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ABSTRACT

Ultrafast electrical components have been required to apply to various devices such
as the high-speed computer, the optoelectronic devices, and the communication systems.
Recently for the communication field, the demanded frequency almost approaches THz
range [1]. Thus, electrical components, operated in terahertz (THz) area, should be devel-
oped. One of the challenging electrical devices is a diode, which has rectifying characteris-
tics. Schottky diode has been used widely to convert alternative current (AC) to direct cur-
rent (DC) in high frequency area. Unfortunately, the applied frequency of Schottky diodes
is limited below THz level [5]. Metal-insulator-metal (MIM) diode has been studied to
overcome the frequency limit due to its fast response time. Some MIM diode results have
expected theoretically an operation up to 100THz level by the nano-scale small junction
dimension and the tunneling current. Therefore, from this structure we can have a motiva-
tion to solve the limit for various THz applications.

Our purpose is to improve the asymmetric of I-V curve as well as the decrease of
RC (resistance-capacitance) constant time in MIM diode structure for high frequency rec-
tifying performance. To achieve these purposes, a simple vertical MIM diode, a lateral
MIM diode, and a metal-insulator-carbon nanotube (MIC) diode have been studied. These
devices were fabricated using optical and electron beam lithography, physical vapor depo-
sition (PVD), growth of a vertically aligned carbon nanotube by plasma enhanced chemi-
cal vapor deposition (PECVD), and lift-off process. The electric characteristics and figure
of merits of these MIM diodes are investigated especially for high-speed operation. The
lateral MIM and the MIC structure have shown the nonlinearity and the asymmetric char-
acteristics depending on structural effect and work function difference. Especially in MIC
diode, it shows a good rectifying performance up to 10 MHz in direct measurement mode
and the estimated maximum cut-off frequency is 3.47 THz.

Keywords: high frequency operation, terahertz (THz), metal-insulator-metal (MIM) diode.
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|. INTRODUCTION

1.1 Theoretical Background

1.1.1 p-n junction & Schottky Diode
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Figure 1.1: A p-n junction in thermal equilibrium with zero-bias voltage applied [1]

The p-n junction is generally used as diodes, a transistor, and solar cells in solid state
electronics. When p-type and n-type materials are located in contact with each other, the
junction behaves rectification from depletion region, as shown in Figure 1.1. The rectification
is to allow an electric current to pass through depletion area in forward direction, while
blocking electric current in reverse direction. The p-n junction diode is generally used to
convert alternating current (AC) to direct current (DC). However, this mechanism is not

suitable for high speed rectification due to the large width of depletion region.
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Figure 1.2: A schematic and energy band diagram of a Schottky barrier diode [2]

The Schottky barrier diode (SBD) is one of the high-speed diodes composed of
metal-semiconductor junction. Compared to p-n junction, Schottky barrier has much faster
mechanism due to narrower junction region and major carrier movement so that it is one of
the promising techniques for increasing operating frequency. Also its asymmetric 1-V
characteristic is enough to commercialize SBD to market for various applications. The most
important advantages of Schottky barrier are a lower forward voltage operation and lower
noise generation for applications. However, the estimated driving frequency limit is less than

5 THz [3, 4]. For much higher frequency applications, the new system or design is required.

1.1.2 Tunnel Diode
The tunnel diode is a type of semiconductor diode which is available to be very fast
operation by using the quantum mechanical effect. It was invented by Leo Esaki when he was

studying heavily doped germanium p-n junctions [5]. By quantum mechanical tunneling, an
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anomalous current-voltage characteristic in the forward direction and a negative-resistance
region were observed in heavily doped diodes. The level of doping of normal p-n junction
diode is very low, composing wide depletion region. In the normal p-n junction, tunneling
effect cannot be observed. Only when the applied voltage is enough to surmount the potential
barrier of the junction, conduction takes place in the normal p-n junction diode. In tunnel
diode, heavily doped semiconductor materials (typically > 10*/cm®) are used to form a
junction. An extremely narrow depletion region can be produced by heavy doping. Also
heavy doping induces the anomalous current-voltage characteristic with a negative-resistance

region compared to that of a normal junction diode.
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/ 4 Region
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>

4

Figure 1.3: I-V characteristics of the tunnel diode [6]



Figure 1.3 shows I-V characteristics of tunnel diode focused on forward direction.
Referred to current axis, the tunneling takes place between origin point and valley point. The
tunneling current increases up to the valley point. After valley point, referred to voltage axis,
the current flow is occurred by overcoming a barrier. The tunneling device can be operated

with lower threshold voltage than general surmount mechanism so that this mechanism is

able to be widely used for high-speed devices.

Tunnel diode

p+ | n+

(@) (b) (© G) ()

Figure 1.4: Simplified energy band diagrams and current-voltage characteristic of a tunnel diode



The necessary conditions for tunneling are: (1) occupied energy states exist on the
side from which the electron tunnels; (2) unoccupied energy states exist at the same energy
level on the side to which the electron can tunnel; (3) the tunneling potential barrier height is
low and the barrier width is small enough that there is a finite tunneling probability; and (4)
the momentum is conserved in the tunneling process [7]. Figure 1.4 shows I-V characteristics
and simplified energy band diagrams of a tunnel diode to describe conduction mechanism at
(a) reverse bias with increasing tunneling current; (b) thermal equilibrium; (c) forward bias V
such that peak current is obtained; (d) forward bias approaching valley current; and (e)
forward bias with diffusion current and no tunneling current [7]. When reverse bias is applied
to tunnel diode as (a), the valence band is closed to conduction band so that the electrons in
valence band can move to conduction band. In thermal equilibrium, there is no electron
movement. From origin to V,, the electron tunnel from conduction band to valence band.
After V, point, referred to voltage axis, conduction mechanism is surmounting a potential
barrier. This mechanism is the fastest movement of electrons than others; thus, it is suitable

for high-speed rectification.

