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ABSTRACT

STUDY OF CARBNON NANOTUBE BASED
TERAHERTZ DETECTORS

BY

Xianbo Yang
Terahertz (0.3~10THz) technologies have been prdwebe useful in many areas. There is
significant push in miniaturization of THz systemsd components especially detectors since
they are the key components. However, low-costelanga compatible detector fabrication is
difficult to achieve.
In this thesis, a CNTs Schottky diode THz detecteatured with low-cost large area
compatibility is simulated and fabricated.
Simulations are carried out that considers critipatameters. To overcome huge impedance
mismatch between antenna and CNT Schottky diodelti-@NTs aligned devices were
simulated and analyzed. The simulation results staivNEP of approximately 5.5pW/IQI§) or
better can be achieved.
For realizing low-cost large area processing othsdevice, organic polymer substrates were
studied and down selected. Furthermore, an efieatwel nano-fabrication process was first
developed to avoid using e-beam lithography. Devwittical gap sizes of 1um or smaller have
been demonstrated using this process.
Measurements results showed strong non-linearfyigi behavior and NEP of 61.3 and

111pW/Hzo'5 at 18GHz and 1THz. Those can be decreased by usgiger quality and

optimized numbers of CNTs in a single device.
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Chapter 1 Introduction

1. Terahertz

1.1.Properties and Applications

Electromagnetic waves whose frequencies fall it ®.3~10THz spectrum region is called
terahertz waves. This spectral region has also lba#ed sub millimeter waves due to their
wavelength ranging from 100 to 1mm.THz lies betwadrared and microwave bands (Figure
1.1) [1]. However, although such EM waves’ wavelbsgare identical to those of microwaves,
people often use the term terahertz in order taigpéhe researches and applications in THz

time domain spectroscopy.

Classical transport THz Quantum transition

microwaves visible  x-ray v -ray
e || | -
10 10®  10° 10° \—ﬁ 101> 1018 102 10 |,
dc kilo mega giga :Ecgra peta exa zetta yotta

Frequency (Hz)

Figure 1.1 THz Lies between Infrared and Microwheaeads
The earliest researches on THz can be dated babk fiorst two decades of %:entury, people
were trying to close the gap between infrared aledtec wave (microwave). In that first
development region of Terahertz, more than 1500igatibns were published before 1975, and
there were countless paper related to this topthemext 25 years. The developments of digital
computers which design for Fourier Transform andz Tétectors even increase the number of
publications [2].

Unlike its neighbor infrared and microwave, THz wavas many unique properties which also



result in variety of applications. Those propertias be categorized as follow [3]:

(1) Penetration: THz waves can penetrate non-conduc¢himylayers such as clothes, paper,
envelopes and regular packaging materials. Howevexannot travel a long distance as
infrared and radio waves do in the air due to gfrainsorption by moisture.

(2) Spectroscopy: THz is part of the black body radmtithus all the materials are giving off
certain spectral of THz waves. Those THz waves \arg to the properties of different
materials. So there is a positive signal showingt thHz can be applied for material
characterization.

(3) Short Wavelength: sub millimeter waves provide higbolution imaging sensing with lower
scattering if using longer wavelength in THz region

(4) Non lonizing: The low power radiation of THz camy around microwatts and is safer to
use than X-rays, and finds applications in biomaldimaging and diagnostics.

Those unique properties of THz waves open a biglanfor researchers to study with and

develop related applications:

(1) High resolution image sensing: the non-ionizing gieting THz waves can be applied to
medical imaging for detecting tumors and examirtisgues in bodies while not destroying
the normal ones, as shown in figure 1.2 (a) [4hl$ can be applied to “see through” the

paintings to their underneath without destroy tindase.



(b) Detecting a knife covered by the newspaper [4]

(2) Scientific spectroscopy: Researchers have alreadgldped THz time domain spectroscopy
to observe objects which are not transparent tibleisight and infrared. It also can assist to
obtain novel information in the realm of chemistapd biochemistry. Because many
materials have different THz spectral featuresusees are able to identify specific items
deep in the luggage or covered by other matergiswn in figure 1.2 (b) [4]. Many
materials (such as clothing) is transparent in Epkectral region, thus it is now implemented
as body scanners.

(3) Communication: Although THz waves have high att¢ionain air, one can apply it for

telecommunication in the upper layer of atmosphehere there is low concentration of



scattering and absorption materials. One possibdito apply THz communication between
satellites in place of lasers when the satellitesrmt in direct line of contact. Furthermore,
THz has been proposed for short range communicatathin a room between computers to
carry information at high-bandwidth.
1.2. THz Sources and Detectors
1.2.1. THz Sources
Although THz waves lies between infrared and mi@ea bands, neither of these two source
generators can easily be adapted for generatidiinfwaves. From optical side of view, most of
the laser diodes are based on recombination dfretebole pairs in the semiconductor bandgap.
For generating THz or even mid infrared waves,dinect bandgap approach for generation of
THz is not practical as the bandgap required isn@@ow for operation at room temperatures [5].
So a more practical approach is the down conversiaptical frequencies. From the other side,
microwave point of view, it is possible to fabrieatp to 1000GHz solid state generators through
the use of multiplier chains. However, fabricattoterances for THz operation are stringent and
can be cost prohibitive. Before 2004, some of @mel devices were able to cover mid and
far-infrared waves and go up to the edge of THzoregbut for lower frequency, other
techniques and devices are required.
Recently, researchers have found that the conogpisantum cascades basing on semiconductor
GaAs/AlGaAs heterojunction which uses for generptaser can be applied for generating THz
waves. Unlike generating by recombination, quantastade devices generates photons through

applying of intersubband transisions in repeatedtksbf one dimensional heterojunction thin



layers, which can be refered as stack of quantufisW&hen an electron excites one photon in
the first layer, this photon immediately goes ittie second layer and generates another photon.
Typically there are 25 to 75 active heterojunctlagers and each layer has a slightly lower
energy than the one prior to it. Thus 25 to 75 phstcan be generated for one electron. The
guantum cascade can successfully operates betw@ed.8THz with the output power around
90mW. Current THz quantum cascade lasers operatgr@temperature and also produce very
narrow spectral signals. Another high power THzegator is IMPATT diode, which is also a
powerful solid state THz source [6]. This wide-bgad 4H-SIiC based double drift IMPATT
diode can generate waves at low THz frequency negfo- 0.7 THz, but the output power can
reach up to 2 5xT0 Wm™,

Besides those semiconductor based solid dire@ statrces, researchers have also demonstrated
the generation of THz signals through optical mdt#hosuch as Optically Pumped Terahertz
Laser (OPTL). A carbon dioxide pump laser and a §4R cell are mounted in a laser resonating
cavity. This device can create several discretquieacies ranging from 300GHz to 10THz in
time domain THz spectroscopy [3].

Another method to generate THz is coherent THz igetio®. Ultra short (10—-200fs) visible laser
or near infrared pulse is directly focused on th@&A& semiconductor THz source and the
recombination of electron hole pairs generate THIsg[5]. Moreover, instead of using optical
excitation, electric field pulse with THz frequencgn also be induced onto the semiconductor
crystal surface for THz generation due to the séarder nonlinear susceptibility [5].

Recently, the development of THz sources is fo@usin the minimization of the devices



operating with low power consumption. In mid-200&searchers in Japan grew a novel crystal
material having high temperature superconductingpgnties. Those crystal layers stack to
perform the Josephson Effect: when voltage is appdicross those junctions, a reverse current
will flow in the opposite direction and create aZ Hlequency pulse on each layer. After finely
tuning the thickness of each layer to achieve phasklup, a uniform THz source is then
achieved and the frequency can be tuned by thenattbias [7]. The voltage required for this
device can be provided by battery and is portairieveryday use.

Last year (2009), some researchers observed THse mround 2THz when peeling off the
adhesive tapes. They claimed this is because dfdhecharging and the subsequent discharging
effects [8].

1.2.2. THz Detectors

As discussed above, THz waves are easy to attemdmlie travelling in air. It also tends to be
scattered by the ambient molecules and thus lignitong distance propagation. Thus, high
sensitivity THz detectors are under developmertrder to meet the need in scientific research,
communications as well as homeland security. Deteatan be divided into direct detectors and
indirect detectors (also called hetrodyne detekt@se of the key requirements of detectors is
high sensitivity, in other words, low Noise equimatl Power (NEP) values are desirable. In direct
detection approach, the phase information is lodtfeequency can be measured through the use
of filters. . On the other hand, indirect detectare more applied for cosmic research for
observing the background radiation of the univerBee THz wave’s frequency is down

converted to intermediate frequency (IF) while presg the amplitude and phase for higher



resolution spectroscopy measurements. In somenagtaince, direct THz detectors are used
where sensitivity is more important in broadbandjior. Some common THz detection
approaches are discussed below:

(1) Photoconductive THz detector

TeraView

Realising potential

GaAs Device

250 fs NIR laser pulse
THz pulse

o m /|

THz e.m.f. will separate the
carriers, inducing current
Laser pulse creates flow proportional to
charge carriers amplitude

Figure 1.3 Schematic of photoconductive THz detd@p
As shown in Figure 1.3, a photoconductive based Tetector is the most frequently used
detector in THz time domain spectroscopy. . Theeetlaree key components associated with the
functioning of this detector. First a short neatdiinfrared laser pulse directly incidence on the
low temperature grown GaAs based semiconductorcdefue to the excitation, electrons and
holes pairs are created in the conduction and galeands. THz pulse then is illuminated on the
GaAs surface, separating the charge carriers, imgedhe current signal whose value is
proportional the power of the THz pulse. Basicalbeaking, this method is the reverse way of

generating THz pulse basing on the coherent THem¢ion. The time domain signdl(z) can



be defined by equation 1.1[1((t) is the electric field of the THz pulsB(t) is the detector
responses is the delay time.
1(2) =%jg E()D(t— o)t 1.1

Although its principles are easy to understand apdrate, the setup of the whole system
requires relatively large space due the existefit¢keolaser generation system as well as optical
components mounting and aligning.
(2) Thermal THz detectors
The thermal THz detector family consist a numbédrdifberent detectors, including: bolometer,
pyroelectric detector and Golay cell. The basiccemn of THz detecting is by changing their
resistance (bolometer) or bias voltage (pyroeleadtector) due to the absorption of incidence
energy which is converted to heat. For exampldyimftlm pyroelectric detector (figure 1.4),
based on ferroelectric materials such as TGS dnidrit Tantalate, exhibits large electric
polarization in the active crystal respective te thanging of temperature. It generates transient
bias across high impedance crystal when THz wawgsnges upon the detector and increases
the temperature. Figure 1.5 shows that the volsigeal can be picked up by a FET and
converted into digital signal. The sensitivity afick devices could vary according to the
temperature of operation. In most of the case, glgatric detector are required to work around
4K in order to provide lower NEP, which is aroundlmN/Hzo'S. Even lower NEP ~
10'13\N/Hzo'5 for broadband can be achieved by continuing lovgerihe temperature to

hundreds of mK. However, at room temperature iy @hlows low sensitivity with NEP value of



approximately 16)W/Hzo'5 [12]. What's more, most of these devices also meghigh quality
materials which are expensive, thus the cost ishendimitation for large area THz imaging for

commercial market.
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Figure 1.4 Strucutre of a thin-film pyroelectriceetor (left) and thermal operation element

housing

(right) [11]
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Figure 1.5 Schematic of pyroelectric THz detectiup circuit[12]
Like pyroelectric THz detectors, bolometers ar® atssponded to the change in temperature of
the film due to the absorption of THz radiationeTdnly difference is that these detectors show a

change resistance variation instead of generatamsient voltage due to absorption of THz



radiation. The basic setup of the bolometer is showfigure 1.6 [12]. The constant time can be
calculated by
T= E 1.2
G
Where C is the heat capacity of the material, @ésthermal conductance from the material to
the heat sink. The temperature difference betwbenabsence and existence of THz can be

derived from equation 1.3, whex® is the power delivered by the incident THz wave.

AP

_ 1.3
GyL+ w2 (C/G)?2

AT

Equation 1.3 clearly shows that in order to obtirge temperature difference and shorter
constant time, materials with small heat capaaity large thermal conductance are required. But
there is a trade-off between sensitivity and respaime for uncooled bolometer. In Ref. [10],

. . -13\N 0.5 S
for a 20ms constant time bolometer, the NEP is radoLO /Hz ", while if one wants to

decrease the NEP to 'i&N/Hzo'S, the response time is around 3.5§'dOFor a cooled

bolometer, the response time and sensitivity cah be tuned at a certain low value. However,

the low temperature limits its application to ladtory setups.

10



Signal
P=Py+AP cos(wt)

Bolometer EXlterr}al
Absorber, C T circuit
Thermal .
: Thermistor
coupling

)

Figure 1.6 Schematic of a simple bolometer [12]

Heat sink

(3) Schottky Barrier Diode THz detector.

The Schottky barrier diodes are among the basiécdgvin THz technologies. The detection
capability is based on its nonlinear |-V charastirs and the rectification behavior. Figure 1.7
shows a simple explanation of how it works respedhe inducing RF waves. The incoming RF
signal is rectified and this signal is readout asra capacitor as a DC signal. The higher the
sensitivity the higher the rectified signal for thput power. . Detailed calculations for the
Schottky diode THz detector will be carried outtle Simulation part of Chapter 2. The most
common used semiconductor material for planar $kyaliode detectors is GaAs. This is
because there is a satisfying balance betweerecanobility and the bandgap, which are two
core elements during the study of rectification haagsm. Other IlI-V materials are also being
studied and show positive results as well. Diodgk bsing Si have low cut-off frequencies and

thus not used in THz applications.
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Apart from the semiconductor material, other chgjles are that the device required to operate at
THz frequencies need to have low parasitic. Thiplires devices that are small (< 1umx1um).
Furthermore, for more practical applications in Tiiaging and sensing, a large array (100x100
elements may be required) of detectors coupled waittenna elements is required. In most
instances, a significant area is occupied by thersma element on the wafer. With the use of
[1I-V semiconductor technology, where the waferesig significantly small compared to CMOS
technology, only few detectors can be fabricatedyader. Thus, it will be desirable to be able to
develop a process that is large area compatibleewteeting the needs for THz operation. Thus,
new devices with novel materials and detecting raeigm are under development.

Ill

Figure 1.7 Rectification behavior of a Schottky @@ocoupled with an incident RF wave at zero
bias

(4) Novel THz detectors

The word novel here represents the meaning thaethietectors applied new materials and

detecting mechanism. Carbon Nanotubes (CNTs) aeeabrthose materials which draw the
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attention of the whole research world, as wellrashe THz detector region. Researchers have
already applied metallic CNTs between antennasoparhg as a bolometer device, but it still
requires low operating temperature for higher defityi What's more, semiconducting CNTs
have also been applied for Schottky diode THz Oetsccontacting with source and drain
metals. Further simulation results claims in [3@ttfor 2.5THz, the NEP can reach O.7pV\ﬁI§iz

at room temperature

1.3. Goals of this research

THz imaging devices can be realized by forming Hdzal Plane Array (FPA) using numbers of
THz detector cells. A CNT Schottky diode THz detedtased THz imager is shown in Figure
1.8. Each detector cell is a single THz detector andopais as one pixel. When a source
generated THz radiation, it is first focused byri@y of micro-lens, which helps to converge the
EM wave onto each high sensitivity detector cdleé tetected signal such as voltage or current
variation is then converted from analog to digitahich is then plotted to images by computer
and software, this is the basic method to get tHe images in Figure 1.2 for medical treatment
and security inspection. As illustrated in Figur8, Xor getting a good image of THz signal, this
imaging device requires large fabrication area,llsdetector unit, and high sensitivity of each
detector cell as well as operating at room tempesatHowever, since conventional THz
detectors such as pyroelectric and GaAs basedeatesi® bulk in size and requires complicated
small area semiconducting fabrication process wlscluite costly, the integration of those
detectors is hard to realize high resolution imggiMoreover, the NEP values are relatively

large for some of them at room temperature, whisb edicates high sensitivity imaging cannot
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be effectively achieved. Table 1.1 [12] [36] sumin@s NEP values as well as other features for

several THz detectors.

