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ABSTRACT

INFRARED SENSING SYSTEMS USING CARBON
NANOTUBE BASED PHOTODETECTORS

By

Hongzhi Chen

Infrared (IR) sensing systems have versatile applications; however, low performance and
high cost of the conventional photodetectors have prevented their widespread utilization in
various fields. Carbon nanotube (CNT), a promising nano-material with excellent electrical
and optical properties, has potential to develop high performance IR detectors compared to
their conventional counterparts. However, there are three major difficulties that impede the
application of CNT based photodetectors for imaging systems. Firstly, there are challenges
in design, fabrication, and testing of CN'T photodetectors because of their nano-scale size
and unique geometry. Secondly, the small diameter of the CNTs results in low fill-factor
(absorption area). Thirdly, it is difficult to fabricate large scale of photodetector array for
high resolution focal plane due to the limitations on the efficiency and cost of the manufac-
turing. The issues related to the design and fabrication of CNT based photodetectors were
addressed by configuring the device in field effect transistors with different metal and gate
structures. In addition, the theoretical foundations as well as the implementation schemes for
the development of nano-structure lens to improve absorption efficiency of IR detectors were
developed. The topics include the optical antennas that confine light into a sub-wavelength
volume, as well as photonic crystals to increase the effective absorption area. Furthermore,
a novel CNT based IR sensing system was developed. The experimental results showed
that the new IR sensing system can achieve the superb performance enabled by CNT based

photodetectors, and, at same time, to obtain high resolution and efficient imaging.
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Chapter 1

Introduction

1.1 Overview

Infrared (IR) sensing systems, including IR cameras and IR detection systems, were widely
employed in various areas, including military, manufacturing quality control, medical diag-
nosis, weather forecasting, environmental monitoring, and so on. The core component of
IR sensing systems is the photodetector, which detects heat distribution, rather than visible
light, according to the blackbody radiation theory. IR spectrum, especially middle-wave IR
(MWIR), is of particular importance, since electromagnetic emission from humans and the
atmosphere are within this spectrum.

The photodetectors mainly determine the performance of IR cameras. There are two
categories of traditional photodetectors, including thermal detectors and photon detectors.
Both detectors have their own limitations: thermal detectors have slow response and low
detectivity; while photon detectors have narrow and selective spectral detection, and need
to operate at cryogenic temperature. Therefore, an IR sensing system with fast response,
low detectivity, multi-spectral detection, and room temperature operating is demanding.

With the development of nano-technologies, one-dimensional (1D) materials, including
nanowires and nanotubes, emerged as important components in photonics and optoelec-
tronics. Compared to traditional semiconductors, 1D materials possess a number of unique

properties arose from their geometries, making them potential candidates to outperform



traditional photodetectors. In particular, carbon nanotubes (CNTs) are of great interest
for exploring as functional elements for 1D photodetectors due to their perfect nano-hollow
cylinder structure. Assembling a CN'T thin film has been demonstrated, but the interaction
between CNT's in thin film resulted in the loss of their unique optical properties. Therefore,
one single CNT is more favorable to fabricate high performance photodetectors.

However, there is no reliable manufacturing technique to fabricate large scale CN'T based
photodetectors, preventing the integration of CNT photodetectors into traditional sensing
systems, particularly the focal plane array imaging system. An alternative sensing platform
is required to utilize small number or even a single CNT photodetector. Aiming to taking
advantages of the outstanding optoelectronic properties of CNTs, we developed an IR sensing
system that integrated a CN'T photodetector into a novel camera structure that can use a
few or even a single photodetector. The sensing system can achieve the superb performance
enabled by CNT based IR detectors, and, at same time, to obtain high resolution and efficient

imaging.

1.2 Background and Literature Review

1.2.1 Blackbody Radiation

All matter emits electromagnetic (EM) waves at temperature above absolute zero (0 K).
This is known as thermal radiation. Thermal radiation is also called IR radiation, which
covers a wide EM spectrum ranged from 0.77 pm to 1000 pum.

Blackbody is an idealized entity that absorbs all radiation falling on it, but reflects none.
Blackbody radiation is the emission of a blackbody at unity efficiency. Therefore, blackbody

emission has a temperature-dependent characteristic frequency distribution when it is at



a uniform temperature. Blackbody radiation provides a convenient theoretical model to
predict emitting properties of objects.
The Planck’s law describes blackbody’s energy distribution of different wavelengths at a

given temperature:

2 hc?
W/\ — he (11>
A (eNT — 1)

h is the Planck constant, c is the speed of light, X is the wavelength, k is the Boltzmann
constant, and T is the absolute temperature of the blackbody.
The Wien’s displacement law predicts the wavelength (Ap,qz) that delivers the highest

intensity of radiation at a given temperature:

b
maxr — 1.2
Mo = 2 12)

b is the Wien’s displacement constant with a value of 2.898x 1073 m-K. The Amaz de-

creases with increasing temperature.
The Stefan’s law estimates the total energy radiated in an given area per unit time at a

certain temperature:

W =ocAT* (1.3)
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Figure 1.1: Energy distribution of a blackbody at three temperatures. The dot line indicates
the Wien’s law. (For interpretation of the references to color in this and all other figures,
the reader is referred to the electronic version of this dissertation.)

o is the Stefan’s constant with a value of 5.67x1073 Jm 2K %, A is the surface area of
the body. Total radiation energy is proportional to 74, thus a minor increase of blackbody
temperature will involve a relative major change of the total energy.

Figure 1.1 shows the blackbody radiation at three temperatures according to the Planck’s
law. The dot line reflects the Wien’s law. The peak radiation wavelength at 300 K is at 10
um, which cannot be seen by human eyes. The peak radiation wavelength blueshift with
increasing temperature, gradually approaching visible light. The radiation of a real object
can be calculated according to these three laws, adjusted by the emissivity €. ¢ is the ratio

of energy radiated by a real object to that of the blackbody radiation.



1.2.2 Infrared Detectors

The core component of the IR sensing systems is the IR detector. IR detectors are photode-
tectors that convert electromagnetic signals within IR spectrum into other forms of signals
(current or voltage) for detection and quantification.

The IR detectors can be mainly categorized into two classes: thermal detectors and pho-
ton detectors. Photon detectors generate electrical outputs through the direct interaction
between photons and electrons, photo-exciting bound electrons of semiconductors from va-
lence band to conduction band. Thermal detectors change the temperature of photosensitive
materials by absorbing incident radiation, resulting in some physical properties change that
converts into electrical outputs.

Depending on the working principles, photon and thermal detectors can be sub-divided
into different types, as shown in Figure 1.2. Three main types of photon detectors are
photovoltaic, photoconductive, and photoemissive detectors. Photovoltaic detectors utilize
their internal built-in potential to separate photo-excited electron and hole pairs in order
to generate current or voltage for detection, for example the p-n junction. Photoconductive
detectors detect the change of conductivity caused by the increase of photo-excited electrical
carriers, and external bias are required to operate. Photoemissive detectors collect electrons
escaped from a photosensitive surface, which absorbs IR radiation and delivers enough kinetic
energy for electron escaping.

Three main types of thermal detectors are thermistors, pyroelectric detectors, and ther-
movoltaic detectors. Thermistors sense the conductivity change of the functional element
due to the change of temperature upon the absorption of IR photons, and bolometer is one of

thermistors. Pyroelectric detectors measure the electric field generated by the temperature-



IR Detectors
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Figure 1.2: The classification of IR detectors.

dependent dipole moment change of the responsive elements. Thermovoltaic detectors are
also called thermocouples or thermopiles. Upon IR illumination, the temperature change of
the junction of two dissimilar metal produces a voltage for detection due to the difference of
Seebeck coefficients of two metals.

Table 1.1 compares the performance of photon and thermal detectors. Thermal detectors
require heating the detection element in order to detect IR signals, therefore they have
an inherently slow response and relatively low detectivity compared to photon detectors.
However, thermal detectors can be operated at room temperature and have a wide spectral
response, while photon detectors have narrow and selective spectral response depending on
their bandgap energies and most of them need to be operated in cryogenic temperature. As
a result, the manufacturing of photon detectors are more expensive than thermal detectors.

Our research will focus on developing an IR sensing system using CNT based photon

detectors, because photon detectors using nano-materials may address the problems of the



Table 1.1: Performance Comparison of Photon and Thermal Detectors

Photon Detectors Thermal Detectors

Speed Fast Slow

Operation Temperature Cryogenic Cooled Room Temperature
Detectivity High Low

Spectral Response Narrow Wide

Cost Expensive Economical

narrow spectral response and requirement of cryogenic cooling.

1.2.3 Image Acquisition in Scanning and Staring Configuration

In IR sensing systems, in particular IR cameras, the photodetectors must be distributed over
the focal plane (image plane) in order to capture the spatial IR images. The photodetector
distribution across the entire image can be accomplished by systems in scanning or staring
configurations [1]. Scanning configuration scans the image across a single photodetector or a
linear detector array. Staring configuration has a two-dimensional (2D) photodetector array
distributing in the focal plane (focal plane array), as shown in Figure 1.3.

Scanning configuration can be sub-divided into raster and parallel scanning systems. In
the raster scanning system, a scanner moves the scene over a single or a few fixed pho-
todetectors in the focal plane, as shown in Figure 1.4(a). The photodetectors are aligned
horizontally and scanned sequentially in a 2D raster pattern to form an image. The parallel
scan system comprises a linear photodetector array that is perpendicular to the scanning
direction, as shown in Figure 1.4(b). It should be noted that the linear photodetector array
can have more than one columns of photodetectors. Figure 1.4(b) only shows one column

of photodetectors for making the schematic clearer. The scanner horizontally scans one line



lens 2D focal plane array

Figure 1.3: Staring configuration with a 2D focal plane array.

across the linear array, and then a slight tilt of the scanner in the vertical direction is applied
and the image is scanned across the photodetector array in the opposite direction to cover
the image plane in order to obtain a complete image. There are a wide variety of scanners
to implement the scanning, and a mechanical mirror is the most efficient and well developed
one.

Imaging systems with the staring configuration can result in enhanced performance and
lighter system. The scanning system can be used in applications where large array of pho-

todetectors are very expensive or difficult to manufacture.
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Figure 1.4: (a) Raster scanning system. (b) Parallel scanning system.

1.2.4 Advantages of One Dimensional Semiconductors as Sensing
Element

Nanowires and nanotubes are 1D materials, since electrons in these nano-size cylinders was
freely to move in axial direction, while electrons are quantum confined in radial directions
when their diameters are smaller than Bohr radii. 1D semiconductors were proposed to be
the functional element of high performance photodetectors and solar cells, since they have
some unique properties stemming from their geometry and quantum confinement [2].

It should be noted that our goal is developing an IR sensing system with high performance
photon detectors. In photon detectors, there are many sources of losses in the process of
converting IR signals into electrical signals: (1) photons are reflected and transmitted instead
of being absorbed; (2) photons with energy that is lower and higher than bandgap energy
causes some energy losses; (3) photo-excited electron and hole pairs recombine; (4) the
electrical carriers were scattered during transportation. These losses can be reduced by using

1D semiconductors as the sensing element.The potential efficiency benefits mainly come from



higher efficiency in photon absorption and trapping; improvement in photo-generated carrier
separation, transportation and collection; lowering the purity standard needed to obtain high

efficiencies; enhancing the defect tolerance.

1.2.4.1 Reduced Light Reflection and Transmission

It was reported that both light transmission and reflection were reduced by using Ge nanowires
compared to Ge thin film. As a result, the absorption was highly improved [3]. A double
diameter platform was designed to optimize absorption, with small diameter tip and large
diameter base, as shown in Figure 1.5(a). Small diameter tips were used to minimize re-
flectance, while large diameter bases were utilized to suppress transmittance.

The broad band absorption enhancement for the double-diameter nanowire array (double
nanopillar (DNPL)) is depicted in Figure 1.5(b). For single-diameter nanowire array, a
strong diameter dependency is observed, with a peak absorption 94% when diameter =80
nm. Double-diameter nanowire array with D1= 60 nm and D2=130 nm exhibits absorption
of 99%, clearly demonstrating the advantage of this novel structure. Notably, both single-
diameter and double-diameter nanowire array drastically outperform a 2 pm-thick planar

Ge thin film (TF) absorption 53%.

1.2.4.2 Bandgap Engineering

When the diameter of a 1D semiconductor is smaller than its Bohr radii, bandgap energy
is inversely proportional to its diameter due to the quantum confinement. In other words,
the band gap energy of 1D materials can be modulated by controlling their diameters rather
than using different semiconductors.

When an electron approaches a hole, they may form a Wannier exciton, approximately
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Figure 1.5: Two-diameter Ge nanowire array for maximized absorption. (a) The structure of
the two-diameter nanowire array (called double nanopillar (DNPL)). (b) Average absorption
efficiency over A=300-900 nm for single-diameter nanowire arrays as a function of diameter
along with that of the double-diameter nanowire array. [3]
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described by a hydrogenic Hamiltonian [4]:

h 2 h 2 612

H=- - -
sz Vh VG

(1.4)

2m* el re—ry |

e
his the Planck constant. mj and mg are the effective masses of hole and electron. ¢ is the
dielectric constant. By solving the equation using this model, the relation of the diameter

of the 1D semiconductors and band gap energy can be expressed as [5]:

h*m? 1 1 1.8¢°
(—+—)—
2d? "m;  m? ed

Eg, = Eg, + (1.5)

e

FEgp is the bandgap energy of planar material. Egy, is the bandgap energy of the quantum
confined semiconductor. d is the diameter of the 1D semiconductor. The bandgap of a

semiconducting CNT is give by the equation [6-9]

4h
Egc - of

— 1.6
3dont (1.6)

where v f is the fermi velocity, and A is the Dirac constant. It shows that bandgap energy
is inversely proportional to the diameter.

One type of CNT has a multi-wall structure, comprising of multiple hollow cylinders with
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different diameters, called multi-wall CNT (MWCNT). The diameter of a MWCNT can be
easily tailored by electrical breakdown. It has been demonstrated that the peak responsivity
of the MWCNT photodetectors can be tuned to the desired wavelength by controlling the

diameter of MWCNTs through electrical breakdown [10].

1.2.4.3 Multiple Electron and Hole Pairs Generation

Absorption of a single photon typically creates only one electron and hole pair, resulting in
energy loss because excess energy from photons with energies greater than the semiconductor
bandgap is loss through phonon emission. However, absorption of a single photon with high
energy can potentially create more than one pair of electron and hole, since the excess energy
of a hot electron can excite other electros across their bandgaps.

The creation of multiple electron and hole pairs via absorption of a single photon is a well-
known phenomenon in planar semiconductors [11]. However, the efficiencies are insignificant
for bulk materials. It has been proposed that generation of multiple electron and hole pairs is
more efficient in quantum confined materials due to the well-separated discrete energy bands
in the quantum confined materials that should slow phonon-assisted carrier cooling (phonon
bottleneck). This makes multiple electron and hole pairs generation more competitive with
other relaxation pathways.

An efficient multiple electron and hole pair generation process was observed in a CNT
p-n junction photodiode [12]. In the CNT p-n junction, a single photon with energy larger
than Fog (energy of two times of band gap energy) is converted into multiple electron and
hole pairs, leading to enhanced photocurrent and increased efficiency. This process could

potentially result in higher photon-to-current conversion efficiencies.
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1.2.4.4 Reduced Scattering

Once the photo-excited carriers were separated by built-in potential in the depletion regions,
they need to transport to the electrodes in order to be collected, and thus contribute to
photocurrent generation. The efficiency of photodetectors was reduced by the scattering of
carriers during the transportation to the electrodes. The efficiency can be increased if the
carrier scattering reduced.

It was demonstrated that scattering was reduced in a 1D material based device: ballis-
tic transport (no scattering) was observed in a CNT based field effect transistor (FET) at
room temperature [13]. Contacting semiconducting CNT by Pd greatly reduced or elimi-
nated the barriers for transport through the valence band of nanotubes. The "ON’ states of
FET can behave like ohmic contacted ballistic metallic tubes, exhibiting room temperature

conductance near the ballistic transport limit of 4¢2 /h and high current-carrying capability.

1.2.4.5 Higher Defect Tolerance

Another advantage of the 1D photodetectors is the suppressed sensitivity to defects. Simula-
tion results predicted that 1D materials with radial p-n junctions show only a slight efficiency
degradation with decreasing lifetime until the minority carrier diffusion length approaches
the nanowire radius, whereas planar p-n junction shows severe degradation once the diffusion

length drops below the film thickness [14].

1.2.5 Carbon Nanotube Based Photodetectors

The basic theory of planar semiconductors cannot directly apply to the 1D structures due to

the quantum effects [15], thus the behavior of CNT based photodetectors may be different
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Figure 1.6: The structure of a CNT thin film photodetector.

from traditional photon detectors. The photoconductivity of CNTs has been extensively
studied, and photodetectors with a number of different structures were reported. A review
of different photodetectors will be given as follow.

