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SUMMARY

The conversion of light to electricity has imrpant applications isolar and thermal
energy harvesting and detect. The optical rectennardctifying antenna is a unique
concept that researchers have been investigating as an alternative to photovoltaic
technologies. Comprising an antenna couplea tectifying diode, rectennas that can
operate at optical frequems offer potential advantagesthe way of enhanced conversion
efficiency and lower cost of materials and fabrication. However, opticameas have
been elusive since the first conaggdization in the 1970s. The challenge of realizing an
optical rectena is in fabricating both aanoscale antenna that can efficiency absorb light
and an ultrafast rectifying diode capable of rectifying thee antenna signal into d.c.
electricity. In 2A5, Cola et al provided the first demonstration of optical recttion,
accomplished using farest ofvertically aligned carbon nanotub@CNTSs), whichact as
nanoscale antennas with excellabsorption properties. CNinsulatoi metal tunneling
diodesfabricated atop the array are ultrafast rectifiers that are rebpoifer the a.eto-

d.c. convesion. The conversion efficiency of monochromatic visible light lvaged to
~107 % due factorssuch as antenrdiode impedance mismatch, optical transioiss

losses, diode performance limitations, and the use of mativadlare not stable in air.

This dissertatiorseeks to overcome these limitations. First, the GhSulatoi
metal tunneling dioe structure investigated with the aim of improving eleatric
characteristics. The effect of the tunneling barrier dimensiondiade properties was
studied by means of insulator thickness amtectron affinity Further,incorporating
multiple layers ofdielectric to tune tunnelinggas found tenhancesymmetryto upwards
of >100while bypassing the typicalork functionconstrants from the CNT and metal
electrodes This important result facilitated more electrode chdcespecially akistable
metal® while simultaneously achievingreatasymmetry. Thidinally translated tadhe
first optical rectification demonstration in airaell as al0-fold increase irefficiency.

Next, these CNT rectenna®mposed oimulti-insulator tunneling diodes were
testedover the full range of visible wavelengtks realizespectralconversion efficiencies

abovel0® %; voltage responsivitwas sigificantly improvedup t0250 V/W. The photon
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assisted tunneling theory of rectenna operation was modeled and appliedséo
experimental resultsn light of measurements, theodelprovided strongevidence that
the CNTs operate as wavelengttependent ritennas This further suggeste a tradeoff
between antennéimited and dioddimited performance to guide future device

optimization.

The broadband rectification picture was capturechiially studying dichromatic
photon assisted tunneling theory armmparing simulated results wualwavelength
measurements. Results show an overall decrease in the photoresponsivity in comparison to
peak monochromatic photoresponsivity; this is attaduo frequency mixing in light of
the photon assisted tunnelingtry. Moreover, the full brodénd solar spéwm is tested
under direct sunlightevealingsolarconversion efficiency d.3x10° %. The implications
of these optical tests involving eéhmultibarrier structure suggest that significant
inefficiencies gtl remain within the diodé& primarily arisingfrom the high resistance that

was necessary to realize stable devices in the lab.

Lastly,a new generation of CNT rectenna device struct@®areated to overcome
existing commercialization limitations. evtically alignedCNT forestswere infiltrated
with polymerto encapsulate and planarize the CNT tip surfaibés facile method lends
itself to fabrication simplicity and practical applicatiavith the facilitation of new
materials and geometries. The embedaeaymei CNT structure emplayPEDOT:PSS as
a solutionprocessable transparent electrddiedes fabricatedtop the planar surfaseere
characterizedor electrical properties and samgeoductionyield. These mlti-insulator
planardiodeswere showro enhance asymmetlyy a factorof 2x for two-barrierand5x
for four-barrierdiodes, relative t@ singleinsulatordevice These polym& CNT diodes
were used tgorovide a demonstration adptical rectification at 638 nmexhibiting
photoresponsivity dfx 0.65uA/W. Inevitably, findngs from his new generation of CNT

rectenna are promising for a variety of flexible optoelectronic applications.

In summary, this worlprovides a number aghaterialsinvestigationsand device
developmentseading to importanexperimental confirmation aectennaheory that was
unverifiable until now. This progressll ultimatelyenable bettesolar and thermal energy
harvesting in CNT rectenna devices
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CHAPTER 1. INTRODUCTION

1.1 ResearchM otivation

The increasing demand arlean energ has pressured the emergerafesolar
technologies to exploit solar radiation for the production of electri€hg.sun provides a
constant source of energy to the Earth at about 10@cm¥Photovoltaic (PV) solar cells
have been a mature tewlogy for direct conversion of solar ergy into electricity.
However, the efficiency of PV solar cells is bounded by the Shoc®leisser limit to
30 % for singlejunction and 5 % for multi-junction solar cell§1]. The materials used in
solar cells can have toxicity concerns and processing limitations that make scaling up sola
cell research to commercial scales a challenge. Faetheasonsalternative solar

conversiortechnologies are attractive to researchers.

The rectennaréctifying antennphas been proposed as an alternative technology
for solar energy harvesting an@ashbeen gathering attention of researchers in the last
several yearg2]. A rectenndeatures an antenna coupled to a rectifying diode: the antenna
absorbs freely mpagating electromagnetic radiation whinducesan altenating curent
within. As this a.c. cuant travels through the diode, itrectifiedinto useable d.c. power

[2]. The components ofdassicarectenna ardepidedin Figurel.l.

—

Rectifier . o

Low Pass DC Pass Resistiva
Filter * Filter Load

Antenna

Figurel.1l. The block diagram of a rectenna attached to a load. Repwiittegermission
from [3].



The rectenna was first demstrated by William Brown in 1964 for microwave
power transmissiqrused to wireledg power a srall helicopter Figurel.2). The rectena
device consisted of an array of halave dipole antennas, connected to semiconductor
diodebridge rectifiersNowadays rectennagevicesare wellestablishedor microwave

frequency appliations and capable of efficiencies in excessOd¥d4].

Figurel.2. Browndés demonstration ofssiomi rel ess mi

1.1.1 Optical Rectenna Backgund

The idea of an optical frequency rectenna was initially conceived by Richard Bailey
in the 197094]. He originally described conical dipole antennas each connected to a
rectifying diode, designed to perate at solar frequencieqFigure 1.3). Unlike
semiconductebased PV cells which are based on the quantum nature of light and are
therefore bandgap limited, optical reates are primarily based ¢ime wave nature of light
and ae limited by semiclassical electromagnetic principles of opergfipnTherefore,
rectennas have been theorized to exceed the SheQkleigser limit of PV$5i 7].
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Figure 1.3. (leffy Bai | eyd6s design for an electromagrt
rectifying sola radiation. (right) Block diagram of optical rectennadapted with
permissiorfrom [2].

Aside from solaito-electrical energy conversiofi8i 12], optical frequency
rectification is being r=arched for other applications such thermal energy harvé$8ng
14] (such as waste heat from high temperature sources), infrared (IR) sgisiig]
photodetection, imagind.7, 18] as well as power and information transmission at optical
and IR frequenciel, 19]. The latter application has specific motivation in EdotHspace
power transmission through the IR atmospheric window to overcome atmospheric losses.

Since Baileyod6s initial proof of concept,
practical demonstration for several decades. This is primarily due tedimidility to
fabricate the nanoscale components needed for an optical rettEmnanstance,

fabricating nanoscale antennas that are on the order of the wavelength of incident radiation.

Recent advances in nanoscale fabrication have rekindled interegptical
rectenna$2]. This includes attention devoted to progressing the theoretical understanding
of optical rectification, such as studying the behavior of rmetadl nanostructures in the
optical regime, and illuminating the similarities and discrepancies of optical rectification

mechanisms versus established classical devices that work at low freqi@ncies



Finally, a breakthrough was reported2015by Sharmeet al Led by Baratunde
Cola researchers at Georgia Imgte of Technology provided a successful demonstration
of optical energy conversion using a carbon nanotube (@&3¢d rectenn&]. Cola and
his teamintroduced arrays of metallic CNTs as minuteéeanas with rectifying tunnel
diodes fabricated at the tip¥he work in this dissertation is an extensiontloé work

originally performedby Colaet al

Other recent investigations that have advanced the field of rectennas include the
following: Ward et al. [20] studied optical rectification in plasmonic nanogaps. They
observed a 100fbld field enhancement that drove the rectification and observed a
photocurent responsivity of 0.8A kW cn?. Brioneset al. [7] studied arrangements
broadbandhanoantenna arrangements, reporting a low coupditigof 10° between the
diodes (MIM and Esaki) and the nanoantennas. In this case, they attributed the impedance
mismatch and the ineffiaet diode parameteras themain contributors to the low
performanceOther bowtie nanoantemtaupled tunneling diodes have bessveloped
for 28.3 THz. Such aan Au/Al>Os/Pt tunneling structure that has shown responsivity of
10 A/W [11]. Researchers from Sandia National Laboratories desigpiineer generation
from radiating thermal saues using a metgrating nanoantenna structure coupled to a
tunneling diodg14, 21, 22] The grating leverages epsilmearzeroeffectsto confine and
enhance incident thermal radiation into the tunneling barriey Bemonstrated®N/cn?
for a blackbody source at 48C. Geometric diodes, proposed by Modd2B], are
designed to meet the impedance matching and low diode capacdiéapnoements for
rectification. They have developed a geometric diode based on gragiemeoupled to
a bowtie antenna configuration. Asponsivity as high as 0&'W was realized at for
10.6um radiation[12].

1.1.2 Design Considerations for OpticRectenas

For microwave rectennas, the component dimensions need only be microns.
However, to operate at optidaéquencies the rectenrequires nanoscale dimensions: The
challenges and design consideration that need to be met for efficient optidedatemti

include the following?2].



1 An antenna capable of efficientibsorbingoptical wavelengthss necessary.
This requiresa minuteantennawith dimensions thiaareon the length scale of
the incident wavelengtlit is also necessary to consider fineperties of metals
at optical frequencies, particularly the high ohmic losses that can occur in

optical antennas.

1 The rectifying diode must have a response timeorcespading to nearly
petahertz (PHz)frequencies There are several supposed approaches to
satisfying this requiremenRirectly, this can be achievdsy making the diode
extremely small in order to reach attofarad capacitance which results in the

necesary femosecondliode response time

1 Impedance matching between the antenna and diode elements is also critical to
ensure efficient power transfefhe effect of impedance mismatch due to
substantially high diode resistance is perhaps the biggest bottlenedingffec

efficient conversion.

These considerationqmit strain onthe nanofabricatiodimits needed t@reatesuch
necessarily small and fasbmponentsThe diode has beeof particular hindranceo
optical rectenna development. For instance, common litpbgr&chottky diodes are not
suitable for optical rectification because their cutoff frequency is limited to low THz due
to depletion capaiance. Instead, a variety of alternatideode concepts have been
researchedhat may be suited fayptical rectification Some promising technologiésat
researchers have investigatedlude geometric diodes, which are inverted arrowhead
shaped electaes that preferentially funnel the current in one dired28n25]; traveling
wave diodes, which feed the antenna source as a surface plasmon wave through parallel

transmission linef]; and metdlinsulatai metal (MIM) tunneling diodes.

To address these design requirements, | will next introduce carbon nanotubes as a

material thathas proven to badvantageous for optical rectennas.



1.2 Overview of Carbon Nanotubes

Since the discovery by lijima in 19926], carbon nanotubes (CNTSs) have been of
tremendous interestAs onedimensional nanostructure§NTs are one of the most
important and promising materialsrianoelectronicand optoelectronics because of their
remarkable optical, electrical, and mecltahproperties. Often depicted as a cylindrically
rolled up sheet of graphene, CNTs have diameterdlyswaund 1@s of nanometers and
lengths that are typically on the order of microns. Depending on their chirality, the band
gap of singlewall CNTs carrange from semiconducting to metallic. However, multiwall
CNTs (MWCNTSs) are ordinarily metallic due the statistical presence of different
chiralities within coaxial nanotubg®7]. Aside from outstanding mechanical strength
(specific strength ~48,00N-m/kg), CNTs alsohave high thermal conductivity
(3000W/m-K) and electrical conductivity (>£@&B/m), as well as chemical stabilif28,
29]. These properties have garnered attention for applicatiom@noscale interface

materials transistorsPV solar cells, and many others

Figurel.4. Depictions ofa singlewall and multiwall carbon nanotube.

It is also possible to fabricate arrays of vertically aigif@NTs which isthe variety
of CNT that is the focus dhis work.Vertically aligned CNTforests are advantageous in
optical rectennas as a contributing component to both the antenna and diode components

Antenna Arrays of metallic CNTs make exempjaoptical antenna elements
owing to their small size, high mobility, and exdrdinary facility of multiwall CNTsto

broadly absorb electromagnetic energy. Arrays of aligned CNTs have been shown to



demonstrate antendike interactions with electromagneticadiation, exhibiting

polarization dependence and anteferagth effect§30i 34].

Diode: Aside from the good electrical conductivity of TMrrays, the minute size
of CNTs give them their greatest utility when used for rectifying diodes. As will be
elaborated later on, the nanometer scale of the CNT tips facild@ataltrasmall area that

is a critical component afttaininganultrafast ectifying diode.

1.3 Dissertation Outline

This dissertation is gaubstantiakxtension othe CNT optical rectenna originally
reported bySharmaet al This work presents improvemisnto the CNT rectenna design
and our fundamental understanding of rectennaadip@. Devices were mainly fabricated
as aligned CNT forests grown on Si wafers. GihaBedmetal insulatoi metaltunneling
diode structures were a@ated alongthe CNT tips. This body of work focuses on

advancements using atable materials. The followgnis an outline of this dissertation.

Chapter 2 provides relevant background information optical rectennas
including theclassi@l rectenna picture, an overview of the individual antenna and diode
componentsnd recent approaches, and theory of the optical rectification through photon
assiséd electron transport. Lastly, this chapter introduces the carbon nanotube rectenna
device a the first rectenndemonstration of opticghower conversion, also presenting
outstanding issudbat motivate thislissertation.

Chapter 3exploresthe CNT tunneling diode with the goal of improving the diode
characteristicsThis includes studying the influence of the electron tunneling bamie

diode performance, principally via the dielectric thickness and dielectric material choice.

Chapter 4expands on the previous study by investigat@igl diodesutilizing
multiple dielectrics in combinationio further enhance diodinneling characteristics.
Multi-insulator CNT diodes were examined with a varidiglectric combinations and

insulator thicknes® enhance electrical performance.



Chapter s5demonstrateasir stableoptical rectification usingperformancesnhanced
multi-insulator CNTdevices Power conversion of monochromatic lightliscussedavith

respect tadhe diode figures of merit

Chapter 6presents anodel of rectennaptical repponsedeveloped using photen
assisted tunneling thearyhe simulated responsepgesented in light of experiments to
explain and validate optical measuremewtselated &iciency analysis is conducted to

elucidate routes for future improvementoptical power generation

Chapter 7studies broadband rectification, specifically by exploring rectification
under dualwavelengthillumination. This chapter uses the insight gained from the
monochromatic rectifiation studies inChapter 6to simulate the dichromatic photon
assisted tunneling sponse and compare to measurements. Lastly, a demonstration of

broadband solar conversion is provided underligatonditions.

Chapter 8investicates infiltrating CNT forests with insulator media with the goal
of planarizing the CNT tip surface and facilitating fabricagase and commercialization
potential. Specifically, this chapter examines lirdtion with polymer media and
subsequent fabration of planar CNT tunneling diode arrays with polymer electrodes,

which are ultimately used to demonstrate probprinciple optical rectification.

Chapter 9describes broader applications of the CNT rectdiesades solar energy
harvesting This includes the potential of CNiectennas for infrared detection and

harvestingpower trasmission, and other novel technologies

Chapter 1@concludes the dissertatianith a summary of key findingand provides

recommendations for future research.



CHAPTER 2. RECTENNA BASICS

This chapter provides an introdugtito thecore concepts of the recter@natarting
from the classicainicrowaverectennasand extension topticalfrequencies, an overview
of bothnanoantennand rectifying diodeomponentsandthe principle theory of dpal

rectification

2.1 Rectenna Classal Operation

Low frequency rectification is often classically depicted as an woltage
oscillation traveling through the diode component that has sufficient nonlinearity to
generate a net d.c. current. The rectifaratnechanism is the result of thede asymmetry
inhibited the a.c. current flow in one direction and allowingent to pass through the

other direction.

The classical response of a rectenna can be found for incoming radiatios that
picked up in the antenna whiaiduces a smaBlinusadally alternatingvoltage across the
coupleddiode w , along withthe d.c. applied bia$n the case of a MIM tunnelindiode,
thisis understood as a modulationthe Fermi level at either side of the potential barrier.
Thetime-dependenturrentthat arises from the a.c. sigmagiventhroughthed.c. current,

Ow ,as

No Oow  wATl100. (2.1
By performing a Taylor expansion on equat{@ri), the a.cmodulatedcurrent is
N 0w o Ail100— -0 ATl O o— E (2.2)

The expression for the ndtc. current flowing through the diode isund by calculating
the timeaveraged current under the a.c. illuminatit®, 6Q 6 O The result is the

classical response for smallynal rectification:



0 Ow -0 — Ow 0 . (2.3)

Equation (2.3) can be expressed in terms of the diode resistavice, — , and
responsivityf ; wherein theectified current is found to be
‘0 W 1 (2.4
¢ Y '

and the maximum output powisr
. w 1
P oY

Equation (2.4) is the classical squataw rectification (O © @) that portraysthe

(2.5)

rectified current as dependent upon the square of the a.c. voltage signal produced in the
diode. Equation$2.4) and(2.5) highlight the significance of the diode properties on the
rectified airrent the rectified power depends upon the responsivity of the diode and the
strength of thea.c. voltaggwhich is controlled by theqwer of the input signal), while

diode resistance adversely impedes power rectification.

2.1.1 Rectenn&ircuit

Sanchezt al developed an approach for antermamapled MIM diodes to rectify
small signals at microwave frequencies. They used an equivalent tircuddel to the
antenna receiver as a voltage source in parallel with the didde.model facilitated
calculations@ optimize the power transfer between antenna and thoadeicrowave and
IR frequenciesThis rectenna circuit is useful tool to undarst the requirements and

limitations for high frequency rectification.

The rectennaquivalent circuils represented by an antenna in parallel with the
rectifying diode Figure 2.1). The antenna is represented asnaallsignala.c. voltage
sourceof magnitudew oscillating at the frequency of the incoming radiation, This

antenna voltage is calculatadcording to

1C



W yyo . (2.6)

0 is the irput power received by the antenna. The antenna radiation resis¥nce,
depend upon the antenna geometry as well as conductive and dielectric losses from the
antenna material. In order to reduce ohmic dissipation in the antenna and imgrove th
radigion efficiency, radiation resistance should be larger than ohmic resistance in the
antennalt is also pointed out that the power received by the antenna is not necessarily
identical to the incident power of the radiation source, rather, incorfiicgeecy losses

must also be accounted for. These may include power transmission loss through a semi
transparent top electrode as well as antenna radiation efficiency. For simplicity, this
rectenna model assume the power received in the antenna is thasstigrincident power

unless otherwise noted.