, Micro-lens Array
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el ]

CNT Schottky Diode THz Detector

Figure 1.8 Focal plane array THz imager basing Nif Schottky diode detectors

Table 1.1 Specifications of several THz detectdgy [

CNT
GaAs Schottky
Pyroelectric| Schottky| Golay diode THz
THz diode cell THz | Bolometer detector
detector THz detector (simulation
detector w/wo
matching)
Operating 300 300 300 4.2 300
Temperature (K
NEP (pW/HzO'S) 250~1000 100 100~120 0.1 55/0.7
Effective 2 05x0.2| 2x9 0.1x0.1
Size(mm)
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This table clearly shows that CNT Schottky diodezTd¢tectors have advantages over others in
the sensitivity and device size. However, althoggme simulations shows that applying multi
numbers of CNTs will decrease the contact resistdhen decrease NEP to 0.7p\/\/9l—?z the
impedance mismatch was not taken into considera&orthermore, the fabrication processes for
making such devices are mostly based on expensgte énd techniques such as e-beam
lithography and costly materials like quartz angpdare. Those disadvantages limit the
development of large area THz imaging.

However, the use of CNT in the fabrication of THztettor is an attractive approach. Since
CNT Schottky diode detector has small device sirel allows for the separate fabrication of
CNT material from the substrate material. It ma&gaus to find proper ways to realize the THz
imaging challenges. But the NEP value is diffidaltdecrease using single CNT since contact
and series resistance is around hundredsnfwhich not only increase the thermal noise but
also bring in a huge impedance mismatch betweearitenna element and CNT device at room
temperature. Although some simulations shows tipgtlyaeng multi numbers of CNTs will
decrease the contact resistance that in turn alfowdecrease in NEP to O.7pW/?—I% but the
impedance mismatch was not taken into consideratid@]. Furthermore, the fabrication
processes for making such devices are mostly basezkpensive high end techniques such as
e-beam lithography and costly materials like quartd sapphire. Those disadvantages limit the
development of large area THz imaging.

Thus the goal of this research is to develop ariefit, room temperature operated, CNTs

compatible but low cost large area compatible tation process and high sensitivity THz
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imaging devices, by applying flexible, low loss artbap polymer substrates.

2. Carbon Nanotubes

After lijima discovered multi-walled carbon nanotsh(CNTs) in 1991 at NEC, Japan [13]
(Figure 1.9), people started talking about thodétotubes and began doing research on those
nano scale carbon material. Gradually, researdioersd that CNTs not only perform a special
shape on geometry, but also shows unique propénti@echanics, electric, optics and chemistry
realms, they opened one possible path toward thestraucture and nanoworld as well. Research
in the area of CNTs is focused towards finding rag@plications, efficient growth, and approach
to integration and self-assembly on surrogate satestand in further understanding of their
fundamental properties. In this research work, CBEsused as a Schottky Diode for THz wave

detection.

Figure 1.9 Multi-wall carbon nanotubes discovergdijima [13]

2.1.Geometry of CNTs
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Carbon nanotubes are hollow structures, which e tsingle or multi walls, see Figure 1.9.
CNTs can be attained from graphene, Figure 1.1Q [agers, where the layers rollup to form
hollow tubes, shown in Figure 1.11 [15]. Most aigle wall CNTs have the diameter around 1
nanometer, multi wall CNTs can have larger diamedeging from several nm to 100 nm. The
distance between two walls remains the same dtleeta@ertain chirality of forming a specific
CNT. There is no confinement of the length of CNTsan ranges from several nanometers to
micrometers or even longer. Recently researcheve bgnthesized single wall CNT with the
length of 4cm [16]. Synthesis of longer CNTs is endtudy to meet the needs for light weight

high strength fibers.




Figure 1.11 Rolling a graphene sheet to form alsimgll CNT [15]

The rolling of graphene to form a closed cylindercalled chirality, which determines not only
the structure of CNTs but also their propertiesotder to understand this better, quantitative
analysis is carried out by the assistance of figui@ [17], which illustrates several chiralities t
form one single wall CNT. Two basic vectors defihe graphene Iatticei:d(\/é,O) and
a,=d (\/5/2,3/ 2) where d=0.142nm is the length of the C-C bongk fidiling direction C
is defined asC = na, + ma, , (n,m) is called the chirality of the CNT. The iaslof the rolled up
single wall CNT can be calculated by equation 1.4

R:%:(gjd N2 +nm+m? 1.4
For most of the cases, CNTs are randomly rollefbtm so called chiral CNTs and n and m
could be any value, including (0, 0), which is ddesed as a quantum dot in some research
works. However, there are also two special situmatiwhich draw most of the research attention.
One is that m=0, shown in figure 1.12(a), the gemghis rolled alongiadirection, which is
called zigzag CNT; another is n=m, shown in figlir&2(b), the graphene is rolled up with same
index of g and &, this is called armchair CNT. Others are calledadlCNTs, showing in figure

1.12(c). From the property point of view, zigzag T3N\are semiconductors, armchair CNTs have

metallic property. Also, if n-m is a multiple of 3uch single wall CNTs are metallic CNTSs,
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otherwise are semiconducting CNTs. This is becaltb®ugh for a planar graphene sheet, the
C-C bonds for one atom are equivalent, those bshglstly changed due to creating the angles
when it rolls up. Details can be found in Ref. [1If] some circumstances, CNTs are not like a
uniform cylinder or shape; they could bent at sqiats or even have some other structures on
their bodies, Figure 1.13 shows a bent CNT andn@mad joint on the wall of CNT. The CNTs

in this research are semiconducting single-wall €Nfie m, n values also determine the

semiconducting properties such as energy gap, whithe shown several sections later

EASP8PRe
mgo'_o‘o_oio‘o &y

Carbon: n=2 has 4 electrons

v
H (d) sp2 bonds with three
(a) ' (b) nearest carbon atoms

Figure 1.12 Different chiralities of CNTs, (a) zaggCNTSs, (b) Armchair CNTSs, (c) Chiral CNTSs,

(d) Strong spbonds within three nearest carbon atoms [17]
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Figure 1.13 (Left) a bent CNT with pentagons atttlraing point. (Right) a nanobud joint on the
wall of the CNT [17]

2.2.Synthesis of Carbon Nanotubes.

Carbon nanotubes can be grown by laser ablatiordischarge, and CVD process.

2.2.1. Laser ablation

Showing in Figure 1.14[38] in particular, a highws laser beam is focused on a bulk graphite

target, which is located inside a furnace with terafure of 1200°C in Ar ambient. CNTs are

collected by a Cu-cooled water trap. The advantagéhis method is that single wall CNTs can

be synthesized quite readily. However, the sysesuires high power laser source, and the yield

is low, and the cost is prohibitive.
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Figure 1.14 Experimental setup of laser ablatiorCiNT growth [38]

2.2.2. Arc discharge

CNTs discovered by lijima were synthesized by thisthod, shown in Figure 1.15 [38]. This
technique involves the passage of a direct curf@o100A) through two high-purity graphite
electrodes separated by 1-2mm, in a He atmospberrég arcing, a deposit forms at a rate of
1Imm/min on the cathode, while at the same timedanshich has Fe catalyst is consumed.
Although this method could produce both single vaadd multi wall CNTs, the diameters of
CNTs is difficult to control. Also, the cost ofishprocess is still high associated with the use of

pure material and the need for post purificatioocpss.
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Figure 1.15 Schematic of an arc discharge syst@&n [3

2.2.3. Chemical Vapor Deposition (CVD) process

CVD process can be divided into two categoriestntia¢ CVD and microwave plasma enhance
CVD. Both of these methods work on similar prinegl deposit certain metal catalysts on the
substrates for further growth. In a thermal CVDaass, the substrate with catalysts is placed in
a hot tube shape furnace (above 1000°C), precgaoisuch as CO, methane and ethylene are
flowed into the tube with Ar. The growth rate ard tCNT diameter can be controlled by the
concentration of the precursor gas and the sefedtfidthe catalysts. Using a catalyst, metallic or
semiconducting CNTs can be easily grown. . Microsvgasma CVD has almost the same
growth mechanism except that microwave is usedetepte the heat that in turn decomposes
the precursor gas. In comparison to other growtthaus, the CVD method is more efficient and

cheaper. Moreover, by patterning the catalystderstibstrate, CNTs can grow vertically (Figure
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1.16) [15] and form CNT array for further applicats. However, the purification is still need to

be done since the catalysts are always with thd$€ fGrests and there is high possibility that

they will influence the properties of CNTs in soamplications.

Since CVD method is cheaper than the other two oasthif has been commercialized by many
companies. In this research, semiconducting singlé-CNTs are made by CVD and bought

from Nanolntegris Inc. With certain purification qmess, catalysts are eliminated and high

concentration semiconducting CNTs can be filteretfar further scientific research.

150 um

H1ITrr

250pm

um

Figure 1.16 (A-D) vertically grown CNT array, (E) Foom in image of the one block, (G) TEM
image of CNTs in A through F [15]

2.3.Properties and applications of carbon nanotubes

2.3.1. Mechanical properties and applications

The physical structure of high aspect ratio of Cidigl strong C-C s?pbond provide amazing
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mechanical properties comparing to other materitdble 1.2 shows some properties of CNTs
comparing with others. As it cleared shown her¢h BdWNT and SWNT have higher values on
strength such as Young’s modulus. The value ofileessrength (13-53 GPa) of CNTs is also
way higher than that of steel (0.38-1.55) [15].¢nd is believed as the hardest material in the
world, however, people found that bulk SWNT compmsian have even higher value of
hardness around 462-546GPa, comparing of 420GHB&wiond [18]. Moreover, the density of
CNTs is around 0.7-1.4 g/(?mit is believed the lightest material which alserfprms strong
strength and high melting point.

With those advantages that CNTs have, the mategistry and research institutions start to
study and apply those great properties in our dddy Due to the high value of strength and
small density, researchers at MIT are studyingpyaCNTs on body armor for military usage
[19]. Also, CNTs can be integrated onto commonhastfibers to enhance the strength of them
in order to meet the needs in extreme environmastshown in figure 1.17. Moreover, CNTs
are able to increase the strength of the sportpegunts basing on their hardness and lightness.
Nanoscale probe tips can be fabricated by smatheliar but long CNTs. It is also possible to
fabricate nano syringe by CNTs with the hollow oglier as the container. Another promising
application is using CNTs to fabricate micro evemm bearings and gears for NEMS (Nano
Electro-Mechanical System), as shown in figure 1213.

As discussed above, CNTs superior mechanical piepesuch as large Young’s modules and
tensile stength could let CNTs stay firmly on thevides and rigidly keep the geometry

unchanged. This could put the fabrication procegbis research on the safe side, since there is
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no need to worried about the deformation of the GiUicture due the side effects of fabrication

such as accumulation of stress during metal daposit

Table 1.2 Comparison of mechanical properties oT€td others

Material (*Single-Crystal) Young’s Modulus (GP3a) NMeg Point (°C)
Multi-Walled Carbon Nanotube 1280~4150 .
Single-Walled Carbon Nanotube 1000~1250 750(air)-2800(vacuum)

Diamond* 1035 3527
SiC* 700 2827
Al,03* 530 2052
TiC* 497 3140
w 410 3422
SigNg* 385 1975
Mo 343 2623
Steel (Maximum Strength) 210 1539
Stainless Steel 200 1539
Iron* 196 1539
Si* 190 1414
SiOy(Fiber) 73 1710
Al 70 660

Figure 1.17 CNTs (grey) entangled with clothesrsbgellow) to increase the strength of the

clothes (RPI and University of Hawaii)
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Figure 1.18 CNT bearing blocks [20]

2.3.2. Electronic properties and applications

As discussed above, the chirality of CNTs detersittee conducting property of CNTSs, i.e.
either metallic or semiconducting. This is duehte slightly change of C-C bond when rolling up
the graphene sheet.

Metallic CNTs are well known for its capability afarrying high value of current without
breakdown. It has shown that metallic CNTs candstan 101 3A/cm2 while copper is around
16°A/cm®. What's more, the thermal conductivity of CNTsdaite high which means heat
generated by the current can dissipate fast. Res®aralso measure the conductance of CNTs.
Due the nanoscale of CNTSs, the electron transpontét CNT is one dimensional, which is only
along the axis of the nanotube. Also, CNT-metaltacis behaves quantum conductance, which
indicates that electrons are more likely to “mowe”one certain conduction band instead of
“jlumping” up and down to other energy band. Onenfuia conductance stage is denoted gs G
and it equals to 77mS at room temperature. For éwear temperature, such value could be

doubled and the quantum resistance goes down k&%6.burthermore, since the length of CNTs
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is in micro or even nano range, electrons can pan®nly obeying Newton’s Secondary Law in
such short distance without being scattered byatiefenly interacting with phonons, this is
called ballistic transportation.

Metallic CNTs have many applications. Due to thghhcurrent bearing, one can use metallic
CNTs as the interconnection between metal wiresaimoscale integrated circuits, as shown in
figure 1.19. The electron ballistic transportatiorfCNTs provides non-resistive current in a short
distance. Also, with multiple CNTs parallel conrezttthe contact resistance could also reduce
from 1/G&y to 1/(nGp) (n is the number of CNTs). However, there ark gtoblems need to be

solve: the contact resistance is not easy to réédgldue to the defects of CNTs and bad contact

with metal; also, such small devices require naalesdabrication, which are always too
expensive to put onto the market. Another applicafor metallic CNT is combining its high
aspect ratio with high current density, CNT basettifeffect display (CNT FED). Figure 1.20
shows a simple schematic structure of the CNT HHIQh electric field is generated between
cathode and gate electrodes, high current can bergted in CNTs. When the current is high
enough, some of the electrons will tunnel thoughlihrrier at the top of the CNTs and continue
travelling to the anode and hit fluorescent on ¢ghass. The brightness of such display is

comparable with current LCD display, while consugniess power.

27



Figure 1.19 Metallic CNTs act as interconnectiotwleen metal wires (courtesy of Infineon

Technologies)

Glass substrate ITO electrode
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electrode T . layer
‘ _ Glass
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Figure 1.20 CNT FED structure (Teco Nanotech Cq.Ltd
Semiconducting CNTs only have single wall. Thisoecause the smaller the diameter of the
CNTs, the larger the bandgap it has. For a cenaioe of diameter, the bandgap tends to
diminish and CNT turns out to be metallic. This meéhat all the multi-wall CNTs are metallic.
The bandgap § can also be calculated by equation 1.5, whegg;%2.97eV is the nearest
neighbor interaction parameter, d is the lengtftCe€ bond and R is the radius of the CNT.

Combining with equation 1.4, one can calculatebttwedgap for CNTs with certain chiralies.