By depositing CNT thin film between two pre-patterned electrodes with insulating gap,
infrared detection was first realized by observing the conductance change with infrared radi-
ation on the device [16], as shown in Figure 1.6. However, not only the mixture of metallic
and semiconductor CNTs in the film severely degraded the response of the thin film pho-
todiode, but also the adsorbed oxygen in the film decreased the photo-sensitivity. In order
to improve the performance of the thin film detector, CNT was embedded into the poly-
carbonate nanocomposite [17]. This insulating polymer matrix dramatically enhanced the
photo-response, since the nano-composite changed the detection mechanism from a thermal

effect into a photo effect.
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Instead of connecting CNT film to the metal electrodes, detectors can also be fabricated
by stacking CNT film onto the bulk silicon substrate [18]. In this structure, the contact
between CNTs and silicon form heterojunctions, which are responsible for the photocurrent
generation. Nano-optoelectronic devices using films or sheets will lose some particular prop-
erties and advantages due to the interaction between nanotubes. By growing CNTs on a
nanoporous anodic aluminum oxide (AAO) template, the interaction of CNTs can be elimi-
nated [19], as shown in Figure 1.7. This synthesis method will form a periodic dense array
of CNTs that are parallel to each other and perpendicular to the silicon substrate. In this
heterojunction system, several mechanisms may contribute to the photo-response. It is very
difficult to fully understand its underlying operation mechanism, since the two materials are
very dissimilar in bandgap, workfunction, and dimensionality, and the synthesized CNTs
may have varied properties.

A single CNT is a perfect 1D system, therefore photodetectors using a single CNT is
more favorable, and easier controlled for manufacturing. Studying the single-CNT-based
photodetectors can help us understand the real operation principle of the 1D detectors,
which will lead to the fabrication of photodetectors with optimized performance.

Photoconductivity of a single-CNT-based p-n junction photodiode was observed by fab-
ricating two split gates underneath both ends of a semiconductor CNT [20], as illustrated in
Figure 1.8. By applying opposite gate voltages with high amplitude to the split gates, the
CNT at both ends will be electrostatically doped into p and n type semiconductor, resulting
in the formation of a p-n junction in the CNT. The fabrication begins with a thick thermal
oxide grown on a heavily doped Si wafer. Split gates were formed using Mo. Using the split
gate metal as an etch mask, part of oxide was dry etched. Next, a thin layer of silicon oxide

was deposited, forming the gate dielectric for the split gate. The source and drain contacts
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Figure 1.7: The structure of a silicon-CNT heterojunction photodetector with nanoporous
anodic aluminum oxide (AAQO) template to separate the vertical CNT array.

17



Light radiation

\/\\/\\/\\/\ Single CNT
Source | 4 ‘ Drain

Figure 1.8: The structure of a single CN'T based p-n junction photodiode.

were then lithographically defined. Finally, CNTs were grown on top of the source and drain
metals. In the center of the device, where the built-in field is greatest, photo-generated
electron and hole pairs were separated, causing currents to flow. This photodiode provided
some insights to the CNT detector, and showing some promising results [20].

However, the fabrication process of the device is too complicated, which will hinder its
applications in wide realm. Therefore, a CNT detector with simpler structure is needed.
CNT Schottky photodiode emerged as an alternative.

When metal and CNT come into contact, a Schottky barrier may be formed depending
on the Fermi energy alignment. The Schottky barrier determines the electrical and opti-
cal properties of the CNT devices. However, the importance of the Schottky barrier was
neglected at early stage of developing CNT based devices, when researches attributed the

electrical properties of the device to the intrinsic properties of the CNT [21] rather than the
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contacts. With the development of CNT field effect transistors (CNTFETS), increasing evi-
dence suggested that the Schottky barrier played a key role in determining the characteristics
of the nano-devices [22].

It was demonstrated that Schottky diodes between an individual SWCNT and metals
were responsible for the photocurrent generation under continuous infrared illumination [23].
Figure 1.9 shows the structure of Schottky photodiode that has a much simpler configuration
than the p-n junction photodiode.

The main reason of generating photocurrent in the CNT Schottky barrier photodiode is
the depletion regions of the barrier. Photons with energy higher than the band gap of CNT
can produce electron and hole pairs or excitons in the entire CNT, whereas the current flow
is only distributed to the depletion region, since the built-in potential in the depletion region
(and within diffusion length) can separate the photo-generated electron and hole pairs, and
thus produce photocurrent, while the electron and hole pairs outside the depletion region
will recombine shortly.

The Schottky photodiodes have shown superb performance and the simplest structure.
However, there was no systematic study about optimizing the design of CNT based Schottky
photodiodes. The performance of CN'T based photodetectors is extremely important to the
IR sensing systems. We will focus on investigating the Schottky barrier based photodetectors

of single CN'T's, and optimizing the structure of the photodetectors.

1.3 Objectives and Challenges

The objective of this research is to develop a high performance IR sensing system that

utilizes a CNT based photodetector as its core component. The system development involves

19



Light radiation

A single CNT

Efectrodes

Figure 1.9: The structure of a single-CNT-based Schottky photodiode.

three main parts: (1) develop a CNT based photodetector with high performance and simple
fabrication process; (2) explore nano-structured light confinement components that integrate
with CNT based photodetectors, due to the sub-wavelength size of the photodetectors; (3)
develop a novel sensing system structure that can use a few or even a single phodetector.
In order to accomplish this work, not only the theoretical designs of photodetectors, light
confinement components, and camera structure were involved, but also fabrication and ex-
perimental testing were performed.

The main challenges involved in this research include:

e Design and fabrication of high performance photodetectors using a single CNT. Due
to nanometer-scale diameter of the CNTs, reliable and high-yield manufacturing was
difficult to accomplish in order to fabricate CNT based photodetectors. In addition,

the optimized photodetector design may be different from conventional devices due to
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the unique quantum confined geometry of CNTs.

CNTs with appropriate bandgap energies for MWIR detection. There was not a reliable
synthesis technique that can grow CNTs with uniform electrical and optical properties.

In particular, it is difficult to control the bandgap energy of CNT to detect MWIR.

Light confinement to the CNT based photodetectors with sub-wavelength size. A
single CN'T has a diameter of as small as sub-nanometer, while detection wavelength
is much larger than the diameter of the CNT, resulting in small fill factor (absorption
area). Traditional lens cannot address this problem due to the light diffraction. It is a
challenge to develop a light confinement component that can trap light onto the CNT

based photodetectors.

Proper sensing system architecture to integrate with CN'T based photodetectors. It is
difficult to fabricate large focal plane array of CNT based photodetectors. Conventional
camera structure addressed this problem using scanning configuration to scan each

pixel per cycle, making the sensing system slow and inefficient.

1.4 Organization of the Study

Design, fabrication and testing of CN'T Schottky photodiodes are presented in Chapter2

to investigate the importance of metal structure. It is followed by developing CNT field effect

transistor (CNTFET) based photodetectors in Chapter3 to study the dependence of photo-

responses on electrostatic doping. In Chapter4, spectral responses of SWCNT and MWCNT

based photodetectors are compared, and breakdown process is introduced to engineer the

bandgap energy of MWCNT. In Chapter5, bowtie antenna is described to improve the fill
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factor of the CNT photodetectors. In Chapter6, photonic crystal cavity was utilized to
further increase the fill factor of the CNT photodetectors. Chapter7 introduces the novel
sensing system architecture that enables capture high resolution images using even a single

photodetector. Chapter8 presents the conclusions and future works.
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Chapter 2

Carbon Nanotube Schottky

Photodiodes

Understanding the 1D Schottky barrier within CNT is important. The traditional Schottky
barrier theory for planar contact between metal and bulk semiconductor is well established,
and can lead to optimized photodiode design. However, the conventional understanding of
the Schottky barrier cannot be applied to 1D Schottky barriers between metal and nanotubes,
since the planar contacts are dominated by the metal-induced gap states (MIGS), whereas
the MIGS induced Fermi level pining is trivial for the 1D structure [15] due to quantum
confinement. Therefore the physics and fundamentals of 1D Schottky barriers within a CN'T
need to be reexamined. In the following sections, I will introduce the design, fabrication,
testing and analysis of the CN'T Schottky photodiodes so as to understand their working

principle.

2.1 Design of the CNT Schottky Photodiode

After photons were absorbed by semiconductor CNTs, photo-generated electrons will be
separated by the electric field within the Schottky barrier, and need to tunnel though the
barrier before contributing to the photocurrent. The Schottky barrier width determined

the effective absorption area, while the built-in potential within the barrier determined the

23



speed of separated carriers, and both barrier width and height defined the carrier tunneling
probability. The basic structure of a CNT Schottky photodiode is shown in Figure 1.9, in
which a single semiconductor CNT bridge two metal electrodes to form the Schottky barriers.

Figure 2.1(a) shows the energy alignment between a metal (take Au as example) and a
CNT. The CNT was reported as a p-type material in the air with Fermi energy of around
5 eV [24] due to oxygen doping or some accidental doping during the synthesis [25]. The
workfunction (Fermi energy) of Au is also close to 5 eV, and it can be slightly smaller or
higher than 5 eV due to the environmental differences [26] (in the Figure 2.1(a), the Fermi
energy of Au is slightly smaller than CNT). The majority carriers of the semiconductor CNT
are holes, therefore the energy difference between the Au workfunction to the CNT valence
band (Ev) is indicated as the barrier height. When CNT connect two Au electrodes at both
ends, denoted as symmetric photodetector, two symmetric Schottky barriers will be formed
at the contacts, as shown in Figure 2.1(b).

This structure results a photodiode that consists of two Schottky barriers inversely con-
necting to each other. When the photons with energy higher than the CN'T bandgap strike
the CNT, electron and hole pairs will be generated and separated in the depletion region,
as indicated in Figure 2.1(b). Hence, the total photocurrent under zero bias is calculated by

I

photo = Lieft + Iright = 1p1 — ip2- These symmetric barriers significantly reduce the sensitiv-

ity of the photodetector, since the separated carriers need to tunnel through another barrier
before being collected. What is more, this structure detects the signal intensity difference
between two contacts, resulting in poor performance.

Asymmetric photodetectors, using metals with high/low workfunctions to connect two
ends of a single CN'T, can be used to improve the performance of the detectors. The energy

alignment and resulting band diagram are shown in Figure 2.2. On the left contact, the
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Figure 2.1: (a) Energy alignment of Au and CNT. (b) Band diagram of a symmetric CNT
photodetector.
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metal has a workfunction that is smaller than the CNT and forms a Schottky barrier, while
on the right contact, the metal workfunction is higher than the CNT and forms an ohmic
contact. The electrical and optical properties of this device will be determined by one
Schottky barrier. Thus the total photocurrent will only depend on one Schottky barrier
rather than the difference between the photocurrent of two barriers as in the symmetric
structure. Moreover, by transferring one of the Schottky barriers into ohmic contact, the
photo-generated electron holes at the Schottky barrier will be able to transport through the
contact easily. As a result, the photo-response of the CNT photodetector is expected to be

highly enhanced in the asymmetric structure.

2.2 Symmetric Schottky Photodiodes

An AFM image of a symmetric CNT Schottky photodiode with Au electrodes is shown in
Figure 2.3. An individual single wall CNT (SWCNT) connects two Au electrodes on top of
a quartz substrate. The fabrication process begins with making two Au electrodes with an
insulating gap of approximately 1 um by photolithography, thermal evaporation, and lift-
off. After that, a droplet of SWCNT suspension (ethanol) was dropped to the gap between
electrodes that connects to the dielectrophoresis (DEP) deposition system [27]. An individual
SWCNT was deposited between the electrodes by optimizing the suspension concentration,
and assisted by the atomic force microscope (AFM) manipulation system [28] [29] [30]. A
more detailed fabrication process was discussed in [31] and [32].

The properties of the Schottky barriers are determined by the energy alignment between
the metals and SWCNT; thus Schottky photodiodes made of different metals were investi-

gated to understand the importance of the metal workfunctions.
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Figure 2.2: (a) Energy alignment of metals with high /low workfunctions and CNT. (b) Band
diagram of the asymmetric CNT photodetector.

27



Figure 2.3: An AFM image of a symmetric CNT detector with Au electrodes.
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The I-V characteristics of symmetric Schottky photodiodes with four different metals
(Pd, Au, Cu and Al)were studied. Their typical I-V curves are shown in Figure 2.4, which
based on more than 100 devices tested in our laboratory.

Figure 2.4 shows that the I-V characteristics for positive and negative biases are sym-
metric, indicating the symmetric barriers at both ends, while the conductance of these de-
vices varied significantly. The Pd-CNT-Pd diode shows linear I-V characteristics, implying
an ohmic contact or very weak Schottky barrier, which has been verified in [13]. A quasi-
metallic -V characteristic of the Au-CNT-Au (weak parabolic) was observed, which resulted
from two small Schottky barriers reversely connecting between the source and drain, since Au
and SWCNT have similar workfunctions. While Cu and Al have much smaller workfunctions
than SWCNT; the contacts between these metals with CN'T form larger Schottky barriers,
which is illustrated by the band diagram shown in Figure 2.1. Consequently, the Cu-CNT-
Cu and Al-CNT-Al photodiodes have much smaller conductance. The highest conductance
magnitude difference for these 1D photodiodes was approximately four orders, indicating
the importance of the metal workfunctions. In conventional planar contacts, metal-induced
gap states (MIGS) dominate the contacts, which weakens the role of metal workfunction in
determining the properties of 3D Schottky barriers. That is to say, the 1D Schottky contacts
have a much larger flexibility to tune the performance of the detectors by selecting proper
metals.

In a conventional bulk Schottky diode, carrier injection is dominated by thermionic emis-
sion, while the thermal assisted tunneling dominates the carrier injection in the 1D Schot-
tky barrier [33]. Temperature-dependent I-V characteristics of a Au-CNT-Au photodiode is
shown in Figure 2.5. The conductance was reduced significantly as the temperature decreased

from 300 K to 80 K, resulting in dark current suppression, since the decrease temperature
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Figure 2.4: (a)l-V characteristics of CNT Schottky diodes with four different metals (Pd,
Au, Cu and Al). (b)The I-V characteristics shown in logarithm scale.
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Figure 2.5: I-V characteristics of a Au-CNT-Au diode at different temperatures.

depresses the tunneling probability of carriers through the barriers.

The photo-responses of the Schottky photodiodes were also investigated. The testing
system consisted of a 830 nm IR laser, radiating on a CNT detector housed in a chamber
after passing through an IR window, which was schematically depicted in [34]. The current
signal was measured using Agilent 4156C semiconductor analyzer by periodically switching
the IR source ON and OFF. All measurements were conducted at zero bias. Figure 2.6 shows
the IR response of a SWCNT Au-CNT-Au photodiode by radiating IR photons on its left
and right contacts. One distinct characteristic is that the photocurrent changed direction but

kept similar magnitude (1.5x1071A) when the laser illuminated at two different contacts.
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Figure 2.6: The IR responses of a Au-CNT-Au Schottky photodiode by radiating on (a) left
electrode, (b) right electrode.

This is caused by two symmetric Schottky diodes between Au and CNT inversely connecting
to each other, as indicated in the band diagram in Figure 2.1(b), a more detailed discussion
can be found in [23].

The typical IR responses of four CN'T Schottky photodiodes with different metals are
shown in Figure 2.7 and Figure 2.8, in which IR laser was radiated at one contact.

The dark current and photocurrent (Iphoto) (current difference between IR ON and OFF)

of these devices are summarized in Table 2.1. Pd-CNT-Pd and Au-CNT-Au photodiodes
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Figure 2.7: The IR responses of two CNT Schottky photodiodes with metal structures of (a)
Pd-CNT-Pd, (b) Au-CNT-Au.
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had relatively high dark current and photocurrent. This can be explained that both injected
and photo-generated carriers are easily tunneling through the weak barriers. In contrast,
the AI-CNT-AI photodiode had two strong barriers, making the carriers difficult to tunnel
through. As a result, it has relatively low dark current and photocurrent. The Cu-CNT-Cu
photodiode had moderate Schottky barriers, resulting in the highest signal-to-noise ratio

among them.

Table 2.1: Performance of Four Detectors with Different Metals

SWCNT IR Detectors Dark Current Iphoto

(A) (A)
Pd-CNT-Pd 20x10710  7.0x10710
Au-CNT-Au 1.0x10710  20x10710
Cu-CNT-Cu 20x10712  2.3x10710
ALl-CNT-Al 9.0x107 1 45%x10711

The importance of the signal-to-noise ratio of nano-devices needs to be emphasized here.
Nano-photodetector is difficult to have photocurrent comparable to bulk photodiodes due to
the small fill factor. However, the open circuit voltage (Voc) is determined by the ON/OFF
ratio (the ratio between IR ON and OFF'), which can be high even absorbing small amount of
photons, because the dark current can be extremely low due to its nano-scale size and phonon
scattering suppression in 1D structure. The typical IR responses of Cu-CNT-Cu and Au-
CNT-Au with applied bias are shown in Figure 2.9. The bias-dependent photo-response of
Cu-CNT-Cu shows photovoltaic characteristics: negative bias increases the photocurrent by
widening the barrier, while positive bias reduces the photocurrent due to the shrinkage of the
barrier. A Voc of 100 mV was observed when injected carriers were equal to photo-generated

carriers, resulting in zero net current. The short circuit current of this device is only -
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5x 1071 A, which is negligible compared to conventional photodiodes, but it corresponds to
100 mV Voc, which is on the same order as other traditional photodiodes. The photocurrent
of Au-CNT-Au with bias is difficult to observe since the dark current dominates the current
flow.

In this section, the performance and characteristics of symmetric photodiodes using differ-
ent metal electrodes were introduced. Pd-CNT-Pd, Au-CNT-Au, and AI-CNT-Al detectors
have low signal-to-noise ratio, since they have either too small or large Schottky barriers
at both ends. The Cu-CNT-Cu detector has moderate Schottky barriers, generating a high

signal-to-noise ratio and Voc.