1.1.3 MIM Tunnel Diode
Metal-insulator-metal (MIM) tunnel diode is capable of high-speed rectification,
employing the quantum mechanical effect. This structure is composed by two metals and
very thin insulator layer for tunneling effect which leads the lowest threshold voltage. It
indicates that the tunneling takes place at lower operating voltage than p-n junction and
Schottky barrier so that the MIM tunnel diode is more suitable for high-speed operation; thus,

it can be used for infrared and optical radiation detectors as mixer [7].
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Figure 1.5: The SEM image of a Cat-whisker point contact diode [10]

The earliest MIM device reported in the literature utilized a cat whisker tungsten wire
in contact with a polished metal plate for detection of THz waves, as shown in Figure 1.5.
The contact was not ohmic, and it was assumed that the conduction is induced by means of
electrons tunneling through this uncontrolled insulator. This particular configuration causes
very small capacitance and a low resistance, which leads to a short RC constant time [8]. In
spite of mechanically instable issue, the point contact configuration has been expected to use

in communication field for high-speed rectification from few gigahertz to 150 THz [3, 9].



1.1.3.1 Characteristics of MIM Diode

To become an ideal MIM diode it needs two requirements, the asymmetric |-V
characteristics and the short response time. The asymmetric I-V characteristics are relevant to
conversion efficiency for rectifying performance. The |-V characteristics of perfect
rectification are required to maximize the conversion efficiency. The shorter response time
induces a high-speed rectification. This requirement makes its operation range increase over
infrared and optical region so that it can get opportunity for various applications. These two
requirements are very important to make better performance and to increase the operating
frequency.

To make asymmetric 1-V characteristics in the MIM diode, the metal electrodes have
to be dissimilar with large work function difference. Figure 1.6 shows the tunnel resistance in
the asymmetrical MIM structure, applied to either the metal or another metal with various
thickness of insulator layer, d =20, 30 and 40 A, ®;= 1V, ®,= 2 V. The asymmetric structure
can make different tunnel resistance, when applying voltage to metal 1 or metal 2, continuous
line and discrete line from each thickness, as shown in Figure 1.6. This shows that dissimilar
material can make current flow be different depending on the polarity of voltage. Figure 1.6
also indicates that the tunnel resistances for different polarities are different. For an ideal

asymmetrical MIM structure in the low voltage range 0 < V < @y, the quantities Ad =d and

(D1+ D,-V)/2 (average barrier) are independent of the polarities. Thus the I-V characteristics

are also independent of the polarity. At higher voltage, V > ®,, the average barrier height and

the effective tunneling distance Ad become polarity-dependent [7].
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Another factor is the short response time for high-speed rectification. The MIM diode
is one of tunneling devices. The tunneling transit time should be analyzed to achieve the high

operating frequency. If the tunneling transit time is longer than the period time of incoming

structure [7]
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wave, the device fails to efficiently rectify the incoming wave. For that of the MIM diode,
RC (resistance-capacitance) constant time decides mainly the tunneling transmit time.
Therefore, the capacitance and resistance should be low. The capacitance is proportional to
the surface area [10, 11]. Thus the area has to be kept as small as possible. The following

section explains it more detail.

1.1.3.4 Theoretical Model of the MIM Diode
An equivalent circuit of the MIM diode is shown in Figure 1.7. This model of the
MIM diode can be described by a capacitance (Cp) connected parallel to a fixed resistor and a
non-linear resistor (totally Rp). The fixed resistor expresses the internal resistance of the

MIM diode and non-linear resistor indicates the voltage-dependent resistance.

W o

Figure 1.7: An equivalent circuit of MIM diode



The current flow passed through the capacitor and the resistance (Rp) reduces in this
equivalent circuit so that the capacitance (Cp) and the resistance should be kept small. The

cut-off frequency is defined as:

_ 1
B 2T[RDCD

fe

where fc is the cut-off frequency, Rp is the total resistance of the diode, and Cp is the

capacitance of the diode. The cut-off frequency is one of the important factors to express

high-speed operation, which indicates limited frequency of this device. To increase that of

this device, Rp and Cp must be small, as shown in above equation. The capacitance is defined
as:

_ &&rA
P d

where ¢y is the vacuum permittivity, e is the relative permittivity, A is the contact area,
d is the insulator thickness. According to above equation, the capacitance is mainly affected
by the contact area and the thickness of insulator layer. The oxide layer thickness decides the
tunnel resistance so that the capacitance of the MIM diode is generally defined by the contact
area. Thus, in order to increase operating frequency of the MIM diode, it should be small.
The resistance also affects to the operating frequency; therefore, it is essential to consider the
resistance. The resistance is defined as:

L
RszZ
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where p is the resistivity, L is the length, A is the contact area. Increasing the
thickness d of insulator layer or reducing the contact area can obtain the small capacitance. If
the thickness of the dielectric layer is increased, the non-linearity of 1-V characteristics and
the probability of tunneling are decreased. However, according to resistance equation, the big
contact area and short length affect to decreasing the resistance. The contact area effect is
proportional to capacitance and inversely proportional to resistance. In other words, its two
parameters have trade-off relation so that the resistance and the capacitance cannot decrease
simultaneously. Therefore, the optimized capacitance and resistance, the novel technique and
structure to overcome the trade-off, or finding new material are required to achieve high-
speed rectification.