Eq =Vppr xd/R 1.5

For an intrinsic semiconducting CNT, the band daagis shown in figure 1.21 [21], it shows the
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fact that the conduction and valance bands are srimwith each other, which also means the
effective mass of electrons and holes are almastséime. However, in reality, most of those
semiconducting CNTs perform p-type behavior. Thisbecause CNTs are very likely to be
oxidized in air and oxygen molecules act as a softoc dope to increase the concentration of
holes, which in turn shows p-type in a larger viévis also possible to reverse this phenomenon
and turn p-type CNTs back to n-type. Some of tlseaeches tried to dope CNT with alkali, or

anneal the CNT in a vacuum oven around 800°C animert gas environment [17].
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Figure 1.21 Band diagram of semiconducting CNT whirality (10, 2) [21]
People has already applied semiconducting CNTalindate CNT based Field Effect Transistors
(CNTFET). CNTs here replace the n wells and male dbvices size smaller comparing to
conventional MOSFETs. Moreover, the fabricationgess can be simplified. Researchers have
already fabricated a CNTFET based inverter, whickhiown in figure 1.22 [22]. CNTs are first

deposited on a Sioand Potassium is then deposited by e-beam litpbgrdn order to form the

n-type FET, the device was put into vacuum oveantoeal about 10h, at 200°C. Then a polymer
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is covered on n-FET to prevent CNTs turning back-tgpe, finally the whole device is shined

with O, plasma to form a better p-FET. The results weoenmsing and the gain is great than 1.
Later, CNT logic gate array have been developeatdier to realize large area batch fabrication
[23]. Many CNT FET researches are being studiedeatlly, and more and more results are
being carried out.

Semiconducting CNTs can be used to fabricate Schdibde devices by contacting CNTs with

metals which have smaller work function than CN®s Qur research is among one of those
applications. Conventional Schottky diodes use bulterials as the electrodes and oxidation
layer for the fabrication, while CNTs are one disienal material contacting with 3D electrodes.
Researchers showed that the metal CNT junctiorspdayimportant role of the whole device. It

is necessary to fundamentally understand the lofsiee metal-CNT junctions.

~ back gate

Figure 1.22 AFM picture of CNT inverter (a), I-Vrae of this inverter (b) [22]
Functionalized CNTs, which decorated by some speaifolecules on their walls by certain

chemical reactions, can also be used as sensodefecting biological signals and chemical
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materials by changing the conductance due to thadecules attaching on their surface. One
can also use CNTs in gas chromatography for alisarphd desorption, due to their high aspect
ratio and the ability that desorbing gas molecthese absorbed on their walls when heated

3. Metal-CNT junction

As mentioned above, due to the different dimensibiwo materials, CNTs and metal contact
will perform different behavior comparing with thaf 3D materials. It is also a key role
governing the performance of the CNT devices. tected metal for contacting must first meet
the requirements of the devices such as Schottiiebaeight, and the fabrication compatibility.
Even one kind of metal has a better contact witi€blt is not compatible with the fabrication,
the research will more or less goes to a strugddind no ending situation for finding the best
material. In Chapter 2, we will explain what metale suitable to form Schottky contact and
ohmic contact basing on the band diagram, here nlge discuss which way and metal could
provide a better contact with relatively small @it resistance and large binding energy.
Although we could find a better metal for fabricatithe devices, a clear understanding of
metal-CNT contact is still elusive and requires eneffort on such research.

3.1.Metal contact formation

The CNT-metal contacting has three forms: side axintend contact and buried contact. Side
contact means CNTs lie on the top of the metalteldes and only contact with their side. End
contact represents the contact is only at the ér@NJ's and the metal, which also means less
atoms are connected between CNTs and metal. Badethct means CNTs are buried by the

metal at the contact part. Figure 1.23 shows thetires of side contact and buried contact. The
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surface area contact is desirable to achieve lawacot resistance values. This translated to atom
scale means more atoms are connected and more’nelkanare opened for electron
transportation. It has been clearly established ltheied metal-CNT contact has lower contact
resistance compared to side and end contactsIf2B15], although the experiments were based
on multi-wall CNTs, it still holds for single-walCNTs as the electron transportation only
happens on the outer wall. The only difference as lburied contact: the inner layers of
multi-wall CNTs also provide conductive path betwdbe pads thus the series resistance is
much lower than that of single wall CNT. Thus, nder to achieve low contact resistance, buried
structure was chosen in this research. Moreoverdéeper the CNT extended into the metal, the

lower the resistance it will has [26].

Figure 1.23 CNT-metal side contact (left) and bdigentact (right) [24]
3.2.Atom binding energy and binding diagram
The firmer the binding between C and metal atoims,nore stable the contact. So studying the
binding energy of metal-CNT junction is another eafpto understanding the working
mechanism. Ref [27] applied psedupotantial planevewanethod within local density
approximation to study the binding energy of 5 atagers. Table 1.3 shows the binding energy
between Au, Pd and Pt at the equilibrium bindirgjatice. It is clearly shown that Pd has higher

binding energy in comparison to Au and Pt. Thisldquossibly be due to the electron orbit
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difference between those three metals. Completerstahding of the actual mechanism is not
clear. Binding diagram has been carried out in B8] is shown in figure 1.24. It shows that for
Au-CNT contact, only one atom is connected withb@aratom, while Pd has 6 atoms having
bonds with CNT. This can explain the reason thah&sla higher conductance (77mS) than Au

does at room temperature, and why most of the CNTe Pd as the contact metal.

(© (d)

Figure 1.24 Atomic cross section of the metal CNfEiiface for Au (a) and Pd (b), Contour

density plot for Au (c) and Pd (d) [28]
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Table 1.3 Binding energy at equilibrium bindingtdisce [27]

Metal (Orientation) Equéli'sbtll:]r:eb&;jmg Binding energy (eV)
Au (111) 2.91 0.61
Au (100) 2.40 0.74
Pd (111) 2.12 2.00
Pd (100) 2.04 2.70
Pt (111) 2.12 1.69
Pt (100) 2.10 2.30

Au, Pd and Pt are the metals whose work functiabs\{e 5.0eV) are higher than that of CNTs
(4.9eV). These metals can be used to make Ohmiactsnwith semiconducting CNTs. This will
be further discussed in Chapter 2. In order to f&chottky contact, metals with work functions
lower than that of CNTs are required. Typicallypgh metals could be Cu, Ti, Al, Sc, Cr and Ag.
From fabrication point of view, although some reskars have demonstrated good results, Sc
and Cr are not very compatible with regular faliramaprocess as well as our low cost flexible
substrate. Cu is commonly used metal in microfaion but its work function (4.65eV) is close
to CNT’s and the nonlinear property will be weak.cAn be a good candidate since it has been
already widely used in CNTFET fabrication, and sbhdvwgood results. Ti is also a promising
metal because it has good adhesion to most suréexcked is quite possible that Ti could have a
better binding with CNTs as well.

3.3.Post Treatment for Metal-CNT Junction

It has been said that Rapid Thermal Annealing (R@@yld help in lowering the resistance by
changing the formation of carbide at the interfdeigure 1.25 shows the conductance variation
for different RTA temperature [29]. The higher tla@nealing temperature the higher the

conductance of the device will have. Some reseschave also applied higher voltages
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between the two electrodes in order to heat thalnoeintacts. This is called current-induced
heating joule techniques [30]. The results are o but it still has the chance of burning

down the CNT, especiallyu® for 7V cannot be controlled precisely.
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Figure 1.25 Conductance of rapid thermal annealdd &s a function of annealing temperature
[29]
Basing on the discussion above, one could sele@sRahe end of contact and Al or Ti for the
other end. Moreover, Au could also be tried sincki® not very compatible with regular
fabrication process especially for etching. Alson@aling is necessary for reducing the contact
resistance if applicable. Simulation of those m&IT contacts will be carried out in Chapter 2.
Chapter 3 will mainly focus on the fabrication pess of the proposed device.
4. Polymer based substrates

Polymers are defined as a type of materials whe lterge molecules repeats that are connected
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by covalent chemical bonds, shown in figure 1.26eSe are also commonly known as plastics.
There are a large number of naturally and artificiaynthesized materials with variety of
properties [31].

The cost for synthesizing polymer materials is gudw, which also allows for large area
manufacturing. . One of the most popular polymesisidp used in our daily life is Polyethylene
terephthalate, or called PET, PETE, which is anttogastic and widely used in food packaging,
beverage containers and houseware manufacturingoditee chemically inert and low moisture
absorbing properties.

In the scientific engineering research, such agogical, chemical, material and electrical
engineering, polymers have also gained signifitatetrest [32][34]. Silicone for plastic surgery
and body implanting research is a good exampleeléatrical engineering, especially in the
micro fabrication process, Photoresists such ad$a8d AZ series for lithography are the core
materials of the whole process. Moreover, new pelgnlike PMMA, SU-8 and PDMS
(Polydimethylsiloxane) have been introduced in iteate novel fabrication process and micro
devices. By shining UV light on SU-8 andy, @lasma treatment on PDMS, the crosslinks
between the macromolecules change their propedybgrapplying further operations, one can
create any structures he want basing on polymeripukation[32][33]. However, although
polymers are widely applied in micro and nano fedtion, they always use conventional
materials as the substrate, such as silicon, gilitoxide and silicon nitride. For high frequency
(microwave and THz) operating devices, low loss emnals like sapphire and quartz are

preferred, but the high cost of those materialstéirtheir fabrication process to a large area and
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limits their applications. From the view of higlefuency device packaging, substitute materials
with low cost are urgently required to replace cartional substrates. In order to solve this
problem, our research group, recently systemayi@ldd quantitatively studied several polymer
materials for THz substrate applications [35], laewn in Figure 1.27. HDPE, Zeonor, PTFE and
Propylene have low loss characteristics over a \ietuency band. Some of these materials can
be used over a narrow band where the dielectreik®ow. For example, PET is low loss below

500 GHz [35].

i n

Figure 1.26 Chemical Structures of Polyether etletone (PEEK) (upper) and Polyethylene

terephthalate (PET) (lower)
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Figure 1.27 Loss tangents of some polymer mateid3als
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Another pre-requisite of applying those polymersthg compatibility with regular micro
fabrication process. Some of the plastics, likeyStgtene can react with cleanroom chemicals
like acetone and isopropanal. Other materials siscRET, PEEK and Polyimide are chemically
inert to most of these chemicals, and also to HEIltiNg point, glass temperature and other
thermal parameters are also needed to be takercamsideration. Table 1.4 [37] shows some
values of thermal properties for three polymer odames. In most of the micro fabrication
process, high temperature will occur during the eb@kocess of the lithography and metal
deposition period. Polymers glass temperature shimigher than the maximum value during the
whole process, otherwise the polymer will becoméléror will warp. In our research, metal
electrodes are deposited by e-beam PVD system whereemperature on the substrate could
reach as high as 80- 100°C during the process. PHiswould be not able to stand for long
time. Thermal conductivity provides the ability theansferring the heat to the environment, the
higher the value, the more suitable for fabricatsimce the stress on the surface will be lower
and the cracks will be less.

Table 1.4 Thermal properties of PET, PEEK and Palye [37]

Glass Ezh:lrr:zi)ln Thermal
Melting Point Transition P . Conductivity
Coefficient

(°C) Temperature X W -1K-1

(°C) (™) (Linear) | VM K

PET >250 75 3.9 X 10 0.15-0.24
PEEK ~343 143 2.6 XI0 0.25
Polyimide >400 5.5 X160 0.52
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Chapter 2 Simulation of CNTs Schottky Diode THz Detector
1. Metal-Semiconductor Contact
When a metal and a semiconductor are brought tegé&hform the contact, due to the different
Fermi energy levels in metal and semiconductoGtedas in one material with higher energy
tend to flow towards the other one with lower aleatenergy. This results in some amount of
energy band bending at the contact region (depleggion). As we know for the p-n junction,
electrical charges at depletion region in p anype tsemiconductors have opposite signs having
same absolute values, the width depends on thgeli@nsities of the two materials. However,
because metal has much higher charge density #maitenductor, the depletion width in metal
can be ignored, and the electric field and bandlingnonly exist inside the semiconductor part.
The amount of band bending and electrical propesgieh as electric field, potential distribution
and flow of electrons depend on metal and semicttodwvork functions, electron affinity and
doped type of the semiconductor. Details will becdssed as below:
1.1 Conventional Metal-Semiconductor Contact
Conventional bulk metal- semiconductor contacts lsarused to demonstrate the basic contact
concepts. What’'s more, depending on whether theegedepletion region or not, M-S contacts
can be grouped into two forms of contacts: Scho@kwytact and an Ohmic Contact. There are

several parameters which are used to analyze tivesaifferent contacts:

Work function @:  The energy difference between the Fermi enengiythhe vacuum level;

Electron affinity y: The energy required to extract one electron froemdonduction band of the
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semiconductor into the vacuum, which is given bg thfference between the bottom of the

conduction band and the vacuum level.

1.1.1 Schottky Contact

A Schottky Contact (Schottky barrier) is also adlkectifying contact. One type of Schottky
Contact is formed by an n-type semiconductor cdimgaevith metal whose work functio@m is
larger than that of semiconduct@g (?n®ns >0). Another Schottky Contact is formed by
smaller work function metal contacting with a largeork function p-type semiconductor
(@ @ps <0). For the first case with an n-type semiconduethose Fermi Level is near the
conduction band, the Fermi Levels on both side®imecequal at the junction region, resulting
from the electrons moved from the semiconductah&ometal leaving minority carriers behind
and form a depletion region, which is simply showrFigure 2.1 (a) [56]. In the second case
with a p-type semiconductor in which Fermi Levetlsse to the valence band, the Fermi Levels
also tend to get equal at both sides during thetreless move from the metal to the
semiconductor creating minority carriers on bottesiand form the depletion region, as shown
in Figure 2.1(b). Due to the existence of the dimheregion in both cases, Schottky Contact has
an |-V curve with rectification behavior and usesl r@ctifying devices. The current-voltage

relation is shown in Eq. (2.1):

qVv
J=Jo| ™ -1 2.1

Where,Jpis the reverse saturation current density andl&e@ to the Schottky Barrier Height
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Dg:

5)
Jo=ATZe Mol 2.2
1.1.2 Ohmic Contact

An Ohmic contact is formed by contacting a metal an n-type semiconductor withy-@g <0

or a p-type semiconductor with,-®s >0. If one metal contacts with an n-type semicabolu
and @, ®@g <0, Fermi Levels on both sides also pin to theeségwel due to electrons moving
from metal to the semiconductor, although positkiarges are formed on the metal side near the
junction, the majority carrier on the semicondudcate are electrons and accumulating which
cannot form the depletion region. This also happerike situation of metal contacting a p-type
semiconductor with®@,-@g >0, except that majority carriers holes accumslaten the
semiconductor side. Figure 2.2 (a) and (b) [56]vahthese two cases. If applying bias on the
junction, the |-V characteristic shows resistivé&eaor, which obeys the Ohm’s Law.

Table 2.1 shows a summary of Schottky and Ohmidambrrelated to the work functions of

metals and semiconductors.
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Figure 2.1 Forming Schottky contact basing on (g)pe semicondutor and

(b) p-type semiconductor and their rectifying I-ghavior. (next page) [56]
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Figure 2.1 (cont'd)
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Figure 2.2 Forming Ohmic contact basing on (a)petgemicondutor and (b) p-type

semiconductor and their resistive I-V behavior.[56]
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Figure 2.2 (cont'd)
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Table 2.1 Summary of forming Schottky and Ohmictaots [56]

p-type semiconductor

n-type semiconductq

Dy< Dg

Schottky Contact

Ohmic Contact
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1.2Metal-CNTs Contact

As mentioned in the first chapter, all of the mutll carbon-nanotubes are metallic. Single-wall
CNTs can be either metallic or semiconducting, ddp® on which chirality the graphene sheet
is rolled up as [39]. Most of the s-SWNTs are petyjue to exposure to oxygen and naturally
doped in air environment [40]. Doping with donorteréal such as potassium or annealing in
vacuum can transform p-type s-SWNTs to n-type [4idwever, the transforming requires
process that is more complex and the annealingvisrsible. In our research, p-type s-SWNTs
were used for all the simulations and experimdntsrder to form Schottky and Ohmic contacts
on each end of s-SWNT for THz sensing, metal seleahould be considered carefully.
Single-walled semiconducting CNTs(s-SWNT) have wwk function around 4.8-4.9eV [42],
As shown above, for a p-type semiconductgir@ps <0 is required to form a Schottky Contact,
while for an Ohmic ContactPyr®@ps >0 is needed. According these two rules, we caosh
metals and contact with each end of the CNT anah fgpecific contacts. For Schottky Contacts,
the most common used metals are silver (Ag), AlwmnAl) and Titanium (Ti), whose work
functions are lower than 4.9eV; for Ohmic conta@sl|d (Au), Palladium (Pd) and Platinum (Pt)
are commonly selected. For the simulations, Schiatid Ohmic contacts are considered to be
ideal. However, the interaction between the metal & SWNT is one important factor which
influences the contact properties; this will becdssed in more detail in Chapter 3. For the work
presented here, Pd€5.22~5.6eY is chosen as Ohmic contact metal andd4.33eV) for

the Schottky contact.