2.3 Asymmetric Schottky Photodiodes

The symmetric structure of two reversely connecting Schottky diodes will significantly sup-
press photocurrent generation, since the two diodes are close to each other, and the photocur-
rents generated at the two contacts will cancel each other. In addition, the photo-generated
carriers need to tunnel through another barrier before being collected. In order to address
these problems, asymmetric Schottky diodes using metals with high/low workfunctions at
two ends were designed. The band diagram is shown in Figure 2.2.

In order to verify the concept of this asymmetric infrared detector, a fabrication process
was designed to measure the electrical properties and IR reponses of both Au-CNT-Au and
Al-CNT-Au photodiodes using a single CNT. The process began with fabricating two Au
electrodes with a gap of 1.2 um using ebeam lithography on top of a quartz substrate,
as shown in Figure 2.10(a). It was followed by depositing an individual SWCNT bridging

these two electrodes using the DEP and AFM manipulation system (Figure 2.10(b)). The
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Figure 2.9: The IR responses of CNT Schottky photodiodes with bias (a) Cu-CNT-Cu, (b)
Au-CNT-Au.
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I-V characteristics were measured, denoted as Au-CNT-Au in Figure 2.10(d). After that,
another ebeam lithography was used to pattern an Al electrode that covered one of the Au
electrodes and extended 0.2 pum into the gap, making the device structured as AI-CNT-Au
with a gap of 1.0 um, as shown in Figure 2.10(c). Its electrical characteristics were measured
and as shown in Figure 2.10(d), denoted as AI-CNT-Au. The Au-CNT-Au showed symmetric
and quasi-metallic electrical characteristics (weak parabolic I-V characteristics with higher
bias), while typical diode electrical characteristics were observed in the AI-CNT-Au structure.
The electrical properties of the device changed significantly due to the replacement of an
Au electrode. Therefore, there must be a higher barrier between Al and nanotube that
dominates the optoelectronics properties of the detector [35].

The photo-responses of the Au-CNT-Au and AI-CNT-Au are also compared, as shown
in Figure 2.11. The dark current decreased from 8.8x10719 A to 1.1x10711 A, while the
photocurrent increased from 2.1x10710 A t0 2.4x1079 A. The photocurrent enhancement
increased the responsivity (photocurrent/infrared power) and quantum efficiency (num-
ber of generated electrons/number of photons), and both dark current suppression and
photocurrent enhancement contributed to the improvement of the noise equivalent power
(NEP)(noise/responsivity) and noise equivalent temperature difference (NETD). In other
words, the asymmetric structure greatly increased the sensitivity and efficiency of the CN'T

based IR detector.

2.4 Chapter Summary

In summary, CNT based Schottky photodiodes using different metals and structures were

fabricated and investigated. It was found that the workfunctions of metals play an impor-
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a single CNT. (d) Their I-V characteristics.
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tant role in determining the properties of the photodiodes. Symmetric Schottky photodiodes
using different metals have varied dark current and photocurrent in several orders in mag-
nitude. Low built-in potentials resulted in large dark current and photocurrent, while high
built-in potentials caused smaller dark current and photocurrent. This can be explained
by two Schottky barriers reversely connecting each other in the symmetric metal structure,
which was verified by position-dependent photocurrent measurements. In order to improve
the performance of CNT-based Schottky photodiodes, asymmetric structure photodiodes
using metals with high/low workfunctions at two contacts were fabricated. Compared to
the symmetric photodiodes, asymmetric photodiodes had lower dark current and higher

photocurrent.
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Chapter 3

Carbon Nanotube Field Effect

Transistor based Photodetectors

In the previous chapter, we demonstrated that 1D Schottky photodiodes between an
individual CNT and metals were responsible for the photocurrent (Iphoto) generation under
continuous IR illumination. The optoelectronic characteristics of CN'T based IR detectors
are determined by the Schottky barriers, which depend on the Fermi energy (workfunction)
alignment between the CNTs and metals, therefore photo-response can be improved by
selecting proper metals. However, the choices of metals are limited, especially those that
are both compatible with current technology (e.g., CMOS) and have desired workfunctions.
In addition, the performance of CNT Schottky photodiodes is constrained by workfunction
variation caused by technical difficulties in controlling CNT synthesis [36]. Therefore, it is
more effective to control the Fermi energies of CNTs in order to optimize the performance
of CNT based photodetectors, instead of changing workfunctions by selecting proper metals.
CNT field effect transistors (CNTFETS) can be considered as CNT Schottky diodes with an
external terminal, called a gate, capacitively coupled to the CN'T channel to electrostatically
dope CNT by applying gate voltages (Vg). In other words, the Fermi energies of CNTs can
be controlled by CNTFETSs through their gates.

To begin with, a brief history of CNTFETs will be given. Conventional metal-oxide-
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semiconductor field-effect transistor (MOSFET) technologies have been improved dramat-
ically in the past decades by down scaling, which results in better performance. Down
scaling of the MOSFET has recently led to a device size below 20 nm, but the ultimate
limit will be reached in the near future due to current leakage. Therefore there is intense
interest in finding alternative materials and devices. CNT is very promising in this respect,
because its exceptional electrical properties, such as high current carrying capability and
excellent carrier mobility, make it a potential candidate for replacing traditional semicon-
ductors. CNTFETs have been demonstrated to operate in the ballistic transport regime at
room temperature [13]. In addition, CNT essentially conducts current on its surface, where
all the chemical bonds are saturated and stable. Thus it is compatible with high-k gate
dielectrics, and there is no need to passivate the interface between the CNT channel and the
gate dielectric.

The first CNTFET was reported in 1998 [21] [37]. The researches fabricated the CNTFET
by dispersing CNTs in a solvent, separating bundles in an ultrasonic bath, and depositing
the CNT's onto a Si/SiO9 surface with prefabricated metal electrodes. A few of the semicon-
ducting CNTs would bridge two electrodes and define a conducting channel between them.
Modulation of the transistor conduction was achieved by applying voltages to the silicon
back-gate. During the first few years after the report of CNTFETS, their working principle
was not well understood. They were analyzed either like MOSFETSs, barrier injection transit
time (BARITT) diodes, or double 1D Schottky barrier transistors. The dominant Schottky
barriers were experimentally confirmed in CNT cross-junctions made of one semiconducting
and one metallic CNT in 2000 [38]. Since then, the performance of CNTFETs has been
greatly improved by decreasing the thickness of dielectric layer [39], using high-k materials

as gate the dielectrics [40], and eliminating barriers by forming ohmic contacts [13].
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Although CNTFETSs were extensively developed, CNTFET based IR detectors are not
well understood, since high performance CNTFETSs functioning as switches may not perform
well as IR detectors. They require different characteristics: CNTFETs working as switches
need high switching speed, low subthreshold slope, and high transconductance, while IR
detectors require low noise, fast response, and large effective absorption area. In addition,
although the theory of planar contact between metals and traditional semiconductors was
fully developed and understood, it cannot be applied to 1D structures due to their unique
characteristics, which arise from quantum confinement. That is to say, the behavior of CNT
based photodetectors may differ from traditional photovoltaic devices even thought they
share similar structures. Therefore, IR detectors using CNTFETSs need to be investigated to
understand their working principles so as to optimize their performance.

CNTFET based IR detectors have been fabricated to investigate their photoconductivity
by modulating the Fermi energy of CNT though silicon back-gates [41] [42], as illustrated
in Figure 3.1. In this configuration, a semiconductor CNT contacts two metal electrodes
on a heavily doped Si/SiO9 substrate. The metals serve as source and drain electrodes,
while the conducting substrate acts as a gate terminal, which is used to control the Schottky
barriers by modulating the Fermi level of the CNT. However, these CNTFETSs focused on
exploring the physics of the CNTs, rather than concentrating on optimizing performance of
CNT photon-detectors. In this chapter, optimizing the design and performance of CNTFET
based IR detectors will be discussed.

We have already studied the performance of CNT based Schottky photodiodes in the
previous chapter. However, in order to optimize the design and performance of CNTFET
based detectors, three questions remain to be answered: 1) how the Vg affects the detector

performance; 2) whether an asymmetric metal structure is suitable for CNTFETS; 3) what
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Figure 3.1: An AFM image of the structure of CNTFET with a silicon back-gate.

is the optimal gate structure. Five different CNTFETSs will be introduced in the following
sections to find the answers to these questions. A back-gate CNTFET with Au-CNT-Au
structure is introduced first, and its photo-responses are compared with back-gate CNTFETs
with Ag-CNT-Ag configuration, so as to understand the roles of metal workfunctions and Vg
in determining the detector performance. Asymmetric back-gate CNTFET with Ag-CNT-
Au structure was then investigated, and both high photocurrent and open circuit voltage
(Voc) were obtained. The back-gate structure, albeit simple, provides valuable information
to guide the design of CNTFET based IR detectors. However, the back-gate structure can-
not be applied to a large scale detector array, since its component devices will be modulated
simultaneously. Individual gate is required for each single detector. A middle-gate CNTFET
consisting of an Al/AlyOg gate between source and drain was examined, showing the capa-
bility to control detectors independently. Eventually, an asymmetric multi-gate CNTFET

was investigated to find the optimal gate structure. The multi-gate CNTFET comprise four
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different gates: back-gate, gates for source and drain, and middle-gates for the CN'T channel.

3.1 Back-gate Au-CNT-Au Transistor

Figure 3.2 shows the configuration of a back-gate Au-CNT-Au CNTFET. The fabrication
process of this device began with making two Au electrodes with gap of around 1 um using
photolithography, thermal evaporation, and lift-off on top of a heavily doped Si substrate
covered with 200 nm SiO9. It was followed by dropping a droplet of CN'T suspension be-
tween the electrodes that connect to the DEP system [27]. An individual CNT can be
deposited between the electrodes by adjusting the suspension concentration, assisted by an
AFM manipulation system [28] [29].

Conductance of the CNTFET was varied by applying Vg to the back-gate, which changes
the tunneling probability through the Schottky barriers. The I-V characteristic of a CNT-
FET using CNT with three different Vg are shown in Figure 3.3(a). A weak parabolic I-V
characteristic was observed without Vg, because of two small Schottky barriers reversely
connecting between the source and drain. When no Vg was applied, the Fermi energy of Au
is close to that of CNT (~5.0 eV) [43]. By applying different Vg to the gate, p-type transis-
tor characteristics were observed: positive Vg reduced the conductance, while negative Vg
increased the conductance, as shown in Figure 3.3(b). An exceptional characteristic is that
negative Vg caused linear I-V relationship, while positive Vg resulted in strong parabolic
[-V characteristics. In 1D barriers, thermally assist tunneling dominates the carrier injec-
tion [44], therefore the linear I-V characteristics indicated an extreme thin or zero barrier,
while strong parabolic I-V characteristics were caused by a strong barrier.

The photo-responses of the CNTFET were measured by focusing an IR laser with 830 nm
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Source

Figure 3.2: Structure of the back-gate Au-CNT-Au CNTFET.

wavelength and a maximum power of 50 mW, on one barrier. A more detailed introduction
to the testing system can be found in [31]. The transfer characteristics of the device at zero
bias with IR laser off and on (50 mW) are shown in Figure 3.4(a). When the IR source
was off, the conductance has similar correspondence to Vg as in Figure 3.4(b). However,
extremely different transfer characteristics were observed when the IR laser was turned on.
This indicated that excess carriers were generated by IR illumination, and contributed to
current flow. The current difference between IR on and off status was denoted as photocur-
rent (Iphoto) in the following discussion. The relationship between Vg and Iphoto is shown
in Figure 3.4(b). The Iphoto at zero Vg was approximately -17.5 pA. The Iphoto was posi-
tive and enhanced by increasing positive Vg, while it became negative when negative Vg was
applied. This can be explained by the band diagram shown in Figure 3.4(b), and the energy
level alignment shown in Figure 3.5 (CNT is p type material in the air [45]). When positive
Vg was applied, the Fermi energy of the CNT became lower than that of Au. In contrast,
sufficient negative Vg increased the Fermi energy of the CNT beyond that of of Au. As a
result, the direction of the Schottky barrier changed, which inversed the sign of Iphoto.

The magnitude of Iphoto was enhanced by increasing the magnitude of both positive and
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Figure 3.5: The energy levels of Au and CNT.

negative Vg. However, the Iphoto to dark current ratio (denoted as ON/OFF ratio in the
following discussion) at positive Vg was much higher than that at negative Vg, as explained
in the following discussion.

For negative Vg, increasing Vg caused higher built-in potential and p-doping levels (as-
sume Au and CNT have the same Fermi energy). The additional p-doping may turn the
CNT into a degenerated p-doped semiconductor. This is supported by the linear I-V char-
acteristics at negative Vg (Figure 3.3). The bias-dependent Iphoto values at Vg=-0.5 V are
shown in Figure 3.6(a). One particular feature is that the current decreased with IR illu-
mination, which was caused by the contradiction of the separated photo-generated carriers
and injection carriers. Higher bias decreased carrier transit time, leading to photoconductive
gain, resulting in higher Iphoto.

For positive Vg, larger bias resulted in higher built-in potential but lower p-doping level.
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Note that the ON/OFF ratio at positive Vg was greatly improved due to the suppression
of dark current and enhancement of Iphoto. The bias dependent measurement at Vg=2
V (Figure 3.6(b)), which clearly showed the photovoltaic characteristics. At Vds=0.12 V,
Iphoto was equal to the current produced by the bias, resulting in zero net current. This
bias is the open circuit voltage, denoted as Voc. Simulation has shown that depletion width
varies exponentially with inverse doping [15] and built-in potential [46]. Therefore, the Iphoto
at positive Vg was increased by the widened depletion width, which enlarged the effective

absorption area.

3.2 Back-gate Ag-CNT-Ag Transistor

It was demonstrated that applying proper voltages to the back-gate can improve the per-
formance of CNT detectors in Au-CNT-Au structure. In order to achieve that, both high
built-in potential and low doping level are desired. However, the built-in potential in the
Au-CNT-Au structure is limited by the workfunction of Au, which is close to that of CNTs.
In addition, the barrier height using Au is small because the majority is holes, as shown in
Figure 3.5. In 3D bulk material, the Schottky barrier properties are dominated by the Fermi
level pining effect, which makes metal workfunction insignificant in determining Schottky
barriers, but this effect is trivial in 1D structures [47]. Therefore, using a metal with lower
workfunction (Ag=4.2-4.5 eV) [48] as electrode can form a higher built-in potential and
barrier height, as shown in Figure 3.7.

A back-gate CNTFET using Ag electrodes was fabricated to investigate the role of metal
workfunction. The fabrication process was the same as for the Au-CNT-Au CNTFET, but

depositing Ag instead of Au. Figure 3.8(a) shows the electrical characteristics of the Ag-
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Figure 3.6: The bias-dependent measurement of the Au-CNT-Au CNTFET with IR=0 and
IR=50 mW at (a) Vg=-0.5V and (b)Vg=2V.
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Figure 3.7: The energy levels of Ag and CNT.

CNT-Ag CNTFET with an individual CNT of 1.4 nm diameter. P-type transistor transfer
characteristics were also observed in this device. In addition, negative Vg caused linear I-V
characteristics, while positive Vg resulted in current rectifying. However, one distinct feature
was that the conductance was ~1-2 orders of magnitude smaller than in the Au-CNT-Au
CNTFET, resulting in smaller dark current. This can be explained by a decreased tunneling
probability through stronger Schottky barriers between Ag and CNT. The dark current of
this detector was changed corresponding to the conductance change: increased by negative
Vg, but decreased by positive Vg, as shown in Figure 3.8(b).

The relation between Vg and Iphoto is shown in Figure 3.9(a). Positive Vg not only
reduced dark current, but also increased Iphoto, resulting in enhanced ON/OFF ratio. The

Voc at zero Vg was small; however, a Voc of 0.3 V was observed when a Vg of 3 V was applied
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to the back-gate with 50 mW IR illumination (Figure 3.9(b)). Bias-dependent measurement
with four different power outputs was conducted. Typical photovoltaic characteristics were
measured: Iphoto was linearly proportional to the output power, while Voc was exponentially
proportional to the output power.

One particular feature is that the highest Iphoto of the Ag-CNT-Ag CNTFET at IR=50
mW (5x10711 A) was smaller than that of the Au-CNT-Au CNTFET (1x10710 A) in the
bias-dependent measurements, but Voc was much higher. This can be explained by the
symmetric metal structure: a higher built-in potential in Ag-CNT contacts resulted in wider
absorption width (depletion width) and lower dark current, but the separated electrons and
holes at one barrier needed to tunnel through a wider barrier in order to contribute to Iphoto
generation. The comparison between these two CNTFETSs indicates that metal selection
plays a vital role in determining detector performance. Ag has lower work function than Au,
resulting in a higher built-in potential and barrier height in the metal-CNT contacts. As a

result, a higher Voc was obtained in the back-gate Ag-CNT-Ag CNTFET.