The tunneling probability is described by the barrier height and width. The

transmission probability is given by the modified Schrodinger Wave equation,

_ /Zm(V—E)
p=¢ N 12

in which P is the transmission probability, d is the thickness of the dielectric, m is a
mass of the electron, V is the barrier height, E is the energy of the electron. According to this
equation, the high transmission probability can be obtained by thin dielectric layer, low
barrier height. The main factor to increase the tunneling probability is the thickness of the

dielectric layer, as shown as above equation [10].

11
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Figure 1.8: Schematic energy band diagram of MIM diode at each bias condition

Figure 1.8 illustrates the change of band gap diagram of the MIM diode at each bias
condition, zero bias, forward bias, and reverse bias. The electrons can be moved to opposite
metal in forward bias and reverse bias applied. Even though the same size bias applies to left
metal and right metal in forward and reverse state, the tunneling probability of asymmetric
MIM diode is different between forward and reverse bias applied due to change of thickness
of the tunnel barrier in Figure 1.8. At forward bias applied, the thickness of the tunnel barrier
is thinner so that the tunneling probability is higher than reverse bias applied. This effect is
similar with control of thickness of the tunnel barrier. It indicates that large different work

function makes much higher degree of asymmetry in the 1-V curve.
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1.1.3.1 Factors limiting MIM diode

The MIM tunneling diode is one of the high-speed rectification devices, which
convert high frequency AC signal to DC signal. In order to operate at THz level, certain
factors are considered to achieve high-speed operation. According to transmission line theory,
parasitic capacitance exists especially at high frequency. Designing a MIM structure should
be taken account of effect of the parasitic capacitance to be minimized. For |-V
characteristics, the MIM diode should be non-linear and asymmetry in I-V characteristics
regardless of external bias applied. The efficiency of rectification is affected by this factor.
To achieve a zero bias response diode, MIM diodes are composed of different two metals that
have large difference work function instead of using same metals. Also the leakage current is
important for that of MIM diode. The leakage current and different work function should be
considered for asymmetric 1-V characteristics, related to conversion efficiency. Another
factor related realization is the CMOS compatible, integration, and stability. The integration

and stability issues are mainly from fabrication process.

1.1.3.2 Structure Tendency of MIM Diode

Recently, various types of MIM diodes have been studied for high-speed rectification
with high efficiency. For initial point contact diode, Cat-whisker diode, a sharp tungsten wire
is used to get much smaller contact area due to lack of fabrication technique to decrease size
up to sub-micron. This device serves as high frequency diode. However, because of
instability, its structure was changed to be more stable, “edge metal-oxide-metal (MOM)
diode.” Figure 1.10 shows the schematic illustration and SEM image of edge MOM diode.
This structure is more stable structure than the point contact Cat-whisker structure. It utilizes
edge of metal forming thin native oxide between flat metal and perpendicularly bent metal [8].

As developing fabrication technique, a vertically simple structure as small as several nano-
13



meter was widely used for high-speed operation [9]. Figure 1.9 shows the TEM image of the
simple structure. The MIM diode is promising structure to achieve much higher frequency
with nonlinear and asymmetric I-V curve from two dissimilar metals. Therefore, the MIM

structure can approach THz region.

~— Ni
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Si0p or Si
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..|'cﬂ’/
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FQ 5004 | km
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\ " -
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Figure 1.10: The schematic illustration and SEM image of edge metal-oxide-metal (MOM) diode [8]
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1.1 Objective
The objectives of this research work in developing asymmetric metal-insulator-metal
diodes were.

® High-speed rectification: The speed of rectification depends upon RC
(resistance-capacitance) constant time. Short RC constant time leads to fast

response time so that it can increase the operating frequency. For small

capacitance, the size of contact area of the MIM diode should be small. For

small resistance, the thickness of insulator within contact area also has to be

thin. The probability of tunneling of MIM diode relies on these two processes,

small contact area and thin insulator layer.

® Non-linearity and asymmetric |-V characteristics: For the asymmetric |-V
characteristics, unidirectional behavior, selection of materials based on work
function should be considered. In order to make quantity of current to be
different between two directions in MIM diode, large work function difference

between two materials has to be chosen.

® Structure of MIM diode: The large work function difference is not enough to
serve as diode. In order to get more asymmetric |-V characteristics, structural
effect should be added to the MIM diode. The sharp tip or high aspect ratio
structure are utilized for field emission (FE) effect in MIM diode. High FE
structure can make more asymmetric 1-V characteristics for achieving high

conversion efficiency.

15



Il. FABRICATION

The three kinds of the MIM diodes, simple MIM diode, lateral MIM diode, MIC
(metal-insulator-carbon nanotube) diode, are fabricated to compare the performance and the
characteristics. In this chapter, the fabrication processes for three kinds of MIM diode are

discussed in detail.

2.1 Fabrication of simple MIM diode
This structure is easy to be fabricated compared with the other structures due to
relatively simple structure. The simple MIM diode was fabricated on Si/SiO, (1000 A) to
prevent the devices from unexpected leakage current that leads to low performance. We
design four kinds of the simple MIM diode structures to investigate the size effect. The
contact area sizes of the four sets are 10 um X 10 um, 15 um X 15 um, 20 um X 20 um, and
25 um X 25 um. There are three different material combination, Al-AlO4-Al, Ni-NiOx-Ni,

and Al-AlOy-Pt, to investigate the effect of that, as shown in Table 2.1.