2. Parameters for Detection
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Many factors are examined in order to evaluate doelity and sensitivity of detectors.
Researchers need to consider the minimum detectasial, signal to noise ratio (SNR) and the
bandwidth of the detectors. One important parametbich reflects the sensitivity and
performance of the detector is the noise equivglemter (NEP).

2.1 Noise Equivalent Power (NEP)

The definitions of NEP are varied from each ottredifferent literatures. This is because NEP
has many meanings regarding to which parametengmitant for one detector [43] [44]. The
initial concept of NEP is the optical power whicllwield a signal to noise ratio of 1. However,
this definition only shows that NEP can be givemispecific bandwidth.

The most commonly used definition of NEP comes fittvn Federal Standard 1037C (telecom
glossary 2000) of the United State GovernmeNbise-equivalent power (NEP) is the radiant
power that produces a signal-to-noise ratio of unity at the output of a given optical detector at a
given data-signaling rate or modulation frequency, operating wavelength, and effective noise
bandwidth. Some manufacturers and authors define NEP as the minimum detectable power per
sguare root bandwidth [W/Hzllz] . [45]. Another form of NEP definition which is fgeiently
used in industry is also valid [46]: the detecttat noise power in a one Hertz bandwidth and it
represents the minimum detectable signal poweruatity signal-to-noise ratio. From this point
of view, NEP is the noise floor of a detector, nalized to a 1Hz bandwidth, and the smaller the
NEP, the lower noise power, and the higher theigehgthe detector has.

For broad band THz detection as we present her, \iities of lpW/Hoz'5 or better are desired,

this is discussed in more detail below:
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Figure 2.3 (upper left) shows the blackbody radiatt different temperatures. Radiation power
peaks in optical region and is low in infrared dandz spectral regions. The total power in THz
spectral region is approximately 100,000 times thas in infrared spectral region. For a given
temperature, as shown in Figure 2.3 (upper rigih®, radiation power will decrease at low
frequency region. For THz detectors, the operafieguency is from 0.1-10 THz, which is
highlighted in blue color. In this region, the rafibn power is almost linear as a function of
frequency. During the imaging or detecting procdsackground noise such as temperature
variance can disturb and reduce the sensitivityhefsensor (degrade Signal to Noise ratio, S/N).
In Figure 2.3(bottom), the temperature noise isvedied into noise equivalent temperature
NEAT for y axis. For broad bandwidth detection suci@8GHz, in order to keep NH under

0.1K, NEP should less than 1pWﬁ-’|5zover a wide spectral region.
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Figure 2.3 (upper left) Blackbody radiation at eient temperature, (upper right) Relative
Radiance vs. frequency; (bottom) Noise equivalemtgerature vs. NEP at different

bandwidth
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Figure 2.3 (cont’d)
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2.1.1 Mathematical Equations for NEP Prediction
Different detectors have different ways of calcui@tNEP and related parameters. For Schottky

diode direct RF detectors, NEP can be calculateapipyying the following equations [46]:

Va +VyE

NEP = 23

_r R (1_ Ir F) 2.4
2(1+R5/Rd)2(1+(f /fci)z)

1/2
fCi = (1+RS/RI])1/2 25
27C; (RsRq)

Vo= (4kTg (Ry+Ry))'"? 2.6
2 1/2

Vi _[Ax(Rs+FRd Vs } .

According to equation 2.3, NEP is related to twoapaeters: detector’s voltage noise (numerator)

and voltage sensitivity (denominator), those otteems will be explained in the next section

along with the small signal circuits.
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In Schottky diode detectors, for example, there seeral types of noise: thermal nolgg

flicker noiseVyg, andshot noise. Thermal noise is also called Johnsoguisy noise, which is

generated by the thermal agitation of charge aarireside the conductors and semiconductors,
no matter whether there is a bias or not. Therromencan be calculated by using equation (2.6),
for a certain Schottky diode with certain bias, ffegies and junction resistance (details will be
explained in next section) has already set, andhbenal noise is approximately white, which
means it remains constant through the whole freqepectrum and cannot be ignored during
the calculation. Flicker noise is a type of elentconoise which is also callet¥f noise; the
accurate function of flicker noise 1$fa, where “a” is very close to 1. It is generated tlu¢he
imperfection of the electronic devices such as intigs, crystal defects and contaminations in
the materials. The noise pre-factor or noise amgditcoefficient “A” in equation (2.7) for CNT
Schottky Diode depends on the material as welhagjtiality of the contact and can range from
10%10 10 @* [47][48], for Ti-CNT contact, A is approximatelyeal to 16™ 9'1[48], which

is used in our simulation process. Note that ath higodulating frequencies thermal noise
dominates and flicker noise can be ignored. Howeatlow modulating frequencies (under
several KHz), flicker noise is dominant in most ideg [49]. Note, in equation given, the
frequency F represents the modulation frequerdykfHz) which is common for CMOS based
devices, but not the signal frequency (THz freqy@n8hot noise is usually generated due to the
carriers going through the barrier. Although itisvideband domain noise, while comparing with
thermal and flicker noise as well as its equatibis relatively small and can be ignored in the

calculation of NEP values [49].
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The intrinsic frequency or cut-off frequenty represents the highest frequency that the sensor
can detect. As shown in equation (2.5), the inicifrequency is related to the series and junction
resistance as well as junction capacitance of ety diode detector. The value fgf varies

as a function of voltage since junction resistaiscehanging with the applied bias. I-V curve of
Schottky diode shows that junction resistance desa® as the bias voltage increases. For some
cases, junction resistance can be several fadosr Ithan series resistance, which turns out that
the junction resistance can be ignored in calauigt, and equation (2.5) can be simplified to
equation (2.8):

1
fci =2

2.8
Equation 2.8 can only be used to find the maximyo@ration frequency of the detectors, and it
cannot plugged into equation (2.4) or equation)(2Z3he reason is that the junction resistance
varies as a function of bias voltage, and it igdatthan series resistance at low voltages.
Equation (2.4) provides a certain way of calculgtioltage sensitivitys,, which represents the
detected voltage divided by the power absorbedéndiode g, is strongly dependent on the
curvature coefficieny, and mismatch losses (Jlﬁ) between antenna and the Schottky diode.
The resistance of single-wall semiconducting CNM cange from hundreds of(Kto a MQ.
Broad band antennas having such high impedanceaangractical to design. Thus matching of
CNT Schottky diodes to antenna elements is a aingdleThe curvature coefficiepis a measure

of the nonlinearity of the diode current—voltage\{) characteristic and is given by the ratio of

the second derivative of the diode |-V charactiessto its 1st derivative. For Schottky diodes,
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y=0/nkT, wherek is the Boltzmann constant afidis the temperature (Kelvin). The maximum
possible value of for Schottky diodes at room temperature is clasé To achieve maximum
voltage sensitivity, apart from maximizing non-lamgy, good impedance match between
antenna and the Schottky Diode is needed. Typmspedance of the antenna can range between
25 to 100 Ohms. For direct impedance matchingdibde is required to have impedance in this
range. As mentioned in the previous chapter, afjhaemiconducting CNTs’ resistance is high,
reducing the resistance of CNT Schottky Diode bgr&ming the CNT length and connecting
parallel CNTs are two promising ways to effectivelgduce the impedance of the diode
necessary for better impedance matching [42].

Furthermore, in order to minimize the NEP (impre@easitivity), one need to decrease the noise
originating in the diode. The small signal circuifsCNTs Schottky Diode can assist to examine
all of these parameters.

2.2 Small Signal Circuit

One way to determine all the parameters being urseduation (2.7) through (2.8) is using the
small signal circuit of CNT Schottky diode THz detw (Figure 2.4). Note that this is a
simplified diode equivalent model which only consi©f junction resistance and junction
capacitance. The inductance of CNTs is ignoredessame literatures claim that the values of
magnetic and kinetic inductance are around jpHAnd 1nHim [50] [51], and the length of
CNT in our simulation is 500nm with 1~2nm for diagere which means that the effective

impedance of the inductor will be negligible in quemison to series and junction resistances.
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Figure 2.4 Small signal circuits for of CNT Schottkiode THz detector

=

- ‘ -
Schottky
Contact s-SWNT

Substrate

Figure 2.5 Schematic picture of a real CNT Schottiode THz detector
2.2.1 Components
In order to obtain a better understanding of thpaeameters in the small signal circuit, a
schematic of real device is shown in Figure 2.5cfamparison.
Rs is the series resistance of the CNTs Schottky edidd conventional Schottky diodes, the
lumped series resistance should include the resistdbetween the semiconductor and the
substrate. However, in a CNT Schottky diode, majararriers flow along the tube under certain
bias, and negligible amount leaks into the substratere the series resistance is equal to
semiconducting CNT intrinsic resistance plus then@hcontact resistance:

Rs = Rent + Ronnic 2.9

In theory, CNTs are 1D material and their resistal@s been proved to follow quantum
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mechanism, and only ballistic resistance existafehort CNT [52]. In practice, however, CNTs
have defects and impurities which introduce phosoattering and lead to increase in the
resistance value [53]. For a8 long semiconducting CNT, the series resistaRgeés around
228k, and for eum long semiconducting CNTRg is around 420 ® [54]. Using this
information, the intrinsic resistance for 500nm\BHST is expected to be approximately 30Q.k
This value will be used in further calculations discussed ahead. Ohmic contact resistance
depends upon the type of metal used and the quaithe contact. Details on the choice of
metals for Schottky and Ohmic contacts were dissdise Chapter 1. Here we only use the
lowest Ohmic contact resistance, whiclRisnmic=12.9 K2 (provided by contact with Palladium,
see details in Chapter 1).

Rq is the Schottky contact junction resistance anathianges with the applied bias. This
resistance is related to the barrier height atdbetact interface. A forward bias lowers the
Schottky barrier, leading to increase in currenttfie terms of thermionic and tunneling current).
Like Ronmic: junction resistancé&y also relies on the quality of the contact. A higimality
contact will effectively reduce the junction reaiste for an over a certain bias range. On the
other hand, a low quality contact increases thetjan resistance. In the calculations here, it is
assumed that the Schottky contact is perfect amg tbe barrier height is the dominant factor
contributing to junction resistance value.

The junction capacitancej ©f CNTs Schottky contact represents the electtiestapacitance
plus CNTs unique quantum capacitance. The eleatiostapacitance can be calculated through

conventional Schottky contact junction capacitamgapplying equation (2.10)
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C; = AlaeNal 2(d ~V) 2 2.10
WhereA is the contact area,is the dielectric constant of s-SWNT which is apgmately equal
to 5eq, g is the electron charge 1.602>'<]1900, Np is theholes concentration for p-type CNT,
and [y, is the build in potential at the junctiow,is the external bias. Some researchers have
shown that the value for CNTs Schottky contacttebstatic capacitance is around 1QaR/[42]
[51], which is due to the small contact area between <&l metal. The quantum capacitance
is calculated by means of the density of stateth@fsemiconducting CNTs, which is connected
in series with the electrostatic capacitance, &edvalue is around hundreds of j@R/[51] . The
minimum total junction capacitance measured is {5dfF[55] and can vary from several 1laF to
15aF [51]. In this work, smallest junction capacte given in literature was chosen to calculate
the NEP values.
The mismatch loss is another important parameteictwlidirectly determines the voltage
sensitivity and in turn improves the value of NBR shown in Figure 2.4, the mismatch is
basically due to the huge resistance differencesdsn source (antenna) and the diode. For most
of the broadband antennas, the impedaficeanges from 50 (BOW-TIE antenna) to ~18D
(slot antenna). The impedance of CNT Schottky didelgends on junction and series resistance

which typically have the value of tens ofXor more. By applying equation (2.11),

r-fin—% 2.11
Zin+ZO

Reflection coefficientl” between the antenna and the diode can be caldulBte using the

values for the antenna and diode impedance, ie& ¢that most of the power will be reflected
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back. This is especially true at lower bias voleagéere the diode impedance is significantly
high. At higher bias voltages the reflection caméfnt decreases, but still remains large. One
possible way of reducing the reflection is by radgahe effective impedance of the Schottky
diode. This can be achieved by aligning multipleTShh parallel. However, the negative impact
of this approach is that the effective junction agtance increases. Our goal here is to find the
optimal parameters which can provide a minimum eatiINEP for CNT Schottky diode having
multiple CNTs in a single device.

2.2.2 Parameters for simulation

Based on the discussion above, the parametersnfiotagion process can be determined. Table
2.2 shows those values for each of the parameters.

Table 2.2 Parameters used for calculation

L ReNT | Rohmic | Rs= Rent+ Ronmic | Rd | G Ly F A r
12, e
500nm| 30k | Qg 42.9 K0 ~ | 1aF | 1500 | 1kHz | 16%°%07T | -

RgandI are not given here since these two need to bendieted by simulating the I-V curve of
CNTs Schottky diode and the antenna impedance mgtchnd the I-V characteristic will be
discussed in the following section.

3. |-V Characteristic of CNTs Schottky Diode

The |-V Characteristic of Schottky Diode is shownFigure 2.1 and the current is based on the
transport of majority carriers. Because of the texise of depletion region and barrier height at

the junction, the I-V curve performs the rectificat behavior. Although in Schottky Contact the
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carriers transport mechanism is different from tfgp-n junction, they have the similar form for
I-V relation expression (2.1), as well as the reeesaturation current (2.2). By studying and
simulating these equations, junction resistancebmcalculated. If looking into details of the
derivation of these expressions, one will noticat ttney are based on the thermionic emission
current theory [56]. Moreover, the thermionic erdascurrent is not the only contribution to the
total current and there are also other two typesuofent which can exist depending on certain
conditions of the Schottky contact. One is diffusaurrent, the other is tunneling current. Before
starting the simulation of NEP, some simulation kvof those three types of current need to be
carried out as to which is the dominant currerthim |-V characteristics.