Antenna : Diode

>

V,cos(wt)

<«

Figure2.1. Antennacoupled diode equivalent circuit representation of optical rectenna.

Therectifier is modelled bya nonlinear resistorY , in parallel witha capacitaor
0 , which accountgor the switching time of theliode. Based on this equivalent circuit,
the voltage developed across the diode is found from voltage division using the antenna
and diode impedaes(® andw , respectively)
o @ o Y
O @ Y Y "QYYO

@ 2.7)

The power transferred from the antenna to the ddmgeends is subject to coupling loss.
Hence the antennao-diode coupling efficiencyan befound in taking the ratio of the

power received by in the diode,, to the antenna input power:

11
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0 o TPy (28)

Forthis system with thantenna in parallel with a rectifying diode, the coupling efficiency
alludes tathe operating frequency of a rectenlmaterms ofY ,"Y , andd thecoupling

efficiency between the antennadasiodeis [35]

. Y'Y . Y'Y
B Y Y Y oY 29
Y'Y 1 '
wherg is the angular cutoffequency evaluated by
Y Y
1 ¢ Q b P (2.10

YO Y'Y 6 YO

where'’Y Y Y is the equivalent resistance ¥f in parallel with'Y . The rightmost
approximationn equation(2.10) arises when the diode resistance is much larger than the
antenna resistanc& L Y . This is often the case for MIM diodes which have high
tunneling resitance. Hence, this approximatioillee predominantly used in this work

unless noted otherwise.

The coupling efficiency term is crucial to our understanding of the rectenna
operating limits. To gaim better picture of this; can be further disbuted intoan
impedance matching ogoonent

Y'Y (211)
B YOy '

and an R@omponenthatreflects the effect of thé i o d e Ocsitoffffréquencly e

T (2.12)

The impedance matching between the diode describes how much loss is incurred in the
transmission of the a.antenngpoweroncedelivered to the diode for rectificatiomhe
power transfer is maximized whéh Y , which is to say perfect impedance matching

between antenna and diode elements Y Y 1. In reality however, the diode

12



resistance is usually significantiygher thany . With'Y generallyon the order of ~10q ,
theimpedanceanatchingefficiency termcan be approximated as
- YLY 1 (213
Y
The implication of equatiofR.13) shows that the diode resistance has a significant effect
on impedance mismatch. This has been a highlight of many optical rectenna. reports
Mitigating the impedancemismatch by improving the diode is one of the primary

motivations of thiglissertation.

— signifies the operating regime of the rectenna due to a finite diode response

time. When the incident frequency is above the cutoff frequéncyefficiencywill drop

off onthe order o * — . Therefore a high cutdffrequency is critical to rectifying

opticallight. It then followsthat to achieve high conversion efficienmgpacitance should
be minimized. Assuming the capacitance relation for aaphr junction 6  —,

efficiency coupling can beealized by reducing the junction arefthe diode Foroptical
radiation, attofarad capacitance is required, which necessitates nandsséabe
dimensiong8, 12, 25]

Therefore, in order to efficiently rectify optical frequenciesththe antenna and
diode components must be consider8dctions2.2 and 2.3 will cover the individual
antenna and diode components in mapth.

2.2 The Antenna

Antennas have been widely used across a range of frequencies for the collection or
transmission of electromagnetic radiation. Gamvonal radio frequency (RF) antennas
convert freely propagating electromagnetic waves into guided signals within the metal
antennaelementdds di scussed earlier, Bailey&s inno
coupled diodes was the first proposedaidbat leveraged the wawature of light for

harnessing solar poweBeveral types of moscale antennas have since beenldped to

13



accomplish this goal, includingut not limited to whiskerdipole, spiral, and bowtie

antennas.

Optical nanoantenndsfunctioning at infrared or visible frequencéestrongly
enhance nanoscale lightatter interactions by efficiently converting étg propagating
radiation into localized optical fields. This is the operating principle for the absorption of
incident light in @& optical rectenna. Research in nanoantennas for optical emission and
absorption is motivated by advancements in plasmoiiusse are fostering interest for
other applications including photodetection, sensing, light emission, thermal energy

transfer, wieless communication, and spectroscfis].

Dipole antennas are the simplest form of antéaaturing two thin, mirrored wires
thatoperate under resonarinditions according to the dipole dimensidfewever, dipole
antennasre inferior to othemore complicate@ntenna design®.g.bowtie, spiral, log
periodic) at efficiently absorbing broadband radiation and therefore pose taclelsr
broadband solar rectification.

Current understanding of nanoantennas is mostly based on concepts carried over
from RF antenna theory. Aan@ant ennadés geometric structure
related to its absorption and polarization préiper The radiation efficiency of an antenna

is given as the ratio of the radiated power to total power dissipated:

- . (2.14)

For efficient signal transresion, the antenna length should be similar to the wavelength of
interest for efficient conversion. A haveave dipole antenn#gr instance should be made

with | ength equal to &/ 2 to achieve resona
maximizesefficiency. Therefore,extension to optical wavelengths compels nanoscale

dimensiong19].

The principles of RF antennas are well established, and canaseavstarting point
to understand the optical frequency response of nanoant¢BGasHowever, the
wavelength scaling breaks down at optical frequencies because of the electronicgsroperti

of metals at optical frequencies longer behave as perfaxxinductors There is a lag in
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the electronic response in relation to the external field due to finite electron mass, which
causes ohmic losses near the surf@d@mic losses are proportiortalthe conductivity of

the material, which in turn is relatedttee optical frequency dielectric constant. Using the
Drude Sommerfield modefor a free electron ga#he optical frequency dielectric constant

can be estimated by

; S 2.1
1 o (219

wherg is the plasma frequency of the metal ansla damping constar@lassical dipole

antenna theory can be adjusted for nanoantennas opexttiptical frequenciesvherein

themetal plasma frequency is relevaotentertaira modfied effective wavelength,

that may bealculated from a linear wavelength scaling [a, 37}

g & = (2.16)

where_ is the plasma wavelength aadand¢ are coefficients that depend on antenna

geometry and static dielectnmroperties This equationd valid for antenna radii smaller

thanthe wavelength of light

Current research into nanoantennas is driven by advances in fabrication. There are
many emerging materials and concepts related to optical antennas. CNTs are particularly
suited to address allenges in nanoantennas for optigaluencies.

2.2.1 Carbon Nanotubes as Nanoantennas

Metallic CNTs are great candidates as optical antennas for their electrical
conductivity, naturally high aspect ratio, and ease of fabrication as a nanost32{3&,
39]. CNTs have better conductivity than metals at the nanoscalenfr tlameteryhich
is needed for high frequency a.c. sign&®cent investigations, both thetical and
experimental, have estadiied that various CNT structures are capable of behaving as
nan@ntennad including isolated CNTs, bundles, amell-alignedarrays[30, 32, 40]
The high frequency electrical properties of CNafegoverned byi n t r ailelectroc

motion for THz and | Rieléctrom transtions beeveen watatce i nt e
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and conductive zones for optical light. A broad THz conductivity peak hasim@tored
for both semiconducting and metallic singlall CNT stru¢ures which isanimportant

quality for antenna applicatiores well asultrafast optoelectronias general.

It has been shown that metal nanotubes (such as multiwall CNTSs) interact ktith lig
in the same manner as conventional dipole antefd@s In analyzing the antenna
properties of graphene and CNTs, Bemivelocityis usually taken as Tt 8 a3 wherew
is the speed of light. Then the plasma wavelength of CNT nanoantennas can be estimated
as_ 181 p. Analysis of nanoantenna arrays have sugggkthat the radiation resistance

can be estimated by

Yo - — . (217)

Antenna radiation resistanisgyiven as a function of wavelengthwhereco 12 @~ i s

the characteristic impedance of free space,tandis the effective antenna letigwhich
depends upon the angle of the antenna relative to the incident field and also accounts for
the effective wavelength due to optical frequency scdrig Researchers have shown

that light absorption can benefit from optical density of a nanowire array. When nanorods
and nanowires in an array are spacedaldogether than the incident wavelength, an array
effect forms that supports guided modes atakmponmediated interactions between
nanotubes. Large enhancements in field distribution result that can shift the resonant
absorption behavior.

One promisingaspect of CNThan@antennas is their ability to kemasily grownin
dense, aligned array&NTs canbe synthesized to control diam, length, and Hibe
spacing. Substitutional doping (such as N or B) is another way of chemically controlling
antenna propées of CNTY36]. Aligned CNTshaveconfirmedantenndike interactions
with electromagneticadiation, exhibiting polarization dependence and antéamgth
effects[30i 34]. These effects can be controlled to tune CNT devices to various frequency

dependent applications.

Experimental demonstrations of aligned migaCNT nan@antennaarrays have

been performedtalHz andnearIR (NIR) [30]. For instance, simulations Wdyan et al.
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showed that THz antenna gain increases WitNT antenna lengthi(Figure2.2) [42]. In
denseCNT arrays (spacing. _) polarization effects arreduced. This is a result of
diffusive scatteringnducedby neaifield antennaantennanteractions, whiclobscures the
well-defined lobe patterns. The fact that metallic multiwall CNTs have been proven to
behave as opticalnéennas according to clasasicantenna analogy is promising for

leveraging CNTSs in a variety of optoelectronic structures.

It should be rantionedthat this body of work does not aim to directly test the
characteristics of the CNT nanoantenna array noremibé CNT nanoantennas. Ret,
this dissertation will focus on providing preliminary, if not indirect, evidence of the CNT
nanoantennadhaviorthrough observations of rectenna power conversitame controlled
experimentsand rigorous modebre neededot validate the CNThanoantena array

properties discussed this work.
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Figure2.2. Model structure of anlgned CNT antenna arragnd the simulatedntenna
gain and directivityfor 5 THzradiation Adaptd with permission frorf42].

2.3 The Diode

The function of the diode in a rectenna is to rectify the a.c. signal provided by the
antenna into d.c. to the lodtis therefore essential forectifying diodeto have a response
time that is sufficiently fasto match theincident frequendy in the case of optical
rectification this amounts to femtosecond switching spaadsultralow capacitanda4].

It has been aallenge to create a diodwat can rectify ofical frequencies. Schottky diodes
are not suitable, as their limit of operation is only in the far IR. Several alternative types of

diodes have been investigated by researchers in order to meet the RC fregqapanse
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requirements ofhe optical rectifer. Some of these promising approaches are discussed in

this section.

The diode also has have good electrical propertidhis is quantified through the
current voltage (i V) behavior of the diodel'he typical figures of merit (FOMsysed to
characteze the electrical performance of a diode are the dynamic resistafice,
asymmetry! ; nonlinearity, ; and responsivity, . Fr o m a lid/ichardotedsscs,

these figures can be calculated by

Y % 2.18)

| 0 w

' O o (2.19

N F?j (2.20
@*

T g%é (2.21)

As mentionegreviously, diode resistance must be low to achieve good enped
matching with the antenn&or an antenna witiyx 100(q , the couplsing ef
below 1% when with diode restance is 1& q Asymmetry (also sometimes referred to
as the rectificatinratio)i s a si mpl e measur e litplhased dnehe di od e
ratio between the forwardind reversdias currents. guantifies the fowvard current in
relation to the reverse bias keae values of x 10 or higher is desirabl®esponsivly
measures how efficiently the diode can rectify. Nonliiltgand responsivity are related to

the curvature of th& V characteristics.

The majority of this dissertatiorwill focus on MIM diodes, Wich satisfy the
femtosecond switching timeequired for optical rectificatiof@3, 44]. A MIM diode is a
thin film technologycomposed of two electrodes separated bpnometescaleinsulator
(i.e.a dielectric or oxide) to create a potential energy bathi@ugh which electrons can
tunnel. Dissimilar electrodes form a potentialagient within the barrier that produces
asymmetricli V responsg45]. The thin bater alsogives the MIM diode low capacitance

for necessarily ultrafasesponse time.
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2.3.1 MetakIinsulatorMetal Diodes

The most popularectifier being studied for dgral rectennas is the meétal
insulatof metal (MIM) diode. MIM diodes are composed of a thasulator sandwiched
between two metal electrodeBhese diodes operatéa nonlinearquantummechanical
tunnelingof electrons through the insulating layer. Thigkhess of the insulator layer
should be on therder of several nanometers to enable theggule tunneling mechanism.
The electrortunnelingis anextremely fasprocessthe tunneling timecalculated from
wavepacket propagation is estimated to occuthenorder of 18°s [46]. The ultrafast
regponse time is an advantage over semiconductdediolr husMIM diodesarepromising
for optical ectenna$46, 47] as well as other electn@ applications that require operation
in IR and THz regnes such as IR photodetestfil5, 16] switchingmemorieqg48i 50],

imaging and displagevices [51, 52] and power transmissiq8)].

Metal 2

Thin Insulat@ Z

el 1|

M, I M,

E (eV)

z (nm)

Figure 2.3. Potential energyand diagranfor a MIM diode dissimilarmetal electrodes,
each described by their work functiog, The insulator has thickne&%and electron
affinity ... The effect of image potential is shown as the dashed line.

The diode properties are determined by the shape of the potential barrier that i
formed in the MIM, and therefore depend considerablythen choice of metals and
insulator [53157] (Figure 2.3). Good rectifying behaviois achievedby using two
dissimilar metals such that the work functidg) (difference between aderodes creates a

gradient in theunnelingenergybarrier that leaslto asymmetric electron conduction. The
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insulator dielectric affinity establishes the height ofltherier ¢ 3 ?) relativeto the

metal work functions.

AsymmetricliV behavioris theresult of nonlinear electron tunneling under an
applied bias. As shen in Figure2.4, under forward bias, electrons tunnel from around the
fermi level of the first metal to the second metal, giving a net positive culmesantrast,
under negative bias this condition is reversed, and net negative curréng result
However, the asymmetric potential barrier established by dissimilar electrodes means that
the current is much lower due to a larger barrier that hinders electmogaling under

negative biagessentially related to the area of the tunneling barrier).

a b C
_-_-_‘_‘—-_
Q
T e Q @) )
J,+eV l eV s reversebias !
M, I M, M, I M, ~—*  [forwan bias
Forward Reverse W
Bias Bias

Figure2.4. Energy band diagram for an asymmetric MIM un@g@iforward biasand(b)
reverse biasalong with(c) quditative diodeli V behavior

An ideal diode is difficult to achievia practicedue toconflicting characteristics
of the FOMsand rectenna requirementenerally, high nonlinearity and asymmetry is
achieved using a thick insulatanda tall tunneling brrier §.e.low ... in combination with
dissimilar electrode metaHowever, tunneling resistance scales exponentially wigh th
insulator thicknes$58]. Furthermore, the selection of metals that have sufficierk
function difference is often limitedhe cutoff frequency must also be accountaddo
scales inversely with the deetric thicknesgor a planar MIM, so making the insulator too
thin will hinder high frequency operatioBalancing the electronic properties of MIM
diodes has been the focus of much rectenna res@aclb9 62] and will make up a

significant portion othis work.
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2.3.2 Doublelnsulator MIM diodes

An alternative way of achieving good diode propertiaa beaccomplishedy
layeringtwo or moreinsulatorsbetween the metal electrodés a doubleinsulator, or
metal insulatoi insulatoi metal (MIIM), configuraton the tunneling barrier is basedarp
the properties of both dielectrics. Each layer forms a potential barrier with heights
corresponding to theespectiveelectron affinityvalue Dissimilar insulators can thus form
a highly asymmetric barrieklIM diodeshave experimentally beeasmownto significantly
enhancdi V asymmetrynonlinearity, and responsivity versaisomparablsinglebarrier
MIM [53, 62 64].

There are two primary mechanisms that govern timp@henomenon in MIIM
structuresresonant tunneling and stemneling.The mechanism depends upon the barrier
structure and is sensitive to the applied bResonant tunneling occurs whetriangular
guantum well is createtbetweenbarriers Figure 2.5). The tunneling probability is
substantially higher at the quantized resonant energy states. Thereforesnehghbias
is applied such that the Fermevel of either metal coincides with aone of thesdound
energy stats, electron tunneling isbauptly enhanced, leading to shagpr-onin current
that produces high asymmetryhe quantum well formed between insutatonust be
sufficiently deep and wide enough to form bound quantum séhtesasonable bid62,

65]. Theturn-on voltageat which bound states form, and thus resonant tunneling begins,
can be adjusted by changing the thickness of the first insulator, tlotigtk insulator

will reduce tunneling current.

a b c
I TVECUU”“
X1 Xz
@ —— I Resonant
' \l @, Quantum tunneling
[ Q| Xy Q
Eg, d d—s Eps
! ? Pe‘if l el
M, I I M, M, M, M, I, I, M,
Figure 2.5. lllustration of resonant tunneling in a MIIM with. .... (&) Zero bias, (b)

forward bias, and (aeverse bias.

21



Step tunneling is the second mechanism that can induce asymmetric behavior in a
MIIM ( Figure2.6). It is the result of a doublmsulator stack creatingcascding potential
barrier. Step tunnelingccurs when enough bias is applied such that the lower of the two
insulator barriers drops beneath the metal Fermi level. At this point electrons need only
tunnel through the remainingaller barrier[53]. This mechanism is largely polarit
depemlent because under the reverse direction electrons must tunnel through the full
thickness of the doublearrier The onset of step tunneling depends on the insulator
thicknesses and value of the high electron affinity material, whereas the difference in

insulator electron affinities influences the magnitude of asymmetry.

a b c
Step
tunneling
lQ Q
l+ev l-ev
M, L M, M, I, L | M,
Figure2.6. lllustration of step tunneling in a MIIM with.  .... (a) Zero bias, (b) forward

bias, and (c) reverse bias.

There has been a lot of work recently BhIM diodes that havefocused on
experimenally testing or simulating planar devices with various metal and insulator
combinations. Some combinans that have been explored include Ni/NiO/ZnOjf&H],
Cr/Al203/HfO2/Cr [54], ColCosO4TiO/Ti [64], ZCAN/AI2O3/TaOs/Al [53], and
ZCAN/HfO2/AlO3/Al [63]. Noureddinegt al.investigated MIIM devices witil .03 and
Ta0Os to optimize resonant tunneling. They reported asymymaatd nonlinearity values
up to 8 with total barrier thickness below 5 B5]. Alimardaniet al. combined defect
dominated conduction in a high electron affinity insulator with direct tunneling through a
low affinity insulator to improve lowoltage asymmetry up to 10 and reaching a maximum
of 187 at 12V [53]. Aside from MIIM diodes, other combinations of muitisulator MIM
diodes have also been investigated. For instance, tiered step tunneling idalygle
combinations of Cr/C0Os-Al203-HfO2/Cr showed high asymmetry and nonlineafB].
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Also, a comparison of quadsulator CrTiO2-Al20s-TiO2-Al0s/Cr to doubleinsulator

Cr/TiO2-Al203/Cr showed nearly 3fbld enhancement with the four alternating layers

[67]. These studies shatlat there is &igh level of interesin developingMIIM devices

which possess great capability as a high frequency rectifier for rectenna devices.

