIDATA)

% Get default command line output from handles structure
varargout{1} = handles.output;

% --- Executes on button press in pushbuttonl.

function pushbutton1_Callback(hObject, eventdata, handles)

% hObject handle to pushbuttonl (see GCBO)

% eventdata reserved - to be defined in a future version of MATLAB
% handles structure with handles and user data (see GUIDATA)

handles.flag=1;

sport = serial(COM3Y;
sport.Terminator = 'CR/LF",
fopen(sport);

fprintf(sport, '++mode 1%;
fprintf(sport, ++addr 20);
fprintf(sport, ++auto 07);
fprintf(sport, 'HVON");
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fprintf(sport, '++addr 207;
fprintf(sport, '++auto 0');
fprintf(sport, VSET 0%); % initialize the power source

handles.flag=1;
handles.sport=sport;

guidata(hObject, handles);

% --- Executes on button press in pushbutton2.

function pushbutton2_Callback(hObiject, eventdata, handles)

% hObject handle to pushbutton2 (see GCBO)

% eventdata reserved - to be defined in a future version of MATLAB
% handles structure with handles and user data (see GUIDATA)

if handles.flag==1

fprintf(handles.sport, '++addr 20%);
fprintf(handles.sport, ++auto 0');
fprintf(handles.sport, 'VSET 0;
fprintf(handles.sport, 'HVOF");
fprintf(handles.sport, '++loc’);
fclose(handles.sport);

handles.flag=0;
else

msgbox(‘Connect device first');
end

guidata(hObject, handles);

function editl_Callback(hObject, eventdata, handles)

% hObject handle to editl (see GCBO)

% eventdata reserved - to be defined in a future version of MATLAB
% handles structure with handles and user data (see GUIDATA)

% Hints: get(hObject,'String’) returns contents of editl as text
% str2double(get(hObject,'String’)) returns contents of editl as a double

% --- Executes during object creation, after setting all properties.
function editl_CreateFcn(hObject, eventdata, handles)

% hObject handle to editl (see GCBO)

% eventdata reserved - to be defined in a future version of MATLAB
% handles empty - handles not created until after all CreateFcns called

% Hint: edit controls usually have a white background on Windows.

%  See ISPC and COMPUTER.

if ispc && isequal(get(hObject,'BackgroundColor’), get(0,'defaultUicontrolBackgroundColor'))
set(hObject,'BackgroundColor','white");

end
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function edit2_Callback(hObject, eventdata, handles)

% hObject handle to edit2 (see GCBO)

% eventdata reserved - to be defined in a future version of MATLAB
% handles structure with handles and user data (see GUIDATA)

% Hints: get(hObject,'String') returns contents of edit2 as text
% str2double(get(hObject,'String")) returns contents of edit2 as a double

% --- Executes during object creation, after setting all properties.
function edit2_CreateFcn(hObject, eventdata, handles)

% hObject handle to edit2 (see GCBO)

% eventdata reserved - to be defined in a future version of MATLAB
% handles empty - handles not created until after all CreateFcns called

% Hint: edit controls usually have a white background on Windows.

%  See ISPC and COMPUTER.

if ispc && isequal(get(hObject, BackgroundColor"), get(0, defaultUicontrolBackgroundColor'))
set(hObject,'BackgroundColor','white");

end

function edit4_Callback(hObject, eventdata, handles)

% hObject handle to edit4 (see GCBO)

% eventdata reserved - to be defined in a future version of MATLAB
% handles structure with handles and user data (see GUIDATA)

% Hints: get(hObject,'String’) returns contents of edit4 as text
% str2double(get(hObject,'String")) returns contents of edit4 as a double

% --- Executes during object creation, after setting all properties.
function edit4_CreateFcn(hObject, eventdata, handles)

% hObject handle to edit4 (see GCBO)

% eventdata reserved - to be defined in a future version of MATLAB
% handles empty - handles not created until after all CreateFcns called

% Hint: edit controls usually have a white background on Windows.