3.3 Back-Gate Au-CNT-Ag Transistor

Electrostatic doping in two symmetric CNTFETSs has been demonstrated in previous sec-
tions as an effective method to improve detector performance by depressing dark current
and enhancing Iphoto with widened Schottky barriers. However, the symmetric structure
depressed photocurrent generation, since the separated electrons and holes need to tunnel
through a wide barrier before contributing to current flow. Motivated by this problem, a
back-gate Au-CNT-Ag CNTFET was fabricated, as shown in Figure 3.10. CNT and Au form

a quasi-ohmic contact, while CNT and Ag form a Schottky barrier. As a result, this detec-
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Figure 3.9: (a) The relation between gate voltage and photocurrent of the Ag-CNT-Ag
CNTFET. (b) Bias dependent measurement with IR at four different output powers at
Vg=3 V.
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Drain

Figure 3.10: Structure of the back-gate Au-CNT-Ag CNTFET.

tor becomes a Schottky diode. By irradiating the device with IR photons, photo-response
can be improved, since the separated electrons and holes do not need to pass through as a
strong barrier (Ag-CNT) as in the symmetric structure. The fabrication process began with
making an Au electrode, followed by fabricating an Ag electrode with a gap of 1 um to the
Au electrode after fine alignment.

Figure 3.11(a) shows the transfer characteristics of the Au-CNT-Ag CNTFET with and
without IR illumination. The dark current showed p-type transistor characteristics. Iphoto
was highly improved with positive Vg, although no obvious improvement is apparent in
Figure 3.11(b) due to the hysteresis effect [49]. By measuring the temporal photo-response,
it is shown that the Iphoto was increased from 2x107H (Vg=0) to 1.2x1079 A (Vg=8V)
(Figure 3.11(b)). The highest Iphoto value, around 1 nA, was an order in magnitude higher
than that of symmetric detectors.

A high ON/OFF ratio was obtained with positive Vg, thus the Voc was expected to
improve. The bias dependent measurement with four different output powers at Vg=5 V is
shown in Figure 3.12. This is a typical photovoltaic photo-response: negative bias enlarged
the Schottky barrier that increased the Iphoto, while positive bias shrank the depletion

region that suppressed the Iphoto. In addition, the Iphoto is proportional to the output
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power, while the Voc is exponentially proportional to the output power. A Voc around 0.45
V was observed with 50 mW IR illumination, which is the highest Voc reported to date for an
individual CNT based photo-detector. In contrast to the Iphoto, which is linearly dependent
on the absorbed photons, the Voc is determined by the ON/OFF ratio. Therefore, although
the detector absorbs small amounts of photons, Voc can still have a high value because the
dark current can be extremely low in 1D structures due to the phonon scattering suppression

and its nano-scale size.

3.4 Middle-Gate Transistor

Previous CNTFETSs showed promising improvement by using a back-gate to modulate the

Schottky barriers between metals and a CN'T. However, back-gates cannot be used in large

59



scale detector arrays, since all the devices will be modulated simultaneously. In this sec-
tion, a middle-gate CNTFET, which has the capability to control each individual detector
independently, will be introduced.

The structure of the middle-gate CNTFET and its AFM image are shown in Figure 3.13.
A CNT bridges two Au electrodes as source and drain, and an Al/AloO3 middle-gate is made
underneath the CNT and partially couples it. The fabrication process begins with making
two Au electrodes with an insulating gap of 2 um. A 1-pm-wide Al electrode was fabricated
in between the source and the drain by e-beam lithography, thermal evaporation, and lift-off.
The sample was then bombarded by oxygen plasma, and a thin layer of AloO3 grown on the
Al as the insulator for the gate. The last step is to deposit a CNT to connect the two Au
electrodes using the DEP deposition system and AFM manipulation system. Two inversely
connecting p-n junctions (p-n-p) will be formed by applying proper Vg to the middle-gate,
as shown by the band diagram in Figure 3.13(c).

The I-V characteristics of the middle-gate CNTFET with three different Vg are shown
in Figure 3.14(a). P-type transistor characteristics were observed. Its conductance slightly
increased with negative Vg, but decreased significantly with positive Vg. Current was linearly
dependent on the bias without Vg, implying that ohmic contact is most probably between
the CNT and Au. This was further verified by the no photo-response at Vg=0 V. The
conductance increased with negative Vg may have resulted from the fringing field effect to
the contacts. Positive Vg converts the middle of CNT into n-type material, forming a p-n-p
structure, which can be considered as two inversely connected p-n junctions. Thus, diode-
like I-V characteristics are shown at Vg= 2 V in Figure 3.14(a). The transfer characteristics
at Vds=10 mV are shown in Figure 3.14(b) with a 200 mV /dec subthreshold slope.

The transfer characteristics, at Vds= 0 V with IR on and off, are shown in Figure 3.15(a),
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(c)
Figure 3.13: (a) Structure of the middle-gate CNTFET. (b) AFM image of the middle-gate

CNTFET. (c¢) Band diagram of the working status of the middle-gate CNTFET.
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by sweeping the Vg from -2 V to 2 V. Dark current of the CNTFET decreased from 5x10~11
A(zero Vg) to 5x 10~ 14 A with increasing positive Vg, since the electrons needed to tunnel
through two p-n junctions in the CNT in order to contribute to the dark current. When 50
mW IR illuminated the CNT, similar transfer characteristics were observed with negative
and small positive Vg, indicating no Iphoto was produced. Iphoto was observed with Vg
values that are larger than 0.5 V, as shown in Figure 3.15(a). There was a sudden drop of
the current signal at Vg of around -1 V, which may have been caused by defects in the CNT.
The hysteresis phenomenon was observed in this device, and that is the reason why the
sudden drops of the current with and without IR di not cause at the same Vg. In order to
eliminate the effect of the hysteresis, we measured the temporal photo-response at fixed Vg
by switching IR on and off at 0.2 Hz, as shown in Figure 3.15(b). No Iphoto was generated
at Vg=0 V and Vg=-2 V| and the dark currents were large compared to those with positive
Vg. When a 2 V Vg is applied, Iphoto with value of 1x10711 A was generated, and an
ON/OFF ratio of around two orders was observed.

Although the Iphoto is small, the Voc is determined by the ON/OFF ratio and operating
temperature. We investigated the Voc by measuring bias dependent current at Vg=2 V. as
shown in Figure 3.16. A typical photovoltaic photo-response was observed, and a 0.1 V Voc
was obtained.

By introducing a middle-gate to the CNTFET, each individual detector in a large scale
array can be controlled separately. However, this structure has some limitations that prevent
optimal performance. First of all, the Iphoto generation is based on two inversely connecting
p-n junctions, which is similar to the CNTFET with symmetric Schottky barriers. The
detected Iphoto reflects the signal intensity difference between two junctions that are only

1 um away from each other. What is more, although ohmic contact can be formed between
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Figure 3.15: (a) Transfer characteristics of the middle-gate CNTFET with IR on and Off at
zero bias. (b) Temporal photo-response measurement by switching IR on and off at 0.2 HZ.
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Figure 3.16: Bias dependent measurement with IR at two output powers at Vg=2 V.

a CNT and metals by selecting a proper metal, the fringe field from the middle-gate may

produce a barrier that suppresses the generation of Iphoto.

3.5 Multi-Gate Transistor

In previous sections, we have demonstrated that both an asymmetric metal structure and
electrostatic doping using a back-gate can improve the performance of the CN'T detectors by
manipulating the energy alignment between metals and a CNT, but a back-gate modulates
all the detectors simultaneously. In order to control detectors independently, a middle-
gate CNTFET was fabricated and investigated. However, all these CNTFETs have their
limitations to perform optimally.

In order to optimize the design of the CNT detectors, an asymmetric multi-gate CNTFET
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based IR detector was fabricated, integrating an asymmetric metal structure(Au-CNT-Al)
with multiple gates, which allow controlling the Fermi energies at source, drain, and CNT
channel independently. Examining gate structure dependent photo-responses may lead to
an improved understanding and design of the photodetectors.

A multi-gate asymmetric CNTFET was fabricated with a back-gate and three pairs
of side-gates that can locally dope the source, SWCNT channel, and drain, as shown in
Figure 3.17. This device was an extension from the asymmetric (Al-CNT-Au) CNFEET
with three pairs of Al side-gates located 400 nm to the SWCNT, denoted as Gatel, Gate2,
and Gate3. Gatel and Gate3 are used to modulate the Fermi level of source and drain
independently. Gate2 is not only used to modulate the Fermi level of the SWCNT channel,
but also blocks the fringing electrical field of Gatel from Gate3 to guarantee the local doping
capability.

Previous comparisons between symmetric and asymmetric CNTFET are based on differ-
ent CNTs. A fabrication process was developed to compare electrical and optical character-
istics of symmetric and asymmetric CNTFETSs connecting to the same CNT. The fabrication
process started with a heavily doped p-type single-crystal Si substrate, which was cleaned
and coated with 200 nm of thermal SiO9. The source-drain electrodes made of Au were
fabricated by EBL, thermal evaporation, and liftoff, with a separation of 1000 nm, width of
500 nm, and thickness of 40 nm. SWCN'T suspension was prepared by dispersing SWCNT
powder in alcohol medium, followed by 10-15 minutes ultrasonication. Metallic SWCNTs
were filtered out by a micro-dielectrophoresis chamber [32]. A droplet of SWCNT suspension
was deposited between the source-drain electrodes, and dielectrophorisis force was generated
by applying a sine wave (frequency of 10 kHZ and Vpp of 1 V) to trap a semiconductor

SWCNT between the electrodes. An atomic force microscopy (AFM) manipulation system
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Figure 3.17: AFM image of the multi-gate asymmetric CNTFET with a back-gate and three
pairs of side-gates that can locally modulate source (Gatel), SWCNT channel (Gate2), and
drain (Gate3).
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was utilized to guarantee the deposition of an individual SWCNT for each device [30]. Then
the symmetric CNTFET was formed, and its I-V characteristics and photo-responses were
measured. To convert this device into an asymmetric CNTFET, an Al electrode was used to
cover one of the Au electrodes. The Al electrode was patterned by EBL and liftoff using 50
nm Al. To guarantee the formation of the asymmetric metal structure, the Al electrode was
200 nm extending towards the gap of two Au electrodes, as shown in the insets of Figure 3.18.
Meanwhile, three pairs of side-gates are fabricated. The electrical and optical characteristics
of the asymmetric CNTFET were recorded using the same experimental setup as in the
symmetric CNTFET.

Electrical measurements were performed on the devices with source electrode maintained
at ground potential using Agilent 4156C semiconductor parameter analyzer. Figure 3.18
shows the [-V characteristics of the symmetric and asymmetric CNTFETSs at zero gate bias.
The symmetric CNTFET forms two reversely connecting Schottky barriers at two contacts
(inset of Figure 3.18), resulting in symmetric I-V characteristics. The I-V characteristics of
asymmetric CNTFET exhibited current rectifying, with a high conductivity when forward
biased and a low conductivity when reverse biased, due to the formation of two Schottky
barriers in the same direction at two contacts.

Before the measurement of all gates, we firstly test the back-gate (Vgs) dependent photo-
responses. An IR laser with wavelength of 830 nm and an output power of 50 mW was used
to investigate the photo-responses of the CNT CNTFETSs. The IR light is linearly polarized
along the axis of the SWCNT. The laser was mounted on a high precision triple divide linear
translation stage to align the laser spot onto the CNTFETSs. Figure 3.19 shows the transfer
characteristics of the symmetric CNTFET at zero bias with and without IR illuminating.

The symmetric CNTFET exhibited typical unipolar p-type transfer characteristics at dark
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(denoted as "IR OFF” in Figure 3.19): the dark current decreased from 60 pA (Vgs=-3 V) to
0.8 pA (Vgs =3 V). Under IR illumination, denoted as IR ON” in Figure 3.19, a different
transfer characteristic was measured (blue curve), implying photo-generated electron and
hole pairs were generated and separated by the Schottky barriers, and consequently con-
tributed to the photocurrent. Photocurrent was positive with positive Vgs, while it changed
polar with negative Vgs, as indicated by the arrows in Figure 3.19. This implied that Vgs
changed the direction of Schottky barriers through electrostatic doping (band diagrams in
Figure 3.19), because the workfunction of Au is only slightly bigger than that of SWCNT.

The asymmetric CNTFET at dark converted to an n-type transistor (Figure 3.20). The
lowest dark current was obtained at Vgs = -3 V with a value of 0.02 pA. Upon IR illumina-
tion, the current signal exhibited p-type transfer characteristics: Figure 3.20 clearly shows
current increased towards decreasing Vgs with IR ON. As a result, the photocurrent transfer
curve of asymmetric CNTFET showed p-type characteristics, as shown in Figure 3.21. With
regard to a transistor, this device can induce n- to p-type conversion by illuminating light
onto the device due to change of the barrier width (w): negative gate bias increased the
built-in potential between Al and SWCNT that enlarged the effective absorption region (w),
as illustrated in the band diagrams of Figure 3.21. With regard to a photodetector, the
sensitivity was enhanced 140 times according to the definition of sensitivity as the ratio of
photocurrent to dark current. Because the lowest dark current of asymmetric CNTFET was
40 times smaller than symmetric CNTFET, and highest photocurrent was 3.5 times larger
than symmetric CNTFET. In addition, photocurrent of the asymmetric CNTFET remained
the same polar with Vgs in the range between -3 V to 3 V due to the large workfunction
difference between Al and CNT.

Temporal photocurrent measurement was performed with different gate biases by switch-
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Figure 3.19: Transfer characteristics versus the back-gate bias at zero bias of the symmetric
CNTFET with absence and presence of IR laser illumination (wavelength of 830 nm and
output power of 50 mW) by sweeping the gate bias from -3 V to 3V. Two band diagrams
show the Schottky barriers at negative and positive gate biases.
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scale. The band diagram shows the energy alignment of the device.
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to source bias. The band diagrams show the barrier width (w) at negative and positive gate
biases.

ing IR on and off at 0.2 Hz. Figure 3.22 shows that the dark current was reduced with
decreasing Vgs at the absence of IR illumination, and the current was increased significantly
upon light illumination, especially at large negative gate bias. The current dropped to the
dark current when the IR laser was turned off. The reproducibility of the photo-response
was excellent, and the response time was short. The maximum sensitivity was obtained at
Vgs =-3 V with lowest dark current and highest photocurrent.

After the testing of back-gate dependent photo-responses, we compared the transfer char-

acteristics of all gates. Considering the differences of distance and dielectric constant of the
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Figure 3.22: Temporal photocurrent measurement of the asymmetric CNTFET with three
different gate biases (-3V, -1V, and 0V) by switching IR OFF and ON at 0.2 Hz.
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back-gate and side-gates that capacitively-couple to the SWCNT, we normalized the gate
voltages in transfer characteristics measurement. Figure 3.23(a) shows the normalized pho-
tocurrent transfer characteristics by sweeping the gate biases of back-gate (Vgs), source
(Vgl), SWCNT channel (Vg2), and drain (Vg3) to independently dope different portions of
the SWCNT. Unexpectedly, the trend of photocurrent transfer characteristics was the same,
independent of the gate location. Although the Gatel and Gate3 locally doped Au-CNT and
Al-CNT contacts, all photocurrent transfer characteristics showed p-type characteristics that
were the unique signature of AI-CNT contact (photocurrent decreased with increasing gate
biases). The magnitude of the gate voltage to obtain maximum photocurrent was smallest
for the back-gate (Vg=-2.3 V), while the largest gate voltage was required for the side-gates
of drain (Vg=-3.5 V). These results were verified by temporal photocurrent measurement in
order to avoid the influence of hysteresis [49]. We have fabricated five devices, all of which
showed similar results.

These photocurrent transfer characteristics were completely different from conventional
planar devices. We attribute this unique property to the charge distribution in 1D mate-
rials: there is a long tail extending from the junction into the undoped region, and this
charge tail can be several micrometers long [15], as shown in Figure 3.23(b). This implies
that the depletion region from the AI-CNT junction may extend into the whole SWCNT
channel, and even approach the Au-CNT junction. In other words, the SWCNT channel
became a partially ”full” depletion region, resulting in an enlarged effective absorption area.
Traditional p-n photodiode increases its effective absorption area by introducing an intrinsic
semiconductor between p-type and n-type semiconductors to form the p-i-n junction, while
1D semiconductors can naturally enlarge their depletion region. The charge along the charge

tail decreased from the AI-CNT depletion region towards to the Au-CNT contact, resulting
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in the difference of magnitude of gate voltages required to obtain maximum photocurrent
in Figure 3.23(a). In addition, this implies that the gate structure of CNTFETSs can be
simplified into a single gate structure, which can significantly facilitate large scale device
manufacturing, and thus CNTFETSs may become the building blocks for nano-photodetector

arrays.

3.6 Detector Array using CNT based Transistors

In previous sections, we demonstrated that photocurrent improvement has weak dependence
on the gate position. Thus multiple gates can be replaced by one pair of gates, as shown
in Figure 3.24. This simplification can not only make the device smaller, but also avoid the
electric field influence from neighboring devices.

A 3x3 CNT detector array was fabricated, as shown in Figure 3.25, which also shows the
AFM image of the structure of one of its pixels. For this array, two Au electrodes of each
detector were fabricated with a gap of 1 um using EBL, thermal evaporation, and lift-off.
A single CNT was then deposited between the electrodes using DEP deposition system and
AFM manipulation system, followed by fabricating two gates and replacing one of the Au
electrodes with Al. At the end, the whole device was packaged by a parylene-C layer in
order to protect the device from environmental contaminations.

The pitch size of this array is 15 wm. Each individual detector in the array can be
controlled independently using their own gates. We first measured the photo-response of
each detector separately, and then calibrated proper values of Vg for each individual detector
in order to make them generate the highest photocurrent.