2.3.3 ChallengedmplementingMIM Diodes to Rectenna

Despite the work being performed to improve Midhd MIIM for rectenna,

challenges still remain related to the fabrication and emmgintation to high frequency

applications

T

Insulator fabrication The insulator fabricatiormethod needs to guarantee a
uniform, thin, and defect freéayer. Two commonmethodsfor forming a
nanometethin insulator include native oxide formation (e.grthal oxidation,

gas phase oxidation, vapor deposition) and atomic layer deposition (ALD).

Insulator defectsPinholes in the xide will introduce an additional electron
conduction component in parallel to tunneling. This contribution can be orders
of maghitude higher than the tunneling current. Pinhole formation is usually
due to the oxide formation process. But high appliedecisrduring operation

can cause Joule heating that induces thermally enhanced electromigration
which forms pinholes. Secont,V characteristics may depend on the density

of trap states. Electron tunneling can take place through traps, which can

increase arrent. However, this can also hinder the response time of the diode.

Figures of meritAs mentioned, there is a challenge irdre to balancing the
tradeoffs between various diode FOMs along with the RC time constant. Low
resistance, needed to maximimgedance matching with the antenna, requires
a small energy barrier to enhance tunneling conduction. However, diode

capacitancéavors a thick dielectric.
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1 Diode arealf dielectric thickness is constrained, low capacitance can also be
achieved by reducithe area of the diode. Although this leads to fabrication

challenges.

2.3.4 Traveling Wave Diodes

Another solution toovercome the RC limitations is the travelwave diode.
Instead of locating the diode element at the antenngdeiad, a travelingvave dode uses
a MIM transmission line structure. The antenna creates a surface plasmon wave that
propagates down the tramission line. As the wave travels, the MIM gradually rectifies
the signal. In this configuration, the RC time constant is based on thdangzeof the line
instead of the inherently capacitive lumpsadment metainsulatoi metal tunneling
diode. Travehg-wave diode structures have been demonstrated forub®.&nd 1.6um.

The limitations of this structure arise from propagation loss ragumupling efficiency.

b) (d)

Surface Plasmon Wave

X Ahienna' 7}&‘ _DQQUQUL/"'

e Traveling-Wave Overiap Cross-Section

Figure2.7. Travelingwave diode operatg as traveling surface plasmon wave from the
antenna is gradually rectified across the ni@tallatoi metal transmission line. Adapted
with permission fronj68].

2.3.5 Geometric Diodes

Geometric diodes leverage asymmetric structure for their rectification mechanism
instead of asymmetric material propertie®@ne method of exploiting geometric
enhancement is to pattern a thin film conduatéo an inverted arrowheadriure 2.8).

The asymmetric structure preferentially funnels electrons by spatially restricting flow in
one direction and @ouraging conduction in the other, thereby realizing asymmetric

charge transpoexpected for a diode. These structures satisfy the low RC time constant
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needed for optical rectification: the planar structure gives low capacitance, while the

conducting metdilm ensures low resistance.

Forward

>

e <' blocked

dshoulder Idneck ' ¢ 5
reﬂeCted7V< blocked %) L/ o e
(a) . 2: Phase

Figure2.8. (left) Schematiof a geometric diode and (right) graphene geomeiode.
Adapted with permission frof23].

For geometric diodes to operate, the constrictieck must be close to the mean
free-path length of charge carriers in the film. Moddel has reported a geometric diode using
patterned grapherj@3, 69] Graphene is an ideal material for geometric diodes and make
for promising optichrectennasdue to their conductivity. The graphene can also be
patternednto bowtie antenna designs to facilitate the absorption of THz radi@8y25,

70]. Still, the asymmetry of geometric diodes at present is not enough for practical solar

rectification.

2.3.6 Carbon Nanotube Diodes

There are several opportunities to incorporate CNTs ioded The geat
conductivity of metallic CNTs mas them agood electrode material. Doping
semiconducting CNTs can enabl&npjunctions for various diode applications. For
instance, a room temperature THz detector was realized by makingrztions betwen
horizontlly aligned, doped CNTEF1]. This type of structure cannot work as an optical

frequency detector however, due to the limited response time of charge the carriers.

The high apect ratio ® CNTs can dso providethem with an enormousfield
enhancementfactor due to the asymmetric structural effef89]. This has [een

demonstratedh various mannerssud as in a field emitter configuration. Meanwhihin

25



et al fabricated a metainsulatoi CNT diode at the base of a single vertically oriented
multiwall CNT. The field enhancement was abd@ and praluced currendensities that
were dratically improved compared to nefield enhanced MIMThis design has potential

for optical rectification because in addition to the high CNT aspect ratio providing an

electrical field enhancement, the mi@@NT tip abieves ultréow junction capacitance.

The capallity of CNTs to be fabricated in aligned arrays is another important factor
that offers the prospect for creating dense networks of-B&Ed diodes. The density,
however, plays a crucial role.Has been siwn thatdersely packed CNT arrayscounter
a screaming/shielding effect that effectively reduces the geometric field enhancement of
high aspect ratio CNT@igure2.9)

Figure2.9. Equipotental lines of (a) aligned BTs exhibitingelectric field enhancement
and (b) dense CNTs where screening occurs. Adapted with permissiofy &8jom

2.4 Rectenna Seritlassical Theay

An optical rectenna is described by semiclassical prirgipidereirthe incident
electromagneticadiationis treated classically as a sinusoidally propagating whaatis
coupled throup the antena, whilethe electronic behavior ofne diode is trated under
guantum mechanicét opticalfrequencies the photon energy is high enough in relation to
the input pwer that photons are quantized and thus the quantum nature of the
electromagneat field mud be accourdd for with respect tohe diodeinteradion. The
incident optical fieldtreated as a classical time dependent perturhatiberacts with
electrons m the antenna thagtropagate as plasmons the diode. This semiclassical
appro&hin the dode is accountedfor using the theorgf photorasssted tunneling (PAT).
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When the incident field is strong and the energginfle photonis small theapproach

resembles continuunandsemiclassical theory converges on classical rectergratgmn.

2.4.1 PhotonAssisteé Tunneling Theory

This ®ction detailgshe approach developed by Tien and Gordon for deriving the
illumination current of a rectennda photm-assisted electrotransport[73]. Incident
radiationcaptured by an adjacent antenna souareates an oscillating voltage in addition
to the d.c. bias across a diode: @ wA T 10 0. MIM diode current is treatesb the
guantumtunneling of individual electrons through a thin potential barridie then
consider the oscillatiomy AT 106, as a perturbation it h e el ectronos
Hamiltonian,”O . Basedon the pemrbed state’O O ‘Gbwé7i 0, the perturbed

electronic wavefunction has the for
wend [ Q9 6 Q , (2.22
which sdisfies thetime-dependst Schidingerequation with coefficiens 6 o — .

o]

0 is the Bessel function of the first kimdth argument—. Equation(2.22) then becomes

wend [ b 0 — Q7 o . (2.23)

This equation makes it clear that the effect of the incident light is to shift the electron energy
by €3] , occurring with probhaility 0 Qo 7o) . £ signifies the omber of photos
absorbed or emitted by the electron in a rttibton procesfg4]. The total waefunction

is the weighted sum of all possildbotorrassisted state¥henature of the Bessel function

is such that the probability of an electron experiencing emission or absorption from
multiple photans decreasesapidly with €. To clarify the physical impact of the photon
absorptioron theoriginal wavefunctiorwe seek to describe the result in termslettron
currentdensity Recombining terms into the unperturbed wavefunctgn and realizing

that the modulated engrgermsO  £€9] can be inserted into the argument of the original
wavefunctiony O O €9 ), the total wavefunction that describes the effect of

illumination becomes
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W v 3 w O €9 . (2.24)

Thenetilluminatedcurrent inthis systemis calculatedrom w through[75]

D!
ca

wny o owny . (2.25)

0 is thejunctionarea,d is the electron effective mass, and is the complex conjugate
of the wavefunctioninsertingthe wavefunction from equatiq@.24) into equation(2.25)
gives

Qo D!

§O) 0 — O—
9] ch

WOy O wOntfo . (226

It should be clear that the expression within the curly brackets is identical to the original
unperturbedl.c. current,but shifted in energy according éomultiples of photon energy;

‘Ois the superposition of each photon energdulated d.c. current angeighed by the
square of the probability amplitudie. 0 - ). The unperturbed energy is simply the

applied d.c. electrical potentifl w 'O . Similarly, if we express the photon energy as a
voltagew 9] TQthen PAT theoryinally givesO w in terms of thelarkdiodecurrent,

'O w, through
Ow 0] Ow &tw . (2.27)

where| - characterizes the strength of the incident fiwldn terms of the photon

energy For | p only thee¢ mh p terms are significant, which implies that the
photonassisted electrons are primarily affectgdsimglephoton emission and absorption.
This is deemed thguantum regimef rectenna operation since the photons are quantized.
Alternatively, for| | p, which occurs when the incident field is strong or the frequency
is low, theneach electron absorbs maphotons and energy excitation approaches a
continuum akin to classical operatidrhe importance ofguation(2.27) is that itcan be

used to calculate the net rectified current for a device under monochromatic illumination

using only the darkiV curve of the diodeFor theoretical investigations, the diode is
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usually assmed to bepiecewise idealsuch that the datkV is modeled as a perfect linear

resistor under positive bias with zero leakage current in reverse bias.

Forarectenna convertingptical frequencieat low power, equatio(2.27) can be
approximated to the first order of terms sinice L p drops off rapidly withé. In the
guantum regime, the expression for PAT can be simplifiedppoximating the Bessel

function to get

Ve p — 00 —0O0w @ 06 © . (2.28)

It should be obvious that f@n ideal diode with zero revee current, this relation results
in a shift ofthe 'O w towards the second quadrant, producing a positive -skrofit
current {O) and negative opecircuit voltage (o ). These are the results of illuminated
device behavior that enacterizethe optical rectification mechanism, and once again

highlight the contrast between a rectenna aR¥ golar cell.

Furthermore, this PAT theory can be expanftgdnulti-spectral and broadband
illumination, ashas been generalized by Tucletrd. [76i 78]. Thiswill be discussed in
Chapter 7

2.5 The Carbon NanotubeOptical Rectenna

The CNT optical rectenna demonstrated by Shanad [8] marked a transition in
rectenna studiésit gave encouragemetitatscalable approaches to realiziag efficient
solar rectennavere possibleThey devebpedverticaly alignedforess of multiwall CNTs
and fabricated/IM diodes at the tip of each CNT. In the resulting struct(igure2.10),
the CNTSs serve as both highly absorbing nanoantennas as well as the lower metal electrode
for the tunneling diode. The advantage of having €2 serveas both the nanoantenna

andpart ofthediode lies in minimizingpower transmission loss between the components.
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Figure2.10. (a) Schematiof the CNT optical recteranwith (b) SEM images of the CNT
array andc) TEM images of the oxideoated CNT tip. Adapted with permission fr¢®.

The diode was formed by depositing a thin dielectric insulator and metal electrode
over the CNTs tipsThe insdator was3 nm Al 0Oz deposited using atomiayer deposition
(ALD); this process allowed for growth of defdote, conformal, and reliable dielectric
coatings. To finish the diode, a low work function (8\® Ca electrode was deposited to
on top to givehe diode its asymmetry versus the\bwork function of the CNT Figure
2.11). This multiwall CNT tunneling diode structure was crucial for realizing an optical
rectema. The CNT diameter was 881, so the accompanying diode fabricated at each tip
has the ultralowcapacitane (1.7 aF) producing a cutoff frequency ~80dtHz thatwas
necessary for optical power conversiome$elargeareavertical arrays ofCIM diodes
were promising compared with otheectifying MIM devices that require expensive,
complicatedand challengingabrication techniquesver limited areas
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Current density ([mA cm 2)

Voltage (V)

Figure 2.11. IV scansshowing asymmetricliode behaviorfor low work function Ca
electrodeg § 2.1 eV)versus A(z i§ 0.7eV). Inset depicts the potential bar. Adapted
with permission fronj8].

2.5.1 Optical Rectification

Figure2.12 shows the optical rectification photoresponse. Forrg82llumination
the intensity was 26W cmi. In relation to the dark V curves, the response exhibited a
shift into the second quadratite. @ and "O) for power generation as well as an
increase in the forwarbiascurrent. These characteristioslicateoptical rectificationand
not aphotovoltaic respons&he photoresponse of this CNT rectenna device was at least
six orderof magnitude higher than previous optical rectification studies. Further, the
intensities used here were around 10,000 times lower than a previous study of optical
rectification by Wardet al. [20].
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Figure2.12. Optical rectification responsad device under te#tdapted with permission
from [8].
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In Figure 2.13(a) the observed polarization dependence is more evidence of
rectification. Such polarization sensitivity is consistent with classical antenna behavior and

alludes to the role of the CNT as an antenna component, corroborated by nanoantenna
studies on aj)ned CNT array$30, 34]
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Figure2.13. (a) Polarization dependencg) w measured undé&s32nm, 1064nm, and

1.5AM solar illumination. ¢) TemperaturendependentliodeliV scans Adapted with
permission fronj8].

The spectral dependent response is summarizegjume2.13(b). The conversion
efficiency of 532nm was 3x10 % with a peak effiency of 1&° % occurring at 1064m".
It is interesting that the response to broadband solar illumination was so much lower than
the response to monochromatic wavelengtparticularly theshortcircuit current which
was 10 times smaller than that of monhamnatic light of similar intensityThis was
speculated as due to frequency mixing under broadband illumination. This question is still
of interest and discussed in this dissertation in light of phassisted tunnelinglhe
devices did not show detectalrhange iniV during up to 77C due to the dominant
tunneling mechanism that is largely temperaindependent. This temperature
independence is another advantage of optical rectennas P&sus

" These values reprasigthe external conversion &fiency. Theoriginal publicaton factoredin power loss
from the D % Ca electrode transmissivity.
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Sharmaet al. attributed the low observed rectenna \eemsion efficiency to
considerably lege junction resistance: for an array density of° TINT/cn?, resistance
comes out to ~1Tq per junction. This | eads
the antenna that is expected to be on the order of100

2.5.2 Issues and Challenges Remaining

The fdlowing is an overview of the limitations and outstanding challenges that
remainafter theCNT optical rectennwas introduced. These factors are designed to put in

perspective thessues that will be addressetthin this dissertation.

1 Impedance mismatcBecause of the extraordinary resistance of the CNT diode
junction,impedance matching is expected to make up the largest portion of the
efficiency loss. Thehallengeof lowering resistance is necessaryrtaximize
power transfer from the antenna to thede.For the MIM diode, a considerable
part of the device resistance emerges from the tunneling resistance. One route
to improving the antenndiode impedance match is to reducettiiekness of
the potential barrierwhich exponentiallyaffects tunnelig resistanceThis
approach is limited by the fabrication ability to precisely and conformally
coating thin oxide films on CNTs. There also remains potential to improve the

electrical conductivity of the electrodes tmuce diode resistance.

1 Electrodetransparency There is room for improving the transmission of light
through the top electrode for absorption by the CNTs, as the use of Ca was
estimated to pass only 2 of this incident power.Thus, increasing
transmisen into the CNT array should hawe straightforward effect on
conversion efficiencyElectrode transparency can be increased by using a
thinner metal layerdowever,as mentioned abov#)is must also be balanced
with the metal 6s whithaiminishescwitH redecednfithu ct i v
thickness. Still, there are a variety of materials available that could be
advantageous for a conductive and transparent top electrode, including some

more novel materials such as ITO, PEDOT:PSS, or Ag nanowli@gover
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different applications of the ramna, such as for IR detection, may require

different spectral properties for the top electrode.

Unstable materialsThe use of Ca electrodes rendered these devices inoperable
in air because of the tendency of Ca tadme immediately. This is especiall
problematic from the perspective of the diode because most low work function
metals that would otherwise be ideal for producing highly asymmetric and
nonlinear tunnelingare susceptible to oxidatioithe challenge witlthe top
electrodethen liesin finding a material that hagracticalair stability while
balancingthe work function conductivity, and optical transparency required

for light transmission and conversion.

Understanding of the antenn@here is still mucim the wayof the nanoantenna
behavior that is unknown in these rectenna devices. The observed polarization
dependence supports the notion of the CNTs acting similarly to classical
antennas. However, other typical antenna effectkretihain untestadl the

most prominenbf whichis as the effect of CNT antenna length on radiative
properties. There is opinion that the dense CNT forest encourages optical
coupling between neighbouring CNTs which enhances absorption and overall
power convesion. Finally, theartennaradiation efficiency is also unknown.
That, along with the guessed at value for antenna radiation resistance, makes
progressing our understanding of the CNT antenna operation important for

establishing an efficient optical votje.

Understanding of the rectification mechanism Optical rectification
experiments provided evidence supporting pheassisted tunneling in the
rectenna conversion process. These demonstrated results were primarily in
gualitative agreement with phot@ssisted transporte(g secondquadrant
power generation). A more thorougimploymentof the rectenna theory to
model the CNT rectification process is needed to elucidate the contributions of
the antenna as well as more robustly characterize theofalee diode on
efficiency limitations For further improvements to be made it is essential to

study the various efficiency losses in detail, including opticahsmission
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losseslosses in the antenna, and shortcomings in the diduese details are
necessarto prioritize improvementsn the rectenna elements and better guide
material requirements. Also, the demonstration of solar rectification showed
weak performance relative to monochromatic light conversion. Theory of
broadband rectification is neededeixplain this limitatim. Ultimately, a robust
model of the CNT rectenna behavior would be invaluable for pinpointing the

limits that can be practically achieved in the rectenna.

Theseissuesareaddressed in this dissertatiath the aim of bringing this CNT
rectenna structerto practical applicatiorFirst, characterization of the diode tunneling
barrier will be presented in an effort to reduce tunneling resistance by coordinating the
choice ofdielectricand thickness.And tradeoffs will be explored with respect to other
nonlinear diode properties as well as fabrication limits that affect device @elwbnd,
multi-insulatortunnelingdiodes are exploited to bypass the need for low work function
electrodemetals that arehemically unstableThis improvement allows CNT reminas to
be fabricated with Al or Agn placeof Ca.Furthermore, this mulinsulator approach gives
more freedom to manipulate the diode properties such that asymmetry can be enhanced
without the resouting impacts on resistancdhese contributions leatb improved
performance and understanding of the CNT tunneling diode structotiealJectification
is testedn air for the improved devicesnd analyzed with a model of recterpteoton
assisted tunrieg theory togain valuable insight into bothe ole of theCNT as a dipole
antennaas well as individual mechanisms contributingetéciency loss Finally, in an
effort refine the performance, this dissertation will explore innovative materialseaiudd
structure redesigns. This includes investiggtitransparent and conductive polymer
materials alongside polymer encapsulation that promises more robuspdtvand large

scale manufacturing that leans to commercializing this technology.
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CHAPTER 3. STUDY OF CNTTINSULATOR T METAL

TUNNELING DIODES

Sincethe first report of the CNT optical rectenrthe diodecomponentas been
the primaryfocus due to the limitations in efficiendhat are supposed tarise from
inadequacies the CNTI insulatoi metal (CIM) dode performanceln this chapter, the
important adancements in th€IM diode are presented by investigating the impact of the
tunneling barrier geometry on diode characteristics. The impact of barrier height and width
are explored by controlling the ifator thickness and dielectric affinity, respectjel
Various dielectrichave beemxamined as thexide barrier, including AlO3, HfOg, TiO,
ZrO, and ZnO

3.1 Methods

Diodes comprised vertically oriented multiwall CNT forests with insulator and
metal layers coating the top of the arr&jg(re3.1). Al or Ag metals were studied as-air
stable top electrodes. Varying thicknessA6fOs was examined, as well dset choice of
various dielectric oxides in order to control the dielectric affinity. CNT tip opening was
implemented to inciee electrical connections to the inner multiwall and the effect on

diode properties was assessed.