3.1Thermionic Emission Current

As explained in [56], the thermionic emission theas a semi-classical approach which
describes the transport of carriers through a semdigctor-metal contact. Also, there are three
assumptions are followed to deduct the equatiamshik theory, only carriers which have the
energy equal to or larger than the top of the SkiioBarrier Heightpg can go across the

Schottky barrier and form the current, as showhigure 2.6
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Figure 2.6 Simple diagram of the forming thermioaicission current

The Schottky Barrier Height for p-type semiconduateetal contact is given by equation (2.12)
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PB= Eg/q+)(-(pm 2.12
where Eis the bandgap of the semiconducfois the electron affinity of semiconductor, apd
is the work function of the metal. Following therigation process of thermionic emission

current in [57], the I-V Characteristic can be eeqsed in equation (2.13)

—aB | AV
J=Jdg sm+Imss= AT2eMbT | gl _g 2.13

Where T is the temperatureg is the barrier height, kis the Boltzmann constant, q is the
electron chargey is the applied bias, n is the ideality factor lvé diode, which is between 1~2,
andA is the effective Richardson constant and

x 47zqm* kb2

A 2.14
h3

where rrilk is the effective carrier mass, h is the plank CamstComparing (2.13) with equation
(2.1), it is obvious that the thermionic emissianrent is the dominant factor. Note that (2.14)
can also be expressed in form of effective dertfistates in the conduction/ valence band.
3.2Diffusion Current

Generally speaking, the thermionic emission curocamt be sorted into the diffusion —drift theory,
and in [57], and it is claimed that the diffusioarent and thermionic current have similar
equation form. One difference between them to i®that the general diffusion theory requires
the condition which depletion width is much largban the carrier mean free path. For p-n
junction, the depletion region is wide enough thhe diffusion equation can be applied.

However, for Schottky Contact, the depletion widghsmaller, so thermionic current starts to
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dominate. For CNTs Schottky Contact, due to thentura properties of ballistic electron

transport in CNTs and high carrier concentratibwe, depletion width is even much thinner than
regular Schottky Contact. Thus, the diffusion tlyewhich works for p-n junction doesn't fit this

condition and only the thermionic is required. I tsimulations, only the thermionic emission
part instead of the whole diffusion-drift theorycisnsidered.

3.3 Tunneling Current

Classic theory of tunneling current is based oredhdimension (3D) materials, with highly

doped semiconductor contact with metal, and thdetiep region is thinner due to the high
carrier concentration in the semiconductor partudlly the tunneling happens when the

depletion width is around 3nm, and the tunnelingfitcient depends on the barrier heiglg to

the power of 1.5. Figure 2.7 shows the schemattarmieling current in band diagram.
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Figure 2.7 Simple diagram of the forming tunnelaugrent
However, CNTs are 1D materials and the tunnelirgpty is based on the quantum analysis
which is quite different from that of classic modEbr calculating the tunneling current, the
non-equilibrium Green’s function, which solves Sidinger equation under non-equilibrium

conditions, is applied and the tunneling curremt loa given in Landauer—Buttiker Formula:
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J _—
h ¢ +V

T(E)[ fo(E-V) - fm(E)] 2.15

Where ¢gg is the Schottky barrier heighgp; is the build-in potential which is the different
between metal work function and semiconductor waeiand.fg. and fy, are the Fermi
distributions in semiconductor and metal, is the applied voltage on the contact, aad
represents the energy of the carrier which contiebdo the current. The integration region is
from the bottom of the conduction (valence) bandh® top of the barrier height(E) is the
transmission coefficient of carrier which tunnelithgough the barrier, and can be calculated by

Wentzel-Kramers—Brillouin (WKB) approximation aygn in equation (2.16)
Zf
T(E) =exp| - k, @)Xz 2.16
(E) p[ 3, ke )dj

Where zand z are the classical turing points, angzk is the parallel momentum which is linked
with the energy-k function. The classical turningns z=0, andz represents the point where
carrier’s energy is equal to the energy on the Skhdarrier potential curve. Following the

derivation in [58], the transmission coefficient fGNT Schottky contact can be rewritten as

equation (2.17), as well as its adhesion equa(@1is8), (2.19) and (2.20)

2 2
T(E)=exp —sz 2Eq x WNVppkn | _[ E-aV(2) dz 2.17
0 | 3dVyy, Eq Egy /2
kn:M' 218
3R
Vn d
Ey=—"o— 2.19
R
Rzi\/B(n2+m2+nm) 2.20
2r
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Ey here is the bandgap of CN@50.142nm is the C-C bond distansgy,,=2.97eV is the C-C
bonding energyR is the CNT’s radiusqV(2) is the Schottky barrier potential functiapjs given

by makingE=qV(z).n andm are CNTs chiralityThe Schottky barrier potential function can be
found by following the conventional Schottky barmmtential diagram calculation in [59]. Note
that in [59] the zero potential is chosen at thkeewmee band of the semiconductor. In order to
simplify the simulation, the zero potential is chpnsat metal Fermi level, which yield equation

(2.21)

2
qV(Z)—Q{ qNA{%—Z\/M(m V)}qﬁg} 2.21

€réo aNa
Note that equation (2.17) is generated for elestram our case, the majority carriers are holes,
and (2.21) is the potential function for p-type smnductor-metal contact. In order to fit into
equation (2.17), we simply reverse the sign in Xp.@nd it becomes potential function for
electrons, (2.22), this manipulation will not chanthe transmission coefficient since the

mechanism is all the same.

2
aV(2) = Q{W—A{Z—z\/ﬂ(m V):l+¢5} 2.22

&eg| 2 s \IN

Na is the charge density of CNT and5 is the dielectric constant of semiconductingykarwall
CNTs. With those equations above, tunneling curtembugh CNT Schottky Barrier can be
calculated and then analyzed.

3.4 Comparison of Thermionic and Tunneling current

Based on different types of currents that can doutie to the |-V characteristic, we need to find

which type is the most dominant current. Only foogson and comparing those equations
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cannot give a quantitative analysis of each typeuofent, Thus, we need to set real and practical
values for these equations and compare the I-Vecsiygtematically.

3.4.1 |-V Curve of Thermionic Current

Table 2.3 gives real values of a CNT as well a8k contact barrier height that are needed to
simulate the thermionic emission current:

Table 2.3 Values for simulating thermionic emisstomrent

o | N T m q kp h mo

0.85V| 1.5 | 300K| 0.3my | 1.6x10"°C | 1.38x10%° | 6.626x10°" Jes| 9.1x18" kg

The CNTs metal contact area is another paramedénteds to be examined, and equation (2.13)
only gives the current density of thermionic cutréihere are three typess of contacts between
CNT and metals mentioned in Chapter 1: side contaa contact and buried contact. Buried
contact shows lower junction resistance than therotwo. According to several literatures, the
contact length ranges from 1w8. Here a length of@n for buried contact was chosen. This is
also used to fit simulations of tunneling currentthe next section. After plugging in those
values in Table 2.3, the thermionic current simatat-V relation is provided by equation (2.23),

and |-V curve is generated and is shown in Figue 2

V.
1=1.809« 1013x| ex sb ; 2.23
X( P 5% 0.026 )}
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Figure 2.8 Simulation results for I-V charactedsti thermionic emission, lower figure
illustrates current in semilog scale
Figure 2.8 shows the CNT Schottky diode has théfietion behavior. The current starts to

increase rapidly after bias exceeds the value di4u potential. It also shows the I-V curve in

. . . . . -1
log scale (bottom), in which the reverse saturatioment is clearly shown and is around fA.

3.4.2 1-V Curve of Tunneling Current
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In order to make the tunneling current reasonabtepared to the thermionic current, s-SWNT
with chirality of (11, 6) is used. It has the ma$tse holes effective mass [60], and the holes
charge density [61]. Table 2.4 shows the parameegded to simulate tunneling current.

Table 2.4 Values for simulating tunneling current

NA Eg d ¥B gr

3

~10%m3 | ~0.61eV| ~1.3nm| ~0.85ev| 5

Note that there is no precise |-V equation for tilmeneling current, but Figure 2.9 show the |-V

relation for tunneling theory.

X10'8 I-V Curve of Tunneling Current
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Figure 2.9 Simulation result of I-V characteristictunneling, lower figure illustrates the current
in semilog scale
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Figure 2.9 (cont'd)
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As shown in Figure 2.9, the tunneling current glesforms the rectification behavior, and we
can predict that if the value of barrier height @ases (also means there will be thinner
depletion width), the I-V curve will tend to follo@hm’s law.

3.4.3 Comparison of Thermionic and Tunneling Current.

The thermionic and tunneling current in CNT Schypttlan exit at the same time, it is possible
that one of them is the dominant source for thaltotirrent and also both can be at the same
weight to contribute the total current. Figure 2skidws that thermionic current and tunneling
current |-V characteristics. Figure2.10 (a) showat tif the ideality factor n=1, although both
type of current have the same shape and increasingd, thermionic current is several factors
smaller than tunneling current. However, for mostfabricated CNTs Schottky diodes in
literatures, the ideality factor n ranges from 2.B+2]. As shown in Figure 2.10 (b), when n=1.5,

thermionic current becomes the dominant current ianskeveral factors larger than tunneling
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current. Thus tunneling current can be ignoredsTkionly valid at low bias, but this is the
proper range for efficiently operating the detec&drhigher bias, although junction resistance is
small, the current can burn down the semiconduc@Njl. Also at higher bias currents the
flicker noise is high (see equation (2.7)), andrease the sensitivity of the detector. As
mentioned above, the tunneling current will inceeasd follow the Ohm’s law if the barrier is
lower and thinner. This means that applying gatkage through top or back gate electrodes,
tunneling can be switch on and off. The higherdhte voltage, the larger the tunneling current
will be [62]. Since there is no gate voltage applen our CNT Schottky diode detector, the
tunneling current can be treated as at the “tufhrobde. Thermionic current is the dominant
current in our detector, and other parametersateneeded for calculation of NEP can be found

through thermionic current I-V characteristic.

Thermionic Current and Tunneling Current (n=1)

109
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--=-Tunneling Current
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10 -0.5 0 0.5
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Figure 2.10 Comparison of thermionic emission ItwWve with tunneling |-V curve at n=1(a)
and n=1.5(b)
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Figure 2.10 (cont'd)
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4. Simulation Results

The |-V characteristic of CNTs Schottky diode pams us the possibility of finding junction
resistance of the Schottky Contact. Following timausation process in the last section and
plugging the parameters into equations for caloualEP, one can easily get the results for the
lowest NEP that the detector can reach.

Equation (2.3) for NEP calculation requires thesegpart and the sensitivity part, and noise part
plays an important role of determining NEP. In fimst run, the simulation is focused on
examining the thermal noise and the flicker noks@lowing this, NEP with different parameters
configurations will be studied one by one.

Note that in the last section the simulation resghow that the thermionic emission current is
the dominant part of the total current, especitliigre is no gate voltage and the ideality factor

n=1.5~2. Thus, the I-V relation is only based onapn (2.13).
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4.1 Simulation of Thermal and Flicker Noise

By applying equation (2.6) and (2.7) (in (2.7) fhaes sweeping), and plugging the parameters
from table 2.2 and the junction resistance gik\+0.3V with 1 CNT between the antenna, the
thermal and flicker noise versus frequency areualed, and plotted in Figure 2.11. In this
figure, the thermal noise remains constant throtighfrequency spectrum, which follows the
role of white noise. At low frequencies (1-5 kH#)¢ker noise is more than one tenth of the
thermal noise, which clearly means that it canre@igmored as mentioned in [42]. For CMOS
fabrication process based devices, the modulatiequéncyF is around 1 kHz, which thermal
and flicker noise almost equals to each other. Bgain confirms that the flicker noise is an

important factor.

6 Thermal Noise and Flicker Noise (1CNT,Vds=0.3V)
10° ]

—Thermal Noise
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Figure 2.11 Thermal and flicker noise vs. modulafi@quency

4.2 Simulation of NEP Changing with Frequerfcy

67



The goals of the detector is that it is broadbdhdl ¢ 1THz) and the NEP value is low over this
frequency range. NEP with and without mismatchbertd simulated and compared. For the first
analysis, only one CNT is used in the device model.

4.2.1 Without Mismatch

Simulation for no mismatch is done by following atjans (2.3) to (2.7), and other parameters
such as Rand G are also included into these equations. The oiffgrent is 1-r|2is removed
from (2.4) in order to realize no mismatch caldolat Figure 2.12 shows the NEP changes with
Frequency without mismatch. It is clear that at lsequency (0.1- 4THz), the NEP values are
smaller than 1pW/I—Pz'5, except that under higher applied bias (black)lii@ere is also another
phenomenon, NEP tends to decrease first and tleeaige almost through the whole frequency
spectrum. This means there should is an optimal toiachieve minimum NEP, this is probably
because at higher bias, the flicker noise whicheddp on Vs starts to dominate. However,
although these results of low NEP is promisings tisi not based on the practical, one need to
consider the mismatch with antenna, especiallydage series and junction resistance of CNTs

Schottky diode detector.
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NEP vs. Frequency (1CNT noc mismatch)
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Figure 2.12 NEP changing with frequency withoutnmasch
4.2.2 Incorporation of Mismatch
Taking the mismatch between antenna and the ded®ore practical and useful. According to
equation (2.11), the reflection coefficieintcan be found and I-|]2is the power going into the
diode. Figure 2.13 plots the NEP vs. frequency whthexistence of mismatch. At low frequency
(0.1-2 THz) NEP is lower thanlOOpW/Eé, except that under higher bias. Also, there iead
for NEP decreasing at first and then increaseschwlaigain proves that there should be an
optimal bias for the lower NEP at certain frequenclfrom the simulation results, lowest NEP at
1 THz is approximately 20 pW/IQ'zS, when \hs=0.34V. Although this result is better compared
to most of other THz detectors, this can still hetHer reduced, by decreasing the series and

junction resistance by increasing the number of £bnnected in parallel.
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Figure 2.13 NEP changing with frequency with misthat
4.3 Simulation of NEP Changing with Applied Voltage
As be observed from Figure 2.12 and 2.13, withraneiase in applied bias, NEP first decreases
and then increases, an optimal voltage should gitethe lowest NEP at certain frequency. In
order to analyze this hypothesis, NEP is simulaagdin at fixed frequency 1THz, while
changing the applied bias, the result is shownigurde 2.14. It is clear that NEP in both cases
(w/wo mismatch) have the same trend of decreadieg increases. The difference between
minimum and maximum NEP is a factor of 3X. Alsce tipplied voltage for minimum NEP with
mismatch is approximately 0.25-0.35V. In the foll@m sections, multiple numbers of CNTs

connected in parallel between electrodes is digtliss
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" NEP vs. Applied Bias (1THz, 1CNT)
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Figure 2.14 NEP vs. applied bias at 1THz with 1CNT

4.4NEP vs. No. of CNTs Connected in parallel

The way of connecting multiple numbers of CNTs argilel between electrodes is shown in
Figure 2.15 (left) (the metals connecting with CNife not restricted to Pd and Al). Figure 2.15
(right) shows the small signal circuit and diodepadance for multiple CNTs. First the

simulations are focus on roughly changing the nusibé& CNTs, as shown in Figure 2.16. The
NEP values in each group have the same trend tedse when frequency is increasing, and
each configuration has an optimal voltage whichvigles the minimum NEP, and this voltage

Vps is equal to 0.3V, which is the same optimal vélurel CNT. Moreover, when the numbers

of CNTs are increasing, NEP values under each egfilias are decreasing through the whole
frequency spectrum. In addition, the black line etlhhas larger NEP value is shifting down

dramatically while CNTs numbers is increasing. Tigs because the series and junction
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resistances are decreasing, which in fact imprévesnismatch between antenna and the diode
and decrease the thermal noise as well as flickeen Secondly, NEP for different numbers of
CNTs are studied under the optimal bias, it hassdme trend of decreasing through whole
frequency spectrum. Figure 2.17 shows this redelirly, in which the applied voltage is at
optimal value \hs=0.3V. Also, at a certain detection frequency sasiiTHz, the NEP for each
numbers of CNTs is shown in Figure 2.18, it is shdlat the NEP is decreasing quite fast when
increasing the numbers of CNTs. Although aligningltiple CNTs will increase the junction
capacitance, the reduction of resistances is masterf than the increment of small capacitance
(10'18F). From this point of view, the hypothesis thatueing the diode resistance by increasing
numbers of CNTs can increase NEP is proved to beecto However, it is not wise that
increasing numbers of CNTs to a huge number, casoreis that CNTs are tend to entangle with
each other, and perform metallic property, anotieason is more practical, the sharp tips of
these antennas which are using to align CNTs cahofut that many CNTs, especially for
Bow-Tie antenna, also the alignment process witl @ that accurate to align them parallel,
there will be cross points along the CNTs, and thiis definitely change the property of the

detector.
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Figure 2.15 Multi number of CNTs connecting thectriedes (left); small signal circuits for the

connecting numbers of CNTs (right)
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Figure 2.16 NEP vs. frequency with 1CNT (top), 4GNmiddle) and 16CNTs (bottom)
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Figure 2.16 (cont’d)
NEP vs. Frequecny 4 CNTs
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NEP with Different Numbers of CNTs
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Figure 2.17 NEP vs. frequency at optimak¥0.3V with different numbers of CNTs