By irradiating the detector array with IR photons from a laser, photocurrent of all detec-
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Figure 3.23: (a) Photocurrent transfer characteristics by applying gate biases to back-gate
(Vgs), source (Vgl), SWCNT channel (Vg2), and drain (Vg3). (b)A 3D geometry of the
multi-gate CNTFET and the charge distribution of the SWCNT, showing the charge tail on
the SWCNT.
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Figure 3.24: Asymmetric CNTFET with a simplified gate structure.

tors was measured. The images obtained from the measurement are shown in Figure 3.25.
The color lightness shows the magnitude of photocurrent, which was normalized. In the
images, the darker the color, the higher the Iphoto. Figure 3.25(a) shows that the highest
light intensity of the laser is radiating on Pixel5. Other pixels have smaller Iphoto, and
the value of Iphoto decreased as the distance between the detector and laser spot increased.
When the laser was moved towards top-left, Figure 3.25(b) shows that the highest intensity
point has moved to Pixell. This detector array can be considered a small focal plane array
in an IR imaging system. If the CNT detector array had a larger number of detectors, a

higher resolution IR image could be obtained.

3.7 Chapter Summary

In summary, five types of CNTFETs were fabricated to investigate and improve the perfor-
mance of the CNT based IR detectors. In the back-gate Au-CNT-Au CNTFET, the detector

performance was improved by applying voltages to the back-gate, resulting in smaller dark
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Figure 3.25: The image of a 3x3 detector array and the AFM image of the Pixel9.
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Figure 3.26: The images obtained from the detector array, and color lightness shows the
magnitude of photocurrent. The laser spot center is on (a)Pixel5, (b)Pixell.
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current and higher Iphoto. Back-gate is capacitive-coupled to the CNT, thus applying Vg
can electrostatically modulate the Fermi energy of CN'T so as to control the Schottky barriers
that are responsible for Iphoto generation. The back-gate Ag-CNT-Ag CNTFET produced
higher Voc under IR illumination, since the built-in potential between Ag and CNT is higher
than that of Au and CNT, showing the significance of metal workfunction. The previous
two CNTFETSs are with symmetric metal structures, which constrained the performance of
the detectors, since separated electrons and holes from one Schottky barrier need to tun-
nel through another barrier. In the back-gate Au-CNT-Ag CNTFET, an asymmetric metal
structure was used, and both Iphoto and Voc were highly improved. The reason is that the
electrons and holes from the Ag-CNT interface only needed to pass through a small barrier
between Au and CNT before being collected. CNTFET with back-gate structure is easy to
fabricate and provide valuable information for improving detector performance. However,
the back-gate structure is not suitable for larger scale detector arrays, because the back-gate
will modulate all detectors simultaneously. A middle-gate CNTFET was fabricated in order
to control each detector independently. But CNT detector with middle-gate structure and
symmetric metal structure could not deliver optimal performance. In order to find the opti-
mal detector design, an asymmetric multi-gate CNTFET was introduced, with asymmetric
metal structure and multiple gates, including back-gate, gates for source and drain, and mid-
dle gates. A multi-gate CNTFET was developed and tested, revealing an unconventional
photocurrent transfer characteristic, which was attributed to the unique charge distribution
of 1D materials. Therefore, CNT detectors can be simplified into a single gate structure. A
3x3 focal plane array using the asymmetric CNT detector with one pair of side-gates was

fabricated, effectively detecting the laser intensity distribution.
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Chapter 4

Spectral Responses of CNT

Photodetectors

The bandgap energy of a CNT is inversely proportional to its diameter, therefore precise
control of CNT diameter will find a wide range of applications in electronics and photonics.
However, there are some technique difficulties to synthesize CNTs with an uniform diameter
and chirality. In this chapter, we will firstly measure the spectral response of a SWCNT
based photodetectors. Electrical breakdown process was introduced to tailor the bandgap
energy of MWCNTs. After a number of consecutive breakdowns, it was found that CNT

photodetectors can detect MWIR at room temperature.

4.1 Spectral Response of SWCNT based Photodetec-

tors

In previous chapters, we have demonstrated that both asymmetric metal structure and
electrostatic doping through a gate can significantly improve the photo-responses of CNT
photodtectors. However, all previous testings used IR laser with wavelength of 830 nm as
light source. Therefore, the spectral responses of the CN'T photodetectors are not clear.

In order to understand the spectral responses of CN'T photodetectors, a blackbody test-
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Figure 4.1: The blackbody testing system.

ing system has been developed as shown in Figure 4.1. The IR source with wide range of
wavelengths radiates from an Oriel 67030 blackbody (Newport Corp.) with a temperature
range of 50°C to 1050°C'. To measure the spectral responses of the photodetectors at a spe-
cific wavelength, different bandpass filters were used and positioned between the blackbody
and the CN'T photodetectors. The lens focuses IR signal onto the CNT photodetector that
is mounted outside the cryogenic cooling chamber. The sensor temperature can vary from
room temperature to -196°C by feeding liquid nitrogen. With the blackbody testing system,
the CNT photodetectors can be characterized at different temperatures as well as different
gas environments.

We fabricated an asymmetric (Ti-CNT-Au) CNTFET based photodetector with a back-
gate to provide electrostatic doping. The fabrication started with fabricating Au and Ti
electrodes with a gap of 1 ym on top of a heavily doped Si substrate with a 200 nm-thick SiO9
layer. An individual SWCNT was deposited between the electrodes using dielectrophorisis
deposition system and AFM manipulation system. The I-V curves of the device at different
gate voltages are shown in Figure 4.2(a). Current rectifying of these I-V curves revealed the

asymmetric Schottky barriers at two contacts. The transfer characteristics (Figure 4.2(b))
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of the transistor show that conductivity decreases with increasing gate voltage, a typical
p-type transistor characteristic.

The temporal current at different gate voltages without IR illumination was shown in
Figure 4.2(c). The dark current and noise obtained from Figure 4.2(c) are summarized in
Table 4.1. The dark current is the average current; noise is the standard derivation of the
current. Positive gate voltages can significantly reduce both dark current and noise due to

the increase of built-in potential and the consequently enlarged Schottky barrier width.

Table 4.1: Dark Current and Noise at Different Gate Voltages

Vg (V) Dark Current (pA) Noise (pA)

-3 -52.3 14.5
0 -13.9 1.29
3 -2.65 0.14

The photo-responses of the detector were measured by using the blackbody as the IR
source. There was no photo-response when zero gate voltage was applied (Figure 4.3(a))by
switching the shutter on and off at 0.5 Hz. When the magnitude of gate voltage was increased,
the photo-responses became clearer to be detected due to the suppression of dark current
and noise, and enhancement of photocurrent with proper electrostatic doping.

We also measured the spectral responses by using different bandpass filters in front of
the detector. This photodetector can sense IR signals with wavelengthes of shorter than
1.55 pum, as shown in Figure 4.4. The diameter of the SWCNT was 1.2 nm, identified by
the height information from an AFM. Diameter of 1.2 nm corresponds to bandgap energy of
0.7 eV, which equal to wavelength of 1.6 um. There are two peaks in the spectral response:
one at 1.55 um, the other at 0.83 pum. Since the CNT is 1D material, its density of states is

not continuous, but discrete. The two peaks can be explained by the Van Hove singularities
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Figure 4.4: The spectral response of the SWCNT based photodetector.

occurs at Eq; and Eo9. The band structure of CNTs that have certain chirality can be
calculated through well-established models [7,50]. A Kataura plot was proposed by Hiromichi
Kataura to relate the diameter and CNTs and their bandgap energies in order to rationalize
experimental findings [51]. It was found that E99 and Eq; of 1.2 nm-diameter CNT resides

at 0.83 wm and 1.55 um.
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4.2 Electrical Breakdown Control

It was demonstrated that SWCNT with 1.2 nm diameter can detect IR signal with wavelength
shorter than 1.55 pum. In order to detect MWIR signal, the diameter of CNTs should be
larger than 3 nm. Current synthesis techniques are difficult to grow uniform SWCNT with
this large diameter.

MWCNTSs are CNTs with a number of concentric nano-cylinders with varied diameters.
MWCNTSs may have much smaller bandgap than SWNCTs due to their large diameters.
However, selecting MWCNTs with desired bandgap energies remains a major challenge.
The as-synthesized MWCNTSs are typically mixed with different bandgaps. In this section,
we will introduce how to control MWCNT bandgap energy using an electrical breakdown
system.

The electrical breakdown process was proposed by Collins et al. to peel off the outer
shell of MWCNTs with applied voltages [24]. The shells of a MWCNT can only sustained
certain power, therefore outer shells can be electrically removed when applied voltage beyond
the breakdown limits. However, this bandgap engineering process remains uncontrolled that
may result in cascade breakdown and cause the damage of MWCNTs.

In order to electrical breakdown the outer shell of MWCNTSs in a control manner, we de-
signed a controller to control the breakdown process in order to prevent cascade breakdown.
The breakdown voltage was increased gradually according to the optimal estimate from the
extended Kalman filter, which was designed based on the quantum electron transport model.
Utilizing the statistical information of the current data as the feedback, the modeling error
and random measurement noise are optimally minimized by the filter without sacrificing

the response speed. The current signal caused by breakdown process can be detected by
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fault diagnosis technique, which generates fault residual that stops the breakdown process.
The controller is capable to generate stable breakdown voltage even with noisy and unstable
current. The random current jitters will not yield large fault residual to affect the fault
decision and cause a false alarm. When the fault residual exceeded fault threshold, a real
breakdown was detected. The controller withdraw the applied voltage immediately to pre-
vent the cascade breakdown. The fault threshold is experimentally optimized to minimize
the false alarm and maintain quick response.

Figure 4.5 and Figure 4.6 show the breakdown process to control the MWCNT shell peel
off using the controller. The breakdown process started with a bias voltage of 0.5 V, an abrupt
current change was observed when the voltage was increased to 2.23 V (Figure 4.5). The
control voltage was immediately withdraw to stop the cascade breakdown. The conductivity
was decreased from 2.20x10™% S to 1.52x10™* S after one breakdown process due to the
removal or the defect generation on the outmost shell (Figure 4.6).

In addition, an experiment was conducted to verify the CNT breakdown phenomenon.
The results indicated the CNT breakdown happened at a particular region on the CN'T. Sin-
gle MWCNT was placed on three pairs of Au microelectrodes as illustrated in Figure 4.7(a).
I-V characteristics of different segments (AB, BC, and AC) of the CNT were measured and
studied before and after the breakdown process (see Figure 4.7). When a voltage was ap-
plied to the segment AB, the first CN'T breakdown occurred between the segment AB. We
observed a significant change in the I-V curve of the segment AB while no obvious change
in the I-V curve of the segment BC occurred. Since the segment AC included both the
segments AB and BC, the I-V curve of the segment AC was also affected. Similarly, when
the voltage was applied to the segment BC, the second CNT breakdown occurred between

the segment BC, and the I-V curve between the segment AB remained unchanged because
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Figure 4.5: Breakdown (BD) control curve.
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the breakdown occurred on the segment BC only. This experimental result clearly indicated
that the breakdown position of a CN'T can be adjusted by applying the electrical current at

specific locations.

4.3 Spectral Response of MWCNT based Photodetec-

tors

In order to detect MWIR, the functional materials need to have a bangap energy that is
smaller than the energy of the MWIR photons. Bandgap energy of a MWCNT is proportional
to its diameter, but most of MWCNTs have a over-size diameter, resulting in a zero bandgap
energy. In order to control the bandgap energy to be a desired value, we used the breakdown
control system to consecutively tailor the outer shells of MWCNT.

The fabrication of this device is similar to that of the SWCNT photodetector, but de-
posited MWCNT instead of SWCNT using the dielectrophorisis deposition system. Fig-
ure 4.8 shows the I-V curves of the MWCNT photodetector before and with 6 breakdowns.
A linear I-V characteristic before breakdown indicates ohmic contact at both ends even
though both metals have different work functions, reflecting the zero bandgap or metallic
property of the as-prepared MWCNT. After serval consecutive breakdowns, current rectify-
ing (curving I-V characteristic) became clearer, indicating the metallic MWCNT converts
to a semiconductor MWCNT. The MWCN'T photodetector cannot sense MWIR, before the
breakdown due to the zero bandgap energy of MWCNT with large diameter. After a number
of breakdowns, we found that the photodetector can detect the radiation from the blackbody.

In order to understand its spectral responses, we measured the photocurrent by plac-

ing bandpass filters in front of the photodetector. It was found that the photodetector can
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measure a wide spectrum ranging from 1 pum up to 8.8 pum, as shown in Figure 4.9. The mea-
surement was performed at room temperature. In other words, this photodetector can sense
MWIR and IR signal with longer wavelengthes at room temperature. In addition, we found
that the detection spectrum can be tuned by controlling the times of breakdown. It should
be noted that the detection spectrum of the MWCNT photodetector is much wider than
that of traditional photodetectors. We attributed this to that multiple layers of MWCNT
are contributing to the photon absorption and photocurrent generation. Conventional pho-
todetectors need to stack materials that have different bandgaps to widen the detection
spectrum, highly increase the fabrication complexity and cost [52-55]. The MWCNTs with

controlled breakdown can be naturally a wide spectral material.

4.4 Chapter Summary

In summary, we measured the spectral responses of a SWCNT based photodetector, which
can detect IR signal with wavelength less than 1.5 ym using a SWCNT with diameter of 1.2
nm. In order to measure MWIR, CNTs with larger diameters are required. An electrical
breakdown system was developed to conquer the technical difficulties in synthesis CNT
with desired diameters and bandgap energies. The electrical breakdown system precisely
controlled the applied voltage to the MWCNT in order to prevent cascade breakdown. In
other words, the outermost shell of the MWCNT can be breakdown one by one. After a
number of consecutive breakdowns, the MWCNT based photodetector can detect MWIR at
room temperature. The MWCNT showed wide spectral responses, which was attributed to

the photon absorption at multiple layers of the MWCNTs.
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Figure 4.9: The spectral response of the MWCN'T based photodetector.
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Chapter 5

Plasmonic Lens using Optical

Antenna

CNT based photodetectors have shown outstanding performance by using CNT as sensing
element. However, detection wavelength is much larger than the diameter of the CNT,
resulting in small fill factor (absorption area). Bowtie antenna can confine light into a sub-
wavelength volume based on plasmonic resonance, acting as a plasmonic lens. Therefore, in-
tegrating a bowtie antenna to CN'T based photodetectors can highly improve photo-response
of the detectors. The electric field enhancement of bowtie antennas was calculated using the
device geometry by considering fabrication difficulties and photodetector structure. It is
shown that the electric field intensity enhancement increased exponentially with distance
reduction between the CNT based photodetector to the antenna. A redshift of the peak
resonance wavelength is predicted due to the increase of tip angles of the bowtie antennas.
Experimental results showed that photocurrent enhancement agreed well with theoretical

calculations. Bowtie antennas may find wide applications in nano-scale photonic sensors.

5.1 Introduction of Optical Antenna

We have demonstrated that CN'T can be utilized as a functional element for photodetectors.

However, a critical challenge for obtaining high performance 1D photodetectors is the di-
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mension incompatibility between photodetectors and optical wavelengths. The radial sizes
of CNTs are much smaller than detection wavelengths, resulting in low fill factor and re-
sponsivity. Motivated by this challenge, optical antennas were designed to integrate with
CNT based photodetectors so as to bridge the gap between nano-size sensing elements and
micro-size wavelengths. Due to plasmonic resonance, optical antennas can confine strong
optical near fields in a volume far below a cubic wavelength of excitation light. This can
greatly enhance photon absorption owing to the increase of coupling between CNT and vi-
brating electrical fields of photons. By integrating CNT based photodetectors with optical
antennas, the nano-scale photodetectors can be made with outstanding performance and
photon absorption efficiency.

In our design, the optical antenna performs as a plasmonic lens that funnels light into
the CNT based photodetector. This is analogous to the microlenses on top of conventional
charge coupled device (CCD) array to increase detector fill factor [56]. If the CNT based
photodetector occupied the same area as the antenna/CNT photodetector, they have same
fill factor. However, technical difficulties prevent the assembling of a large array of uniform
CNTs. Assembling a CNT thin film has been demonstrated, but the interaction between
CNTs in thin film resulted in the loss of their unique optical properties. Therefore, one
single CNT is more favorable and easier to manipulate in order to fabricate high perfor-
mance photodetectors. But the challenge of one individual CNT as the core material for
photodetectors is the small diameter of CN'T. The optical antenna can strongly concentrate
light into sub-wavelength volume that couples to the CNT in order to improve fill factor.

Optical antennas have invoked considerable interests, because of their ability to generate
large and localized electromagnetic fields. The basic principle of optical antennas is based

on the resonant behavior between excitation light and metal structure. When light inter-
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acts with optical antennas that have proper dimensions, surface plasmons are generated due
to resonant coupling between the electromagnetic surface waves and oscillations of free elec-
trons in the metal. Light irradiating on the optical antenna at frequencies below the resonant
frequency is reflected, since it induces motion in the charge carriers that act to screen out
the incident field [57]; when the frequency of light is above the resonant frequency, light
is transmitted because the charges are unable to respond quickly enough to screen out the
incident field; only at the resonant frequency, light is resonant coupling to free charges of
metals, and the incident waves will be absorbed and reradiated. By properly orienting the
reradiated waves, intensely localized near-fields can be generated. Confining or localizing
light into a small volume has found plenty of applications in many research fields, including
spectroscopy, microscopy, lithography, bio-sensing, chemical studies, and so on [58,59]. In
recent years, optical antennas used to improve the performance of planar photovoltaic de-
vices became a hot field [60]. However, very little research was conducted to improve the
performance of 1D photodetectors using optical antenna, although 1D materials become an
emerging platform in photovoltaic devices [61].