©

Top metal anode

|
&

Al or Ag (50 nm)

Oxide-coated MWCNT

Ti (100 nm)
SiO, (300 nm)

Si substrate
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Figure3.1. (a) Schematic of CNTinsulatof metal device structure. (H)ustration of the
diode junctiorformed at theop of thenanotubewith either closed or ope@NT tip.

3.1.1 Device Fabrication

The following is anoverview of the process stepdepicted inFigure 3.2: (1)
catalystdeposition (2) CNT growth, (3) onformal oxide depsition, (4) top electrode

device patterning

Catalyst & electrode CNT growth using Insulator deposition Top metal
deposition LPCVD using ALD patterning

TiAUFe » VACNT »
(100/10/3 nm) Array

»

Scrape CNT to
expose electrode

o

Al or Ag top metal Active device area

Figure3.2. Process flow for CNT diode fabrication.

CNT Growth

CNTsweregrown on high resistivity Si substrates that are coatadd0Onm thick
layer of themdly grown SiQG. TheSiO, providesthe devicelectrical isolation from the
substrateand creates a zone for probing away from the active device Gaalyst was
depositedn the substratgsing a Denton Explorexbeam(<2x10° torr). The catalyst was
Ti/Al/lFe (100/10/3nm) anddeposited at rates df5, 0.5, and 0.&/s, respectivelyThe
Ti/Al forms abottom electrode that will electrically connect all the CNTs after grawth
provide a conductive surface fiétvV measurement$Specifically, theole of the Ti layer is
to provide good adhesion to the substrate to prevent CNT delaonirfati is the catalyst,

with Al assisting as a buffer layer.

Vertically alignedCNTs weregrown from the catalystsingLPCVD at 850°C and
1 kPa with GH2 carbon souregas (Aixtron BlackMagic®). Growth times betweeh50i
180s producemultiwall CNTs with a forestheight aroundLGi 30 um, diameter~10nm,

and an average of 6 walls.
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CNT Tip Etching

In some cases, the CNTSs tips were etched withl&ma prior to diode Eaication.
This idea, initially explored by Shadt al, was to characterize the iagg of removing the
outer hemispherical caps so as to unhide the inner multiwalls. The additional points of
electrical contact have been seen to reduce the CNT elecesisthnce[79]. The CNT
caps were removed lrgactive ion &hing (RIE, Unaxis) with 30 s exposure to\800;

plasmaThis RIE process was us#ttoughoutChapter 3andthen wherotherwise noted

Oxide Deposition:

The quality of thansulatorlayer is critical toMIM diode performance. ALD was
used to form the dielectric layer as it is the most precise method of forming reliable
conformal coatingsOxide layers with thickness between 2 anth8 wee demsted on
the CNT array by ALD at 250 °Q@rior to the deposition cycles, 36mf & plasma was
incorporated to oxidize the surface of the CNTs and introduce hydrophilic moiedEs (
andi COOH), to promote uniform nucleation of the oxide and caon&bdeosition.

During deposition ofAl20s, trimethylaluminum (TMA) and water @) vapors
were used with 38 purge times between cycles to allow vapors to diffuse completely into
the array and coat the CNT lengths. Other dielectric materials were @epasiig
identical ALD processes at 25Q with 30s purge timesn placeof TMA, the precursor
used for each alternative material was tetrakis (dimethylamido) hafnium(lV) fog, HfO
tetrakis (dimethylamido) titanium(lV) for Tig) tetrakis (dimethylamidoirconum(IV)
for ZrO,, and diethyl zinc for ZnODepositionrateswere calibrated by depositirthe

oxideson a Si wafer and measuring thickness using ellipsom@ttgollam M2000)

Top Electrode Metal Deposition

To complete the device structure, it tqo eled¢rode metal was depositéigure
3.3). Since this work is focused on investigatingstaible materials, Ag or Al electrodes
(Lesker or Sigma Aldrich) are deptesi bythermal evaporation (~1Qtorr) at 1A/s with
a shadow masK-hermal evaporation was used to minimize penetration of atoms from the
top metal into the dielectric layer during depositibhe 50nm thicknesss based orthe

thickness of metahat would bedeposited on a planar structure. The active area of each
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device defined by the shadow maslkas7.6 mm?. Experimentsperformedin this chapter

involved fabricating 2i 5 batches ofsample for a given experimentatondition and

typically at least5 devicesveremeasuredrom eachsampleto gatheffor statistics

Figure3.3. (a) SEM image of full CNT&I-Os/metal device. (b) Topiew and (c) side view
images of 5im Ag deposited at the top of the array. (d) Close up otéated CNT.

3.1.2 Characterization

ITV characteristics were measured using a Keithley 2480 source meter
connected taan electrical probe station (Cascade Micro€hk). All measurements were
performed i air at room temperaturBiode parameters( o ,' ®,  ©,f ©)were
calculated fromfitting 17V curvesto a high order polynomidl Scanning electron
microscopy (SKE) images were collected using a Hitachi SU8230i &tkV acceleration
voltage.Scanning transmission electron microscopYEM) images were obtained from
an aberratiortorreced Hitachi HD2700 operated at 20/ and equipped witlenergy
dispersive Xray spectroscopyEDS) for elemental mappind=or STEMimaging oxide
coated CNTs were scraped off of the device substratg pkistic tweezers and deposited

A Throughout this dissertatiotine current,”Qwill not be symbolically distinguished from current density
(usuallyJ). Instead,variablesexpressingcurrent andcurrent densit will be made apparent from the
specified uits (A or Al/cn?, respectively)ased on nominal diode aregimilarly, deviceresistanceY
may be expressed 3Jvshenappropmiatestaniormalireibatveeen(deyices.m
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on a Cu or Ni TEM gd coated with a carbon medtietal work functions were verified

using a Kelvin probe in a{iTableA.1).

3.2 Effect of Insulator T hickness

Diode resistance is currently one of the greatest hindratoc€NT rectenna
efficiency. TheCIM dioderepored by Sharmat al. hadresistane calculatedon the order
of ITY [CHRTdiode junction, with an overall devicesistance achieving¥k Ycn?
due to the cumulative array density of LLENT per cnf. Shahet al. reduced diode
resistancéo 100q cn? by investigating several top metahterials anthicknesses, lower
insulator thicknesses, and by openitng CNT tips for additional multiwalinsulator
conduction channel§9]. This work explores insulator thicknedewn to 2 im to assess

the feasibilityof fabricationandconsequenelectrical tradeoff®f thinning the insulator

In this CIM structure, either Al or Ag was used as the top electrode to form air
stable devicesAg and Al both possess similar work functioizs-4.3eV, seeTableA.1),
so they can be interchangedelaaccording to the need for either the conductivity and
oxidation resistance of Ag or the higher optical transmissivity ofTAe minimal work
function difference £ § 0.3eV) established between multiwall CNTsdaél or Ag is

expected to produce minoradie asymmetry.

In Figure3.4(a), aclear exponential relationship is found between resistance and
insulator thickness, consistent with MIM tunneling thefgiy, 63, 80] It is interesting to
note thatthe logarithmic change in resistance with thickness is less pronounced than
ordinary MIM diodes. Since these CNT devices are a parallel network of billions of diode
junctions over a large area, wgpect that somghorting of individual junctions is leadin
to a dilution of the cumulative diode tunneling behavior. Even though minimizing
resistance is crucial for efficient diode coupling with the antenna component of the
rectenna, this manner of timing theAl 20z layer to lower resistance affects other nesary
diode parameters. For instance, lessening the insulator lowers diode asynfigeiry (
3.4(b)), as thethinner insulator causes direct tunneling to dominate instead of the more

asymméric FowlerNordheim tunneling (FNT) behéaor.
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Figure 3.4. Plots of (a) zerebias resistanceY , and (b) asymmetrat1V, 0 , as a
function ofAl 20z insulatorthickness. Data markewath error bargepresent the geometric
meanand geometric standard deviati@f around 515 devices Note thatresistance is
expressd in terms of the etent density, and so is normalized to device active area.

Furthermore,for Al20z 4 nm there is adrastic increasen deviceto-device
variation as well as significantly more frequent occurrence of slivedited devices
These variations are attributemlourlimited ability to reliably fabricate uniform and pin
hole free oxide layers onto vertical CNT arrays using ALBIs is further investigated by
assessing the conformal oxide coatilmFigure3.5(a) the cross secticdBTEM image of
an insulator and metalcoated CNT forest reveals thabh 8nm Al.O3 coating only
penetrates aboutim into the array, despite the 8@xtended ALD pue times. Though
Figure 3.5(b) verifies that the conformal depositiaf Al2Os is continuousacross the
entirgy of the coated portion of the CN@ngth.The image revas the oxidecoated CNT
diameterns ~25 nm. Assuming the multiwall CNT diameter is approximatelgr8 based
on prior TEM image$8], the image confirms that thd>Os coating is ~8m thick. After
taking diameter meases from multiple CNTs across the device, we confirm thakl@s
coding is consistent throughout the array with a thickness variatioii 2hrh between
CNTs. Importantly, this insulator thickness variatiblas anexponentialeffect on the
measured dide currentdensity If the Al2Os thickness iglepositedat ~2 nm, the naural
deposition variation that we have observed rtrapslate taa significant shorted CNTs

across the device arrdyesistance measurements farf presented ikigure3.4 support
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this. In summarythis investigation has detemad that theexisting ALD processor the

oxide layer has a lower limit of 2m.

Top metal

3

Al,0, coating

5 O

Figure3.5. STEM images verify the presence of 8 nm@ldeposited othe CNT forest
(a) Al203 conforms tahe upper ~fum of the forest(b) STEM images confirnthe Al203
coating is ~&m.

3.2.1 Comparison of Al and Ag Electrodes

Lastly, we observe that Al electrodes produce CIM diodes with resistance that is
two orders of magnitude higher than A@Q00Y cn? for Al and~200Y cn for Ag with
4 nmAI,03). The resistivity of 50m planar Al (23x16 Y m) is higher than Ag (3x1D
Y m). However, the sheet resistance of these metals is too [b@/X<sq)in comparison
to tunneling resistance to fully explain this discrepdii®y. We surmise that Ag could be
either diffusing or penetrating into tiA-Os layer during deposition, despite our efforts to
minimize penetration using low energy thermal evaporatiortopf electroas. The
possibility of penetration is detrimental to tfadrication of devices with very thin oxide
layers. A possible route tensure minimapenetration would be to lower the sample

temperature during evaporation.

3.3 Effect of Insulator Electron Affinity

Since...controls the height of the MIM tunneling barrier, the choice of dielectric
material strongly affects the final diode characteristazsally, .. should be close to one of

the electrode work functions such that a shallow barrier near the-imsi&dtorinterface
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minimizes turron voltage and maximizes asymmet§imulations of the effect of
insulator electron affinity on MIM diode properties showed strong sensitivity to the barrier
height[81]. Even minor changes inwould alter’Y by orders of magnitudén this study,

CNT diodes werexamined as a function of the insulator material and its electron affinity.
Samples wergested using various oxides to with dielectric affinity values betweee\1.7

(Al203) and 4.3V (ZnO) (seeTableA.2).

Zero-bias resistanceas found tovary exponentially with..(Figure 3.6(a)). As ...
increases, the resultinghallower barrier experiences increased electiameling
probability. As observed withinsulator thickness, the maitude change in resistanfrem
..is weaker than expected for a planar MIM devigain, this is likely the due to defects

and variability in in the single CIM junctions accumulatingptighout the array.

105 | A:0s  HIO, 10, TiO, Zno | A0, HO, Zzr0, TiO, ZnO

Electron affinity (eV) Electron affinity (eV)

Figure 3.6. Plots of (a) zertias resistanceY , and (b) asymmetry at 1\5, 0 5 , as a
function of electron affinityor 6 nm ofAl 203, HfO2, ZrO;, TiO2, or ZnO.Electron affinity
values TableA.2) are taken fro literature under similar fabrication conditions

There is also an effect of barrier height on asymni&tty. Using1.5V bias as a
benchmark.asymmetryis found to increasslightly from ' 1 .\5 1.5 with Al,O3
(... 1.4eV)to2.3 withHfO2 (... 2.25eV) (Figure 3.6(b)). This reflects the transition
from a trapezoidal barrier to more triangular, enabiimther manifestation aisymmetric
FowlerNordheim tunnehg (FNT) [58]. Surprisingly asymmetry therdecreases as
electron affinity is raisedbove..x 2.25eV. This asymmetry reductiocsuggestshat the
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dominant electron conduction mechanism transitions from tunneling to more symmetric
bulk- and defectimited conductionfor large electron affinity[80, 82] Bulk-limited
mechanisms can arise from defect sites (traps) in the dielectric. Electronsectrese
traps as intermediaries to assist tunneling {&sgisted tunnelingrAT) or be thermally
emitted from a trap to the conduction band (Pdoknkel emissionPFE). Since traps
behavesimilarly under forward and reverse bias, these mechanismi edow diode

asymmetry.

The conduction mechanisms of various dielectrics have been discusisdilim
otherreports [55, 80, 82Jandspecific details regarding dominant mechanisms gong
devices used in this work can be foundAppendixB.1. Briefly, Al.Os was found to
exhibitclear direct tunneling behaviwith FNT beginning at 2.¥. At low voltages, HfQ@
primarily demonstrates direct tunneljnigut transitions td®FE and TAT behaviors at
moderately large biase¥he competing mechanisms aroun® tause large deviewm-
device variations iHfO. from fabrication variability. With even higher, we see more
evidence of bulkimited conduction dominating at lower voltages, explaining the trend of
decreasing asymmetry. Even though higher electromtgtffowers resistance, substituting
insulator materials ¢a adversely affect temperatesensiive applications as thermal

conduction mechanisms may no longer be negligide 82, 83]

3.4 Multiwall CNT Tip Opening

Even though a thin tunneling barrier is idemhtinimize diode resistance, we are
limited to how thin we can depodM >0z due to fabrication challenges (increased- pin
holes) as well as reduced asymmetry and higher capacifanaedditional technique to
mitigate device resistance was studigdshatet al., whodemonstrated an etchingogess
to removethe hemisphericagraphitic CNT capprior to diode fabricatior{79]. Opening
tips exposes thimner walls to enable more direct electrical contact at the multGW -
insulatorinterface Figure3.1(b)). TheCNT tip openingvas investigatedn metalcoated
CNTs They reportedip to 6 % reduction in contact resetce for CNTmetal junctions
| have since progressed this investigation ttady the effect of CNT tip removalno
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insulator thicknesses as low as@, additional Al and Ag top electrodes, as well as

alternative oxide materials to explore the influencdielectric affinity.

In Figure 3.7, STEM images cofirm that etchingremoves the hemiggrical
MWCNT tips. We see that a subsequently deposi&sDs layer entirely cats the CNT
tip after the cap is removedérigure 3.7(c)). This provides important visual confirmation

that the expsed inner wall are now readily aatile to make electrical connections.

Figure3.7. STEM imags of themultiwall CNTs after tip etching and then coating imgh
Al20s. (a)CNT forest showing sonfeactionof multiwall CNT tips remain closedespite
etching. (b) Siddéy-side comparison of a closed and openltiwall CNT tip. (c)
Secondary electron STEM image shows the flat oxide coating atop the-efd@@NT
which verifies that etching is responsible fbe open tip anchot mechanical bekage
from handling during imaging preparation

Electrical characterization of the etih CNT diodes show that resistance can be

lowered up to 3 % (Figure3.8), consistent with prior resul{g9]. This relative effect is

also independent of the Al or Ag top metal, showing that it is affecting the baseline
resistance of the metallic CNTs by introducing more electrical comnsctHowever, the
relative change in resistance greatly diminishes to bargB6 wvhen the insulator is
increased to 8m. This is because the tunneling resistance for the thiek)s layer
dominates over the CNT contact resistance, and the effect of @pingp becomes
negligible. This has strong implications moving forward. For devices that are fabricated
with thick insulator layers, tip opening may not be worth the time and effodalize a

possibly insignificant reduction in resistance.
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Figure3.8. Effect of CNT tip opening on diode parametdes. Relative change in zero
bias resistancéy , and (b) 1V asymmetryd , after etching open tipgas a function of
Al 203 thicknesswith Al or Ag top electrode

The effect omultiwall CNT tip openings alsocompared for variougxides There
is aconsistent reduction in resistance when opening the dggrserally independent of
dielectric affinity Figure 3.9). On average54Y cn? reduction was observedhis
provides further evidence that the CNifsulator contact resistance is isolated from the

insulator tunneling resistaneo].
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Figure3.9. Change in zerbias resistance;Y , after CNT tip opening for &ém.
In summarythis section characterized the effect of CNT cap removal to enhance

diode electrical conductivity. The process was shown to reduce resistance in most cases

regardless of insulator material or thickneldewever, tle effect is negligible for thick
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insulators that have pronounced tunneling resistance. Also, this method of RIE cause
unequal etching of the CNT array, which makes the forest height highly variable. We have
generally seen that this variabililgtroduced m the RIE step translates to more sample

variability. Therefore, due to the adverse effect on device fabrication consistency, more
complicated device structures presented in this work hereafter will forgo the use of RIE

and CNT tip opening.

3.5 Summary

This chapter featured important incremental advances in our understanding of the
CNT tunneling diode by studying the tunneling barrier geometry for Al and Ag top
electrodesThe use of Al and Ag electrodes produces weak asymmetry due to the minimal
work function difference between the metallic CNTs. Insulator thickness and potential
barrier height both exponentially affect the diode resistafbese results bolster the
notion thatthe CIM diodebehavioris consistent withcommonplanar MIM diodes. Te
magrntude of these effecis considerably weaker than an ideal MIM due to-negligible
series and shunt resistances that are present in the diodé@mdgrgearea fabrication
variability and defectd-urther,study of the effect of removing tfebosedhemispherical
CNT tip revealed an improvement in CNT contact resistance that was consistent across

various dielectric materials.