NEP vs. No. of CNTs
22 ! i T T

NEP (pW/Hz0-%)
S B =2 3 & 3

[2)] @ o
T T
.
i

15 20 25 30 35
No. of CNTs

D-b-
—
(@]

Figure 2.18 NEP vs. numbers of CNTs at 1THz

Basing on the simulation results, the minimum NEEhwnismatch at 1 THz can be around
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5.5pW/HzO'5, with an optimum bias voltage between 0.25-0.36% 46 CNTs parallel aligned in
the gap. The metal for Schottky contact is Ti amdfér Ohmic contact, which means that the
barrier height is fixed during this simulation. $hialue can be changed by switching to alternate
metals such as Al, Ag and Cr. This NEP value iy wbose to that of GaAs Schootky diode THz
detector, which results in a promising device thedvides good sensitivity. The fabrication

process of the devices will be discussed in theviehg chapter.
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Chapter 3 Fabrication Process of CNTs Schottky Diode THz Diete
1. Fabrication Introduction
Nowadays, microfabrication process becomes morglbtcated and the devices feature tends to
shrink into nanometer level. Micro electromagnetive detectors such as inferred sensors and
THz detectors require low loss and large area satiestfor high sensitivity and large area
imaging. As mentioned in Chapter 1, Sapphire araftgican be low loss but high cost for large
area; glass and SiCare also low loss but require certain semicondufabrication process,
which increase the cost, too. PET can be a goodidate for large area and low cost, and it is
compatible with conventional CMOS fabrication. TBNT Schottky diode THz detectors in this
research are fabricated on PET substrate, by dempsaind aligning semiconducting CNTs
connecting with asymmetric metals, they can be lowst, large area imaging with high
sensitivity, and operate at room temperature.
2. Fabrication Process
The fabrication process for the CNT Schottky dio@tector can be divided into three separate
sub processes: antenna fabrication (lift off pref,eSNT alignment and contact metal deposition.
Each of these sub processes carried out one byamés own specific role of fabricating the
devices. Although these processes have been apuliedy in fabrication realm, they need to be
adjusted in order to compatible with each otheraf@ertain device. CNT alignment method, for
example, has many parameters such as frequencgoautbn concentration need to be adjusted
and due to different geometry of different typesCiNTs, those parameters from other research

cannot be simply applied to our fabrication. Funthere, one of the goals needs to be achieved
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is to make a low cost detector with high sensigiaind PET substrate helps us to realize the first
step. However, because of the small feature sizeCNfls as well as the gaps between
asymmetric contact metals, e-beam lithography sedenie the only possible method to reach
nanoscale feature. It is not a low cost processpesimg with lift off or etching and is not large
area compatible. In order to overcome this chabergnovel fabrication process which avoids
high cost e-beam lithography is presented. It meeon self-alignment lift-off process. Each of
the process steps are discussed in detail in tleaviag sections.

2.1 Antenna Design and Fabrication

2.1.1 Antenna Design

As discussed earlier, wide band antenna with higipeidance is desirable. One candidate is the
log periodic microstrip antenna, which has alsonbesed in another research for detecting THz
based upon CNT bolometer detection approach [7d{e khat our devices are designed to work
at THz range, it seems that high frequency antemaamore desirable, such as spiral antenna,
however, one need to notice that such antennardyenmmrkable at THz, which in another word
limiting the operating frequency range, also, sacitenna are always tiny so that the arms
between two spirals are too close, and the CNTenspn droplet for aligning CNTs are too big
comparing to the antenna. This will result in sd@i¢Ts and contaminations such as amorphous
carbon aligned between arms and influence the pedice of the devices.

The designation of our log periodic micro stripessed on Ref [75], which is the first publication

for designing microstrip log periodic antenna. FegwB.1 shows the geometry of one pair
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microstrip log-periodic antenna [75]. The ratiovweén R+, and R, here generally influence
the performance of E-field of the EM wave and theaker the value is, the higher power the
M-field will be provided. Here we simply let;R1 /Ry=0.5, which makes the layout designation

more easily but not harm the performance of therard.

a=135°  p=135°

Figure 3.1 Geometry of one pair of log periodicesimia
2.1.2 Antenna fabrication
The fabrication process for all of the antennaglesis the same. Here we just show the general
lift off process for fabricating BOW-TIE antenna as example. The size of the BOW-TIE
antenna depends on the minimum and maximum frequidmat it is required for detection. For

the detector here, the minimum frequency is 0.1 Gizich can be used to determine the
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maximum size (length) of the BOW-TIE antenna asl welthe distance between the neighbor
antennas. The maximum frequency is up to THz addpends on the distance between two tips.
It is usually several micrometers which are adegjé@t frequency up to a THz. Figure 3.2 shows

the structure of 2 pairs of BOW-TIE antennas.

Figure 3.2 Structure of 2 pairs of BOW-TIE antennas
The length of the antenna and the minimum distdreteveen two antennas 142 and\/4,
respectively. The wavelength for the wave propagates in the antenna can beilatdd by

applying Equation (3.1)

2
i= |20 . 3.1
Eefff

Where ¢y is the velocity of electromagnetic wave in freespf is the detector's minimum

detectable frequencyzgf is the effective dielectric constant of the antenmvhich can

approximately calculated by Equation (3.2)
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Eeff 3.2
Whereg=2.4 is the dielectric constant of PET substrate andafoit is 1. Note that the total
length of the antenna includes the distance ofgtye between the tips, if this gap changes, the
size of two equilateral triangles need to be adisb meet the requirement of the total length.
Figure 3.3 shows the schematics (cross-section)vidviabrication process flows for antenna
fabrication based on the lift off process. PET fimth thickness of 0.05 inch was purchased
from North American Color. Inc. It was cut into theund shape with diameter of 4 inches in
order to fit into the mask aligner in the cleanrodrhinner films can also be used, however they
were difficult to handle during the process. Aftirishing the regular cleaning process for the
PET substrate, photoresist S1813 was spinn coaitd®Ed at 4500rpm for 30 seconds. Patterns
were generated by exposing the whole substrateruhdeight for 1.25 minutes. 3000A thin
film of titanium is deposited on top of patterneboporesist by using e-beam evaporation
deposition system. Titanium has better adhesiomast of the surface including PET and no
additional adhesion layer is needed. For usingratietals such as aluminum, silver or copper as
the antenna, titanium is used as the adhesion. laifenff was carried out by immersing the

substrate in acetone that dissolves the photordsmire 3.4 shows the antenna structure after

the lift off process. The dark area is Ti and thieeo side is gold.
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Figure 3.3 Process flow of fabricating antennacttme

Figure 3.4 Fabricated LPA structure, with Ti as itnetal layer
2.2 Alignment of Semiconducting Carbon Nanotubes
2.2.1 Methods of Alignment
Several Methods of aligning CNTs have already imreloped during the past few years [63].
These methods can be generally divided into twamntachniques, growth of aligned CNTs and
post-growth of alignment CNTs. The former technigeguires high density catalyst particles for
CNTs depositing on the substrate and applying Cba&imviapor Deposition (CVD) or Thermal
Deposition to grow CNTs with the assist of the batig. The growth direction of the CNTs can
be controlled to be either vertical or horizon, eleging on the recipes of the precursor gas and
the configuration of the CVD system. One advantafj¢his method is the density of grown

CNTs could be extremely high and the length of tloeim be modified by controlling the growth
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time, maximum length can reach several millimet&g.applying this method, some devices
such as CNT capacitors can be fabricated. Alsothifse CNTs are controlled to grow
horizontally with high density, large area with las@est CNTFET array can be created. This
method has also been applied for fabricating TH&ders in [66], which also provides a better
contact between CNTs and metal electrodes. Howealdgmpugh growing CNTs before other
processes could provide a time saving method foridation, the quality and the properties of
grown CNTs are hard to control. One knows thatdoe batch of CNT product, 1/3 among
which is metallic CNTs, those rests are semicondgdENTs, although specific catalyst such as
CoMoCAT can provide more semiconducting CNTs[64]still cannot avoid metallic ones,
which are not suitable for CNT based microwave ighfrequency EM wave detectors. On the
other hand, CNT which applied as interconnects lshdiave the metallic property, thus
semiconducting CNTs are not preferred, since thdl decrease the conductivity of CNT
interconnection. Another problem should be addesséhat catalysts and other contaminating
residues are not easy to remove without keepingsQNifouched, these contaminates will more
or less influence the quality of the devices. Rpsiwvth of alignment CNT method are using
grown CNTs and isolating them from the substratesn disperses them in certain solutions, and
applied the CNTs suspension to the proposed posifior alignment with external forces. Such
external forces could be electric force (DEP) [68hgnetic force [66], capillary force [67] and
force generated by surface tension [68]. In thiseagch project, CNTs are aligned by
dielectrophoresis (DEP), not only because the seftipe system is simpler comparing to others,

but also this theory has been widely studied amudiegh due to relatively better aligning results.
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2.2.2 Dielectrophoresis (DEP)

Dielectrophoresis is a phenomenon which a forcexexted on a dielectric particle when it is
subjected to a non-uniform electric field. Compgrito the electrophoresis force, which is
generated by a DC electric field, the pre-requistéhat the field should be non-uniform. The
motion of the particles in electrophoresis phenamneis depending to the sign of the field;
however, the motion of a particle in a non-unifofor,example, AC electric field, is independent
to the sign of the field, and determined by théedénce of the dielectric constants between the
particle and the media. Figure 3.5 and 3.6 [69Mmshwe force exerted on a sphere particle in a

uniform electric field (electrophoresis) and norifarm electric field (dielectrophoresis).

-V Uniform field

Electric forces Electric forces
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Figure 3.5 One sphere particle is subjected tarelleoresis force in a uniform electric field
Sphere particles or homogeneous objects are usgalhgidered as the targets in certain
researches where dielectrophoresis force is appBethe researches applied this for trapping
human blood cells onto the electrodes [70]; eveall@mmolecules such as bacteria could be
manipulated and trapped to the desiring places. [F&bple are also using dielectrophoresis to

realize separation of molecules with different eadtic constants. Quantitative analysis has been
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studied by Pohl [72], and the equation 3.3 showsréhationship of dielectrophoresis force with
other parameters in this phenomenon, note thategistion only applied for homogeneous
sphere particles and for other shape objects, mgquations and calculations are required to do
the analysis.

Foep = 2760r [ fom ]V |E P 3.3
Whereg, is the dielectric constant in free space, r is phaeicles radius, E is the root mean

square value of the electric fieltg), here is called the Clausius Mossotti factor whselm be

calculated by equation 3.4 below:

& —&
foy = ———" 3.4
& pt2em

*

Wheree p ande m, are the dielectric constants of the particle ddmedia. According to this
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Figure 3.6 Motion of one particle in a non-unifoA@ electric field with different directions
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Figure 3.6 (cont’d)
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Clausius Mossotti factor, one can clearly tell ttieg motion of a sphere particle will be along
with the direction of transition electric fieldtiie permittivity of particle is larger than thattble
media, or against that of the transition electietdf From this point of view, particles with large
dielectric constant will have smaller DEP force gredform suspending in the solution; those
particles with lower dielectric constant will moteecertain direction in the media.

CNTs are long tubes which can be considered asaterdlciga-shape) particles. The
calculation of DEP force subjecting on those tubses slightly different from that of sphere
objects. A simplified CNT model in media has beeh i and basing on certain calculation,
equations are carried out and given in [73]. Mosxpsince CNTs are not spherical particles that
have homogeneous shape, another force which igdcalielectrophoresis torque is also
influencing the movement of CNTs, and calculatiémisthis is based on the model shown in
figure 3.7 and 3.8. The DEP force subjects on CHIT loe calculated by equation 3.5. In Figure
3.8, CNT is modeled as a prolate ellipsoid with lageneous dielectric properties. Those Xx,y,z
directions represent the coordinate of the digleftioresis system, 1,2 and 3 represents the axis

of the ellipsoid, and angle between the electetdfiand the longest axis 1 6s In this model,
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CNT only has an angle with E in the x,y plane, e tlirection of the torque is along the z

direction and pointing out the paper.

- - -
# * s

’
’
'

|
Al
i\

] ] ]
I 1 I
1 1 '
I ] |
| | I '
1 I | |
| | I '
| | | |
I ] I !
] ] ]
] ] ]
] ] ]
I | U

I
1
1
! \ '
1
|
|

~ ’ ~ ’
\u’ ‘ |

Figure 3.7 DEP force and DEP torque subject oritthe shape CNT in the media

Figure 3.8 An elliptical model for calculating DEstque on one CNT
FDEP =§7Z'r2|8m RG[R]JV|E|2 3.5
2
where r and | are the radius and length of the Gi\Tis the permittivity of the media, E is the
root mean square of the electric fielHl represents the complex frequency dependent factor

similar to the Clausius—Mossotti factor along thE ‘direction in figure 3.7, and can be
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calculated by equation 3.6 for thteb direction:
o~y
3(Ln(9p— m)+9m)

In which Qm and Qp are the complex permittivity of the media and CK&5pectively. K here

K= 3.6

is the depolarization factor which can be calculdig elliptical factor. The torque that subjecting
on CNT can be calculated by equation 3.7, sthiseonly in X,y plane, only direction “3” has the
torque value.

(T3) :gﬂrzlgm(Lz— L1) EfERe(K 1K ) 3.7
After puttingRl and@z and other parameters inside, the torque along 3halitection can be

derived from equation 3.8
Y
<1T3>=%7rrzlgmsin6’R M 3.8
gm(g p+ gm)
One also need to notice that besides the DEP famdeDEP torque, CNTs also have the drag
force subjected on generated by the motion agtiesinedia, which is related to the viscosity of
the mediau , size of the particles r and the velocity that plarticles are travellingsip, shown in
equation 3.9
Farag = #VpEP 3.9

Although those calculations are simplified and sarhether parameters such as the defects on
the CNTSs, interaction between two particles ancerme force disturbing are not taken in to

consideration, both simulations and practical expents have been carried out and showed that

most CNTs more or less followed the roles calcdla@ieove. However, other parameters are still
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very critical for CNT alignment. It is shown in R¢65] that the concentration of CNT
suspension, AC frequency and amplitude, gap sinedem electrodes, and the CNT types also
influences the alignment results. It is a commamssehat the higher the concentration the CNT
suspension, the large number CNTs will stay in eetwthe gap. Moreover, higher frequency
operations are more likely push CNTs away from ¢lextrodes and leaving less in between.
Applying DC offset will results CNT bundles separat and “sucking” CNTs toward one
electrode.