16



Table 2.1: The description of the samples of simple MIM diodes

Material

o Size of contact area
combination

Samples

10 um X 10 um (3 EA)

15um X 15 um (3 EA)
Sample #1 Al-AlO,-Al

20 um X 20 um (3 EA)

25um X 25 um (3 EA)

10 um X 10 um (3 EA)

15um X 15 um (3 EA)
Sample #2 Ni-NiO,-Ni

20 um X 20 um (3 EA)

25 um X 25 um (3 EA)

10 um X 10 um (3 EA)

15um X 15um (3 EA)
Sample #3 Al-AlO,-Pt

20 um X 20 um (3 EA)

25 um X 25 um (3 EA)

Before starting the fabrication, cleaning the Si/SiO, substrate with dipping into
acetone for 60 seconds and then IPA for 30 seconds was carried out, sequentially, with
ultrasonic agitation. The fabrication processes of the simple MIM diodes are defined as in

Figure 2.1.

17
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Figure 2.1: The whole process steps of the micro-scale MIM diode
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After cleaning process the spin coating was carried out with AZ GXR-601 positive
photoresist (PR) onto the Si/SiO, substrate. The 1500 rpm of spin speed was used to get
approximately 1.5 um of thickness of the PR. Then, the soft bake was performed with 100 °C
for 60 seconds on hot plate. The wafer was exposed by the 40 mJ/cm? of UV from mercury
lamp. The exposed wafer was submerged into AZ 300 MIF developer for approximately 60
seconds. Thermal and electron beam (E-beam) evaporator and sputtering system were used to
deposit the materials onto the Si/SiO,/patterned PR substrate. The materials of aluminum and
nickel (4N and 4N5 of purity) were deposited by the thermal evaporator system with the ratio
of 1 A/second due to relatively low melting temperature of that; however, the high melting
temperature of the platinum (4N of purity) is one of the reasons of employing the RF
sputtering instead of the thermal evaporation system. After metal deposition, continuously the
lift-off was carried out with acetone to obtain final bottom electrode. The lift-off can be
affected by how to be performed, depending on material, substrate, size of pattern, and so
forth. However, the size of designing this pattern is not small over 10 um; thus, it is relatively
less sensitive than that of smaller size pattern. Then we employ native oxide to form insulator
layer. Aluminum and nickel are to easily get thin native oxide as 2~7 nm. The processes from
spin coating to lift-off were repeated with align technique of UV photolithography step.
Finally, the simple MIM diodes were completely fabricated in shown as Figure 2.2. The
pattern was designed by MyCAD and exported to Gerber Il format to make 5” chrome

photomask.
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(a) (b)

Figure 2.2: The simple MIM diode (a) the real pattern design (b) schematic illustration of the simple

MIM diode

2.2 Fabrication of Lateral MIM Diode

The structure of lateral MIM diode is similar with the laid point contact MIM diode.
The Si/SiO; (1000 A) is used to block unexpected current from other path ways. We design
the various lateral MIM diode structure with changing gap between two metals on Si/SiO,
substrate. The fabrication is composed of photolithography and electron beam lithography
(EBL) for pad and small lateral MIM patterns, respectively. The EBL is generally used to get
fine smaller pattern. It commonly employs PMMA (polymethyl methacrylate) that is very
sensitive to high energy electrons for direct write EBL. The lateral MIM diodes are defined as

in Figure 2.3.
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Figure 2.3: The whole process steps of the lateral MIM diode
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After cleaning process the AZ GXR-601 positive PR spun on the Si/SiO, substrate to make
bonding pad design and bottom electrode. The thickness of PR is about 1 um with 4000 rpm
of spin speed. Then, the soft bake was carried out with 100 °C on hot plate for 60 seconds.
The wafer was exposed by laser writer of HIDELBURG, maskless photolithography, with
100 mW of intensity and 60 of focus. The exposed wafer was dipped into AZ 300 MIF
developer for 60 seconds. The niobium of 150 nm thickness was deposited by E-beam
evaporator with the ratio of 1.5 A/sec due to high melting temperature. The lift-off was
performed by submerging into acetone and then cleaning it with IPA for approximately 30
seconds. After lift-off the fabrication of bottom electrode and bonding pad, E-beam
lithography pattern was carried out. For the EBL, MicroChem Corporation’s PMMA A3 was
used as positive electron beam resist (ER). The PMMA A3 layer was coated on a wafer with
5000 rpm for 40 seconds to obtain the thickness of 90 nm. The sample was baked for 300
seconds on a hotplate at 170 °C. The EBL was carried out using a JEOL JBX-9300 Electron
Beam Lithography System. This system generally operates with 100kV of acceleration
voltage and 1 nA of current. For our devices, we used 300 uC/cm? as optimized dose with
alignment between bonding pad and bottom electrode. The development was then carried out
with the ratio of 1:1, methyl isobutyl ketone (MIBK): IPA, for 180 seconds. The titanium and
platinum were deposited by RF sputtering, 5 nm and 45 nm, respectively. Following that the
lift-off was performed with acetone. The thin oxide layer as thin as 20 nm was formed by RF

sputtering (at 1 X 107 torr of process vacuum) to the whole area.

2.3 Fabrication of Metal-Insulator-Carbon nanotube Diode
The MIC diode is a kind of point contact structures, similar with “Cat-whisker diode”.
However, this structure not only has smaller contact area and higher aspect ratio from the

structure of a CNT, but also overcomes the mechanical instability using vertical growth
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technique with sustaining by SU-8 polymer. The Figure 2.4 and 2.5 show the whole process
step of the MIC diode, 3D and cross-section view.