It was found thaHfO> gives the best balance of asymmetry and resistance for the
CIM diodes. However, this is somewlhadfset by the large variability (both devige-
device and scato-scan) iNCNT/HfO2/metal devicesZrO; is another reasonable choice
that balances low resistance due to a shallow potential barrier with mild asymmetry and
improved stability. In the nexthapter,we will consider CIM diodes that utilize multi
insulator laminate tunneling structures. The useédffd. or ZrO. will be leveraged in
combination with Al.Os due to their relatively shorter barrier and their tunneling

dominated conduction mechanisms.

These results havecentlybeenexternallycorroboratedBerdiyorov and Hamoudi

simulated single CNT insulatoi Ag structures usingGreen's function and density
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functional theory{84]. They investigateddfO2 and ZnO insulators anshowed similar
values for asymmetrgs was experimentally reportetiere, specifically thatHfO, is the
superior asymmetric dielectric ¢ 2). Moreover their simulations verifiedhat removing

the hemispherical CNTip reduces resistance, which they explain via suppressed electron
backscatteringlnterestingly, they alsoxplored chemical doping of CNes a suggested
directionto enhane electronic transport propertiebhis is an exciting route fduture

experiments to pursubat will be mentioned ihapter 10
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CHAPTER 4. MULTI -INSULATOR CNT TUNNELING DIODES

4.1 Motivation

The design of the CIM diode relies on competieguirements for asymmetric and
low resistance electron tunneling. Specifically, balancindiia but still asymmetric
trapezoidal tunneling barrier is difficult and puts heavy demands on the diode materials
[44, 85] Asillustrated in the previous chapter, metals that are ataiynstable enough to
perform in realistic environments often dot possess adequately lovork function to
produce asymmetric diodeSince the multiwall CNTs used in this work hdgre 5eV, a
low work function material like Ca3( 2.1eV) has been regred to induce a practical
asymmetry !( x10). This is not feasible in practice due to the mdmate oxidation of Ca

in air.

An alternative approach &dtaininghigh nonlinearity, responsivity, and asymmetry
is by fabricatingdiodeswith two or more inglators Doublebarrier metainsulator
insulatormetal (MIIM) diodes have great asymmetry, hogarity, and responsivity
versus singkbarrier MIM counterpartfs3, 62 64]. Thedominant tunnelingnechanisra
involve the configuration of the doublesulator structureAs describedn Section2.3.2
this include resonant tunneling through a bidspendent potential weibrmed between
insulators; and step tunneling, where a tungelinbar ri er O0stepd r edu:

distanceand increases current in opelarity.

Both mechanismcan be achieved through proper tailoring of the dielectvits
less restrictions requed on the part of the electrodes. Dissimilar insulaisishhaving
appropriatevalues of electron affinity,., and relative permittivity;, is the key to high
diode asymmetryThe benefibf a MIIM, therefore, liesn the ability of the doubldarrier
structure of inducing asymmetry in structures that otherwise have minimal or nd metal

metal work function dference.

This chapter covers importadevelopmentsn the performancef the carbon

nanotube tunneling diode arrags a highfrequency rectifier. Multi-insulator CNT
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tunneling diodes are investigated to optimize the tunneling characteristics usstajpkar

materials.

4.2 Asymmetry Enhancement UsingDouble-Insulator CIM Diodes

First, we demonstrate and studlye enhancement of asymmetry usin@MTi
doubleinsulatoi metaltunneling diodg(denoted a€1°M instead of CIIM for clarity in
depicting the numberfansulators). TheCI?M structures that will be evaluate comprise
either CNTAI20s-insulatofrAg or CNTinsulatorAl.O3/Ag structuregFigure4.1(a)).

Thesedoublebarrier diodes are fabricatedsing similar method®utlined in
Chapter 3Vertical CNT forestare grown and then tlaoubleinsulator laminateoating
is depositedvith ALD. The two oxides are formed by amending the original AeBipe
to include the initial plasmaprereatmentfollowed by ®quentialdeposition of both
dielectrics. The deposition rates and precursors are identical to the -$isgiator
processes described before. In this sectionm8otal oxide thickness is used as a balance
between minimizing the tunneling thickness as$uring thcrete conformal coatings
between dielectricswhich was established previously aénm. Finally 50nm Ag is
evaporated on the top of the array to form 0.6T6 devicesThe airstableAg electrode
highlights the development of diodes that eapable of practical operation.

a Ag b
— $ 15

5eV

) Insulator #2 -
M CNT
Insulato #1

CNT

Figure 4.1. (a) Depiction of singleCI?°M junction. (b) Potential barrier diagram of
CNT/AI03-HfO2/Ag with barrier edges indicated.
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First, theli V characteristics of @NT/Al203-HfO2 (4/4 nm)Ag diodeis measured
for comparison with a comparablenBi CNT/Al.O3/Ag device The barrier diagram of the
Al03-HfO2 CI?M is shown inFigure4.1(b) for referenceli V curves Bow higher current
under forwarebiasfor CI°M than for CIM.This isalsoreflected in the gradual increase in
asymmetry up to x 16 (Figure4.2). Nonlinearity and responsivity are alsoperior At
0.5V for instance, nonlinearity of 3.5is acheved in the doublnsulator device
versus 1.3in the singleinsulator. Peak respsivity also doubles when incorporating
two insulatorsThis confirms the promisingature of th&oubleinsulator tunneling barrier
in enhancing the asymmetry of CNTodes that otherwise possess minimal work function

difference.
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Figure4.2. Diode electricalcharacteristics comparing singtesulator AbOs (8 nm) and
doubleinsulator AbOs-HfO2 (4/4nm) CNT devices. (alCurrentdensity,J, (b) resistance,
'Y, (c) asymmetry’ , and (d) responsivity,, with inset depicting nonlinearity, .

The characterization &I°M devices is expanded to including various doayer

dielectric combinations. We test the influence of the electron affinity dissimi(aritvs.

...) on asymmetry using eithél»Os-1> or 1:-Al20s, again with & m total doubldayer
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thickness. In general, most doubleinsulator structuresproduced someasymmetry
enhancementelative to singlansulator CNT/Al2Os/Ag devices.Al203-HfO exhibits

highly nonlinear and asymmetric behavior in accordance with step tunneling between the
low-... Al2O3 and high... HfO2. At 1V the mean asymmetry in this structure is

: pw 24, and in several devices, pw 60 (Figure4.3). However, the asymmetry

of Al.Os-l2 configurations decreases to unity as the electron affinity of the second insulator
increasesAs ... increases, electron conduction through the second insulator transitions
from tunneling to blk-limited mechanisms, which dilutéke gains from step tunneling
between the layersWe also observe asymmetry enhancement for the reversed
configurations of Zr@-Al20s3 and TiQ-Al.Oz (Figure 4.3). ZrO,-Al203 demonstrates a
distinctturn-onvoltage around 0.5 which suggests resonant tunnel(nsge! W curves

in FigureB.2 of Appendix B, after which asymmetry rapidly increases to 8.

64 —
.- %1 <%z
32 Vo iz
16 —
S 8- +
T 4
2 — e '.:Single Barrier Al,O ‘ A7
v 273 I
1 4
0.5 i ! T \

ALO, - | HIO, - 'ALO, -! 210, - | ALO, -! TiO,- |ALO, -' ZnO -
HiO, ALO, 20, ALO, TiO, ALO, 2Zn0O AlO;

Double insulator structure

Figure 4.3. Plot of asymmetry,! pw , for various CI?’M devices. Doubleinsulator
structure is (4/4m). The shaded region repressrthe asymmetryrangeof typical 8 nm
Al20s3 device.

Most previous work on MIIM diodes has focused on experimentally testing or
simulating planar devices with various metal and insulaabinations. Alimardanét al.
achieved  187at 1.2V with ZCAN/AI,Oz-TaeOs/Al and’' 82 with ZCAN/HfO,-
Al203/Al for 5 nm of insulator$53, 63]. In comparisonCNT/Al20s-HfO2/Ag, achieved a
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mean asymmetry of pw 24 and peaking &2beyond2 V. The mearcurrent density

of our CNT/AIOs-HfO2/Ag devices wa® 30mA/cn? at 1V and passing 20MmA/cn?
past2 V. This is an order of magnitie greater than the peak current density reported in
similar ZCAN/ALLO3(3.5nm)-HfO2(5nmYAl structureg[63]. Noureddinegt al tuned the
resonant tunneling behavior in Crg@k-Ta:Os/Al with 5 nm total insulator to achieve a
maximum asymmetry of 8 and 0 200mA/cn? [65]. Our devices have been
fabricated on relatively large areas (@) conpared to existing planar MIIM diodesid

are therefore capable lairge, practical curren¢vels(1 mA) [63, 64, 67]

PreviousCNT/Al20s/Ca devices wih a work function difference & 5 2.1eV
yielded' x 11[8]. We have shown th&NT diode arrgs can be fabricated to produce
even higher asymmetry with ony I 0.7eV throughincorporatingseveraldielectric
layers. This is very promising in suggesting thatork function is nolonger a strict
requirement for efficient diode operatioh new realmof CNT diode structuressingair-

stable materials is now possible.

4.2.1 STEM Confirmation of Doubllsulator Coatings

In Figure4.4, STEM-EDS image®f a multiwall CNT coated with 4/4m Al>Oz-
HfO. verify that both oxides are distinctly and conformally layerdeimentaimapsallow
us toconfirm the thickness of each layis 4 nm. The thicknes®f either dielectric varies
by around #.3nm over the length of an individuaCNT and varies by less thannin
betweenCNTs throughout the array. Minute variatiois either insulator thicknessan
have gorofoundeffect on electsn tunneling This is inportant for optimizing diode figes
of merit because insulator thickness is limited to above the level of deviation, which hinders
the potential barrier geometry and puts constraints on device performance. Therefore,
minimizing insulator thicknessvariation by improving the conformal ALIprocess is

recommended
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Figure4.4. (a) STEM image, and {#) EDS elemental maps fromGNT coated with
Al203/HfO2 (4/4 nm). (e) Overlapping Al and Hf signals emphasiethioundary between
layers. AbO3 andHfO> coatings are both 480.3nmthick. (f) EDS spectrum of oxide
coated CNT feest (note: Ni signal is from the TEM grid).

4.3 Multi -Insulator CIM Diodes

Having demonstrated the capability for improvitigde charactéstics with two
tunneling barries, we will further explore the possibilitiés enhanced diode performance
in multi-insulator CIM diodesThis section will preserdin electrical characterization of
multi-insulator CIM diodeshaving as many a®ur dieledric layers(note: we will use
CI™M ascondensed notation indicating a CNT diode witinsulators). The baei will
featurealternatindayers ofAl.Os andZrO,. ZrOz is used as the auxiliary dielectricptace
of HfO2 as it has a larger dielectricfiafty (... 2.75eV), giving less tunneling resistance
from alower potential barriewhile not so low aso bedominated by=PE, TAT, hopping

etc
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4.3.1 CurrentVoltage Characteristics of Multhsulator CNT Diodes

Figure4.5 presats|iV characteristics of sevemalulti-insulatorCIM deviceswith
up to fourlayers of insulator (alternatingl2Osz and ZrO). Total insulator thicknesss
12nm. The currenimagnitudes reasonably simildior all deviceswhich is expected for
devicesof the @ame thicknesdn the CI°M andCI*M devices, forwaraurrenteventually
surpasses that of th&@ngleinsulator CIM with enough biasThe asymmetry of the
CNT/AlI203/Ag is only ~2 due to the lows- B Asymmetryin the multi-insulator devices
however all exceedhat ofthesingleinsulatorCIM by severafold at after 1.3 V forward
bias (Figure 4.5(c)). Nonlinearity also improvesi3 times. Even more promising, an

enhancemat in asymmetry as highs 56 can be seen for th@l*M device.
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Figure4.5. CNT diodefiguresof meritwith varying number ofAl.Oz and ZrQ multilayers

Figure 4.6 illustrates energy band diagrams for each configuration to further
understand th potential mechanisms leading to individual device behaviors. The sharp
increase in forward current froffigure4.5(a) is expected fomulti-insulator diodes and
this turnon likely indicates the onset of step tunnelifie turron voltage at which each
device demonstrates thssidden increase in current, and therefore enhanced asymmetry,
varies with the number of layersigure4.5(c)). For a CiM diode with 6/6nm Al,0z-ZrO;
turn-on begins at 0.¥. As expected, the quadsulator configuration with 3/3/3/8m
Al203-ZrO2-Al 203-ZrO2 improves the diode asymmetipd nonlinearity even further. The

turn-on voltage of CM is low (~05 V) and the sharp increase in forward current raises

55



the asymmetry to a remarkable value~860. Theseralues forturn-on voltageandthe
corresponding asymetry fitswhat we can infer based on the potential barriepated in
Figure4.6(f) andFigure4.6(1). CI°M and CfM devices both exhibistep tunnelingunder
forward bias due to the outgrO; layer. Yet step tunnelingnanifest atower biasn CI*M

since the outermo&rO; layer isverythin, requiring less bias. Diodes with more than two
barriers can display several tunneling mechanisms at various biases. For instanék] the ClI
barrier showrin Figure4.6(j-I) may exhibit a combination obtep tunnelingpver the4™
insulator(ZrOy) at low bias, but is also susceptible¢sonant tunnelindue to the various

guantum wells that can be formacdhongst théayers at different biases

CI*M

no
bias 0V

negative
bias -2V

positive
bias +2V

Figure4.6. Energy band diagrams for muiisulator CIM diodes used in this study.

Interestingly, CIM and CEM devices demonstratectification reversal'( 1)
at low bias. This could be partly due to defedbanced tunnelings3, 55] In CI?M, for
instance, traps in th&rO> may enhance low reverse bias conduction through the layer (via
TAT or PFE), coupled with tunneling through tA&Os. Electrons may tunnel through
traps in the dielectric before being thermally emitted to the conduction bamtir g0
Schottky emissior{82]. As with Schottky emission, thitrapenhanced conduction is
highly temperature dependent. Therefore, the performance of multilayer devices operating

at elevated temperatures may be adversely affected as theatialgted conduction
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mechanisms begin to donate. The suitability of deses for thermal applications like

wasteheat recovery is thus heavily dependent upon the diode structure.

The behavior of M is more complicated. Wexpect to see significant resonant
tunneling in both directions due to theep rectangular quantum Wwérmed by low
barrier ZrO, surrounded by ADs peaks. Figure 4.6(g-i)). However, an additional
contribution fromstep tunnelingf the innerZrO; layeris possibleunder negative bias,
which would cause reversed asymmetry. At high bias the asymfingsryincreasing past
!

1 as the outer Az layer forms a triangularasrier, leading to asymmetric Fowder
Nordheim tunnelingd58].

4.3.2 Verificaton of Conformal Multiinsulator Coating

Small variations innsulator thickness will greatly affect the tunnelimghaviorin
multi-insulabr devicesso we must confirm that our insulators are depositing with accurate
and conformal coatings. Layer dimenss are verid by imaging a quaihsulatorcoated
multiwall CNT tip using STEMEDS. The total thickness is chosen to bend6to ensure
each 4nm layer is thick enough to clearly resaliementaimaps of Al and Zr confirs
the existence of four distihlayers of AdOs and ZrQ (Figure4.7). Each layer is conformal

and uniformwith thickness of 4im, as expected, and snhnometer variation.
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Figure4.7. () STEM image of a sinig multiwall CNT coatedwith Al203-ZrO-Al>0z-
ZrOo (4/4/4/4nm). (bd) Elementalmapsof Al and Zrillustrate the distinct coatings and
verify that each layer is Am.

4.3.3 Study of Multiinsulator Thickness on Figures of Merit

Next, in an effort to improve dege operation, mulinsulator CIM diodesare
examinedwith a range of thicknesses to further assie impact athe additional layers
on diode behavior. Each multiyer configuration exhibits different dominant conduction
mechanisms at various bias irags, so the diodEOMsare standardized for comparison
‘Yis takenat zero biago assess the tuelingresistance beforany turn-on occurs; 'is

evaluated at.5V to ensure turon voltages reached irll configurations

We see inFigure 4.8(a) that increasing total insulator thickness results in
exponentially higher resistance. This agrees with tunneling theory and is quantitatively

consistent with previous repoffg9, 86] For a given thickness, the number of individual

58



layers does noappreciably affect zerbias resistanceirece conduction occurs through
direct tunneling near zero bias. digh some deviation between configurations can be
attributed to the difference 203 andZrO: electron affinities causing differences in the
barier heights depending on insulator confgfion. Additionally, incorporating multiple
insulators significatly enhances asymmetry, regardless of thickiiEggire 4.8(b)). An
80-fold increase in asymmetry is seen for thex®CI*M structure, as reaches 320. The
turn-on voltage of this device is also even lowe0.@5V) than observed in the earlier
12 nm CI*M from Figure4.5.

a 10° 3
3 = 1layer (ALO;)
- @ 2layers (Al,O;-ZrO;)
10° = 3 layers (Al,05-Zr0,-Al,05)
1 ® 4layers (ALO,-2r0,-Al,05-2r0;) 4/4/414 nm
] e
& 10% e L
5 E AL DM 4330313 nm
= 10° *; SI“”" _______ § 6/6 nm
5—- E 4 nm
® 10% o
- nmI
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Figure 4.8. Figures of merit for CNT diodewith varying number of isulating layers
(alternatingAl 203 andZrQy). (a) Zerebias resstance,Y Tw and (b)asymmetryat 1.5V,

' (1.5V). Colored lines, indicating # insulator layers, provide a visual guide. Insets show
representative singlandquadinsulator energy band diagrams.

The low turron and high asymmetigre encouraging for use optical rectenna
It is expected that the &0ld increase in asymmetry tie CI*M will translate to 10100

timesincrease in rectenna conversion effidgnFor photorassisted tunneling, the open
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circuit voltage is particularly dependent upon the-tom voltage of the diode relative to
the photon energy of the incident rada. Therefore, the reduced tyom voltage of

~0.25V implies a broad wavelengtrange of rectification <gm is possible.

Before devicegan beoptimized for specifievavelenghs ofradiationthe electron
transport of the diode must be improved. Theamspve characterization of muitisulator
CIMs with various geometries enablestter designof the device towards specific
applications by selecting the insulator configurativat will give optimal performance in

the desired operating regime.