However, one cannot simply apply those results frerperiments carried out by other
researchers, there are many uncontrollable vasietiel the experimental set up as well as the
electrode shapes is totally different. The apphedl voltage should be controlled in a certain
range above a certain value to generate enougtrieléeld for alignment but lower than a level
in order to avoid creating strong electric fieldigfhcould burn down CNTs. This is quite critical
since CNTs are long tube oveurl, smaller bias will not be able to move them &fitly. The
CNT suspension are required ultrasonicate so thditsCbundles are open and the whole
suspension is uniform. However, the time for urdrisating also varies due to different types of
CNTs. Those CNTs with surfactant are more easilyséparate but it will influence the
conductivity for the further measurements. For msearch, we carried out our own parameters
and results for doing a better alignment for owrickes.

2.2.3 CNTs alignment for Schottky diode THz detector.

The theoretical analysis above provides the basicepts and calculating methods for the DEP

force subjecting on CNTSs, it just shows the genémédrmation how DEP works for CNT
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alignment. In any particular sets of CNT aligningperiments, the parameters such as
frequencies, p-p AC voltages, and CNT concentratshould be adjusted in order to satisfy the
length and diameter of CNTSs, the length of the gapavell as the alignment criteria, which
depends on the requirement of the devices.

In some of the CNT researches such as building EET-and CNT-based mechanical structures,
only one semiconducting SWNT or metallic CNT is uiegd to be aligned in between the
electrodes[76][77]. However, one of goal of thisearch, which has been also proved by
simulation, is to increase the sensitivity of thdTChased THz detector by increasing the current
go through the devices and multiple numbers of CNsuld be connected between the
electrodes. To this point, aligning one CNT is netessary, and larger CNT suspension droplet
can be applied to the desired area in order toeddgresnumber of CNTs. The AC voltage applied
in each experiment is different due to the gap tlentp [76], the \j.p is 4V for a 300nm gap
with frequency about 12MHz; in [78], 34, is 1.5V for 1 to @m gap with frequency about 1kHz.
Since high voltage will burn down the CNT and dagtthe devices, the density of electric field
in [78] is set to be the reference and the AC ydtes determined by the ratio of the length of
gaps: take dm gap from [78] and maximum density of electricldies 0.75V[im, in this
research, the gap is aroungh6 so the maximum voltage is 4.5V and theis determined as
9V. The frequency also ranges from several KHzts tof MHz in different research papers [76]
[78] [79]. Note that in [78], it is said that freguicy higher than 1MHz will create a negative DEP
force which can push semiconducting SWNT away ftbenelectrodes, but attract metallic ones.

But this phenomenon was not obvious for the CNgratient in this research, even decrease the
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current when lowering the frequency to several KiHaus we follow [79], which also aligned
semiconducting SWNT successfully at the frequemoyrad 10MHz.

As most of the DEP process for aligning CNTs, semdzicting SWNT suspension is prepared
by mixing CNT powder and IPA (2-propanol) solvendaultra-sonication is also applied to the
suspension for 30mins. A micro syringe is usedepadit CNT suspension droplet on the gap of
the device, which is sitting on the plate of thel@ station. Again, since high density CNTs are
required, larger droplet through wide syringe tipuand 1uL can be placed. But this requires high
purity of semiconducting SWNT powder, otherwisedese of the existence of large amount of
metallic CNTSs, the semiconducting properties wdldompromised and Schottky contact will be
difficult to form. For this reason, the CNTs usedtlhis research have 95% of semiconducting
SWNT in the powder. At the same time, AC voltagevef=9V is applied through the probes
contacting with the electrode pads on each sideinDuhe evaporation of IPA in about 1 min,
CNTs are aligned between the electrodes. The sdttipe DEP system is built upon the probe
station as shown in Figure 3.9. The AC power iedito the probes which contact the electrodes.
In order to observe the influence of the concemtnabf CNT suspension, three different
concentrations of 2i/ml, Sug/ml and 1@Qg/ml suspensions, as shown in Figure 3.10, were
applied to the samples, and Figure 3.11 shows {ignna@ent results basing on those
concentrations with parameters of =9V, f=10MHz. It is shown that 1@/ml has the best
alignment result among the three, most of the Cidid to align along the electric field lines in
the gap. Alignment can also be measured by sim@gsuring I-V characteristics between the

pads. Details of this will be discussed in Chagter
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introducing
suspension

Figure 3.10 Semiconducting SWNT suspensions wittteotration of 1@g/ml, 5ug/ml and

2.5ug/ml, from left to right
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Figure 3.11 Multi-CNT alignment results for aggml, 5ug/ml and 1Qg/ml, from top to bottom

(Vp-p=9V, f=10MHz)
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Figure 3.11 (cont'd)

2.3 Fabrication of Schottky and Ohmic Contacts

As mentioned at the beginning of this chapter,deagea, and low cost features are desired for
realizing high resolution and sensitivity THz seissd@ince CNT based THz detectors usually
have small features around 12 or even downsizing to hundreds of nm, high resmiu
photolithography, e-beam lithography, is inevitablowever, although this method could
successfully create nano level structures, the foodbricating single device is high and time
consuming, let alone large area detector arraychwhiways have hundreds of devices. The
advanced UV photolithography machines claim that Xeature can be created, but not all
fabrication labs in universities and research fuss have such expensive equipment, and one
will come back to e-beam for features smaller tham. In order to achieve goals of large-area
and low cost, batch fabrication should also beizatil, meanwhile keeping the process
reproducible. A novel fabrication process has bdereloped for the THz detector in this
research. Patterns withuh or smaller gaps can easily be fabricated usigyapproach. This

process is based on the principle of isotropic ing@td etching which can create the undercut
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under the photoresist masking layer. The underieetis basically determined by the thickness
of the metal layer underneath. Details of thisdiseussed below.

Etching process in micro fabrication is used to aeencertain part of the layer and create the
pattern on the wafer. Both wet and dry etching meshcould be used according to the
requirement of the structure. Dry etching such # &d DRIE, usually performs selectively
anisotropic etching and can create vertical sidk walerneath the mask layer. This method is
frequency used since the structures after etchimge halmost the same sizes as designed,
showing in Figure 3.12 (a). On the other hand, etelting is seldom used since it etches at same
velocity in all directions, which is also callebisopic etching, and large bias can be created
when etching thick film away, also showing in Figu.12 (b). The bias length is almost equal to
the thickness of the film. If the film is thin amehdercut is not a critical problem for the devices,
both dry and wet etching methods are suitable, kew®nce the undercut becomes influencing
the devices performance, only dry etching is ddsigince the length of the undercut is
determined by the thickness of the film, nano lavaercut is able to form if the film thickness
is in nano range. What's more, wet etching candmeedy immersing the whole wafer in a bath
of the etchant, which allows realizing the goal baftch fabrication. The idea of the novel

fabrication process originated from the informatarove.

Figure 3.12 (a) Anisotropic Etching (most dry etd)i (b) Isotropic etching (wet etching)
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The fabrication process flow diagram is illustratedrigure 3.13, which provides a cross-section
view of the device of creating the undercut andizeaelf-alignment in the range of nanometers,

through (a) to (h)
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Figure 3.13 Fabrication process flow diagram o&tirg undercut structure and self-aligning
approach

Semiconducting SWNTs are aligned between Ti antdipsga which are created by lift off
process, showing in (a), note that CNTs whichdi¢he middle of the gap also overlap on each
other, since they are relatively small comparingthte electrodes, the overlap height can be
omitted, but in order to show the aligned CNTs\ythee not drew in scale. Then a 150nm of
another Ti layer is deposited by e-beam evaporatiameate the Schottky contact between CNTs
and Ti, which corresponded to step b. As explaine@Ghapter 1, metals such as Ti (4.3eV), Al
(4.06-4.26eV) and Ag (4.5eV), whose work functiansmaller than that of semiconducting

CNTs (4.8-4.9eV), can be used for Schottky contBotlowing spin coating and patterning of
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positive resist (step-c), Ti is selectively etchaxg the only remaining area of this Ti layer istth
on one side of the previous antenna pad. Durirgydt@p, the undercut is controlled by the type
of etchant use and by the thickness of the Ti lay@he depth of undercut determines the length
of the CNTs which will be exposed of the finishedh8ttky diode THz detector and the
parameters (intrinsic resistance) of the smallaignodel. Undercut of step-d was carried out
using HF: H0O2:Ho0=1:1:200 etchant. Intermediate measurements ofch&acteristics show
that CNTs were found to be inert to this etchamt smain semiconducting. Due the fragile free
standing photoresist above the undercut regionsdngple was washed and blew dry very gently
before continuing for further steps. After this encut, as shown in step e, gold (Au) is blanket
deposited on the wafer using e-beam evaporatiom.aghe overhanging positive resist above
the CNTs acts as a shadow mask. Again, metalsasiglu (5.1-5.47eV), Pd (5.22-5.6eV) and Pt
(5.12-5.93eV) whose work function is larger thaattbf semiconducting CNTs can be applied as
Ohmic contact metals. This is followed by photosesit-off of Au layer. At this step, second
layer of Ti on the antenna pad is exposed as vgetha CNT undercut region. Although the
photoresist is a protection of CNT and undercutaregt must be removed since another layer of
photoresist will be spin coated and bubbles coeldénerated between two layers of photoresist
during soft baking.

Patterning of this Au layer is carried out usin@tuer photoresist layer (step-g), by using a safer
etchant than Aqua Regia, a mixture of Klahd HO. The antenna structures, coplanar structures,
and probe-pads are formed during this step. Fig@uid (a) shows an example of fabricated

Schottky diode THz detector, which has Au and Tddferent sides. Figure 3.14 (b and c) also
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shows the Atomic Force Microscopy (AFM) pictures tife small gap formed using
undercut/self-alignment process, which has metaktiess (Ti or Au) of 500nm. This gap
defines the effective length of the Schottky diodes shown in the figure that the gap is around
lum, but this value doesn’t in consist with the 500mmtal thickness, this is because over
etching was happened during wet etching. Howewer etching sometimes is useful, which
could prevent two antenna pad contacting each alinerto the thin residue layer remained at the
bottom of the undercut region. This length candmiiced through precise control of etching rate
through well controlled concentration, temperatuesjst bake conditions, and uniformity of the
metallization layer. AFM pictures also show there approximately 20 CNTs aligned between
the Au- and Ti-pads, this number of CNTs satisties simulation results carried out in the

second chapter.

Figure 3.14a) fabricated CNT Schottky diode THz detector,ABM picture of the gap are

(c) closer look at the gap by AFM
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Above all, each of the fabrication process is dised in details, which provide a clear view of
how the device is created. Note that those proesdare not completely well defined,

modifications are always carried out in order tgiove the results measured in chapter 4, for
example, the metal used for originally designeceiam& pads are Ti, which could reduce the
conductivity due to the oxidation in the air, so iatermediate layer of copper is deposited
between two Ti layer to increase the conductivitgl @bsorb more RF power from the horn
antenna. Another unexpected issue occurred dummgtching of Ti to create the undercut. Since
the deposition layer is not uniform, etchant etcheay thinner area first and started to attack
the antenna pad layer and even etch this layer.avaaysolving this problem, Chromium (Cr) is

deposit as the top of the antenna layer, and hiagticdoes not attack Cr. Cr is a protection layer

for antenna. The measurement results will be dssalish the following chapter.
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Chapter 4 Measurements and Results of CNTs Schottky Diode Detector
Several characteristics of the device were measurelliding DC and RF at room temperature.
Measured rectified signals (current and voltagejewr the nano-scale range. For this reason,
the setup was optimized to reduce ambient noisa fre environment by shielding and through
the use of low-loss coax cables. The device i@slh has inherent noise. Apart from the thermal
and the flicker noise, noise originates from CNTIC®bntact and from the metal-CNT contacts.
CNT-CNT contact is a weak joint and not stable.sTleads to changes in current characteristics
due to thermal variations and mechanical vibratiéts the measurements, device having low
noise and desired |-V characteristics were chosEms chapter first discusses the |-V
characteristic of the device, and then presentdétectors sensitivity measurements.
1. -V characteristics of CNT Schottky diode THz detec
1.11-V Characteristics
Current-Voltage characteristics of the devices waeasured using a Semiconductor Parameter
Analyzer (SPA) over a voltage range of -1 to 1\giér voltages would burn the CNTs and also
results in breakdown of the devices, and thus nedsured. The devices were probed using a
wafer probe station and DC probes coupled withSRA. The probe station is placed inside a
Faraday cage to filter out the ambient noise. TRA 8 controlled by a LabView program and
the |-V data is then transferred to MATLAB for fber analysis.
Figure 4.1 shows the I-V characteristics of seveaahples made from different CNT suspension
concentrations. It clearly shows that most of thengles (Sample 1 to 5) provide a strong

non-linear behavior, which indicates the novel idtion for CNT Schottky diode is promising
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and repeatable. The devices with higher CNT comagohs (multiple CNTs in parallel) allow
flow of higher current for the applied bias. Asalissed in chapter 2, tunneling current can be
ignored at low bias voltages where the thermionicent dominates. However, at higher bias
voltages (> 0.3V), tunneling current is also invamvin the contribution to the total current. This
value is smaller than 0.5V predicted in Figure 2.IBis may be due to a composite effect of
multiple CNT devices placed in parallel with ead¢hes. There are no two identical CNTs (and
associated devices), each of them have their ospepties due to defects and geometries which
may be contributing to this effect.

Here the reverse current has similar shape athaid current, but slightly lower current flow.
This indicates that the diode is operating as &{@dack Schottky diode. Schottky effect can
only be attributed to CNT making contact to thenietal in the fabrication process of this
research. The Ohmic contact region may be toucthiedfirst Ti-layer. The first Ti layer was
used for the alignment of CNTs using electrophstesn the follow on devices, during
fabrication it was ensured that the Schottky carsidignment was moved further away from the
Ti-layer. Also, thicker gold contact was implemahteThe measured |-V curve indicates
non-linear behavior as required for RF detectiomrtiiermore, it shows that different
concentrations of CNTs can be used in fabricatengjaks having different |-V characteristics. In
other words, devices having different impedanceatttaristics can be fabricated.

With further increase in concentration of CNT favite fabrication, entangling of CNT begins
to occur during alignment. Sample fabricated froilghhconcentrations shows an Ohmic or

resistive behavior (sample 6). Such devices make Pblz sensors. In order to minimize this
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effect, the suspension was improved by the usdtdsonication. After this step, the samples
were allowed to sit for 15 minutes to allow sedita¢ion of heavier CNT-bundles leaving the
individual CNT suspension on the top layer of ilqeid. Above all, a right concentration balance
has to be reached to design an optimum diode ftactig applications and this process step

requires further detailed study and is beyond tiops of the proposed work.

< 1073 I-V Characteristic for CNT Schottky Diode THz Detector
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Figure 4.1 |-V characteristics of several sampléh different CNT suspension concentrations
Upon optimizing the CNT concentration and metaltaohalignment, samples that have typical
Schottky diode characteristics with strong nondiné-V curve were attained. An example
measured |-V characteristic is shown in Figure @@ 4.3 for the logarithmic absolute current
value. The effective resistance (series plus jonctesistance) of the device is also shown in the
same figure for illustrating the variation of im@ente as a function of applied bias. It is clear to
see that the I-V curve has stronger non-linear Wiehahan those in Figure 4.1, and the reverse

current is about 10 times smaller than forward ent;rwhich shows that an improved Ohmic
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contact is formed. The reverse breakdown of thdécdeis near -1V. The effective resistance
curve, Figure 4.2, reaches maximum value of apprately 10 M2 at zero bias and decreases
when bias increases on both the positive and tigative sides. The convexity of resistance
curve around 0.3V is due to some reasons suchcask@nation mechanism, but the general
trend of rapidly decreasing continues. As the pasibias increases, current starts to increase
with strong non-linearity near 1V. In the non-linee@gion the diode resistance decreases.
Beyond point where there is a sudden change iresuprobably due to the unexpected carrier
recombination. As discussed in chapter 2, biasihghe diode will provide the optimum
impedance matching with the antenna. Accordindgnéovialue in the plot, the minimum effective
resistance (RRy) is equal to 12K, which can be used in the equations in chapten® a

calculate the voltage sensitiviyy and NEP.