After cleaning process the spin coating was performed with AZ GXR-601 positive
PR on the Si/SiO; substrate to form bottom electrode. The thickness of PR is about 1 um with
4000 rpm of spin speed. Then, the soft bake was carried out with 100 °C on hot plate for 60
seconds. The wafer was exposed by laser writer of HIDELBURG, maskless photolithography,
with 100 mW of intensity and 60 of focus. The exposed wafer was dipped into AZ 300 MIF
developer for 60 seconds. The 150 nm of niobium was deposited by E-beam evaporator with
the ratio of 1.5 A /sec. The lift-off was performed by submerging into acetone. After lift-off
the fabrication of bottom electrode was completed. And a cycle of this fabrication based on
photolithography and lift-off was repeated to form oxide layer and contact pad opening. The
PMMA A3 layer was applied to the sample after lift-off using a wafer spinner at 5000 RPM
for 40 seconds to obtain the thickness of 90 nm. The sample was baked for 300 seconds on a
hotplate at 170 °C. In fabrication of the MIC diode, the EBL was carried out using a JEOL
JBX-9300 Electron Beam Lithography System to compose the catalyst, 100 nm, to grow a
CNT. The 400 uC/cm? was used as optimized dose with alignment on the selected area. The
development was then carried out with submerging the developer including ratio of 1:1,
MIBK: IPA, for 180 seconds. The 20 nm of nickel as the catalyst for a CNT was deposited by
RF sputtering. Then, the lift-off was carefully performed by just agitation by hand due to
small size of pattern. After formation of the catalyst, the PECVD, Black Magic 2 inch system
of AIXTRON, was carried out to vertically grow a CNT with C,H,/NHj3 gas flow, 600V of
plasma intensity, 650 °C of temperature, and 10 minute of growth time on patterned nickel
catalyst position. After the growth of a CNT on selected location, the spin coating is
performed with SU-8 2002 negative PR at 4000 RPM for 1.5 um thickness to prevent a CNT

from mechanical instability and sustain the top electrode. The sample was baked on a hot
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plate with 95 °C for 90 seconds. The sample was then exposed by UV with a dose of 70
mJ/cm? The development was carried out using SU-8 developer for 60 seconds. The thin PR
layer on CNT was removed using O, plasma for 30 seconds to connect with top electrode, in
sequence. The hard bake is consisted of two steps. As first step the temperature increased
from 20 °C to 150 °C for 300 seconds to prevent SU-8 polymer from stress and deformation,
and then kept 150 °C for 300 seconds. Following this process, the AZ GXR-601 positive PR
spun onto the hard-baked SU-8 2002 PR to make top electrode. The sample was exposed with
higher dose (60 mJ/cm?) due to partial change of profile of the substrate and the development
was same as previous AZ GXR-601 condition. The aluminum was deposited by thermal
evaporator to easily get lift-off. The lift-off was carefully performed because the adhesion
between hard-baked SU-8 2002 and aluminum is not good. The yield almost depends on the

last lift-off process. The MIC diode was completely fabricated, as shown in Figure 2.6.
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Figure 2.4: The whole process steps of the MIC diode (3D view)
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Figure 2.6: The schematic illustration of MIC (metal-insulator-carbon nanotube) structure
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lll. ELECTRIC CHARACTERISTICS AND RESULTS

3.1 Electric characteristics of simple MIM diode
A simple MIM diode has vertical sandwich structure with thin oxide layer between
two metals for tunneling effect, which leads to a low threshold voltage and a high frequency.
Work function difference and small junction area are the very important factors for high
frequency diode. Because, the work function difference and small junction area make

asymmetric 1-V curve for rectification and small capacitance, respectively.

Figure 3.1: The schematic diagrams and photo image of the a simple MIM diode
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Figure 3.1 shows the schematic diagrams and photo image of the symmetric structural
MIM diode. These diodes are the material sets of Al-AlOx-Al, Ni-NiOx-Ni, and Al-AlOx-Pt
for work function difference and each material sets has four dimensional-set structure, 25 X
25 um?, 20 X 20 um?, 15 X 15 um?, and 10 X 10 um?. Although the dimension of the diode is
hard to compare with nano-scale simple MIM diode due to the large difference of the scale

between them, the characteristics are enough for the study.

Table 3.1: Work Functions

Materials Work functions (eV)
Al 4.28
Ni 5.15
Pt 5.65

Oxide

Figure 3.2: The band diagram of sets of Al-AlO,-Al, Ni-NiO,-Ni, Al-AlO,-Pt

Table 3.1 shows work functions of each material, aluminum, nickel, and platinum.
The combination of Al-AlO,-Pt has asymmetrical structure. The work function differences
are 0 eV and 1.3 eV for symmetrical structure and asymmetric structure, respectively,
subtracting work function of aluminum from platinum. Figure 3.2 illustrates the band

diagram of sets of AI-AIO,-Al, Ni-NiO,-Ni, AI-AIO,-Pt. The band diagram also presents
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work function difference of each material using the distance from the top of oxide to the
material block.

Figure 3.3 shows the TEM image of cross-section view of Al-AlO4-Al MIM structure.
The thickness of native oxide layer is about 5.6 nm. The aluminum and nickel is easy to

obtain thin native oxide layer so that these materials were used to form bottom electrode.