4.3.4 Capacitarte Measurement

As the electrical characteristics of these improved CNT dioddsaasestablished
for various thickness, the inclusion of multiple dielectric combinations brafgsit
guestions concerning the capacitancahefsenewfounddiode. Sharmaet al. reported
singlejunction capacitance as low as &K for 8 nm Al>0Os. For muti-insulatordiode
structursc apaci tance i s aff ect eodstamtAny differenbeitmat er |
capacitance between a device with a single layat 49z and multiple layers oAl.03 and

ZrO- will directly impact the RC coupling efficiency

Capacitance was determined for @ T/Al203/ZrOx/Al,0s/Zr0x(2/2/2/2nmYAg
diode The individwal diode capacitance was estimated by first measuriraytralldevice
capacitance with an Agilent E4980A LCR meter up thlHz and a.c. amplitude of
50 mVmms Since the device is composed of an array of CNT diodes acting in parallel, the
average junctio capacitance) , can be calculated based on the equivalent capacitance,

6l of a parallel network of diodes using the expression

6 B6 &6 06 . (4.2)
The total number of CNT diodes, is the product of the CNT number density €10
CNT/cn?) and the device are@ ( 0.076cn?). For theAl,03/ZrO./Al03/ZrO; device,
capacitance was measured in the rang&ta?.3 3.0nF. The capacitance per junction is

calculated a® * 3.5% 0.5aF (Figure4.9).
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Figure4.9. Junctioncapacitance) , of a8 nm CNT/AIO3-ZrO.-Al 203-ZrO./Ag diode.

4.4 Summary

CNT diode arrays have beelemonstrateditilizing multiple dielectric layers to
tailor and enhance tunneling. Theulti-insulator diodes boast improved performance
while retaining aistable meerials. The doubkbdarrier CI°’M devices exhibit B10 times
asymmetrymagnification relativedo an equivalent sing-barrier diodelt has also been
established thahcreasing the insulator layers improves asymmetry and nonlinearity with
minimal penalty to resistanc@he CI*M device, comprising muHiayer Al20s-ZrO,-
Al203-ZrO> structure displays outstanding asymmet100 with a turron voltage as low
as 0.25v. Thecombination of asymmetry and low tuom voltagemeet valuable requisites
for optical and IR rectification. Moving forward, this studgovides a foundation upon
which it is possible to further engingbese multinsulator CNT diode structures to attain

an efficient high frequency rectifier.
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CHAPTER 5. OPTICAL RECTIFICATION IN MULTI -

INSULATOR CNT RECTENNAS

This chapter marks the important evolution of the CNT rectenna by providing
demonstrations of optical reigation in air usingthe nonvolatile diodes developed in
Chapter 4Herein, optical tests amarried outwith the improvedCI?’M andCI*M diode
structuresand rectenna behavior is examined with respect to the diode profdeasésa
robust CI*M rectenna, possessing impressive reliability and measurement consistency,

facilitates a thorough examination of optical rectification across the visible spectrum.

5.1 Methods

CNT rectennas featuring several different miadtier CIM diode suctures are
testal for optical response. Fabrication details of the individual CNT diode structures
follow the methods outlined iChapter 4 To assess the relationship between diode
properties on optical rectification, diodésaturing combinations oAl.Oz-HfO> and
Al20s-ZrO, are chosen. Insulator thickness was also variezbtain differingvalues of
diode FOMs.

Optical characterization implemented monochromatic laser diodes connected to a
thermoelectrically cooled mountliorlabs TCLDM9).Lasers with wavelengths between
404nm (742THz, 3.07eV) and 1064 m (@282THz, 116eV) were passed through a
diffuser to praluce uniform illumination over the device and minimize potential
thermoelectric effectd.aser intensity up t® 200 mW/cn? was usell The typical
device area wa8 0.076¢n?. All electrical and optical measurements were carried out

in air at room temperate (depicted inFigure5.1). Device electrical characteristics were

¥ Incidentpowerand inensity will both beexpressedisingd , with areal units denotingntensiy
according tadevicenominalarea
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assesskahead of time t@onfirm reasonable diode characteristiosrk |17V curves were

recordecbetveenoptical measurements to verify diode consistency.

A\

diode laser collimator e iffUSEr
0 O / AT
condenser Device

Figure5.1. Optical test setup anghotogaph of device nder testing.

5.2 Demonstrated Air Stable Recffication

The CNT/AbOs-HfO2/Al structure marks the first demonstration of rectenna power
conversion in air using laser power on par with terrestrial solar intengts This
specific doubleinsulator AbOs-HfO> (4/4nm) diode configuration achievesgood
asymmetry! x 5, current density around OrBA/cn?, and peak diode responsivity of

3 A/W. The lowturn-on voltage(0.4 V) maintains high voltageespons.

Upon illuminationwith 638nm and 1064m lasersit 20 mW/cn?, devices exhibit
an increa® in forward currentand second quadrant power generation consistent with
optical rectification Figure5.2) [20, 74] To eliminate othesources of photgenerated
voltage, we tested for the thermoelectric effaising a device witli00nm fully opaque
top meta) and band gap effect §uing a device with no oxide layer) and observed no
measurable responsEhe measured opticaperncircuit voltage and shotircuit current
densityarew 111mV and’O 0.5¢ Acn?; we note thaithe & reported here is
approximately two ordersf magnitude higherHigure5.2(c)) in the visible and nedR
thanthe singleinsulator CNT/AbO3z/Ca device from Shenaet al [8]. Thethe opercircuit
voltage response is VM8W making these devices a possible candidate for photodetection.
In contrast, the previoulBNT/AI0Qs/Ca rectenashadcurrent density up to 2000A/cn?
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compared with-1 mA/cn? in the CNT/AI Os-HfO2/Al devices under similar illumination.
The reduced photocurrent can be linked to the highirvl dioderesistancewhich isdue

to the lowerwork function differencefrom Al (35 0.7 e\) in comparison toCa
(3B 2.1eV)[8]. Despitelower O, the substantial increase in photovoltage gives-a 10
fold increase irconversion efficiencyo 7x10° %. Most importantly, this structure is air

steble, whichrepresenta majoraccomplishment forectenna.

1.2

—o— 638 nm
—a— Dark

J (mA cm?)
o
~

J (mA cm™)

-0-4 T T T T T -1-0 T T
-10 -05 00 05 1.0 -20 -10 0 10

Voltage (V) Voltage (mV)

Figure 5.2. Optical rectification of visible light usingENT/Al.O3-HfO2 (4/4 nmYAl
rectenna device. (&) V characteristics show an increase inwfard current under 638m

illumination. (b) High resolutiorscandndicatingey and™O.

A comparabléAl 20s-HfO» diode with Agas thetop electrode was also tested. The
particular device only had x 2.7 and did not produce a measurable rectenna

photoresponse. This underscores importance of the diode asymmetry oectifier

ability.

5.2.1 Tuning the Multiinsulator CNT Diode for Efficient Rectification

Next, additional multlayer CIM diode structures were tested under illumination to
study the impact of diodeharacteristics on optical respons&. overview of the optida
responses, diode FOM, and the generating device structure is summaifiabteml. In
each case, conversion efficiency is calculated at the maximum power point (MPP) and
relative to the incident laser power, 0 @  F0 . First, it is apparenthat the—

scales with both asymmetry and current denSipecifically,thew is improved by orders

64



of magnitude with marginal increase'in Devices that incorporate more insulatordes
display progressively better asymmetsych thato nearly 100mV can be achieved with
aCI*M diode.On theotherhand, it is clear that device conductance is largely linkéiaeto
shortcircuit current responsivity, . The devices havina thick insulator displayed high
resistance from reduced tunneling probability. As a rgsultias less lessened at a rate o
about one decade for every 2.5 decade reduction in diode c@ferdursethese trends
neglect to account for the waeelgth and power dependence of the rectenna response.
Nonethelesghe resultgrovide useful qualitative insight into the effectdadde FOMSs for

which to motivateand guideadditional studyor Section5.3.

Table5.1. Response to illumination for various CNT rectenna structures studied in this
body of work.

Diode FOM llluminated Response
DeviceStructure ‘0 L _ § i ® -
(Afem?) () (hm)  (mWicrm?)  (Aw) (mV) (%)

CNT/AI204(8 nm)/Ca[8] 2 10 | 532 26 6.5x10°  -0.16  3x107
1064 92 7x10° -0.69 10%

AMLS 100 3x10°  -058  4x10°

CNT/Al,05-HfO4(4/4 nm)/Al [86] 8x104 5 638 20 2.5x10° 11 7x10°
1064 25 15x10° -5 1.6x10°

CNT/AI05-HfO(4/4 nm)/Ag 102 2.7 | 808 100 nla  nja nia
CNT/Al,05-ZrO; (4/8 nm)/Al 7x105 8 808 200 107 50 %107
CNT/AI203-ZrOz-Al 203-ZrOy(3 nmx4)/Al 103 60 450 30 1x10° .63 1.9x10°
CNT/AI203-ZrOx-Al 03-ZrOx(4 nmx4)/Al [87]| gx108  >100 404 5 1.0x10°® 67 1.6x10°®
450 5 1.2x10°  -81 2.5¢10°

532 5 16x10° -95 3.4x10°

638 5 1.5%10° -96 3.0¢10°

808 5 11x10%°  -75 1.6x10°

980 5 0.9x10° -60 1.3x10°

Overall, highest conversion efficienaghieved to date is 1.9x306 (_ 450nm,
30 mW/cn?) in aCNT/AI20s-ZrO2-Al03-ZrO; (3/3/3/3 nm)Al device. This device has a
great balance of x 60 while maintaining relatively high current density "@pw*
1 mWi/cn?.f x 10 uA/W is nearly comparable to the CNWAOs/Ca rectenna, except that

thew is improved byl00. With further maniglation of the tunneling structure to carefully
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boost current without sacrificing asymmetefficiencycould be raised even highé&fext,
a more meticulous study of optical reatétion will be performed to elucidate the spectral

and power dependencies cectenna performance.

5.3 Comprehensive Optical Rectification Study Using a Robust Quad-Insulator
CNT Diode

This section uses a highly robust i CI*“M diode structureto conduct a
meticulous investigation of rectification across thk visible spectrumThe structure is
composed 0fAl203-ZrOz-Al20s-ZrO; (4/4/4/4nm) insulator stack with Al capping
electrodgFigure5.3). Even though the thick insulatooncedes higtunnelingresistance
the remarkable stabilitgnd repeatability of this dielectric staclakes it attractive for a

muchneeded fundamental study of optical rectenna device physics.
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Top electiode oy | i)&zng:l_? eV TR,
T i— CIM Junction H T H
Xro,=2.7 eVi

4.3 eV

- Oxide coating

Carbon nanotubes

Ti/Al Bottom electrode | , L
= d” 16 nm >
SifSiO; substrate CNT Al

Figure5.3. (a)Schematiof theCI*M-based CNDpticalrectennaompiising CNT/AI ,0s-
ZrO2-Al>,03-ZrOz/Al and 16nm insulator(b) Energy band diagram of thiode.

5.3.1 DiodeliV Characteristics

Figure5.4 depictsthe measured darklectricalresponseof the rectena; this is
equivalent o the dioddiV characteristics. Th€I*M diode exhibits excellemtonlinearity
andasymmetrythat peaks around 24®w diode turron voltagearound0.3 V, and peak
responsivity of 6.1 A/W. These charactistics are suitable for optical rectification.
The zero biaseasistancds 10 q cn? is unusuallyhighd a consequence of the thick

insulator. Nonetheless, this possesses the other traits that are needed for comprehensive
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study ofoptical rectification. Namg, the structure has superior scan stability/ scans

are consistent, eveaver the course of several weeks exposed to air. Devices do not show
any hysteresis when performitigy scans in both directions. Lastly, sirtbe oxde isso

thick, devices carbe measuredver a relatively large bias range up to\£defore
exhibiting signs of dielectric breakdownhe measurable bias range will crucial in
subsequent chapters when these measurementsoarigined withtheory to predid

rectenna behavior.
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Figure5.4. Dark|i V characteristics for 16 n@I*M device. (a)iV curves showingevice
reproducibility (b-e) Diode figures of merit: (b) resistanc¥, (c) asymmetry” , (d)
noniinearity,” , and(e) responsivity .

The diode characteristics are a result of the advancedigsaldtor laminate
which has been described previoudiiglre 5.3(b)). The high asymmetry manifesas
comparatively low biasuk tostep tunnelingverthe shallow outeZrO, layer. The thick
potential barrier maintainslow reverse bias leakage currehtowever, this complex
structure also shows inadvertent reverse bias tunneling current@ast. This could
either be explairg by resonant tunneling, due to a quantum well forming in&ld@s-
sandwichedrO: layer (layer #2), or an ancillary reverse Istep tunneling through either

shortZrO barriers. Next, optical rectification will be demonstrated in this structure
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5.3.2 Optical RectificationMeasurements

Optical rectenna characterization is conducted with monochromatic lasers ranging
from_  404nm to 980nm. llluminatedli V curves for the CNWI203-ZrO2-Al 203-ZrO2
(4/4/414 nm)/Al are shown iRigure5.5. Incident laser intensity & mWi/cn? to keep the
response stable and minimize sample heating (discussed in Se&i@r). There is a
large increase in the forward bias current urtigmgillumination, as wellasa shft into

the second quadrantboth indicators of the rectification mechanism.
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Figure5.5. (a) Ii V curvesfor 5 mWi/cn? illumination betweerd04i 980 nm. (b) High
resolutionlV scans

The optical response kibits wavelength dependence, though the trend is not
monotonic with frequencyEven though the Al top electrode may exhibit wavelength
dependent transmissivity, attempts at accounting for thentiasi®n loss in the Al did not
clarify results, nor simply this trend. This is elaborated Bection5.3.22. For the
wavelengths that were tested, the peak power generation occurs 88%md. Open
circuit voltage iy~ 195mV and shorcircuit currentdensityis 'O 8.0nA/cn?. The
conversion efficiency at the maximum power point-is 3.4x10° %. Input power is
based upon the incident intensity and does not account for possible electrode transmission
lossesEfficiency is lower than the peak efficiency that was observed in a comparable
12nm CI*M diode {Table5.1). The power loss is expected to originate from the large
resistance of the thicker tunneling barrier, even thougand turron voltage are much

better.It must be noted thahe actual powethat is input to the CNTs is expected to be
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much less than the incident measured power. This is exploi@tapter 6 Despite the
low efficiency, voltage responsity at openRcircuit is] 250V/W, whichis the largest

responsivity that has beebserved in all measured CNT rectenna configurations

Figure5.6 makes it apparent that the photocurrent is proportional iotdesityof
the illumination The masured optical response is very stable in tivtk a rapid ON/OFF
switching that also supports rectification and not a transient photothermal phen®heena.
power dependence is due to lighatter interactions in the CNT antenna, where the
intensity of tke incoming radiation field increases the resulting a.c. optical source voltage

established over the antenna.
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Figure5.6. (a) ITV scans for varying laser intensity ( 638nm). (b) Time-dependent
shortcircuit current,O, response

Despite the low currenthe large photovoltages that can be achieved here make
this device a feasibleandidatefor photodetection technologie$his is illustrated by
estimatiry the detectivity as a figure of merit to classify fpleotodetector sensitivity
Specific detectivityis a normalized measurement that conveys how smalkigfnal that
can be detected, expressed as

50

o) (5.1)

,OV"V

where0 is nominal device area of 0.0¢67, and3'Qis the system bandwidtfOis the

noise currentlue to Johnson and shot noisgsen by
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0 — 00 3Q (5.2)

Q is the Boltzmann constarityis the absolutéeemperatureassume to be 300 here for

room temperature operatiol; is the diode resistancandQis electronic chargéround

zero bias Johnson thermadise dominatedtigure5.7(a) shows the estimated detectivity

as a function of wavelength. Thepeak detectivity is O% 4x10 cmHz¥3W for
532nm.This is still several orders of magnitude lower than cororakly available Si

photodetectors that operate in the visible spectrum. One promising advantage of the CNT

rectenna as a photodetector remains its promising temperature insensitivity, as observed by

Sharmaet al Also, because of the strong photocurrebhservedunder forward bias,

detectivityis at least 50@old higherif the CNT rectenngs operated as a biateetector

(Figure5.7(b)). The detectivity here is on the order of other detectors being researched for

a varety of novel visible and IR applicatiof®3, 89] If detectivity remains higlthrough

thelR spectrunthen the CNT rectenna could be a strong contendéRfeensing.

N w e
L i i o

D*x 107 (cm Hz"2 W)

400 500 600 700 800 900 1000 -1.0 -0.5 0.0 0.5 1.0
Wavelength (nm) Voltage (V)

Figure5.7. Specific detectivityO", as a function of (a) wavelength (OV) and (b) bias.

5.3.2.1 EvidenceRuling Out Thermoelectric Response

There is widespread concern that temperature gradients could induce thermal
voltages that may be misconstrued for rectificafitfh 90] Thissection providesvidence
to rule out thermabehavior An IR camera is used to capture the surface temperature rise

across the device under 180V laser concentrated at ffh? spot size.
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Despite this significantly highetaser intensity than optical measments
(2 W/cn?), there was only & C pemtare differentiabstablished acrogke device
(Figure5.8). This was reduced nearly to zero whetffuserwas implementedoreover,
the transient temperaturese under the laser heating is on ¢hneer of 110 s, illustrating

that the fast photoresponse seeRigure5.6(c) is likely not due to sample heating.

In principle, metallic CNTs should have ae8eebeck coefficiefif1]. Even if there
was a thermoelectric effect between any of the metal layers or the substrate, the observed
temperature difference would result imva seveal ordersof magnitudesmaller tharthe
measured optical respori®d]. The use of aiffuser throughouki V measurements further
mitigates any temperature gradient that might cause thermoelectric efi@etshus rule

out thernally-induced behavior ithe observed response.

Max: 274
Mi n : 2!

100 mW (638nm) |100 mW (638nm)
No diffuser Diffuser

Figure 5.8. Infrared images of therectenna device under 1@V illumination
(_ 638nm)showonly2 temperature ri se wasighifcadti r ect
temperature change under a diffuser.

5.3.2.2 Transparency of Top Electrode

The input powethat is experimentally measureides not casider reflectionor
transmission through the top melayer before passing into the CNT array for antenna
absorpion. Here weattempt to account for transmission loszes the effect on the internal

rectenna power conversion efficiendd0nm planar Alwas deposited omlass The
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transmittance was calculated for each available wavelength of laser by measuring the
transmittel power through the glass slide. Values were adjusted to account for the ~90
transmittance of the glass. ThesultingAl transmissionwasthereforeestimate in the

range ofli 6 % across the visible spectrum, showrFigure5.9(a).
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Figure5.9. (a) Spectraltransmissioni’Y as a function of photoenergy for 5Gm planar
Al. (b) Externalconversion efficiencys , based on measured incid@otver. (c) Internal
conversiorefficiencybased on the powéransmitedthrough the Al— - TV

To estimate the effect of eptral transmittance on rectenna conversion efficiency,

the conversion efficiency was calculated basedhennet transmitted power, giving the

internal power conversion efficiency of - TY.

Overall, accounting fofY improves the internal conkaion efficiency t02.3x10* % at
638nm.

However, we emphasize caurt when assuming correspondence between the
planar Al metal and metadoatedCNT forest. INChapter 6ve will see that accounting for
power losses througtnansmis®n in this way does not fully capture the discrepancy in
input power that is suggested by a model of phatsisted tunneling. It is suspedthat
the mesh of metadoated CNTs allows light to diffusely reflect and pass through the gaps
deepelinto thearray until ultimately bein@bsorbedy CNTSs. In this situation, the real

input power to the CNT rectenna juioms might be independent dhe Al metal
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transmittance. Therefore, to prevent erroneous calculations and provide consistent
efficiency metrics,CNT rectenna conversion will continue to be based upon the measured

external laser power that is incident ugba device.