%  See ISPC and COMPUTER.

if ispc && isequal(get(hObject, BackgroundColor"), get(0, defaultUicontrolBackgroundColor'))
set(hObject, BackgroundColor','white’);

end

function editl1l_Callback(hObject, eventdata, handles)

% hObject handle to editll (see GCBO)

% eventdata reserved - to be defined in a future version of MATLAB
% handles structure with handles and user data (see GUIDATA)

% Hints: get(hObject,'String") returns contents of editl1 as text
% str2double(get(hObject,'String")) returns contents of editl1 as a double
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% --- Executes during object creation, after setting all properties.
function editll_CreateFcn(hObject, eventdata, handles)

% hObject handle to editll (see GCBO)

% eventdata reserved - to be defined in a future version of MATLAB
% handles empty - handles not created until after all CreateFcns called

% Hint: edit controls usually have a white background on Windows.

%  See ISPC and COMPUTER.

if ispc && isequal(get(hObject, BackgroundColor"), get(0,'defaultUicontrolBackgroundColor'))
set(hObject,'BackgroundColor','white");

end

function editl2_Callback(hObject, eventdata, handles)

% hObject handle to editl12 (see GCBO)

% eventdata reserved - to be defined in a future version of MATLAB
% handles structure with handles and user data (see GUIDATA)

% Hints: get(hObject,'String’) returns contents of edit12 as text
% str2double(get(hObject,'String")) returns contents of edit12 as a double

% --- Executes during object creation, after setting all properties.
function editl2_CreateFcn(hObject, eventdata, handles)

% hObject handle to edit12 (see GCBO)

% eventdata reserved - to be defined in a future version of MATLAB
% handles empty - handles not created until after all CreateFcns called

% Hint: edit controls usually have a white background on Windows.

%  See ISPC and COMPUTER.

if ispc && isequal(get(hObject, BackgroundColor’), get(0, defaultUicontrolBackgroundColor"))
set(hObject, BackgroundColor','white’);

end

function edit13_Callback(hObject, eventdata, handles)

% hObject handle to edit13 (see GCBO)

% eventdata reserved - to be defined in a future version of MATLAB
% handles structure with handles and user data (see GUIDATA)

% Hints: get(hObject,'String’) returns contents of edit13 as text
% str2double(get(hObject,'String")) returns contents of edit13 as a double

% --- Executes during object creation, after setting all properties.
function edit13_CreateFcn(hObject, eventdata, handles)

% hObject handle to edit13 (see GCBO)

% eventdata reserved - to be defined in a future version of MATLAB
% handles empty - handles not created until after all CreateFcns called

% Hint: edit controls usually have a white background on Windows.

%  See ISPC and COMPUTER.
if ispc && isequal(get(hObject, BackgroundColor'), get(0, defaultUicontrolBackgroundColor"))

55



set(hObject,'BackgroundColor','white");
end

function edit8_Callback(hObject, eventdata, handles)

% hObject handle to edit8 (see GCBO)

% eventdata reserved - to be defined in a future version of MATLAB
% handles structure with handles and user data (see GUIDATA)

% Hints: get(hObject,'String") returns contents of edit8 as text
% str2double(get(hObject,'String")) returns contents of edit8 as a double

% --- Executes during object creation, after setting all properties.
function edit8_CreateFcn(hObject, eventdata, handles)

% hObject handle to edit8 (see GCBO)

% eventdata reserved - to be defined in a future version of MATLAB
% handles empty - handles not created until after all CreateFcns called

% Hint: edit controls usually have a white background on Windows.