Figure 3.3: The TEM image of cross-section view of Al-AlO,-Al MIM structure

30



6.0x10°

__ 3.0x10° — rrrrrrrrrrrrrrrrrrrrrr rrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrr rrrrrrrrrr
)=
>
<
2 0.0
(2]
c
[}
©
g 1 1
S 30x10° _ ,,,,,,,,,,,,,,,,,,,,,, ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, —s— Al-AIOX-Al|
o 1 1 —eo— Ni-NiOx-Ni
—a— AJ-AIOx-Pt
-6.0x10° ; - ; : : ; : ;
-0.10 -0.05 0.00 0.05 0.10
Volatage (V)
(a)
0.02
0.00
S
< 002
>
z
-(_3 | | | |
-0.04 _ ,,,,,,,,,,,,,,,,,,,,, 777777777777777777777777777777777 —— AI'AlOX'AI 7777777777
| | —o— Ni-NiOx-Ni
—A— AI-AlOx-Pt
-0.06 * . ; . . ; . ;
-1.0 -0.5 0.0 0.5 1.0
Voltage (V)
(b)
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Figure 3.5: Electrical characteristics of the MIM structure (a) 1-V characteristics of various size of

junction area of Al-AlO,-Pt (b) fifth-order polynomial fit
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Figure 3.4 and Figure 3.5 shows the electrical characteristics of the MIM structure,
current density, I-V characteristics, and polynomial fit. These values measured by Keithely
4200 SCS in DC probestation with microscope. Al-AlO,-Al and Ni-NiO,-Ni devices have the
almost symmetrical 1-V curve at negative to positive bias sweep, as shown in Figure 3.4 (a).
The work function is related to the energy of the electron, which is associated with the
tunneling probability; thus, the probability of tunneling is almost equal to both directions,
negative and positive bias, due to the same work function of two electrodes, as shown in
Figure 3.4 (a).

Even though Al-AlO-Pt structure makes the different barrier formations to the oxide-
metal interfaces due to the difference of material work functions, the asymmetric effect of I-
V curve is quite small. The contrast ratio at + 1V is about 1.05. Generally the work function
difference among metals is below 1eV, so that it is not easy to get high rectifying effect using
this MIM structure. The asymmetric phenomenon can be shown at the fifth-order polynomial
fit. Since the current can flow to both directions due to the almost symmetric I-V curve, it is
hard to expect the rectifying effect despite using the MIM diode structure for high frequency
region. Therefore, other structures and mechanism should be considered to overcome the

limits.

3.2 Electric characteristics of Lateral MIM diode
To solve the symmetric 1-V characteristics, the new asymmetric MIM structure is
considered. This idea is from certain experiment, the characteristics of Al-AlOx-Probe tip

structure on the Si/SiO, substrate with moving to Z-location, as shown in Figure 3.6.
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Figure 3.6: The description of the measurement of Al-AlOx-Probe tip (Au) structure on the Si/SiO,

substrate with moving to Z-location

The sharp tip, probe tip, is used as top electrode to investigate structure effect. Its
structure is Al-AlOy-Probe tip for structural asymmetry. The preparation of the sample is only
metal deposition by thermal evaporator and spontaneously forming native oxide layer
approximately 6 nm. Before measuring the characteristics, a probe tip is located onto the
aluminum passed through the native oxide layer and keeps this location especially to Z-
direction. Another probe tip was positioned on AlOy layer. Then, the probe tip moves to a

little bit down and we measure the 1-V characteristics, repeatedly.
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Figure 3.7 shows Electrical characteristics of the AI-AlOy-Probe tip structure, the I-V
characteristics and fifth-order polynomial fit. At the position of non-contact, there is no
current flow. The difference of the current flow and the asymmetric 1-V curve depends upon
the Z-location of probe tip. Even though the sharpness of the tip of the probe is lower, the
asymmetric characteristic of I-V curve is larger than that of the structure based on work
function difference. For more accurate data, another experiment was carried out using much
thicker SiO, layer, 20 nm, as shown in Figure 3.8. Figure 3.9 shows the I-V curve of the Al-

SiO,-Probe tip structure at certain Z-location in SiO, layer.

Move to this direction

l

* Experiment sequence Probe : W coated by gold
|__Si0, |

Move to down a little bit (Z-location), contacting on SiO, layer

voltage range -5to 5V

A 4

] Measure
If it does not observe current flow, repeat the movement and

measurement

Yes : End, No : Repetition

Figure 3.8: The description of the measurement of Al-SiO,-Probe tip structure on the Si/SiO, substrate

with moving to Z-location
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Figure 3.9: The I-V curve of the Al-SiO,-Probe tip structure

The result of certain Z-location is good rectifying behavior from -200 V to 200 V
under DC bias state. The current flow at negative region is very small, while positive region
can make the current flow of mA level. Even though measurement range is too broad up to
200, the asymmetric |-V curve can be observed with much bigger order than the simple MIM
structure. Based on these experiments, the different metal electrode shape can be considered
to get much more asymmetric characteristics.

The sharp or high aspect ratio structure can make the large difference of potential
barrier with material work functions difference. For the flat metal and the insulator under

applied electrical field, the potential energy (PE) can be written as

2

PEy_o(x) = (Ep + ¢) — — exE (D

l6meyx
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However, if the flat metal structure is changed to sharp structure, the PE equation is also

changed to including B, field enhancement factor (2).