5.4 Summary

This chapter hagprovided study of the CNT rectennaing improved, aistable
multi-insulator CIM diodesEviderce points tahe firstdemonstration obptical power
rectification in air, tahe best obur knowledgeThis is accompghed with a CNTAI 20s-
HfO./Al diode that demonstrates 7x10° %. A variety of CNT rectenna structures are
then tested to discern the effect of diode properties on rectified respitisately, a
maximum efficiency of 1.9x19% is measured in a higisymmetryCI*M rectenna. Tis
marksa 2Gfold improvemet (60-fold in the visible spectrumlative to the first rectenna
conceived by Sharmet al We can infer from device testing that efficiency can be further
improved by mitigating tunneling resistandespite the remarkablynproved rectenna
response,one outstanding issuwith the multiinsulator diodeis in the fabrication
variability. Deviations fromvariability in the insulator is further compoundég the
multiple layers. This has led to degréida during prolonged elegtal measurements that

limits the minimal thickness of the oxide layers during the present fabrication process.

Lastly, a stable 16 nr€l*M rectenna facilitates idepth optical measurements
across the visible spectrum. The deweveals a wavelengtiependent rectenna response.
Further clarification otthe wavelength dependericyalong with therole of power losses,
antennamechanismand a.cto-d.c. transmission loss&ss neededNext, these optical
measurements will be examahe light of photorassiseéd electron transport to baolen
our understanding of the fundamental rectification processes within these CNT devices.
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CHAPTER 6. MODELING PHOTON-ASSISTED TUNNELING IN

CNT RECTENNAS

Photonrassisted theoryPAT) theoryis usecdhereto modé theilluminated rectenna
behavior. The measuredark IV behavior is inserted intthe PAT equatiorio simulate
the rectenna response in relatiorthe correspondingxperimental optical measurements
described in Sectiob.3 The comparison of simulatisnto measurements allows to
better understand the rectification mechanism in the CNT deMme also elucidates loss
mechanisms such dke antennadiode coupling misiatch and provides guidance for

device improvements

6.1 Theory of PhotonAssisted Tunnding

We use the Tiefsordan approach oPAT described in Sectio.4.1to elucidae
the effect of optical illurmation in our rectenna device&s a review absorption of
incident light in the anteranproduces an opticalinduced a.c. signal, given irelation to

the incident power through

&) gy o . (6.1)
@ acts as an a.c. voltage source which establslvesresponding.a. voltage w , across
the diode Through PAT, adctrons can gain or lose energy in quantized multiples of the
incident photorenergy,w a1 ¥Q This is reflected asorresponding shifts the d.c.
1TV responsef the diode"O w . Thenet current produced througfie diode as a result of
photonassisted transport is the sum of all possible photon modulations, weigbedimgc
to the probability of an electron having a shiftéaf . The resulting PAT equation that

describes the netulminated current ithen

0@ 0] Om ik 8 (6.2)
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| — — is a measure of the a.c. field strengthielation to the photon energihe

key feature of the equati is thatO @ canbe calculated frorthe diode;O w . Since the

IV characteristics ofr CNT diodes have already been measured, we can estimate the
illuminated responsé.o use equatio(6.2) the a.c. diode voltaghas be calculated is
related tow according to thecoupling between thentenna and diodeomponents

described byhe equivalentectennacircuit (Section2.1.7). For an ideal, piemwise linear

diode,w ranges fromw tow [6, 74, 92]

There are severfilequency dependefdctors at play in this systenmcluding the
artenna performance, the diodec. characteristics an@sponse time, and the geriera
behavior of the metals and dielectrics at optical frequencies. As a consequence, we cannot
outright predicto andw for our system. Instead, any speculative frequency dependencies

that may occur will be combined, and we will consigedirectly.

The frequency dependemptical properties of the diode materiaén also cause a
considerabledeviation between the actual a.d.V characteristics of the diode with the
measured d.c. characteristi@&elkadiet al.[93] pointed ait that for the potential energy
barrier of a multinsulator MIIM stucture is altered at high frequencies due to optical
frequency dependent voltage division between the tunneling structure of both dielectric
layers. Thismanifests as a pronouncedly difént tunneling current for the diode under
a.c. than for d.cThis is brought upin Section6.3.2whereuponwe modelthe rectenna
regponse at high biagn general, sce the real optical frequeya.c. diode characteristics

camot feasibly be measured, the PAibdelmust rely on the d.c. diodeeasurements

6.2 Methods of Simulating Photon-Assisted Tunneling

The illuminated responseof the CNTrectenna devicés simulated by modeling
PAT theoryin MATLAB. The developed model isitially verified in relation to other
reportedPAT simulationsusinganideal diodg(Appendix Q.

Since this chpter is focused oralidatingthe PAT mechanism in the CNT rectenna

and advancing oufundamental unerstanding of déce operation, simulations are
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compared totte illuminatedi V curves from the rigorously measured a6 CI*M device.
Briefly, the darkii V characteristics of the diode froRigure5.4 are usedo calculate the

optical respons&hile & is determined by fitting the theory to measured optical scans

Since our diode can only be measured up t¥ #&xtrapolation is required in order
to useequation(6.2) to a high orderof terms. For instanceat a photon energy of
@ 3.5eV, taking the PAT summation out to the second order reqliPe®
extrapolated to a window of at leasto +7V. Indeed, we extrapolate ouiV
charcteristics by separately fitgnthe positive and negjve currents to the Simmons
tunneling guation for high bias regim¢45]. At low bias, thdiV curves are interpolated
with a high order polynomial since the Simmons equation does not match our
measuremenitsver the entirdiaswindow. Figure6.1 shows theextrapolatedO & curve
alongside the measureadV. An analysis of the error associated with this extrapolation
relation to the truncation error from approximating the infinite sum was conducted. This is
presented irfSedion 6.2.2in order to verify the efficacy of the PAT mod#&le calculate
"O w from equation(6.2) with the summation approximatéal the highest order that the

extrapolated scan window permits based on photon energy (>2).

Extrapolation

 —
Extrapolation

Current Density (1A cm™)
o

Figure 6.1. Extrapolation of the diodéiV to high bias to facilitate photeassisted
tunneling

For the PAT simulations to accurately predict the response of our CNT rectenna
devicesw has to be known to determide. However, we do not have a relialestimate
of the precise power that is absorbed in the antenna (transmission uncertajntyoetio

we have direct measurements of the antenna resist@rerefore, we will use owaxisting
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opticallT V measurement@igure5.5) to which the PATmodelcan bsfit to determinew

at each wavelength afvailable scawnlata.Fitting of equation(6.2) to our measuikscans

of Ow is performed usinghe LevenbergMarquardt algorithm for nonlinear least
squares fittingWe will seethat this approach is useful in gathering evidence that helps us
better understand the CNT nanoantenna operation in this rectenna, as well as the diode RC
response timerigure6.2 shows a process flow diagram of the procedure tesedtimate

the unknown PAT parameters. The known di@lev characteristics are inserted into the

PAT equationalong with an initial guess fab to calculateO w . Then this estimated

"'Ow is compared to measured scasfscorrespondingvavelength The Levenberg

Marquardt algorithmcalculates new parameter values and the process repeats until

Guess initial unknown
params., e.g. V4, Ry, Py,
Vo = f(Va)

/nput Ip(V) data and / PAT equation

knowns, V. etc. / IFmV) = B2V, /Von) 1n(V + Vi)

Compare 5™ (V) New parameter
Input measured data
data for 1, (V) and I (V) to values calculated
t find residuals by LM

A

Convergence
achieved?
Levenberg-Marquardt

convergence iseached.

yes Algorithm
Final estimated | Output
parameters, e.g. V, simulated I, (V)

Figure6.2. Flowchart of method used to determine the rectenna illuminated cli@rent,
using the Levenberlylarquadt fitting algorithm.

It also must be pointed out that can vary with bias depending on whether the
rectenna is assumed to have constant a.c. power delivered through the diode when the load
is changed or whether the a.c. voltageh&dd fixed. In practical operation rectennas
function under constant power mosdimce the power delivered by the incident light is
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fixed. In such a casé¢ nonlinear resistance of the diode causds change as a function
of the applied biasThe equations and @cedure that cover how to determine w is

covered in Sectiof.2.1

For simplicity, first attempts at simulating the PAT behavior asswme w is a
constant with respect to bias. However, we will see thaeraocurate corlation to the
measured optical responisegained byactuallyassumingo @  via constant power
operation. In this casd) w is found through iteration based on the procedure outlined in
Section6.2.1

6.2.1 Constant a.c. Power Operation

There are two conditions for PAT theory that must be considered when treating the
equivalent circuit rectenna model. The first is for constant a.c. voltage operation,
whereuponw © @ is a constant withespect to applied bias. The second, alternative
condition is the assumption of constant a.c. power being provided to the diode. This latter
mode is more practical to physical device operation. Under the assumption of constant a.c.

power, the a.c. diode vtdge is found from the rectenna equivalgintuit modelthrough

Ww 0o OwY. (6.3)
‘O is the higher ordera.c. harmonis that are dropped during the derivation &AT,

calculated by

0 & O] 0 | 0 | 06 td . (6.4)

To demonstrate the different results from these two modes of operation, we examine the

simulated response by modeling PAT under both congtaand constand conditions.

6.2.2 Error Analysis

First, we assess the errogsultingfrom truncating thenfinite sum of thePAT
equation. Equatio(2.27) implies thatO w is found from nodulating the darki Vby ¢

multiples of @ then weighting successive contributions with the Bessel function of
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corresponding order. When the argument for the Bessel function is small)d as is

the case for our devicéssted at optical frequensiie thend | monotonially decreases.
However, there is a tradealtie to limited device bias range over which our devices are
stable.For the device examined here that range3i¥ before device breakdown; outside

of that rangePAT simulationof highfrequency light warrantdiodeextrapolation

We are thereformterestedn evaluatinghe effect oto onthe minimum number
termsneededo maintain low truncation error and to determine how mexthapolating
'O w (Figure6.1) affectsthe predictedO w . Within the PAT model, relative error fdne
¢ termis calculatedhrough
K Q G L] Otw 0 tw
G G

This expression counts contributions from both and ¢ for simplicity. The

T € (6.5)

following analysis of errof, is analyzed at ¥ bias for referenced T  90mV, is

used, asletermined barlier fit toexperimentalllumination data.

Figure6.3 shows thaa summation up to%ordertermsis sufficient to guarantee
relative erroffi 1% down tow 0.1eV. This required numbeof terms drops at
higher frequencies as the photon energy is more dominated by quantum regime of rectenna
operation. Still, lgher photon energy causes large shifts in the modulated diode current,
this inevitably exceeds the range of measurdiideli V. As depicted in the figurdpr
@ 1.5eV an error undet % is guaranteedavithin the +3V device rangeHowever,
largerphoton energy requires extrapolation of khe curves. At this point, it is necessary
to balance the error introduced from truncating higher order terms with the uncertainty
introduced from utilizing extrapolatddV behavior. For instance, et  3.5eV,&¢ 2
is needed to achieve minimilative error below 1 %, hence requiring extrapolation to
7V bias If the real diode tunneling current significantly deviates from our extrapolated
estimation at such high bias, then the error may be severdifgiheér thanl %. Until
devices capable of stable aseirement over a larger range are realized, the PAT model that
uses real diod# V characteristics should be used with appropriate caution. In this case,

photon energies surpassing &\ should be takeniti increasing scrutiny.
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Figure6.3. Relative erroiin "O Ty from successive terms of tRAT equation, plotted as
a function of the diode energy shiftw . The gray regiormarks when the diode

modulation uses the extrapolated portion ofdhek|i V.

6.3 Simulation Resultsand Comparisonto Measurements

The simulated PAT response for 638 (1.9} eV) light is presented iRigure6.4
in comparison with measured data. Fitting for the a.c. diode valtaggally assumed to
be a constadt givesw 68 mV (Figure6.4(a)). It follows that| 0.035 which is the
guantum regime. The simulatétV curve exhibits theeduction in zerdias resistance
that is expectefbr a semiclassical rectenf]. Still, the model does not fit the slope of

the measured data well, and this deviation becomes even more pronounced at higher bias.

By adjustingthemodelto operate on the principle of constant a.c. power instead of
constam® , and hencefortBolving for bias dependemd w through equationgs.3) and
(6.4), we now seeexcellent agreement between illuminatéd/ scans and the PAT
prediction Figure6.4(b)). In thesamecase of_ 638nm, a.c. diode voltagevaries
steadily fromeo mw 81mVtow w 58mV at thew 796 mV. Thisprovides
important evidence that our CNT rectennas operate @anc@stant power condition rather
than constanto, and highlights the importance of timapedancein designing to an

intended operating point for optimal power transfer.
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Figure6.4. 1i V curves for measuredata (markers) a=638nm and0 5 mW/cn?
compared toPAT simulationsfor (a) constant a.c. voltage mode of operatzoa (b)
constant a.c. power mode

6.3.1 Frequency Dependeac

Next, PATis simulated over a range of frequencies to investigatethe photon
energyand input power affect the optical resporiSiest, 1 is determined byfitting
the model individually to the ITV data of each available wavelength. Based on the

implications fromFigure6.4, constant a.cpower operatiowas assumed.

Figure 6.5(a) shows the dependence ®f with frequency.From Figure 6.5(a), a
linear trend oo @ is observed up until.2V, decreasing thereafter. We suppose that
this dependency is the result of antenna frequency dependence and diode cutoff. The initial
increase can be understood from the standpoint of the CNT antennaParoaywork
assumedyx 100q for the CNT mnoantennaconsistent with the literatul8, 9, 16, 24,
94]. Unlike bowtie antennad 1, 23, 25, 95]the CNT geometry is likely to function as a
dipole antennasuch thatY is affected by thérequency As discussed in Sectidgh?2, the
radiatonresistance of a dipole classically related to frequgnby'Y 7 © 7 [41]. Our
definition of w in equation(6.1) therein suggests that togtical dipole antenna voltage

scalesapproximatelfineaty with frequency
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Figure6.5. Frequency dependenceat.diode voltagegw , determined by fitting the PAT
modelto opticalliV scansin either fixedw (open markers) oo (V) (closed markers).
Inset represent® w for 532nm.

We also postlate thathe diminishingo athigherfrequenciesrises fromantenna
diode coupling lossAs shown earlier irChapter 2there is coupling efficiency beeen
the antenna and diodeased on the impedance match and the RC response time of the
diode In this case westimate’Y L 'Y . It canthenbe shown thaty is related tow
through
W T

v s T @1 °- i (6.6)

w ]

Equation(6.6) conveysthato 1 * w1 for] 1 ,which means that the diode voltage
is dominated by antenna behavior. It is noted that the frequency dependence attributed to

the antenna also plays@le in— . In the case o& dipole withY 7 © 7 | the cutoff

frequency that shows up+1 isnow| ] 5 Now the frequency dependence

can be extracteffom 'Y by introducing an equivalent cutoff frequenty’, such that
1] 1% I . By expressing W this way, it retains the appropriate units and is

necessarily independent of frequeney. then becomes

b
' 6.7
o L &7

J—
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This expression resembles the form of equafiol?), giving— 1 ] W _ at the

cutoff. The effect that the frequency dependent antenna has ois now clear via this
equivalentcutoff frequency. The implication is that , and hereforew , falls off much

more sharplyith frequency above the cutdfianwould a constant antenna model

Figure 6.6 shows equation(6.6) in relation to the values otw 7 that were
determinedy earlierfitting of optical measurement¥he model foro matches well with
data in the optical range. This providesivincing ewdenceof dipole behavior in the CNT
nan@antennaslt is observed that at frequencibslow 2eV, w is dominated by the
frequency dependent anterswurcevoltage. The drop i afterwards marks the regime
for RC roll off. From the data, we can infan equivalent cutoff frequency of
1 W% 785THz (3.25eV, 382nm), denotinghe point in which %2 of the power is delivered

from the antenna tthe diode.
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' 2 3 4
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Figure6.6. w w is predicted using equatidf.6) in relation to values determined from
the data— plays a role foro > 2 eV. Cutoff frequency is estimated]a¥ 3.25 eV.

Now that we have a modelaf 7  across the entire optical range, we can simulate
the PAT as dunction of the photon energy using the curve frieigure6.6. The resulting
@ and'O are depicted irFigure6.7. The PAT model has a maximum andO
occurringaround2.2eV (563nm). Becausew 1 was based upon actual illuminated

tests, the simulated curve expectedly matches with theodaits forw and™O.
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Figure6.7. Compaison of PAT theory and measured (a) stoircuit currentfO and (b)
opencircuit voltage w . The dashed line shows the PAT model with wavelength
independenty (using thew at 808nm as an arbitrary reference).

It is also worthnoting that the if the assumption for wavelendépendento was
not madethen PAT would instead predict a peak in the rectenna respoagging in the
IRG around 0.8 eV (155Am)3d with the photoresponse decreasing into the visibleneg
The CI*M diode exhibits a secondary tuon in the reverse bias direction which weakens
the asymmetry, thereby reducing the net rectified photocurrent. The blot}mffrom the
dark IV scans inFigure5.4 reveals that the peak asymnyeticcurs around ~0.
Consequently, for incident light composed of photons with energy aboe¥/Qhoton
assisted electrons are rectified with diminishing efficiently. This observation underscores
the importance of theiade 1TV characteristics; in th case, a better rectenna can be

realized by eliminating this unfavorable reverse bias current.

Because of th&requencydependencef w , the photoresponse is shifted to higher
photon energy. Indeed, the impact that  has on the systeis apparent througthe

wavelengthdependent conversion efficienshownin Figure 6.8. The peak predicted

84



efficiency is— 3.2x10° %, occurring a.2eV (_ 564nm). This is fortunate for the

potential use as a solar cell, as the majority of solar energy occurs falls belom800

As established earlier, the drop in efficiency at higher frequencies is dueR€the
cutoff in the diode- , which was evaluateth Figure6.6, is displayed atop the plot ef
to illustrate this poirdt when the frequency of illumination excead¥ antennadiode
coupling efficiencydeteriorates, kding to poor power transfer and an ultimate dindpe
rectenna photoresponges such, thesolution to improve the regind efficient operation
is striving to shift thecutoff frequency higher; this can be accomplished by lowering the
diode capacitanc&urtheranalysis and interpretation of tefficiency loss mechanisthat

have beemprefacedherewill be covered at the end of the chapter in Sedidn
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Figure 6.8. Conversion efficiency- versus incident photon energy. The RC cutoff
efficiency— is also shown to exemplify its effect on power conversion.