%  See ISPC and COMPUTER.

if ispc && isequal(get(hObject, BackgroundColor'), get(0, defaultUicontrolBackgroundColor'))
set(hObject, BackgroundColor','white’);

end

function edit9_Callback(hObject, eventdata, handles)

% hObject handle to edit9 (see GCBO)

% eventdata reserved - to be defined in a future version of MATLAB
% handles structure with handles and user data (see GUIDATA)

% Hints: get(hObject,'String") returns contents of edit9 as text
% str2double(get(hObject,'String’)) returns contents of edit9 as a double

% --- Executes during object creation, after setting all properties.
function edit9_CreateFcn(hObject, eventdata, handles)

% hObject handle to edit9 (see GCBO)

% eventdata reserved - to be defined in a future version of MATLAB
% handles empty - handles not created until after all CreateFcns called

% Hint: edit controls usually have a white background on Windows.

%  See ISPC and COMPUTER.

if ispc && isequal(get(hObject, BackgroundColor’), get(0, defaultUicontrolBackgroundColor"))
set(hObject,'BackgroundColor','white");

end

function edit10_Callback(hObject, eventdata, handles)

% hObject handle to edit10 (see GCBO)

% eventdata reserved - to be defined in a future version of MATLAB
% handles structure with handles and user data (see GUIDATA)
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% Hints: get(hObject,'String') returns contents of edit10 as text
% str2double(get(hObject,'String")) returns contents of edit10 as a double

% --- Executes during object creation, after setting all properties.
function edit10_CreateFcn(hObject, eventdata, handles)

% hObject handle to edit10 (see GCBO)

% eventdata reserved - to be defined in a future version of MATLAB
% handles empty - handles not created until after all CreateFcns called

% Hint: edit controls usually have a white background on Windows.

%  See ISPC and COMPUTER.

if ispc && isequal(get(hObject, BackgroundColor"), get(0, defaultUicontrolBackgroundColor'))
set(hObject,'BackgroundColor','white");

end

function edit7_Callback(hObject, eventdata, handles)

% hObject handle to edit7 (see GCBO)

% eventdata reserved - to be defined in a future version of MATLAB
% handles structure with handles and user data (see GUIDATA)

% Hints: get(hObject,'String’) returns contents of edit7 as text
% str2double(get(hObject,'String")) returns contents of edit7 as a double

% --- Executes during object creation, after setting all properties.
function edit7_CreateFcn(hObject, eventdata, handles)

% hObject handle to edit7 (see GCBO)

% eventdata reserved - to be defined in a future version of MATLAB
% handles empty - handles not created until after all CreateFcns called

% Hint: edit controls usually have a white background on Windows.

% See ISPC and COMPUTER.

if ispc && isequal(get(hObject, BackgroundColor"), get(0, defaultUicontrolBackgroundColor'))
set(hObject, BackgroundColor','white’);

end

function edit6_Callback(hObject, eventdata, handles)

% hObject handle to edit6 (see GCBO)

% eventdata reserved - to be defined in a future version of MATLAB
% handles structure with handles and user data (see GUIDATA)

% Hints: get(hObject,'String’) returns contents of edit6 as text
% str2double(get(hObject,'String")) returns contents of edit6 as a double

% --- Executes during object creation, after setting all properties.
function edit6_CreateFcn(hObject, eventdata, handles)

% hObject handle to edit6 (see GCBO)

% eventdata reserved - to be defined in a future version of MATLAB
% handles empty - handles not created until after all CreateFcns called
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% Hint: edit controls usually have a white background on Windows.

%  See ISPC and COMPUTER.

if ispc && isequal(get(hObiject, BackgroundColor"), get(0, defaultUicontrolBackgroundColor'))
set(hObject, BackgroundColor','white’);

end

function edit5_Callback(hObject, eventdata, handles)

% hObject handle to edit5 (see GCBO)

% eventdata reserved - to be defined in a future version of MATLAB
% handles structure with handles and user data (see GUIDATA)

% Hints: get(hObject,'String') returns contents of edit5 as text
% str2double(get(hObject,'String")) returns contents of edit5 as a double

% --- Executes during object creation, after setting all properties.
function edit5_CreateFcn(hObject, eventdata, handles)

% hObject handle to edit5 (see GCBO)

% eventdata reserved - to be defined in a future version of MATLAB
% handles empty - handles not created until after all CreateFcns called

% Hint: edit controls usually have a white background on Windows.