There are a variety of novel shaped optical antennas, such as nano-sphere, nano-rod and
nano-triangle monomers, nano-sphere dimmers, dipole antennas, bowtie antennas, Yagi-Uda
antennas, cross antennas, and so on [59]. Among all these optical antennas, dipole and
bowtie antennas are particularly suitable for integrating with 1D photodetectors because
of their geometries. Dipole antennas are nano-rod dimmers, while bowtie antennas are
nano-triangle dimmers, therefore both dipole and bowtie antennas can be considered as
two opposing tip-to-tip nano-triangles (non-zero apex width) with tip angles ranging from
0 degree (dipole antennas) to wider angles. The coupling between two pieces of metals in

these antennas concentrates the incident light into a nano-scale gap, which locates above a
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CNT photodetector in order to enhance the interaction between the localized near-fields and
CNTs.

There were a number of approaches to improve a photodetector’s performance using plas-
monic resonance: photocurrent enhancement was demonstrated in a Si photodiode via the ex-
citation of plasmon resonances in spherical Au nanoparticles deposited on the Si surface [62];
a middle-wave IR photodetector, comprised of a metallic grating filled with HgCdTe, was
proposed to improve the signal-to-noise ratio by plasmonic resonance [63]; an optical an-
tenna was utilized as a metal electrode for a Si Schottky diode to boost photo-detection [64].
Optical antennas were embedded in these photodetectors, acting as part of the photodetec-
tors. In our design, the bowtie antenna performs as a plasmonic lens, which can be easily
integrated into all types of high performance 1D photodetectors [20,23,65]. In particular,
the bowtie antenna perfectly matches with the CN'T photodetector due to the compatibility
of the diameter of CNT and gap distance of the bowtie antenna, because the electric field
(E-field) enhancement exponentially increases with decreasing gap distance [66].

The properties of free-standing optical bowtie antennas have been studied extensively
[67], and our group has demonstrated that dipole antenna can boost photo-response of 1D
IR detectors [68]. However, the design of bowtie antennas for 1D photodetectors was not
systematically studied. In this chapter we will present the design of bowtie antennas that
can be integrated with CN'T photodetectors to highly improve the detection of IR signal
with wavelength of 830 nm. E-field enhancement with bowtie antennas was calculated to
seek the optimized tip angle and insulator thickness. Experimental results showed that
the photocurrent enhancement was 12.67 times by adding a bowtie antenna with precise
alignment and dimension control in fabrication. Calculation of relative energy difference

on the CNT photodetector at absence and presence of the bowtie antenna quantitatively
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explained the photocurrent enhancement.

5.2 Design of Bowtie Antennas

The bowtie antenna consists of two tip-to-tip nano-triangles that can confine strong elec-
tromagnetic field between two triangles at resonance frequency. Light illuminating on the
bowtie antennas will generate instantaneous current, which oscillates at the frequency along
the polarization of the incident light. The instantaneous current is maximum near the center
of the nano-triangle, and decreases toward the edges of the antenna. This leads to a high
density of surface charge at the tip of the nano-triangles. Displacement current flows into the
small air gap of the bowtie antennas, reradiating the absorbed energy. The strong coupling
of these two opposing tip-to-tip triangles brings the center of the reradiating source to the
center of the gap [69]. The maximum intensity enhancement can be obtained at resonance
frequency, which is mainly determined by the dimension and materials of antennas.

One thing should be noted is that the depletion region of the CNT photodetector may
extend into the whole tube of the CNT, since the charge distribution of the 1D systems has
a long-range tail, extending over the entire CNT [15]. In other words, the entire CNT can
be considered as depletion region. Therefore, the optical antennas can not only be located
on the contacts, but they also can be placed on top of the CNT body. The relative position
of the CNT photodetector and bowtie antenna is shown in Figure 5.1. A thin insulator
(SigNy) is sandwiched between the bowtie antenna and the photodetector (Figure 5.1(c)),
with the gap of bowtie antenna aligning to the center of CNT channel. The geometrical
parameters are also denoted in Figure 5.1: where d is the gap distance, w is the apex width,

L is the length of the bowtie antenna, € is the tip angle, and t is the thickness of the insulator
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between antenna and CNT.

This CNT photodetector is designed for detecting IR signal at 830 nm, thus the bowtie
antenna should resonate at or close to this wavelength. Resonance wavelength is very sen-
sitive to the dimensions of bowtie antennas, but several parameters are fixed in simulation
considering the fabrication constraints, and some parameters have been extensively stud-
ied [70]: the gap distance d is set to be 30 nm for easier alignment of the bowtie antenna to
the photodetector; apex width is 30 nm to leave some tolerance for EBL; antenna length L
is 400 nm because it is close to half-wavelength of the IR signal; the bowtie antenna is made
of 3 nm Ti and 20 nm Au. The width of both Au and Ti electrodes is 400 nm, and the gap
between two electrodes is 1000 nm. The following simulation was based on the geometry
including both electrodes and bowtie antennas, as shown in Figure 5.1.

The E-field enhancement spectra of bowtie antennas will be simulated with varying in-
sulator thickness t and tip angle #, not only since these two parameters can be easily tuned
in real device fabrication, but they also have significant impacts to the E-field intensity
enhancement.

Figure 5.1(a) also shows the direction of incident light polarization and the coordinate
system for all numerical simulations using ANSYS HFSS: a plane wave is normally incident
on the structure from the top with the electric field being polarized along the x axis, which is
parallel to the axis between two triangles, with electric field component amplitudes of E,=1

5.2.1 Insulator Thickness Dependent E-field Enhancement

The plasmonic resonance of the bowtie antennas was first investigated by varying the insula-

tor thickness t between the antenna to the CNT photodetector. This is a critical parameter,

102



quartz substrate

(a)

SizNy CNT
|

(©)

Figure 5.1: (a) A 3D geometry shows the relative position between the CNT based pho-
todetector and the bowtie antenna. The incident light with electric field polarized in the
x direction propagates in the z direction. (b) Top view of the device, and parameters of
the bowtie antenna: L=400 nm is the length of the antenna, g=30 nm is the gap of two
pieces of the antenna, w=30 nm is the apex width, and is the tip angle. (c¢) Side view of the
device, showing the CNT based photodetector and bowtie antenna sandwiching the SigNy
layer that has a thickness of t.

103



since the photodetector needs to be placed in close proximity to the optical antennas in
order to fully take advantage of near fields [71]. The insulator thickness dependent E-field
distribution at the substrate plane (the plane between SigN4 and quartz substrate), where
CNT located, was calculated based on equilateral Au triangles ( 6=60 degrees) with d=30
nm, w=30 nm, L= 400 nm. The CNT photodetector and optical antenna are on the top of a
quartz substrate, with a plane-wave light polarized in the x direction normally illuminating
the device from the top.

The resonance wavelength for this antenna is at 845 nm with t=10 nm. Figure 5.2(a)
shows the E-field distribution between two electrodes at the substrate plane for the device
with t = 10 nm at its resonance wavelength. The E-field is confined into the gap of the
bowtie antenna with the maximum amplitude located at the center of the gap due to the
strong coupling between two nano-triangles. The E-field distribution is in the shape of a
horizontal bowtie, and the amplitude of the E-field decreases as the distance to the center
of the gap increases in the horizontal direction. The illuminating light had E=1 V/m, while
the peak amplitude at substrate plane became E=14.608 V/m at resonance after adding the
bowtie antenna, with an enhancement of 14.608 fold.

The peak E-field intensity enhancement Max(| F |?) as a function of insulator thickness
at resonance wavelength was shown in Figure 5.2(b). The E-field distributions with thickness
of SigN4 ranging from 10 nm to 50 nm were investigated. The blue curve shows the peak
intensity enhancement at the substrate plane: the enhancement decreased from 213.1 to
26.7 when the thickness of the Sig3/N4 increased from 10 nm to 50 nm. The red curve
in Figure 5.2(b) is the exponential fit of the data, which matches very well with the blue
curve. The resonance wavelength of the antenna redshifted from 845 nm to 1034 nm with the

thickness increasing of Si3 Ny layer from t=10 nm to t=50 nm [72]. The inset of Figure 5.2(b)
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Figure 5.2: (a) The E-field distribution of the resonance frequency (845 nm) of the bowtie
antenna with §=60 degrees, and t=10 nm. The x-y axis show the coordinate for simulation.
(b) The t dependent peak field intensity Max(| E |?), blue curve is the simulation values,
and red curve is the exponential fit. The inset shows field intensity enhancement | F ]2 at
wavelength of 830 nm.
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shows that the E-field enhancement at wavelength of 830 nm, which corresponds to the
wavelength of our laser source, decreases dramatically by increasing the insulator thickness.
The simulation results indicate that the field intensity enhancement decreases significantly
with the increasing thickness of the insulator, because evanescent waves decay exponentially
from the antenna. Therefore, in order to fully use the power of the antenna, the photodetector

needs to be fabricated close to the bowtie antenna.

5.2.2 Tip Angle Dependent E-field Enhancement Spectra

Not only is the tip angle of the bowtie antennas easily modified in real device fabrication, but
it also has critical impact on both resonance wavelength and E-field intensity enhancement.
The E-field spectra as a function of the tip angle were calculated with d=30 nm, w=30 nm,
L= 400 nm, and t=10 nm. Figure 5.3 shows the E-field spectra of bowtie antenna with tip
angles of 0 degrees (dipole antenna), 30 degrees, 60 degrees, 90 degrees, and 120 degrees.

The spectra vary significantly with different tip angles. It is shown that bowtie antennas
cover wider spectrum with larger tip angles. Bowtie antennas can be considered as a two-
dimensional analogue of biconical antenna, therefore wider tip angles are expected to possess
broader bandwidth. The bowtie antenna with tip angle of 120 degrees shows field intensity
enhancement in a broadest spectrum. What is more, two resonance wavelengths was found
with a fundamental resonance wavelength at 1.13 pm and a high-order resonance at 0.77
pum. High-order resonance is easier to be excited for large angle Bowtie antennas, since
larger angle bowtie antennas are prone to overcome the symmetry limitation of octupolar
resonance, while octupolar resonance is forbidden in the 0 degree bowtie antenna under
normal incidence [73].

The peak E-field intensity enhancement increases with wider tip angles when the tip angle
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Figure 5.3: E-field intensity enhancement | F |2 spectra of bowtie antennas with tip angles
ranging from 0 degrees to 120 degrees. The inset shows a scanning electron microscopy
(SEM) image of a bowtie antenna, denoting the tip angle 6.
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is smaller than 60 degrees, while it reduces when the tip angle is larger than 90 degrees. In
addition, the resonance wavelengths, where the peak intensity enhancements are obtained,
redshift with increasing tip angles. Resonance wavelength is proportional to the length of
the triangle edges of bowtie antennas, and thus resonance wavelength redshifts as tip angle
increases [74]. This can be explained as follows: the two opposite Au/air interfaces in one
cross section vertical to the antenna axis are far away from each other in the y direction, thus
the local surface plasmon polariton is confined at one Au/air interface and not affected by the
opposite one, especially when the cross section is close to the extremity edges. As a result,
the bowtie antennas are dominated by isolated surface plasmon polaritons that propagate
along the triangle edges; consequently, a standing wave along the triangle edges is generated,
with resonance wavelength scales with the length of the triangle edges, therefore redshifts as
the tip angle increases [73]. The length of triangle edges of the bowties increase from 185 nm
to 272 nm when the tip angle is widened from 0 degrees to 90 degrees, with an increment
of only 87 nm. As a result, the cross section along y axis from the tip to extremity edges
changes gradually, and thus resonance wavelength differs slightly. The length of triangle
edge increases to 383 nm when the tip angle becomes 120 degrees. This major length change
causes a rapid change of local cross section, resulting in a major shift of the resonance
wavelength.

The simulation results show that larger angle bowtie antennas can cover broader spectrum
together with multiple resonances, which are suitable for photodetectors with wide spectrum
detection. In our experiment, we were detecting IR signals with single wavelength of 830
nm. Bowtie antennas with a 60 degree tip angle were fabricated to verify the field intensity
enhancement of the antennas, since the highest peak field intensity enhancement is obtained

at this tip angle, and whose resonance wavelength is close to 830 nm.

108



5.3 Fabrication and Experimental Results

In order to investigate the performance of bowtie antennas, Au bowties were fabricated on top
of a CNT photodetector as depicted in Figure 5.1(a). Photocurrent of CNT photodetector
with absence and presence of bowtie antennas was compared so as to examine the field

intensity enhancement of the antennas.

5.3.1 Fabrication Process

The fabrication process starts with EBL an Au electrode on top of a quartz substrate. Prior
to EBL, the quartz substrate was cleaned in acetone and bombarded with oxygen plasma for
5 minutes to remove residues. A 360 nm-thick layer of poly-methyl-methacrylate copolymer
resist (PMMA/MMA) (9% in Ethyl Lactate, from MicroChem Corp.) was spun at 4000
rpm on the substrate, and the sample was baked in a hot plate at 175°C' for 5 minutes to
harden the resist and remove solvent. It was followed by spinning a layer of poly-methyl-
methacrylate (PMMA) (29% in Chlorobenzene, from MicroChem Corp.) at 4000 rpm with a
thickness of 130 nm to form a bilayer resist. After that, the sample was baked in a hot plate
at 175°C for 30 minutes to remove solvent residue. A thin layer of Au with thickness of 10 nm
was deposited on top of the resist to avoid charging effect on the sample during EBL writing.
The resist was exposed with the patterned of an Au electrode with width of 400 nm and
some alignment mark at an acceleration voltage of 30 kV and an area dose of 290 uC'/ em?.
After exposure, the thin Au layer on the resist was stripped using gold etching for 10 seconds,
and then the resist was developed using a 1:3 methyl-iso-butyl-ketone (MIBK) in isopropyl
alcohol (IPA) solution for 29 seconds. Following development, the sample was rinsed with DI

water, and bombarded by oxygen plasma for 90 seconds to remove residual resist. A 3 nm-
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thick Ti adhesion layer and 40 nm-thick Au layer were deposited using a thermal evaporator.
The Au electrode and alignment mark were transferred to the substrate via a lift-off process
using acetone (Figure 5.4(a)). Following the same processes with precise alignment, another
electrode made by Ti was fabricated on the quartz substrate, with a gap of 1 pum to the Au
electrode (Figure 5.4(b)). A droplet of CNT suspension in ethanol alcohol was dispersed at
the vicinity to the gap of electrodes, and an AC voltage of 1 Vpp and 10 kHz frequency was
applied between the electrodes through the DEP deposition system. With the assistance
of an atomic force microscope (AFM) manipulation system, an individual single wall CNT
(SWCNT), with diameter of 1-2 nm, was assembled between the electrodes, as shown in the
inset of Figure 5.4(c), which is the AFM image of the CNT based photodetector. A detailed
deposition process was introduced in [32]. After that, a layer of SigN, with thickness of
10 nm was deposited on top of the device using plasma-enhanced chemical vapor deposition
(PECVD). The PECVD is a uniform deposition process, but Figure 5.4(d) shows the Sig/Ny4
only in the region between two electrodes for making the schematic clearer. Eventually, a
bowtie antenna with two tip-to-tip equilateral Au triangles was fabricated on top of the
Si3Ny layer by aligning the gap of bowtie antenna to the SWCNT between two electrodes.
The fabrication of the bowtie antenna started with spinning a 100 nm-thick layer of PMMA
at 6000 rpm on the device, and the sample was baked on a hot plate at 175°C for 30 minutes.
After that, an Au layer of 10 nm was deposited on top of the device to prevent charging
effect. In order to precisely align the antenna to the detector, AFM was used to record the
position of the SWCNT for designing antenna layout. The bowtie antenna was layout using
single pass lines to reduce proximity effects in order to increase resolution. During EBL, the
resist was exposed with a line dose of 0.75 nC/cm to form the pattern of bowtie antenna.

After EBL, the thin Au layer was stripped, and the resist was developed using a 1:3 MIBK
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in TPA solution for 29 seconds. Following development, a 2 nm-thick Ti adhesion layer and
20 nm Au layer were then deposited using a thermal evaporator. The antenna pattern was
transferred to the substrate via a lift-off process Figure 5.4(e).

Figure 5.4(f) shows a 3D AFM image of one of the devices integrating bowtie antenna
to a CNT based photodetector. The SWCNT was not located at the center of the axis of
two electrodes, thus the position of bowtie antenna was adjusted according to the position
of the CNT. AFM images cannot show accurate dimensions in x-y plane due to the image
broadening, which is caused by the large radius of curvature of the apex of AFM tips,
therefore two triangles of the bowties in the AFM image seems connecting. SEM was utilized
to measure the real dimensions of the bowtie antennas. The gap of bowtie antennas (g) was
30£10 nm, the apex width (w) of the triangles was 30410 nm, length of the bowtie antenna

(L) was 400430 nm.