10
16X _ | 108
4 [V Cure ;
" |---Resistance/ i
12 ---------------------- _107
10 | 1)
< 10" o
s B& | o
& IS
= . 4 7]
3 6 10° 8
4 ] o
0_ 4
/— J
= 1 I L | 103
-1 -08 06 -04 -02 0 02 04 06 0.8 1

Bias [V]

Figure 4.2 Strong non-linear |-V characteristicd &vtal resistance of one device
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Figure 4.3 Semi-logarithmic I-V characteristics fbe device in figure 4.2
In Figure 4.3, which shows the semi-log I-V chaeaistics of the CNT Schottky diode detector,
there is a tiny current valley around 0.3~0.4V, etthis in consistent with a sudden change in
effective resistance. The zero bias current is @pprately 5.6><1()10A. Note that this value is
different from each device since CNTs are not idahtand the contacts between CNTs and
metal are also not the same.
1.21deality Factor
In chapter 2, it is concluded that thermionic emiscurrent is the dominant part that contributes
to the total current. The tunneling current onlgeeds thermionic current at larger bias (>0.5V).
According to the simulation results, the optimalsfor getting high sensitivity is 0.34V, which
stays within the thermionic current effective ragidlthough from real devices, more genuine

data such as |-V curve and resistance are obtaivadfrom simulation, it is also meaningful to
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look in detail about which current is dominant floe total current. Chapter 2 also proves that the
ideality factor lies between 1 and 2 in the themgocurrent region, which is due to the
recombination mechanism. Simulation results shoat thtypical semiconducting SWNT with
carrier concentration of ;l\wlclo16 cm'3 (this equivalent value has been transformed frdn 1
material value) has smaller tunneling current th@ermionic current. However, some
researchers have concluded that it is possibleat@ arger tunneling current than thermionic
current in nano-Schottky diodes with high carriencentration above i&:m'3 [80] [81] [82].
Comparing the I-V curve shapes of both thermiomd @&unneling currents in Figure 2.10,
general diode equation also fits for tunneling enty except the differences at the constant parts.
These results are similar to the ones reporte@3h [

According to the literature again, the idealityttacin the equation, which includes tunneling
current, is way larger than 2 and depends on thieedself. So for this device, the |-V data are
then taken for curve fitted in order to find thesadity factor. Note that here the fitted curve
would be the combination of thermionic and tunrglicurrents since they have the same
equation form, the ideality factor would determimkich is dominant. In the simulation chapter,
the ideality factor in thermionic current equationly represents the rate of combination of
carrier for thermionic current. Original data arnitiefi curve are shown in Figure 4.4, in which
the reverse curren5:|4.23><109A, and ideality factor n=5.3, which is similar tovalue shown in
[84]. This ideality factor value is larger than ®hich illustrates that tunneling current is
dominant through the whole bias region especidligva 0.6V. The linear plot shows the curve

fitted well, but in semi-log plot, at low bias fro@0.2V, there is a divergence between measured
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data and fitted curve. Figure 4.5 plots the vasiatf ideality factor n respect to the changing of
applied voltage. The calculations of n bases ommplgied equation 4.1 derived from general

diode equation

_i(am(l))‘l 1
kT ov '

Due to the noise disturbance during measuremeatn thalue is fluctuating through the whole
bias region, and its shape is also in consistirtg thie concave on the |-V curve. But it is clear to
see that the trend of n value increases and msisty between 4 and 6. At lower bias from 0 to
0.1V, n is small because equation 4.1 is not agplecsince the current is so small and requires
full term of the diode equation. A better fittedrea for this 0-0.2V low bias area is shown in

Figure 4.6, in whichgk1.09x10°A, and ideality factor n=5.98.
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n=5.98
This proves that at low bias, tunneling currenttdbotes dominantly to the total current. Note
that this is different from the conclusion reaclehapter 2. This does not in any way indicate
the simulations approach is incorrect. The simatetiare based on a certain set of parameters
which are based one type of SNWTs with low carcencentration (13060m'3) and relatively
large bandgap (0.61eV). In an actual device, ththeecarrier concentration and bandgap can
vary over a large range g\andEg could be around f&cm'3 and smaller than 0.61eV due to the
small CNT diameter). Simulation results do howeymovides a starting point of the

experimental results. Based upon the measuredsesimhulations will be improved.

2. Preliminary Microwave Measurements

After measuring the |-V characteristic, the deviéhen setup for microwave measurements. RF

108



source generator provides the microwave signaliaisdconnected to a horn antenna which is
vertically facing to the LPA of the devices. In erdo get enough power coupling from the horn
antenna to the on-chip antenna, the distance bettieefront-end of the horn antenna and the
device was set to about 2-3cm. Upon RF illuminattbe rectified voltage is expected across the
probe pads two electrodes. In the first experimemissignal was detected across the diodes.
This was determined that the Ti metallization ugmdthe fabrication of antenna element was
thin and also got oxidized leading to a high resise metal layer. This meant that the power
could not efficiently couple to the diode elemehtio possible solutions can help to overcome
this problem: one is depositing a more conductayei metal such as Cu underneath the top Ti
layer, which could help improve the power transioissof the RF signal; another way is by
using a coplanar probe directly contact with théeana pads and send the RF power to the
device. The second method is simpler to apply stheeexisting fabricated devices could be
used. For the new devices, thicker metals using el@ctrodes are being implemented.
Furthermore, alternate to Ti metallization is bestgdied.

2.1RF detection at zero bias

The device is first measured at 18GHz under zeas bonditions. The reasons for choosing zero
bias is to test whether the detector can work @esaive device with good rectification. This also
avoided damaging of devices due to basing. 18GHirsisused for the preliminary tests. Figure
4.7 illustrated the detection results with resgedhe incident power onto the device under such
condition. These measured results show that trectigthas a good sensitivity. The sensitivity is

expected to be higher for higher conductive antenetallization as the RF power drop will be
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less. Furthermore, the sensitivity will improve forgher concentration of semiconducting
SWNTs applied in the device fabrication.

> Voltage Changing at Zero Bias at 18GHz
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Figure 4.7 \oltage detection vs. Input Power at 8@t zero bias

2.2 RF detection with applied DC bias

As discussed earlier, the sensitivity of the diodas improve at higher bias voltages. This is
related to higher non-linearity and also improvetpédance matching. Figure 4.8 shows the
measured results for a Schottky diode probed uamBF probe at 18 GHz with incident power
of 13dB at the probe tip

A ground-signal (GS) probe was used to in charembey the detector. A signal generator
coupled to the probe through a bias-T was usethbomeasurement setup. The rectified voltage

was measured using the bias-T. Also, the bias wgdemented using the bias-T and a
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T-connector. A 1M2 resistor was used in series with the bias supplyrder to prevent voltage
spiking and also the voltage was measured acrosgdhistor to determine the voltage drop
across the diode. To get better and reliable reshigh power of 13dBm at a fixed with

frequency of 18GHz. Measured results are showngare 4.8

Voltage Changing at 13dBm at 18GHz
9 T T x T
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Figure 4.8 Voltage detection vs. applied DC bias8&Hz with incident power of 13 dBm
It shows that the sensitivity increases as a fonatif DC bias and is maximum near 0.4 V. Bias
voltage above 0.7V was not studied in order to d@maging the device. Also, note that the
bias voltage of 0.4V where the sensitivity is highower than the predicted voltages. This is
because under strong RF power, the device is ssifij and thus inducing small voltage across
the diode. Thus the effective bias voltage is Qs the self-biasing voltage.
3. Calculations of Parameters for Sensitivity
3.1 Calculation of NEP and voltage sensitivity at Miwave frequency

After acquiring the voltage detection signal, italso necessary to obtain the NEP value and
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voltage sensitivityBy in order to determine the sensitivity of the devat measured 18GHz and
higher frequencies. Based on the equations fromta2237 in chapter 2 and the information such
as resistance from the measured I-V curve, seitgitelated parameters could be derived.

One of the critical values to calculate NEP @gds the series resistance, Rvhich is included in
the effective resistance {RRg) shown in Figure 4.2. This series resistangeriRludes CNT
intrinsic resistance Kyt and the junction resistance of Ohmic contact bebMENT and Au
Ronmic and it seldom changes respected to the appliasl blowever, the diode resistance
effectively decreases as a function of voltage.odding to Figure 4.2, at the end of the effective
resistance curve, it starts to saturate which adsans Schottky junction resistance reaches it
minimum, and the resistance value in this regiorgsals to B which is about 12R. Also,
according to the analysis of series resistancdapter 2, for tm (which is also the gap size in
the fabricated device) long semiconducting SWNE&R.9 KQ, which indicates effectively 6
CNTs are connected between the electrodes (nuncbetd be more since CNTs have defects
and the contact is not perfect). In Chapter 2 is wainted out that the junction capacitance is
around laF per CNT, so the total junction capac&ag is around 6aF for this device. The
ideality factor was calculated previously and isusnrd 5. By using these values in the equations
2.3 to 2.7 as well as the mismatch coefficient @qunaNEP and3, are easily determined. The
measurements are also based on 18GHz as prelimiests; Figure 4.9 shows the calculated
NEP andBy as a function of applied bias without mismatclyuFe 4.10 illustrates the NEP and

By with mismatch using the above parameters.
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Figure 4.10 NEP angl vs. voltage at 18GHz under unmatched condition

Figure 4.9 shows that the NEP value is extremelsglisat lower bias and gradually increases to
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8pW/HzO'5around 1V, and the voltage sensitivily decreases from above41(b 10mVAW.

This shows that a CNT based RF detector can be msidg this approach. However, for this
device, the impedance mismatch is significanthgdadue to the high resistance of the CNT
devices. The affect of impedance mismatch is inm@ted in the calculation of NEP af
values and this is shown in Figure 4.10. Theseeghre typically what will be measured in an
actual system. In Figure 4.1By is smaller in comparison to values in Figure 4t9emains
stable around 4mMW through a wide region of applied bias and theoreleses due to less
obvious non-linear behavior. The NEP performancst flecreases to a certain value at a certain
bias, and then increases again. This means thatiedhiee has an optimal bias that provides
smallest NEP, which is consistent with projectianghe simulation chapter. The minimum
value of 61.3pW/H%5 occurs around 0.75V, at which the bias is gredi@n having maximum
voltage detection in Figure 4.8. This bias lowergogurs due to self-biasing and effective delta
shift in bias voltage. The minimum NEP is largeariithe simulated results at 1THz. Again, this
difference between real device and simulation s wuthe dissimilar of the CNTs and the large
series resistance which results from CNT defeotperfect Ohmic contacts and less conductive
Ti antenna layer. However, this proves that a g@NT Schottky diode detector can be
fabricated by applying novel fabrication process.

3.2 Cut-off frequency and High Frequency Calculations

One of the intrinsic properties of high frequen@plecation for Schottky diode is the cut-off
frequency. Once the measured frequency exceedsdhis, the carriers at the junction cannot

react as fast as the changing of the frequencytl@device fails to operate. In other words, the
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diode capacitance shunts the diode resistancehaschb power drop across the diode non-linear
resistor In order to determine the cut-off frequeatthe CNT Schottky diode detector, equation
2.5 is used, with the resistance value derived fabiwve analysis, it is plotted in Figure 4.11 as a

function of applied bias.
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Figure 4.11 Cut-off frequency as a function of aggbbias

It is obvious that the cut-off frequency increasath an increase in the bias voltage. This is due
to the fact that the junction resistance decreas@sincrease in bias voltage. Figure 4.11 also
shows that at zero bias, the cut-off frequencynky @0GHz. To achieve cut-off frequency of

1THz, the device has to be biased near 0.83V. dease the cut-off frequency at a certain bias
or detect higher frequency at low bias, the desloeuld have more numbers of CNTs connected
in parallel. Figure 4.12 plots the NEP value atetlédnt detectable frequencies with respect to the
applied bias. The frequencies used are also showreilegend in Figure 4.12. This figure shows

the detector works at higher frequencies at higees voltages. This is because at low voltages,
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the cut-off frequency is low. The trend for diffatdrequencies is similar, except limited by the

cut-off frequency.
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The minimum NEP achievable at 18 GHz is 61.3pV\9/I§lzand this value becomes larger for

higher frequencies, which means the sensitivityekses. Again, for detecting 1THz signal, the

minimum NEP is 111pW/|—Pz'5, which is 20 times of that value from simulatidinis difference

may be due to imperfect contacts and defects ilCtii€s which increase the intrinsic resistance,

also due to the tunneling current dominance, tbality factor is 5 which is larger than that used

in simulation (n=1.5). Furthermore, the number ANTS in this measured device may not be

optimum. All of these parameters affect the valtil®lBP. Aligning more semiconducting CNTs

is a simpler approach to solve this problem. Iréasing up the numbers of CNTs from 6 to 16
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by ratio, which was simulated in chapter 2, anduced tunneling effect at the Schottky diode,
which decreasing the ideality factor, the NEP vod 12.5pW/H9'5, which is closer to 5.5

pW/HzO'Bfrom the simulation. However, aligning a high déynsof CNTs in parallel is a

challenge. Further studies needs to be carriedoodévelop a robust aligning process where the

concentration of CNTs per device could easily lilered to desired numbers per device.
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Conclusions

In this research, a novel structured CNT Schottliodel THz detector is demonstrated with
simulation and fabrication. The designation of timque fabrication of the device realizes the
possibility of manufacturing low cost, larger adgtector array with high sensitivity. Comparing
with other CNT based and conventional Schottky eiadetectors in literatures, it has
multi-number semiconducting CNTs parallel connedredhe gap, which helps decrease the
diode impedance and provides improved impedancehimat with the antenna element over a
broad frequency range. The detailed simulationssidened more critical parameters such as
series resistance, flicker noise and mismatch woefit than other research and shows that with
optimal number of CNTs, the minimum noise equivalpaower, NEP, which represents the
highest sensitivity of the RF detector, has a valind 5.6pW/H%5, by applying 16 numbers
of CNTs. This value is better than those in somehef literatures and the novel fabrication
process elevates this topic to a more promisingdsatg.

This unique fabrication is done on polymer wafeichtallows reducing cost but increasing area
at the same time. Undercut self-alignment fabricatprocess for CNT Schottky diode uses
conventional microlithography approaches while aeimg very small feature size down to
hundred nanometers. The avoidance of e-beam lapbgrhelps to realize batch fabrication for
larger area but lower cost detector array.

Such a CNT Schottky diode detector was fabricated eharacterized at 18 GHz using a

coplanar structure. The strong non-linear |-V chimastic indicated such novel fabrication
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process for CNT Schottky diode was repeatabldstt showed that NEP value of 61.3pW?I'—?z

at room temperature can be achieved. At higheruéeqgy such as 1THz, this NEP value is
around 111pW/H%5, which is larger than that of simulation since GNare dissimilar with
defects and other factors such as contact qualitjperfect. But it is possible to minimize this
difference by aligning more semiconducting SWNTgha gap to further reduce the resistance
and provides a better impedance matching to thenaat The calculation also showed that less
than 1 pW/Hg'5 can be reached if the expected impedance matdkiaghieved, this value
would be better than the best THz detector initkeafture.

Device optimizing for a better impedance matching &urther measurements are being carried
out at higher operating frequencies. The resultthisfresearch will have significant impact on
the development of large area compatible low-castorelectronic devices for high frequency
applications. Furthermore, the processing appraahonstrated here can be applied in the

heterogeneous integration of CNT devices with ofieniconductor technologies.
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