%  See ISPC and COMPUTER.

if ispc && isequal(get(hObject, BackgroundColor"), get(0, defaultUicontrolBackgroundColor'))
set(hObject, BackgroundColor','white’);

end

% --- Executes Start Button
function pushbutton3_Callback(hObject, eventdata, handles)
% hObject handle to pushbutton3 (see GCBO)
% eventdata reserved - to be defined in a future version of MATLAB
% handles structure with handles and user data (see GUIDATA)
if handles.flag==

msgbox(‘Connect device first');
else
handles.sport. Timeout = 10;
warning off all
%Sample Number
handles.samplenum=get(handles.edit1,'String’);
%Number of Runs
handles.runnum=str2num(get(handles.edit4,'String"));
%Voltage values
handles.Vstl=str2num(get(handles.edit5,'String));
handles.Vsel=str2num(get(handles.edit6,'String"));
handles.Vspl=str2num(get(handles.edit7,'String"));
handles.Vst2=str2num(get(handles.edit10,'String’));
handles.Vse2=str2num(get(handles.edit9,'String’));
handles.Vsp2=str2num(get(handles.edit8,'String"));
handles.Vst3=str2num(get(handles.edit13,'String’));
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handles.Vse3=str2num(get(handles.edit12,'String"));
handles.Vsp3=str2num(get(handles.edit11,'String’));
Con_power="VSET "

if
isempty(handles.samplenum)|lisempty(handles.runnum)|jisempty(handles.Vstl)|isempty(handles.Vsel)|lis
empty(handles.Vspl)|lisempty(handles.Vst2)|isempty(handles.Vse2)|lisempty(handles.Vsp2)|lisempty(ha
ndles.Vst3)|lisempty(handles.Vse3)|lisempty(handles.Vsp3)

msgbox(‘'Incomplete parameter, please check ','Incomplete parameter','warn’);
else
dataU=[(handles.Vstl+handles.Vsel:handles.Vsel:handles.Vspl)
(handles.Vst2:handles.Vse2:handles.Vsp2) (handles.Vst3:handles.Vse3:handles.\Vsp3) (handles.Vsp3-
handles.Vse3:-handles.Vse3:handles.Vst3) (handles.Vsp2:-handles.Vse2:handles.Vst2) (handles.Vspl:-
handles.Vsel:handles.Vstl)];
%dataU=-1*dataU;
h = waitbar(0, Please wait...");
for i=1:handles.runnum

for j=1:length(dataU)

number=1;

fprintf(handles.sport, '++addr 20;
fprintf(handles.sport, ++auto 0');
fprintf(handles.sport, [Con_power, num2str(dataU(j))]);

%Displays voltage value in the GUI
set(handles.edit14, String',num2str(dataU(j)));

while 1

fprintf(handles.sport, '++addr 22;
fprintf(handles.sport, '++auto 1);
datall =fread(handles.sport, 16);

if ~isempty(datall)&& length(datall)==16

temp=(char(datall))";
datalll(number)=str2num(temp(6:16));

%Displays the current value in the GUI
set(handles.edit15,'String',num2str(datalll(number)));
% pause(0.5);

number=number+1;

end

if number==6
break;
end
pause(3)
end
datal(j)=(datalll(1)+datalll(2)+datalll(3)+datalll(4)+datall1(5))/5;

pause(1)
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end
% Xlswrite(['c:\fieldtest\' ,num2str(handles.samplenum),\',numz2str(i)],[dataU;datal]’);
xlswrite([handles.samplenum,’-',num2str(i)],[dataU;datal]");

clear datal;

waitbar(i/handles.runnum,h)

pause(30)

end

close(h)

cf = 2000; % carrier frequency (Hz)
sf = 22050; % sample frequency (Hz)
d=1.0; % duration (s)

n=sf*d; % number of samples

s =(1:n) /sf; % sound data preparation

s=sin(2 * pi * cf *s); % sinusoidal modulation
sound(s, sf);

end

end

% --- Executes on button press in pushbutton4.