5.3.2 Experimental Results

Photocurrent measurements were carried out on CN'T photodetectors with absence and
presence of bowtie antennas so as to investigate the field enhancement of the antennas. An
IR laser, which had 830 nm wavelength and polarization in x direction (the axis of bowtie
antenna), illuminated on the CNT photodetector that was housed in a testing chamber, and
electrical signals were measured using Agilent semiconductor analyzer 4156C.
Photo-response of the CNT photodetector without bowtie antenna was firstly recorded
at room temperature by switching the IR laser on and off at 0.2 Hz for several cycles (blue
curve of Figure 5.5). Photo-response of the CNT photodetector was measured again after
the fabrication of the bowtie antenna (red curve of Figure 5.5). The comparison of photo-

responses was based on the amplitude change of photocurrent. Figure 5.5 shows that the
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Figure 5.5: Photo-responses of the CN'T based photodetector without and with bowtie an-
tenna by switching IR laser on and off at 0.2 Hz.

dark current was 2x10712 A at the absence of IR illumination, and the current was increased
significantly upon light illumination because of the photons generated electron and hole pairs
within the CNT, which were separated in the Schottky barrier to produce photocurrent. The
current dropped to the dark current when the IR laser was turned off. The reproducibility of
the photo-response was excellent. The photocurrent for CNT photodetector without antenna
was 1.5x107 A, and it was increased to 1.9x10710 A after the fabrication of the bowtie
antenna, with a photocurrent enhancement of 12.67 times.

The bowtie antenna functions as a plasmonic lens to funnel light into the CNT, which
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has a size much smaller than the gap of bowtie antenna. Hence, the area of detector material
(physical cross section) and absorption probability did not change with the absence or pres-
ence of the antenna. With the presence of bowtie antenna, the photon energy density on the
detector material was enhanced due to sub-wavelength near field confinement. It has been
defined that the absorption cross section of the detector is the total light power absorbed
by detector material normalized by the incident photon flux [63]. Therefore, calculation of
relative energy intensity difference on the CNT body at absence and presence of antenna
will directly reflect the photocurrent enhancement.

The field intensity increment on the CN'T can be calculated by integrating the E-field
intensity along the CNT by I = [ | E(y) 2 dy (Figure 5.2(a)), since the depletion region of
the asymmetric CN'T photodetector extended to the whole CNT. In other words, the pho-
tocurrent enhancement was caused by the E-field intensity increment on the CNT. Without
the nano-antenna, the total field intensity on the CNT equal to 1070 V because Ex(y)=1
V/m and y=1 pum. The field intensity distribution with the antenna was calculated by using
the parameters that were the same as fabricated device and experimental setup (d=30 nm,
w=30 nm, L= 400 nm, t=10 nm, =60 degrees, and radiation wavelength=830 nm). By in-
tegrating the field intensity along the y axis between two electrodes (where the CNT located
in Figure 5.2(a)), the field intensity was enhanced to 1.48x107° V, with a field enhancement
of 14.87 fold. Therefore, the photocurrent enhancement is in good agreement with the sim-
ulation. Differences are attributed to geometry differences between the actual antennas and
the simulation model, and some loss were occurred in the antennas due to edge and surface
roughness.

In order to validate that the photocurrent enhancement was caused by the light confine-

ment of the nano-antenna, rather than the contact condition change during fabrication, I-V
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Figure 5.6: -V characteristics of the CNT photodetector without and with the bowtie
antenna.

characteristics of the photodetector without and with antenna were measured and shown in
Figure 5.6. The I-V characteristics showed current rectifying at low voltage, implying the
existence of Schottky barriers. In addition, the bias-dependent current of the CN'T photode-
tector with absence and presence of nano-antenna were almost identical, which indicated that
the contact condition did not change with the fabrication of the nano-antenna, since electri-
cal signal was extremely sensitive to contact condition. This verifies that the photocurrent

increment was caused by field intensity enhancement from the bowtie antenna.
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5.4 Chapter Summary

The bowtie antenna functioned as a plasmonic lens that funnel confined light onto a CNT
based photodetector. The design of bowtie antennas integrating to the CNT based photode-
tectors was studied. The E-field intensity enhancement of bowtie antennas with a small gap
located on top of the asymmetric CNT based photodetector was calculated. It was shown
that the peak field intensity of the antenna was exponentially decreased with the distance
between the antenna to the CNT based photodetector. The resonance wavelength of the
bowtie antenna redshifts with increasing tip angles. A fabrication process was developed to
integrate the bowtie antenna with the CNT detector. It should be noted that the 1D CNT
detector is perfectly matched with the bowtie antenna, since the diameter of CNTs is in
the same scale as the gap of the bowtie antenna. The experimental results agreed well with
the simulation by measuring photocurrent enhancement. The nano-antenna will become an

important component to the nano-scale photodetectors to overcome the diffraction limit.
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Chapter 6

Photonic Crystal Cavity

It has been demonstrated that optical antenna can confine light into sub-wavelength vol-
ume to improve the fill factor of CN'T based photodtectors. However, the fill factor of
antenna/CNT photodetector is still small, limited by the small absorption area of optical
antennas. In order to address this problem, a photonic crystal cavity, using photonic crystal
with a point defect made of HfO9, was fabricated on top of the CN'T photodetectors in order
to enhance the local photon density. By drilling holes, with size of the scale of light wave-
lengths, in the parylene slab, the periodic change of reflective index forms photonic crystal.
Replacing one of the holes with HfO9 as a point defect, most of the light will be trapped
in this defect. A photonic crystal was designed to concentrate the infrared light with 1064
nm wavelength, and 91 % of the light can be confined into the HfO9 defect. The fabrication
process of this photonic crystal cavity is introduced, and photocurrents of a CNT based
photodetector are compared under the circumstance of without and with photonic crystal.
It is found that the photocurrent is enhanced about 5 times after the fabrication of photonic

crystal cavity.

6.1 Introduction of Photonic Crystal Cavity

The outstanding performance of CNT photodetectors, inherited from the nano-scale size of

CNTs, which, however, cause low absorption due to the small absorption area of the CNT
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photodetectors, since diameters of CNTs (including SWCNTs and MWCNTSs) are normally
less than 100 nm. In other words, the CNT detectors have low fill factor. In order to
increase the fill factor, light needs to focused into a small region that has size comparable to
the detectors. Traditional lens is difficult to focus light into this miniature size due to light
diffraction and lens imperfection. Motivated by this challenge, a parylene photonic crystal
slab with a point defect made of HfO9 was designed to integrate with a CNT photodetector.

Photonic crystals are artificial optical materials with periodically structured dielectrics
of alternative reflective indexes to control the propagation of light. Photonic crystals has
periodic structure that is analog to solid state crystals, but with dimensions of the order of
optical wavelengthes. As a result, photonic crystal can guide light with frequency bands and
frequency bandgap, in the same fashion as atomic lattices conducting electrons with energy
bands and bandgap. If the optical frequency falls in frequency bands, a photonic crystal
becomes a perfect optical conductor, which can be employed to guide the light propagation.
On the other hand, when the photon frequency falls in a photonic bandgap, a photonic
crystal acts like an optical insulator, which can be used to build micro-scale optical mirrors,
resonant cavities, and waveguides [75].

When the symmetric arrangement of the photonic crystal was broken, it operates in
defect modes. Two most basic defects are point defects [76], which remove a single hole
of the photonic crystal, and line defects [77], which remove a row of dielectric holes in
the symmetric structure. Photonic crystal with a point defect, which was termed photonic
crystal cavity, can confine light in the defect region, functioning like a lens [78]. Fill factor of
CNT photodetector can be highly improved if the defect of photonic crystal cavity aligned

to the absorption area of the CNT photodetectors.
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6.2 Design and Fabrication

An AFM image of a photonic crystal cavity integrating with a CN'T photodetector is shown
in Figure 6.1. A 2D photonic crystal slab made by parylene/air resides on top of a CNT
photodetector with a HfO9 defect located on one of the contacts between CNT and electrode.
The photonic crystal cavity we used is photonic crystal based quantum resonance cavity.
When the resonance wavelength of the photonic crystal is close to the wavelength of light,
light will be trapped into the defect, as shown in Figure 6.1(c).

3D photonic crystals have periodic structures in three coordinate axis, similar to the real
solid state crystal structures [79]. However, the fabrication of 3D photonic crystal involves
complicated fabrication processes, in particular, to integrate with CN'T photodetectors.

2D photonic cavity can accomplish same function as a micro-lens to confine light in the
point defect, while with simpler structure and fabrication process. The 2D photonic crystal
cavity consists of a parylene slab with air holes for total internal reflection of the light in
the vertical direction, and a 2D photonic crystal is to provide lateral localization within the
point defect. Traditional optical cavity is created by removing an air hole (point defect) in
the photonic crystal, while a HfO9 was utilized as point defect in this design. The refractive
index of HfO9 (1.90 [80] ) is higher than parylene (1.62 [81] ), which is higher than air (1.00),
thereby total internal reflection will be more likely to occur between the HfO9 and parylene,
resulting in more light confining in the defect region.

As mentioned above, the photonic crystal acts as optical insulator when optical frequency
falls in the bandgap frequency. If the optical frequency is within the bandgap frequency of
the 2D photonic cavity, light illuminating on the photonic crystal has nowhere to go except

the point defect, functioning as confining all the light into a small region. Therefore, proper
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Figure 6.1: (a) AFM image of a parylene photonic crystal with a HfO9 defect on the top of
a CNT detector. (b) Cross section of the device. (c¢) The working principle of the photonic
cyrstal cavity by confining the light radiating on photonic crystal into the defect.
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dimensions of the photonic crystal need to be found in order to direct light into the defect.

A laser with 1064 nm wavelength, corresponding to 282 THz, was used to test the CNT
photodetectors. By simulating the dispersion relationship of the photonic crystal, it was
found that the middle of bandgap frequency equal to 282 THz when the lattice constant
(the distance between air holes) a= 509 nm, and diameter of air hole d= 407 nm.

The electric field distribution of the photonic crystal cavity with 9x9 air holes was sim-
ulated. When the defect material of photonic crystal cavity is parylene, 31 % light focuses
into the defect. The energy inside the defect increase to 91 % when the defect became HfOs.
Figure 6.2(b) shows the electric field distribution of the photonic crystal cavity with a HfO9
defect: most of the electric field concentrates in the defect area.

The fabrication process began with fabricating Ti and Au electrodes with a insulating
gap of 0.5 um on top of a quartz substrate by EBL, thermal evaporation, and lift-off. After
that, a single MWCNT was deposited between the electrodes using the dielectrophoresis
(DEP) deposition system assisted by the AFM manipulation system [27]. A single MWCNT
connecting to two electrodes is shown in Figure 6.3(a). It is followed by fabricating an HfO9
cylinder with 0.5 pm-diameter on top of a contact between Ti and CNT by EBL, e-beam
evaporation, and lift-off, as shown in Figure 6.3(b). A layer of parylene will be deposited on
the device, and air holes will be drilled by plasma etching after EBL to define the dimensions

of the air holes, as shown in Figure 6.3(c).

6.3 Experimental Results

The testing system consists of a chamber that houses the CNT photodetector, an IR laser

of 1064 nm wavelength, and Agilent 4156C semiconductor analyzer.The photo-response in
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Figure 6.2: (a)The simulation geometry of the photonic cavity with parylene slab and a
HfOy defect. (b) Electric field distribution of a 1064 nm IR light in the photonic cavity,
most of the electric field is confined within the point defect.
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Figure 6.3: Fabrication process of the testing device (a) CNT Schottky photodiode, (b)
CNT photodetector with a HfO9 defect,(c) Photodetector with photonic crystal and a HfO9
defect.
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terms of photocurrent with absence of photonic crystal was firstly measured using the semi-
conductor analyzer by focusing the IR laser on the CNT photodetector. Temporal photo-
responses of CN'T detector with absence and presence of photonic crystal cavity were mea-
sured, showing the photocurrent enhancement of about 5 times after adding photonic crystal
cavity. However, the photocurrent enhancement may caused by the misalignment between
laser and CNT photodetector in two measurements, since the size of laser spot used in our
experiments is larger than the CN'T detector, and photocurrents were recorded when highest
photocurrent was obtained after aligning laser spot with CN'T detector. In order to have a
better understanding of the photonic crystal cavity as a micro-lens, scanning photocurrent
images of the CNT detector with and without photonic crystal cavity were studied.

Figure 6.4 illustrates the setup to obtain scanning photocurrent images. Laser spot scans
around the CNT photodetector along the scanning path as shown in Figure 6.4. The scanning
photocurrent image of a CN'T photodetector was firstly obtained without a photonic crystal
cavity. After that, a photonic cryatal cavity made from parylene slab with a HfOo defect was
fabricated by aligning the point defect on top of the detector. The photocurrent distribution
of the CNT detector with photonic cavity was recorded by scanning the laser around the
detector.

A 3D mapping of position dependent photocurrent was obtained, as shown in Figure 6.5.
Photocurrent was less than 1 nA without the photonic crystal cavity in a 20x20 um? area.
After the fabrication of the photonic crystal cavity, photocurrent was enhanced to around 5
nA in the same area, indicating that the photonic crystal cavity increases the light intensity
approximately 5 times within the area of the detector. This result shows that photonic cavity
functioned as an effective micro-lens to increase the interacting of CNT photodetector and

light.
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Figure 6.4: Experimental setup to obtain scanning photocurrent images.
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Figure 6.5: Scanning photocurrent images of the CNT photodetectors without and with
photonic crystal cavity. The insets are the AFM images of detectors without and with
photonic crystal cavity.
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6.4 Chapter Summary

In summary, a photonic crystal cavity with a HfO9 defect was demonstrated to improve the
performance of the CN'T photodetectors. Optical antenna has demonstrated as a plasmonic
lens to focus light into a sub-wavelength volume, resulting in improved fill factor. However,
the absorption area of antennas is limited. In order to further improve the fill factor, a
photonic crystal cavity was utilized as a micro-lens to focus light into CN'T photodetector.
The photonic crystal cavity comprise of a parylene slab with air holes and a HfO9 point
defect, which is placed on top of a CNT photodetectors. The simulation results show that
about 91 % of light in a area of 9x9 air holes can be confined into the defect, and as a result,

photocurrent was increased 5 folds with the presence of the photonic crystal cavity.
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Chapter 7

Infrared Sensing Systems Using a

Single Nano-photodetector

We have demonstrated a 3x3 array of CNT photodetectors. However, it is difficult to
manufacture a megapixel count focal plane array as in conventional camera structure, because
IR detectors were assembled by bottom-up approaches.

In this chapter, we will introduce a novel IR sensing system, which enables utilizing the
promising performance of 1D-photodetectors, and overcoming the difficulties to obtain high
resolution and efficient IR images. The sensing system is constructed based on an emerging
compression theory: compressive sensing. A given image can be compressed if the image
is sparse or can be sparsely represented in another basis, for example piecewise smooth
images are sparse in wavelet basis. Traditional compression algorithms perform compression
after sampling, while compressive sensing allows image compression during sampling so as
to reduce the number of measurements and data storage capacity [82] [83].

Our sensing system mainly consisted of a digital micromirror device (DMD), a CNT pho-
todetector, a high speed readout system, and an image reconstruction computer. Instead of
projecting IR images onto the focal plane array of image sensors, IR images were projected
onto a DMD, which generates measurement matrices according to compressive sensing al-

gorithms [84]. The images are compressively sampled using a single CNT photodetector via
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recording the linear projection of IR images onto the measurement matrix. IR images are
recovered through a compressive sensing reconstruction algorithm based on the measure-
ment results. The experimental results show that the new imaging system can achieve the
superb performance enabled by CNT based IR detectors, and, at the same time, overcame

its difficulties to obtain high resolution and efficient imaging.

7.1 Compressive Sensing Theory

The core of our IR sensing system is compressive sensing theory. In this section, the basics of
compressive sensing will be briefly reviewed. A recent complete introduction of this topic can
be found in [85]. Compressive sensing is a new paradigm for signal sampling, which has found
a wide spectrum of applications in imaging [86], control and robotics [87] [88], geophysical
data analysis [89], communication [90], and etc. Traditional sampling approaches require
the sampling rate to be at least twice the maximum frequency of the signals according to
the Nyquist-Shannon sampling theorem. Nevertheless, compressive sensing shows that the
sampling rate can be significantly reduced if the signal satisfies general sparse conditions.
Specifically, this new sensing paradigm directly samples the signal in compressed form, and

then recovers the original signals by advanced optimization or greedy algorithms [91].

The general compressive sensing theory can be summarized as follows. Assume an un-
known high dimensional signal z € R" is projected to lower dimensional measurements
y € R™:

y = dx (7.1)
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with @ € R™*™ (m < n) being the measurement matrix. Then the unknown z can be
recovered from y, if  and ® satisfy certain conditions. In what follows, the conditions of
both z and ® for successful recovery will be briefly described.

One condition for recovery is that the original signal is sparse (or approximately sparse)
or has a sparse representation in some basis. A vector x € R" is S-sparse if the support,
i.e., the number of nonzero elements, of x is at most S. Denote the set of all the S-sparse
vectors by (2g. Formally,

Qg ={z eR": [lz]lp < S}
where ||z||op denotes the support of x.
In some cases, € R" may not be sparse in its original form but sparse in some orthonor-
mal basis. Let ¥ be such a basis. In this case, x can be expanded in ¥ as: x = ¥z with

Z € Qg. The compressive sensing can be rewritten as:

y=qxr = Az (7.2)

with A = ®WU being the new measurement matrix. Without loss of generality, we will
assume the original signal is sparse (or approximately sparse) and use x to represent it in
the following discussion.