2

PEy_o(x) = (Ep + ¢) — — PexE (2)

lémegx
The current from sharp or high aspect ratio structure is described by Fowler-Nordhiem
equation [13]:

wp? (ot
¢ P\ TBE

J=A4 (3)

The B is mainly affected from the electrode structure. The sharp or high aspect ratio
structure makes the higher B, so that the sharpness induces the higher tunneling current and
the lower PE. For the ideal case, the 3 value can be increased to 2000 [13]. The potential
energy in (2) equation can be changed with much higher order than (1) equation. Therefore,

the more asymmetric |-V curve can be obtained by structure effect.

Gap: 41nn

Figure 3.10: SEM image of the lateral MIM structure (a) the lateral structure with narrow gap (b)

magnified view of gap of the lateral structure
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To apply the idea to diodes structure, the lateral asymmetric structure is designed. Figure 3.10
shows the SEM image of the lateral MIM structure. The structure consists of flat metal and
sharp tip-like structure. The lateral asymmetric structure is fabricated by E-beam lithography
with very narrow gap approximately 41 nm. The structure is made of Niobium and
titanium/platinum with flat structure and sharp tip, Nb-SiO,-Ti/Pt lateral MIM diode. This
structure is enough to reduce the PE as well as increase the tunneling current with high R
value.

The electrical characteristics of the asymmetric lateral MIM diode are shown in
Figure 3.11. These graphs show rectifying characteristics and Fowler-Nordhiem tunneling
plot without polynomial fit. Its threshold voltage is about 20 V. The straight line in Figure
3.11.(b) presents the evidence to induce Fowler-Nordhiem tunneling over the threshold
voltage range. It can be better performance as diode than the symmetric MIM diode.
Although it has good rectifying characteristics and tunneling effect, the operating voltage is
as high as over 20 V due to high resistance from widen the gap size, which lead to low cut-off
frequency. The estimated cut-off frequency is approximately 15.47 Hz. It also is hard to
precisely control the gap size and less asymmetry improvement than we expected, due to
system accuracy. If it can be an ideal model, the accuracy of control of the gap is less than 1

nm.
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Figure 3.11: The electrical characteristics of lateral MIM diode (a) I-V curve of Nb-SiO,-Pt lateral MIM
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3.3 Electric characteristics of MIC diode

Figure 3.12: The schematic illustration of the MIC diode

To solve the problem of the lateral MIM structure, the MIC (Metal-Insulator-Carbon
nanotube) structure is suggested. Figure 3.12 shows the schematic illustration of the MIC
structure. The vertically aligned multi-walled carbon nanotube (MWCNT) was formed to
selected position on Oxide/Metal layer. To remove the current flow between the bottom and
the top electrode directly and to from electrode on top of the MWCNT, 2 um polymer (SU-8)
was coated on CNT/Oxide/Metal structure. The thick polymer prevents the current flow. The
almost current flows through metal-insulator-CNT-metal pathway. For positive bias, the

small sharp nano-electrode, CNT, has a high electric field density.
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Figure 3.13: the The various simulation results based on the electric potential of the MIC structure by

COMSOL

Figure 3.13 is the results of field simulation using COMSOL. The field distribution in
MIC structure can be indirectly observed through various kinds of simulation results. The
color presents the level of electric potential. All simulations were carried out under applied 5
V and 0 V bias to the top of a CNT and the bottom of niobium, respectively. The high aspect
ratio CNT structure can induce the field emission tunneling effect. The lower potential from
the high 3 value make the higher current flow.

Figure 3.14 shows the image after forming catalyst on the niobium electrode with thin
SiO; layer for the MIC diode. Figure 3.15 shows image of the whole MIC structure and SEM
image of a vertical aligned multi-walled carbon nanotube (MWCNT). The advantages of
MIC structure are that it is not only easy to acquire small junction area and control of the gap
between metallic layers, but also good field emission effect due to high aspect ratio of a CNT

(% = 200~2000) as well as good conductivity.
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Figure 3.14: The photo image and SEM image after forming catalyst on the Nb bottom electrode with

thin SiO; layer for the MIC diode

Figure 3.15: The photo image of the whole MIC structure and SEM image of a vertical aligned multi-
walled carbon nanotube (MWCNT) using PECVD with C,H,/NH; gas flow, 600V of plasma intensity, 650

°C of temperature, and 10 minute of growth time on patterned Ni catalyst position
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Figure 3.16: The electrical characteristics of MIC diode (a) I-V curve of Nb-SiO,-MWCNT structure (b)

the plot based on Fowler-Nordhiem tunneling model
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Figure 3.16 shows the asymmetric |-V characteristics with low leakage current. This
behavior is much better than the characteristics of lateral MIM structure. The much lower
threshold voltage means that it can rectify much higher frequency. This straight line in the
plot based on Fowler-Nordhiem tunneling model indicates that the current flow is mainly
induced by the tunneling effect. To verify the pathway to flow current, the MIC structure
without a CNT was fabricated and measured. Figure 3.17 shows I-V characteristics of MIC
structure without a CNT. The current level is several fA so that we sure that the almost
electrons pass through Nb-SiO,-CNT pathway. Thus, the MIC structure is very suitable for
diode behavior. However, the threshold turn-on voltage is as high as 1V, mainly depending
on thickness of oxide layer. Even though the thickness of SiO, layer of the sample is about 40
nm as same as the lateral MIM structure, it has much higher current flow. We assume that the

electrical properties of a CNT can induce much higher tunneling current.
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If the thickness decreases, much lower threshold can be obtained. The MIC structure
is easier control the thickness of oxide layer due to bottom-up structure, compared to lateral

MIM structure. The estimated maximum cut-off frequency is 3.47 THz.