function pushbutton4_Callback(hObiject, eventdata, handles)

% hObject handle to pushbutton4 (see GCBO)

% eventdata reserved - to be defined in a future version of MATLAB
% handles structure with handles and user data (see GUIDATA)

if handles.flag==

close all;
else

msgbox('Please disconnect the device first!");
end

% --- Executes on button press in pushbutton5.

function pushbutton5_Callback(hObject, eventdata, handles)

% hObject handle to pushbutton5 (see GCBO)

% eventdata reserved - to be defined in a future version of MATLAB
% handles structure with handles and user data (see GUIDATA)
priorPorts = instrfind ; % finds any existing Serial Ports in MATLAB
delete(priorPorts) ; % and deletes them

msgbox('Reset finished");

% --- Executes on button press in pushbutton6.

function pushbutton6_Callback(hObject, eventdata, handles)

% hObject handle to pushbutton6 (see GCBO)

% eventdata reserved - to be defined in a future version of MATLAB
% handles structure with handles and user data (see GUIDATA)
field;

function edit14_Callback(hObject, eventdata, handles)
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% hObject handle to editl4 (see GCBO)
% eventdata reserved - to be defined in a future version of MATLAB
% handles structure with handles and user data (see GUIDATA)

% Hints: get(hObject,'String') returns contents of edit14 as text
% str2double(get(hObject,'String’)) returns contents of edit14 as a double

% --- Executes during object creation, after setting all properties.
function editl4_CreateFcn(hObject, eventdata, handles)

% hObject handle to editl4 (see GCBO)

% eventdata reserved - to be defined in a future version of MATLAB
% handles empty - handles not created until after all CreateFcns called

% Hint: edit controls usually have a white background on Windows.

%  See ISPC and COMPUTER.

if ispc && isequal(get(hObject, BackgroundColor"), get(0, defaultUicontrolBackgroundColor'))
set(hObject,'BackgroundColor','white");

end

function editl5_Callback(hObject, eventdata, handles)

% hObject handle to editl5 (see GCBO)

% eventdata reserved - to be defined in a future version of MATLAB
% handles structure with handles and user data (see GUIDATA)

% Hints: get(hObject,'String’) returns contents of edit15 as text
% str2double(get(hObject,'String')) returns contents of edit15 as a double

% --- Executes during object creation, after setting all properties.
function editl5_CreateFcn(hObject, eventdata, handles)

% hObject handle to editl5 (see GCBO)

% eventdata reserved - to be defined in a future version of MATLAB
% handles empty - handles not created until after all CreateFcns called

% Hint: edit controls usually have a white background on Windows.

%  See ISPC and COMPUTER.

if ispc && isequal(get(hObject, BackgroundColor’), get(0, defaultUicontrolBackgroundColor"))
set(hObject, BackgroundColor','white’);

end

% --- Executes during object creation, after setting all properties.
function pushbutton3_CreateFcn(hObject, eventdata, handles)

% hObject handle to pushbutton3 (see GCBO)

% eventdata reserved - to be defined in a future version of MATLAB
% handles empty - handles not created until after all CreateFcns called

function editl6_Callback(hObject, eventdata, handles)
% hObject handle to edit16 (see GCBO)
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% eventdata reserved - to be defined in a future version of MATLAB
% handles structure with handles and user data (see GUIDATA)

% Hints: get(hObject,'String") returns contents of edit16 as text
% str2double(get(hObject,'String")) returns contents of edit16 as a double

% --- Executes during object creation, after setting all properties.
function edit16_CreateFcn(hObject, eventdata, handles)

% hObject handle to edit16 (see GCBO)

% eventdata reserved - to be defined in a future version of MATLAB
% handles empty - handles not created until after all CreateFcns called

% Hint: edit controls usually have a white background on Windows.