In general, the exact S-sparse cannot be achieved in real-world signals, but they can
be well approximated by an S-sparse signal. The best S-sparse approximation for a vector
x € R" is a vector xg € R" by retaining the largest S elements in x and setting the other

elements to zero.
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Another condition for recovery is that the measurement matrix needs to satisfy the re-

stricted isometry property (RIP), which is defined as follows:

Definition 1. A matriz A € R™*"™ with m < n satisfies the RIP of order S if there exists

a constant og € (0,1) such that for any x € Qg, we have

(1= os)llzllz < l[Azllz < (1 + os)llzll; (7.3)

Note that measurement matrix can follow other conditions, such as spark [92], null space
property [93], or coherence [92], but the RIP is the most powerful one because it can deal

with the case when the measurements are corrupted by noise.
With the above two conditions, we can discuss the original signal recovery. To find the

sparsest solution, the recovery problem can be stated as:

min ||Z||p subject to Az =y (7.4)

Z is the recovered signal. The above problem, however, is NP-hard. As an alternative, the

[1 minimization can be used:

min ||z||; subject to Az =y (7.5)
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Using the /; minimization, the recoverability is guaranteed by the following theorem:

Theorem 1 (Candés [94]). Suppose the matriz A satisfies the RIP of order 2S with constant

095 < V2 — 1, then the solution to Eq. (7.5) satisfies:

& —a|l; < Clla — ws][1/VS (7.6)

with C' a constant related to oog.

The theorem suggests that the error between the recovered signal and the original signal
is bounded by the error between the original signal and the best S-sparse approximation.
Note that the noise measurement can also be handled under the RIP condition [95], which

will not be discussed here.

With the above theorem for recoverability, the next question is how to design the measure-
ment matrix satisfying the RIP condition. The goal is to recover the original signal with the
least measurements. In other words, we need to design the measurement matrix A € R"*"
such that m is smallest for fixed n. Although it was difficult to design deterministic matrix

for RIP, various random matrices were shown to satisfy the RIP with high probability. If the

entries in the matrices are chosen according to Gaussian [96], Bernoulli [95], or sub Gaussian
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distribution [97], then the matrices satisfy the RIP with very high probability if:

m > D - Slog(n/S) (7.7)

where D is also a constant [97]. Note that the random matrices discussed above follows the
so-called universality. In fact, if a random matrix ® satisfies the RIP, then the matrix ®W¥
will also satisfy the RIP with high probability. In other words, we can design the random
measurement matrices ® without considering the sparsity of the original signal [95].

The final piece of compressive sensing is the recovery algorithm, i.e., the algorithm to
solve Eq. (7.5). There are many algorithms to solve the problem, which can be classified into
convex optimization, greedy algorithm, or combinatorial algorithms. A detailed summary of

those algorithms can be found in [98].

7.2 Sensing System Architecture

Prior to the discussion of the sensing system, I will give a brief introduction of the DMD.
DMD in our system is one of the most important components to accomplish compressive
sensing algorithm. Traditional DMD is the essential component of digital light processing
(DLP) projection technology, controlling light propagation by a large array of electrostat-
ically actuated micromirrors. Figure 7.1(a) shows a scanning electron microscopy (SEM)
image of nine micromirrors in a DMD. Each micromirror is square in shape, and stands
closely to adjoining micromirrors with a small gap, implying a high fill factor.

In our imaging system, DMD from Texas Instruments (TT) was used to generate a mea-

surement matrix according to compressive sensing. FEach individual micromirror can be
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Figure 7.1: (a) Scanning electron microcopy (SEM) image of an array of micromirros in the
DMD. (b) Three status of the micro-mirrors: “on”, “off”, and power-off states.
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poised into two different angles (-10 degree and +10 degree), which define the “on” and
“off” states of the micromirrors. In the “on” state, light irradiated on a micromirror is ori-
ented to the CNT photodetector (the left mirror of Figure 7.1(b)). In the “off” state, the
light that fell onto a micromirror is reflected elsewhere (the right mirror of Figure 7.1(b)).
When the power for DMD is off, the micromirror stays horizontal without a rotation (the
middle mirror of Figure 7.1(b)). By controlling the states of each micromirror, the DMD
forms a specific measurement matrix.

The structure of the IR sensing system is built upon the compressive sensing theory
introduced in the previous section. Figure 7.2 depicts the system setup using a single pixel
CNT photodetector as its image sensor.

IR images were directed onto a DMD through a set of lenses. The IR images on the
DMD represents the original signal x in Eq. (7.1) (x € R™, n is the number of image pixels).
The DMD generated patterns according to a measurement matrix ® ((® € R"*")) so as
to compress the IR images. Each pattern on the DMD comprised n pixels, thus m different
patterns were generated to construct the measurement matrix ®. The compressed IR images
were reflected to another lens, which focused all the light to a CNT photodetector. The IR
signal arrived at the CN'T photodetector represents the linear projection of the images onto
the measurement matrix, which can be considered as the inner product of IR images x
and each row vector in the measurement matrix ®. The photocurrent generated in the
photodetector was recorded by a fast readout system integrating with a charge integrator,
an analog-to-digital converter (ADC), and a data acquisition (DAQ) card [99] [100]. The
amplitudes of photocurrent represent the values of y in Eq. (7.1) (y € R™, m is the number
of measurements). The IR images were recovered by a personal computer. It should be

noted that compressive sensing makes m < n; therefore, the IR images = were compressively
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Figure 7.2: The setup of compressive sensing based imaging system using a CN'T detector
with photonic cavity and DMD.
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sampled into the y. Based on the measurement results y and the designed measurement

matrix @, the original signal x can be recovered using an image reconstruction algorithm.

7.3 Experimental Results

For the imaging experiment, the laser source was projected onto the DMD to form an IR
image x. DMD generated a measurement matrix ® according to random Bernoulli distribu-
tion, which had high probability of satisfying the RIP condition [95]. Each random pattern
is a row of the measurement matrix, and m Bernoulli random patterns were used to capture
an IR image. As a result, each measurement result from the CNT photodetector obtains the
inner product between an IR image and a row of the measurement matrix. After m times of
measurements, one image x is compressively sampled into the measurement results y. The
image was recovered via minimizing the total variation norm (TV-norm). Minimizing such
a norm can make the intensity difference between neighboring pixels sparse, thus smoothing
the images. Formally, let z;; be the pixel intensity in the i-th row and j-th column in the

image x. The intensity differences in the horizontal and vertical directions (Dlhj and D;’j)
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can be defined respectively as follows:

h v
Dy = @iprj — wij,  Dij = @ij — i (7.8)

The total variation for the image x is then defined as

TV ()= 3" /Di* + Dy (7.9)
i,J

Therefore, the image recovery problem can be defined as:

min ||TV(2)||1 subject to Az =1y (7.10)

Note that for consistence, the above & can be considered as the vector form of the image
matrix x.

The DMD has 1064x768 micromirrors. Each micromirror is square in shape with a
dimension of 12 ym x 12 pym. We first obtained IR images with a low resolution of 30x30
pixels to adjust the alignment and focus of the system. Traditional cameras require 900
measurements in order to obtain a 30x30 image, while our imaging system can recover the
image with only 500 measurements [84]. Images of 30x30 pixels correspond to 1064 x 768
micromirrors, thus each pixel contains 908 micromirrors. Note that the DMD is not square
in shape, thus each pixel in the image is a rectangular shape.

The imaging system was used to capture a higher resolution image of a rectangular IR
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Figure 7.3: (a) The position and orientation of the rectangular light bar on the DMD. (b)
The image of 50x50 pixels recovered by our imaging system, highlighted by a red rectangle.

light bar. The position, orientation, and geometry of the light bar on the DMD are shown in
Figure 7.3(a). The recovered image is shown in Figure 7.3(b). The location and orientation of
the recovered rectangular light bar, highlighted by a red rectangle, are similar to that shown
in Figure 7.3(a). The image has a resolution of 50x50 pixels. This image was recovered by

only 800 measurements, which is less than 35% of the total pixel numbers (2500).
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7.3.1 Dynamic Observation

The imaging system was utilized to observe the dynamic movement of a laser spot. The
laser spot was initially located at the lower left of the DMD, as shown in Figure 7.4(a). We
designed a trajectory of the laser spot movement: it was first moved downwards, and then
moved upwards when the laser approached the bottom edge of the DMD. Six frames of the
IR images captured by the imaging system were shown in Figure 7.4. The resolution of these
images is 50x50 pixels, and 800 measurements were performed to recover the images using
minimization TV-norm reconstruction algorithm. The images clearly show the movement
of the laser spot following the designed path: the laser spot moved towards the bottom of
the DMD in the first five frames (Figure 7.4(a-e)), and it bounced upwards in the last frame
(Figure 7.4(f)).

However, it is difficult to identify the actual size and geometry of the laser spot from these
images due to their low resolution. Figure 7.4(b) shows the laser spot covered one pixel, while
it covered three pixels in Figure 7.4(c) and Figure 7.4(e), and the rest of frames show the
laser spot occupied two pixels. The spot size variation may be caused by the difference of
the location of the laser spot: the laser spot covers one pixel if the spot resides at the center
of a pixel, while it covers more than one pixel if the laser spot located at the boundary of a
few pixels; the difference, however, may possibly stem from the measurement noise. In order
to identify the actual size of the laser spot, we can increase the image resolution. However,
this approach will reduce the speed of the sensing system due to the increase of sampling
and recovery time. In next section, we will introduce the zooming technique to investigate

the laser spot by keeping the same image resolution.
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Figure 7.4: Six images of a laser spot captured by our imaging system, showing the movement
of the spot.(a) The infrared image shows the initial position of the laser spot. (b)-(e) The
laser spot moved downwards towards the bottom of the image. (f) The laser spot moved
upwards after it approached the bottom of the DMD.
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7.3.2 Zooming

In previous experiments, all 1024 x 768 micromirrors in the DMD were used to capture the
IR images with a resolution of 50x50 pixels. In such a setup, 315 micromirrors in unison
represent one pixel, corresponding to an area of 0.045 mm? on the DMD (144 qu per
micromirror). Therefore this setup is difficult to identify the features of an object with
similar or smaller size than that area. We developed a zooming technique to investigate the
details of small objects without degrading the performance of the system.

The imaging system can perform zooming in and out by varying the number of micromir-
rors for each pixel. When the imaging system worked in zooming-in mode, only a portion
of the DMD was used as the measurement matrix generator. As a result, each pixel in-
cluded fewer micromirrors. This mode is supported by the DMD because each individual
micromirror can be controlled independently.

In order to verify the zooming concept, we designed an experiment to study the geom-
etry and size of the IR laser spot shown in Figure 7.4. In the zooming experiment, each
IR image (50x50 pixels) was recovered using the same measurement matrix, number of
measurements, and recovery algorithm as previous experiments. The only difference is the
number of micromirrors for each pixel.

We first recovered an image (x1 magnification image in Figure 7.5) by using the whole

2 in area

DMD, which shows the laser spot covering two pixels, corresponding to 0.090 mm
on the DMD. The intensity of each pixel for images in Figure 7.5 is represented by 8 bits
grey-scale: each pixel has a brightness from 0 to 255, where 0 is black and 255 is white.
A typical OTSU method [101] is used to convert gray-scale images into binary images in

order to identify the actual area of the laser spot. When we used 521x384 micromirrors
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(highlighted by the blue rectangle in x1 magnification image) to generate the measurement
matrix, a x2 magnification image was obtained. It is termed x2 magnification because the
micromirrors only cover half of the length and width of the DMD), while the recovered image
had same pixel number as the x1 magnification image. The x2 magnification image shows

2

that a laser spot covered six pixels, reducing to 0.068 mm* in area. We further sectioned

the measurement matrix into 130x96 micromirrors. The recovered X8 magnification image

2 in area. A

shows that the laser spot covered forty one pixels, corresponding to 0.029 mm
x 12 magnification image was obtained when we used 85x64 micromirrors to generate the
measurement matrix. A clear outline of the laser spot was exhibited in elliptical shape,
which is similar to the laser spot geometry captured by a CMOS camera. The laser spot
area was reduced to 0.028 mm? in the x12 magnification image. The experimental results
showed that the shape and area of the laser spot are progressively refined to its actual
geometry by zooming in with our sensing system. It was also observed that images with
larger magnification associated with lower image quality, since each pixel contained fewer
micromirrors, which reflected less light to the photodetector.

This sensing system is universal and adaptable. It is universal because we can use the
same measurement matrix for all experiments [95]. The system is adaptable because the

resolution of images and sections of DMD used for zooming can be adaptively adjusted

depending on the features of objects.

7.4 Chapter Summary

A novel sensing system using CN'T based IR detector as core component was demonstrated.

A compressive sensing algorithm based IR sensing system was developed by generating mea-
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X1 magnification image

X 2 magnification image

X 8 magnification image

X 12 magnification.image

Figure 7.5: x1, x2, x8, x12 magnification IR images captured by our imaging system, and
their corresponding sections of DMD used to capture the images were highlighted by blue
rectangles.
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surement matrices using DMD, which compressed the original images. The experimental
results showed that this imaging system can recover original images by decoding the elec-
trical signals, with measurement times much less than original dimension. This camera

architecture provide an novel platform to effectively capture high resolution IR images.
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Chapter 8

Conclusions and Future Work

8.1 Conclusion

IR sensing systems have versatile applications, but their performance was limited by the their
core component, photodetectors. The low performance of conventional photodetectors stems
from the optical and physical properties of bulk semiconductors. With the development
of nanotechnology, these problems may be addressed by developing nano-materials based
photodetectors. In particular, CNTs have promising optoelectronic and optical properties
arose from its perfect 1D hollow-cylinder geometry. In this research, an IR sensing system
was built using a CN'T based photodetector.

Based on the results and discussion presented in previous chapters, the following conclu-

sion can be made:

e The CNT based Schottky photodiodes have been thoroughly studied for IR detection.
The role of CNT-metal contacts in determining the performance of IR detection was
systematically investigated. The performance of CNT photodetectors with different
metals, symmetric and asymmetric metal structures, and at different temperatures
was studied. This study improved our understanding of the underlying physics of the
photo-detection, and photo-response of CNT based Schottky photodiodes was highly

enhanced by using asymmetric metal structure.
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e The importance of electrostatic doping in determining IR detection of the CNT pho-
todetectors was demonstrated using CNTFET based photodetectors. The built-in
potential between metals and a CNT in a CNTFET was responsible for the separa-
tion of photo-excited electron and hole pair generation, thus electrostatic doping can
control the built-in potential so as to improve photon detection. It was found that
asymmetric metal structure and electrostatic doping can reduce dark current, improve
photocurrent, and enhance open circuit voltage. In addition, experimental results of
a multi-gate CNTFET revealed an unconventional charge distribution in the CNT,

which can naturally enlarge the absorption area of CN'T photodetectors.

e A 3x3 focal plane array of CNTFET based photodetectors was fabricated. This small
focal plane array demonstrated the feasibility of imaging using CN'T based photode-
tectors. Meanwhile, it showed the difficulties of manufacturing megapixel count pixels

using nano-materials.

e A breakdown process was developed to engineer the bandgap energy of MWCNT.
MWCNT based photodetectors were demonstrated to detect MWIR at room tem-
perature by tuning the bandgap energy. Comparing with the spectral responses of
SWCNT based photodetectors, MWCNT based photodetectors exhibited wide spec-

tral responses due to the stacking of layers with different bandgap energies.

e A bowtie antenna was developed to improve the fill factor of CNT based photode-
tectors by confining electromagnetic wave into a sub-wavelength volume. Wavelength
of IR is much larger than the size of CNT, resulting in small fill factor. Optical an-
tenna functioned as a plasmonic lens to compress light onto CNT in order to improve

photocurrent generation.
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e Photonic crystal cavity was fabricate to further improve the fill factor of CNT based
photodetectors. Introducing a defect in a photonic crystal with a periodic dielectric/air
structure, most of light was trapped into the defect region. By aligning the defect onto

the CN'T photodetector, a photocurrent enhancement was demonstrated.

e A compressive sensing based sensing system was developed using a single pixel CNT
photodetector. In order to fully use the outstanding performance of CNT photodete-
cotrs and overcome the difficulties of manufacturing large detector array, an IR sensing
system was developed using compressive sensing algorithm. This camera system re-
quires only a single photodetector. Experimental results showed that the number of
measurement using this camera system was much less than the size of the original

images.

8.2 Future Research

Future research will focus on the following three directions:

e Both the optical antenna and photonic crystal cavity have demonstrated to improve the
fill factor of CNT photodetectors, but the design of these devices was not optimized.
These unconventional light confinement devices are worthy to further develop in order

to improve the photo-responses of the detectors.

e Further studies are needed to improve the performance of the sensing system. We
have demonstrated the feasibility of using compressive sensing algorithm to construct
a sensing system. However, the speed of the system is still low compared to commercial

IR cameras.
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e This sensing system architecture can be applied to other types of photodetectors.
A CNT photodetector is just one example of nano-material based photodetectors.
Graphene, nanowires, quantum dots, and quantum wells are also promising optoelec-
tronic materials. This imaging system may accelerate the development of IR cameras

that utilize other high performance nano-photodetectors.
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