3.4 Rectification performance

Rectification performance from AC signal is much more practical result than 1-V
characteristics so that it should be studied three kinds of the MIM structures. 1-V curves were
measured under DC bias state; however, rectification is to convert AC signal to DC signal.
The conversion efficiency and cut-off frequency can be studied under AC source state. Thus,
these factors were measured by two channel oscilloscope, Tecktronix’s TDS 2012C. The AC
source was generated by wave form generator, Agilent’s 33250A. Figure 3.18 is the
measurement set-up for rectification performance. The four kinds of diodes, commercial
Schottky, simple MIM (Al-AlO4-Pt), lateral MIM, and MIC diode, were measured to
compare the rectification performance each other. The measurement was performed with the

frequency (60 Hz ~ 80 MHz) and voltage (-10 V ~ 10 V), due to the equipment limitation.
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Figure 3.20: Rectification performance of simple MIM diode (a) 60 Hz (b) 1 kHz (c) 500 kHz (d) 10 MHz
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Figure 3.21: Rectification performance of lateral MIM diode (a) 60 Hz (b) 1 kHz (c) 500 kHz (d) 10 MHz

48



Te(§ A Trig'd M Pos: 3.600ms MEASURE Te! . @ Stop M Pos: 3.600ms MEASURE
+
a)

7N = 7\ J

\ _/ \\ X k / N é Pk-Pk

e - e ) il | .._71__ —_—f =A==
\

% ) \ \J \\/ N

CH2 10.0Y M 5.00ms CH2 100Y M 250us

18-Sep-12 2216 18-Sep-12 22117
Tek Al M Pos: 3.600ms MEASURE Tek Al Trig’d M Pos: 3.600ms MEASURE

o;,,.t;; / m\\ / a l\\\ //'/ F:L"jhz
- —/ ,~—/— —— X 3 o
o \‘w// \‘w,//

I 500ns CH2 10.0Y M 25.0ns
18-Sep-12 22221 CH1 vertical position 1,00 divs (5.004)

Figure 3.22: Rectification performance of MIC diode (a) 60 Hz (b) 1 kHz (c) 500 kHz (d) 10 MHz

Figure 3.19 ~ 22 show the rectification performance of Schottky, simple MIM (Al-
AlO,-Pt), lateral MIM, and MIC diode, in sequence. The upper line is an output signal and
the bottom line is the input signal. The almost AC signal into the simple MIM diode passes
without rectification. As mentioned previously, because it has symmetric 1-V curve, its
behavior is similar to resistance. In the graph of lateral MIM diode, it is also similar to the
simple MIM diode, because the threshold voltage is over 20 V; thus, it cannot rectify below
20 V source. Although the rectification performance of Schottky barrier diode is good at 60
Hz, over 1 kHz too much the leakage current takes place. However, the MIC diode shows a
perfect rectification performance without the leakage current at 60 Hz. From 60 Hz to 10
MHz, its rectification performance is quite a good. As increasing frequency, the output signal

is changed. At 10 MHz, the few negative bias passes through the diode.
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IV. CONCLUSION

The simple MIM, the lateral MIM, and the MIC diode have been fabricated and
studied to rectify the high frequency wave to DC signal for various applications, such as
communication, biology, energy harvesting, and so forth. Table 4.1 provides comparison with
the three devices which have been fabricated.

The simple MIM diode has very low capacitance and resistance from thin native
oxide layer as small as about 2 ~ 7 nm so that it can provide a good opportunity to operate at
high frequency; however, its non-linearity is very poor. The lateral MIM diodes has very
sharp tip to overcome the lack of non-linearity. Even though this asymmetric structure is
better to get more non-linearity, its threshold voltage is quite high due to the gap as long as
41 nm between two electrodes. If gap as small as about 10 nm can be formed, this structure
can be a good candidate of the high frequency MIM diode. It depends on fabrication
technique, especially in E-Beam lithography step. In our case, the lateral MIM diode is hard
to control the gap size so that we come up with novel structure, MIC diode. The performance
of MIC diode is the best in both non-linearity and cut-off frequency compared to the simple
and lateral MIM diode. Although in MIC diode case the oxide thickness is about 40 nm, the
non-linearity, asymmetry, and cut-off frequency of the MIC diode is a better than the others
due to FE effect from high aspect ratio of a CNT. If the thickness of the oxide layer decrease,
higher performance is expected; however, too thin oxide layer can induce symmetric 1-V
characteristics so that the thickness of the oxide layer should be optimized. The three types of
MIM diode are introduced to obtain high performance, especially for non-linearity and high
cut-off frequency. The best model among three devices is MIC diode. This asymmetric

structure is better to get non-linearity and using a CNT is one of the solutions to overcome
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trade-off between resistance and capacitance. The structure effect is considered to be ideal

high frequency diode. It shows a good rectifying performance up to 10 MHz in direct

measurement mode and the estimated maximum cut-off frequency is 3.47 THz.

Table 4.1 Comparison with the simple MIM diode, lateral MIM diode, MIC diode

Simple MIM diode Lateral MIM diode MIC diode

¢

Schematic
illustration
Lateral point contact Vertical point contact
Structure Simple structure Structure Structure
(For field emission effect) (For field emission effect)
Non-linearity Poor Good Best
Asymmetric 1-V Poor Good Best
characteristics
Tunneling - Good Best
Resistance Very small Very high Very small
Capacitance Small Small Small
FC”t'Oﬁ High 15.47 Hz 3471 THz
requency
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