%  See ISPC and COMPUTER.

if ispc && isequal(get(hObject, BackgroundColor'), get(0, defaultUicontrolBackgroundColor'))
set(hObject, BackgroundColor','white’);

end

function editl7_Callback(hObject, eventdata, handles)

% hObject handle to editl7 (see GCBO)

% eventdata reserved - to be defined in a future version of MATLAB
% handles structure with handles and user data (see GUIDATA)

% Hints: get(hObject,'String") returns contents of edit17 as text
% str2double(get(hObject,'String')) returns contents of edit17 as a double

% --- Executes during object creation, after setting all properties.
function editl7_CreateFcn(hObject, eventdata, handles)

% hObject handle to edit17 (see GCBO)

% eventdata reserved - to be defined in a future version of MATLAB
% handles empty - handles not created until after all CreateFcns called

% Hint: edit controls usually have a white background on Windows.

%  See ISPC and COMPUTER.

if ispc && isequal(get(hObject, BackgroundColor"), get(0, defaultUicontrolBackgroundColor'))
set(hObject, BackgroundColor','white’);

end

% --- Executes on button press in pushbutton?.
function pushbutton7_Callback(hObiject, eventdata, handles)
% hObject handle to pushbutton7 (see GCBO)
% eventdata reserved - to be defined in a future version of MATLAB
% handles structure with handles and user data (see GUIDATA)
global stopflg;
stopflg=0;
if handles.flag==
msgbox(‘Connect device first');
else
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handles.sport. Timeout = 10;
warning off all

handles.appfield=str2num(get(handles.edit16,'String"));
handles.Dtime=str2num(get(handles.edit17,'String’));

handles.samplenum=str2num(get(handles.edit1,'String’));
Con_power="VSET ',

if isempty(handles.appfield)|jisempty(handles.Dtime)||isempty(handles.samplenum)
msgbox(‘'Incomplete parameter, please check ','Incomplete parameter','warn’);
else

num_points=1000;

fprintf(handles.sport, '++addr 20;

fprintf(handles.sport, '++auto 0);

fprintf(handles.sport, [Con_power, num2str(handles.appfield)]);

set(handles.edit14, String',num2str(handles.appfield));

h = waitbar(0, Please wait...");
for k=1:num_points
guidata(hObject, handles);
if stopflg==1;
break;
else

while 1

fprintf(handles.sport, '++addr 22;
fprintf(handles.sport, '++auto 1);
datall =fread(handles.sport, 17);

if ~isempty(datall)&&Ilength(datall)==17
temp=(char(datall))";
data_I(K)=str2num(temp(6:16));

% temp=datall(6:end);

% data_I(k)=str2num(temp);
set(handles.edit15,'String',num2str(data_I(Kk)));
pause(handles.Dtime*3600/num_points);
break;

end
end
end
waitbar(k/num_points,h)

end
close(h)
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fprintf(handles.sport, '++addr 20;

fprintf(handles.sport, ++auto 0');

a=0;

fprintf(handles.sport, [Con_power, num2str(a)]);
set(handles.edit14,'String',num2str("));
set(handles.edit15,'String',num2str("));
xlswrite('Lifetest.xlIs',[(1:k)*handles.Dtime*3600/num_points;data_I]";
clear data_I;

cf = 2000; % carrier frequency (Hz)
sf = 22050; % sample frequency (Hz)
d=1.0; % duration (s)

n=sf*d; % number of samples

s =(1:n) /sf; % sound data preparation

s=sin(2 * pi * cf *s); % sinusoidal modulation
sound(s, sf);

end

end

% --- Executes on button press in pushbutton8.

function pushbutton8_Callback(hObiject, eventdata, handles)

% hObject handle to pushbutton8 (see GCBO)

% eventdata reserved - to be defined in a future version of MATLAB
% handles structure with handles and user data (see GUIDATA)
global stopflg;

stopflg=1,;

guidata(hObject, handles);

64