6.3.2 Simulations oDptical Behavior at High Bias

Here we exploréhe PATsimulated optical response high bias (that is at biases
appoaching the measured limits)n Figure 6.9 the simulatedliV (_ 638nm)
completely faisto matchthe measured optical response abwve 0.2V. Considering the
guarium regime approximation ¢fAT for| L 1, the illuminated behavior far from zero
bias approache® wl m 0 | Ow astk s | L p © 1 Hence, thesubstantial

increase in illuminated forwadias current around \L is greatly underpredicted due to
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‘O w . The PAT model thus fails to explain why such a significant enhancement in the

forward currents observedinder illumination.
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Figure 6.9. Simulated rectenneesponse over a large bias ramgetlV (_ 638 nm).
(Inset)second quadrant power generatiBAT drastically underpredicts the illuminated
current~1V.

There areseveral hypotheses for the deviation from the mdeledt, this may be
attributed toan eroneousness in the extrapolated section ekl V at such high bias
against the real diode curve (if, of coyrdes could be measured without reaching oxide
breakdown).

Alternatively, it is very likely that théigh-frequency properties of the die .e.
the dielectric layersjause the real.c.I'V ('O ) characteristics to deviate significantly
from the measurable d.c. behavior w . The incorrect correspondence between d.c. and
optical frequency rectifier characteristics was pointed out by Belkadi [93]. They
discussed that theopential drops across the tunneling barrggecifically for a muld
insulator MIM, are governed by resistance voltage division at d.c. and capacitive voltage
division at a.c. frquenciegFigure 6.10(a)). Hence d.c. characterigts alone cannot be
used to predict the opatfrequency response. This finding is particularly critical for our
CI*M diode, suggesting that the PAT model is not suited for gredithe optical response

at high bias when the deviatibetweeriO w and’O & becomes signifiaat.

In lieu of more rigorous treatment of the impedahased voltage division that

requires modeling th& V tunneling characteristicfrom first principles, we estimate the
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effect of'O @ on PAT pediction by applying a simple scaling@ ® . Themeasured
‘O w curve is scalethy a fixed value of suchthatO w [ JO w. Thisis a very
rough, first order approximation analogous to the asee tunaling probality from that
would result fromchanging the tunneling barri€® « is theninserted into the PAT
equation and using the same wavelength parameterfoas, figed toexperimentalO w
curvesto determing . In the casef the data showhere thebestfit valuewas/  3.1.
Figure6.10(b) shows that scaling the diode behaverensimply scaling by aonstant
factor, significantly improved the agreement between the gis behavior bthe PAT
simulation and the measured optical responi$eis worth emphasizing that this
approximation is primarily to demonstrate one possible explanation as to the deviation in
the PAT nodel at high biasThis initial agreemenalludes to a discrepancypetween he
CI*M measured d.c. characteristics andregpondinga.c.tunneling behavior that could
primarily be based on optical frequency material properiiBs is an interestingesut
that merits validation and further study.
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Figure6.10. (a) Discrepacy between MIIM d.c. and a.ti.V characteristics. Adapted with
permission fronj93]. (b) Simulatedrectenna response assuming the high frequeioce d
currentis scaled by a constant 3.1

6.3.3 Dependene on lllumination Power

Next, the effect of light intensity orectennaesponsés investigated by simulating
PAT through a range of incident laspowers according to equatiof®.1). Fitting
pamameters that wer@etermined earlier were implemented Here_  638nm (1.94eV).

For estimating the PAT response over a range of incident powets, was inserted into
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equation(6.1), taking advantagef ¢he relatiorto @ © @ € 0 7 and using a sigle fitted

measurement as a baselfr@m which to scale thmtensity.

Figure6.11 shows™O andw at 638nm. There is excellent agreent between
measurements and thepgven though only a singleeasurement was used to calibrate
w . Since the input powetdrives the optical voltage, greater laser intensity increases the
rectified power generated in the second quadrant. The liepandence betweéd and
incident power shown ikigure6.11(a) further supports optical rectification, owing to the
fact that rectified current should be proportional to power delivered to the[d®jdd his
is also consistent il the enhaced photocurrent we observedFigure8.4(c) [20]. The
shortcircuit current response is 1LB/W. w» approximately depends upon the square root

of incident powerThis w relationship heuristicallgcales with the antenna voltage,®

0 7 . In other words, higher light intensity results merieased field strength which drives

an increased photovoltage.
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Figure6.11. Laser power dependence on'@)and (b)w for_ 638nm. Comparison
of experimental data versus the PAibdel
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For the simulated photoresponsesidiga in Figure6.11 the input power that is
displayed is actually the used for the PAT model butaled up by a factor of 87 in order
to coincide with the measured data. This is based on assi¥ning.00q . However,
fact that the model predicts the same optical response with a nearly two orders of magnitude
lower input power than we experimenyatheasure suggests that the assumptiorivfor
could be incorrect. Otherwise, the deviation indaied and experimental input powers
can be explained through several loss mechanisms that are not accounted for in the present
model. In other words, we mayfer that a significant portion of the measured laser power

is being in the various componentsloé device before contributing to PAT.

First, imperfect transmission through the top Al electrode could significantly lower
the actual power that asvaileble for absorption byhe CNTnhanoantenas as exploredn
Section5.3.2.2 The transmittance of 50 nm planar AI'% 6 % with slight wavelength
dependenceF{gure5.9). This does not fully account for the estimated power loss. It might
also bemisleadingto portray transmisen lossedrom a planar metal layer to our metal
coated CNT forest. The metal layer on top of the array creates a metal mesh that likely
allowslight to be reflectedff metalcoated CNT and deepiato the forestin this scenario

the actual effective tresmittance to the CNTs could be much greater thén 6

Second, inefficienciesould bepresent in the antenna compondmisses could
incur from antenna radiation efficiency, antenna propagation loss, or the coherence of the
light. These loss mechanismeeadifficult to quantify hereput could have extensively

adverse effects aimedevice performance.

Based on PAT, efficiency can bepnoved by optimizing the diode voltage under
constant a.c. power. This requires tuning the tiavko affect the semiaksical resistance.
Engineering the diodd V is perhaps the most direct route to better rectenna efficiency.
Maximizing the diode conduivity generally leads to better response across the board.
However, thinning the tunneling barrier to reduce diodéstasce similarly increases
leakage currenf86]. Additionally, the effect of Hinner insulator o capacitance and
therefore the cutoff frequency cannot be neglected. Instead, implementuig-ansulator
laminate is a route to achieve high asymmetry with low-turwoltage96]. Suppressing

the reverse bias current is important to minimize loss at high photon energgas/tes
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turnon erables efficient operation at lower photon energy, particularly when incident
intensity is lowenough to maintain quantum operation. Choosing electrodes that are more
transparent yet conductive remains essential to mitigate optical and pbwer losses.

Lastly, better understanding of the CNT array as antenna elements is needed to optimize

the opical voltage through antenna efficiency and radiation resistance.

6.4 Analysis of Efficiency Limitations

The totalrectenngower conversion efficiecy,—, is determinedyy several discrete
factors affecting the systerie identify four primary loss mechanisrthat impact, be

representetielowasthe product of these factors:

Y- - - (6.8)

1 7Y is the wavelengtdependent transmission of the light through the upper

material layers and into the CNT antenna array for absorption.

1 - s the efficiency of the antenna. For simplicity, includes the radition
collection efficiency of coupling thimcident light to the antenna as well as the
propagation of the received power to the antenna junction. The former is
governed by the radiative properties of the antenna, such as bandwidth, as well
as the cohere® of the light source. The latter is affed by losses in the
antenna, especially at high frequencies. This radiation efficiency from an

imperfect conductor is

1 — isthe coupling efficiency of a.c. power transferred from the antenna to the
diode.This takes into account the impedances between the components as well
as the response time of the diodehte particular a.c. frequency.

1 — s the efficiency of the diode in rectifying the a.c. signal into d.c. power.
— isrelated to the curng responsivity of the diodg, -"OX'Q which also

describes the ratio between the. current produced by the diode and the a.c.

power into the diode. Accordingly, the efficiency of the diode is proportional
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tof by— © I @ . Importantly, the responsivity of the diode during
optical rectification is governed/tihe semiclassical value, , when operating
in the quantum regime. This involves calculating by finite difference

differentiation and applying photeassistedunneling theory35].

Presentedn Section2.1.1 the smalsignal equivalent circuit for the rectenna
showsthat— , the coupling efficiency between the antenna and diode elenoantde
separated into two terms that describe the antdiote impedace matching and the

cutoff frequency of the diode:

Y'Y 6.9

B YOY (6.9)
R

- 6.10

0 11_ (6.10)

As mentionedin SectionChapter 6 there is an additionalrequengy dependene to

equation(6.10) on bénalf of theantennawhich manifests through 7 The

5
implication is that the-  falls off at a steeper rate once the frequency of operegamhes

the cutoff regimelt can be inferred from equatidf.8) that the actual power received by

the diode is that which remains after the incident radiation experiences losses from
transmission into the antenna array, antenna radiation effects, acoutilimg from the

~
5

antenna to the diodé: Y- — 0

In this section, the efficiency limits of the CNT rectennexiplored The model of
PAT developed earlier is assessed with hypothetical adjustments to the dioderitoo

guide futureCNT rectenna device improvements.

6.4.1 Impact of Nonideal Diodd V Characteristics

Here we examine the effects of diode ideality on power conver$iéad.
simulations are generated using the same parameterd faf)i as determined in

SectionChapter 6 The 'O w that areinserted intoequation(6.3) are based upon the
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original CI*“M 17V scan, busystematically modifietb study the effect of (1) reverse bias

leakage and (2) diode conductiviy power conversion.

The 16nm CI*M diode exhibits a reverse biagn-onaroundi 0.8V. This leakage
curren® and the associated reduction in tunneling asymrmetmanifests aprogressively
weakerrectifying ability forincidentphotonshavingenergy abovéhisturn-onvoltage As
observed irFigure6.12, there is a distinct improvement in rectified power as a result of
suppressing this reverse bias currdiie photon energy at which peak efficiency occurs
is shifted slightly from2.3 to 2.5eV. Hence, efficiency can be doubled to 628 by

appropriate engineering of the tunneling barrier so as to reduce the leakage current.
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Figure 6.12. Effect of diodereversebias Inset shows d&rliV scans used for PAT
simulations for present device and diode with suppressed reverse bias leakage current.

Next, the relationship between diode condutst and rectification is assessed.
PAT is modeled using the idealized diode (having negligibékdge current) and
systematically scalinggach™O w to higher currentsFigure 6.13 shows conversion
efficiency as a function of diode conductivity (via/Icurrent) for_ 532nm (2.3eV).
We find that— increases by abod0x for every corresponding f6ld reduction in diode
resistance. This rise #acan be attribud to increasing photocurrent responsivity(ass
observed to be proportional to the diode conductivity. The implication isdtiastic
improvematsin — can be attained by mitigating the diode resistahbis underscores the
importance of a thimunneling barrier on enhancing impedance match. Practical levels of

rectified power can be attained with proper development oEtd diode.
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Figure6.13. Effect of diodeconductivityon conversion efficiency anghotoresponsivity
(_ 532 nn). Inset displays the darkiV scans used to simulate the PAT with
progressively scaled conductivity.

6.4.2 Impact of Ctoff Frequency

Lastly, we analyze the impact of the rectifier response time on poaverecsion.
Frequencydependentrectification is simulated usingthe expression forw oh
established irsection6.3.1, while incorpoating a variable cutofifequency As expected,
— increases monotonically with% (Figure6.14). In the case of the measured didiié,
efficiency gradually tapers off with higher cutofefuency, whereas the relationsisp
linear fora diode with no reverse current. The frequency at whiekximum efficiency
occurs is alsgroportional to W, which isan expectedresult so longas we are able to
maintain the assumption that the frequenmesponse of the antenna ischanged.
Additional testingis needed to better understand the limits to the high frequency CNT
nanoantenna behavior. If we desire the rectenmgeoate in the visible region (down to
~400nm) then visiblespectrum conversi efficiency of 8.2x18 % is predicted for
1% 1PHz (4eV).
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Figure6.14. Peaksimulated conversioefficiency as a function of diode cutoff frequency
for (a) nonideal darkiV scan and (b) idealized diode with suppressed leakage current,
from Figure6.12. The upper anels show the photon energy at which the peak occurs. Stars
indicate existing estimated cutoff frequerigy” 3.25eV.

6.4.3 Implications

The analysis oéfficiency limitationsarising fromthe CNT diodeand in light of
PAT theory indicates that rectennangersion can be enhanced through various
modifications of the dioddJnder the right circumstana@sa good diode with excellent
asymmetry, a lourn-onvoltage, and higlsonductivity matched to the antesd we find
that— canreach 0.26. Since this analys does not explore improvements to other aspects
of the rectenna such as maximizing electrode transparency and CNT light absorption,
antenna radiation efficiency, and residual ohmic losses incurred throughout the, devic
even further efficiency could begsible.

The greatest progression of efficiency comes from increasing diode current. This
can be achieved by engineering the diode structure with thinner barrier layers to leverage
the exponential relationship with toeling resistance. Attaining high ifency will still
be a challenge on account of conflicting properties. For instance, lowering diode resistance
to enhance the impedance match will eventually have a deleterious effect via the cutoff
frequency sincé © ‘Q . Fabrication challenges also arise when the insulator is made too

thin, as has been discussed througl@udpter 31t has been observed that capaoie
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plays a more subdued role on efficiencyntiiéode resistance. Therefore, some increase in

capacitance is permissitdspecially if the application does not call for a high cutoff point.

6.5 Summary

In light of illumination measurementamodel of PAT heory has been developed
to elucidate the rectifation mechanism iarobust and high performan&*M diode The
simulatedli V curvesare in excellent agreement with optical measurements. Simulated
behavior across the full optical spectrumderscore$requencydependent mechanisms
that are proposedsanrtifacts ospectral antenna dependence or limited device bandwidth
associated with an optical cutoff frequency. In the case of cinamftiency we estimate
1 x 780THz (3.25eV, 381nm). We usethe model to assessfficiency limits and
prioritize areas of improvement for future generations of devidewering device
resistance directly translates to efficiency, while lowering capacitance through the

dielectric thickness andwill shift the operatg regime to higher frequencies.

Questionsstill remain after these optical rectification resufigtther refinement of
the rectenna model is needed to understand and accurately depict operation of the CNT
antenna at optical frequencies and any frequelependence thereiAddition evidence
proving tre CNT optical antenna behavior nigserited This includessubstantiatinghe
antenna lengteffect, which is difficult to accurately control due to fabrication limitations
that createsignificant nonuniformig in the CNT lengths over large arraysgiditiond new
materials should also be explored in order to achieve the enhanced device properties
suggested during the PAT efficiency analySgpecial interest is directed to exploring
better top electrode matdgawhich could offer improved optical transpargnand
conductivity.Several of thesssuesarebeing addressed presentiyough a modification
of the CNT device constructidna planar structure that offers potential for better control
of the CNT array anensions, and allows for more diverse materiat®iporation. This

novel concept ipresented itChapter 8
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CHAPTER 7. BROADBAND OPTICAL RECTIFICATION

7.1 Motivation

Researchers have theorized that rectenna power conversion efficiency for
monochromatic light can approachanky 100%, while for multispectral solar conversion
44 % is possible at terrestrial intensjg}. The present optica&lonversion efficiency ahe
CNT rectenna stilremainslow at around10® % for monochromatic frequencigg6].
Moreover, for broadband solar and thermal applications a rectfrogd becapable of
efficiently rectifying multispectral radiation. Thudjig chapterseeksto progessour
understanding of the broadband optical conversion mechanism in CNehnastby
exploring dichromatic photoresponsihe response of the CNT rectenna is examined

under dualWwavelength illumination and moads usingdichromatic PAT theory.

7.2 Dual-Wavelength Rectification

7.2.1 Dichromatic Photon Assisted Tunneling Theory

To further uwnderstand the rectification mechanism of the solar spectrum, we
consider the photeassisted transport of electrons simultaneously illuminated by two
frequencies, and .The timedependent voltage across the diode junction is expanded
from the arlier monochromatic model to include the two discrete a.c. voltage terms:
0 6 w wAT1VO6 w AT 0 0. Based a the Tien Gordompproab and the
description by Tuckef73, 78] equation6.2) can be extended to model PAT of
dichromatic illumination by5]

' Qo 9| 9|

O ’ ’ Cw ¢— d— 7.1
u:ﬂu:ﬂ oos,Qa,Q (7.2
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In equation(7.1) the current is now subjected to sitameous emission and
absaption of photons at both energies, ando] . Interestingly, this give rise to
potential frequency mixing. Under dichromatillumination we can get current
contributions that are shifted by either the sum or differancenergy states: e.g.

ol 1 , rather than sole integer multiples as the case for monochrdightic

The other implication of the expanded dichromatic RgUliation is the introduction
of a second a.c. voltage. Now both andw must be found. In ik dichromatic analysis,
we will determinedy andw separatelyffrom fitting of monochromatic measurements

and then combine them in equati@iil) to model the dichromatic behavior.

7.2.2 Methods

This study of dichromtic rectenna response will include illumination
measurements in combination wile model for PAT theory. The deviisthe sameguad
insulator structure studied iChapter 5 CNT/Al203-ZrO2-Al 203-ZrO2 (4/4/4/4nm)/Al.
Dark 1TV scans are depicted iRigure 7.1(a). Devices exhibit repeatablgV scans

(Keithley 2450) and exhibit good nonlinearify, 100, and low turfon voltage ~0.3 V.

laser #1

\

—_
<é collimator

- laser #2 I

"GC: 104—080 nm 1 "= | - dichroic

= | [IN beam splitter
=]

Q condenser

focusing
L lens

T PRI B
-05 -025 0 025 05

-20 Liw

Voltage (V)

Figure7.1. (a) DarkliV curve of the diode. (pchematic of thexperimentakeup. The
sampleis irradiated withone of three interchangeable, variable powlerde lases
(404nm, 638 nm, 980 nm) along with532 nm laser.
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The experimental setup for optical testing is depictedrigure 7.1(b). Duat
wavelength measurements are performed with a Scorpius 532 nnfldsser#) along
with one of three interchangeable diode lasers (B2ed04 nm, 638 nm, or 980 nm).
Preliminary monochromatiti V measurements were taken by each laser as adanati
incident powerDichromatic experiments were conducted by combining botidadeand
#2 through avavelengthsuitabledichroic beam splittefThorlabsDMLP567for long-pass
filtering or DMSP505for shortpassfiltering). In a typicaldichromaticmeasurement, the

power of laser Zwas varied (Thorlabs LDC24¢bntrolle) while thepower of the 532m
laser remained fixed.

In simulating the dichromatic PAT behavior, we first determine the value fofr
each wavelength, as conducteddhaper 5 The monochromatic PAT model was fit to
illumination 1TV scans by feeding in the measured dbr¥ characteristicsw was
determined for each tested wavelengtil as dunctionof laser powerA comparison of
the fitted model to experimental monochromatic data is showkigare 7.2. At laser
intensity of 5SmW/cn?, thevalues ofw that were inferrefrom fitting are 109V, 93mV,

69 mV, and 33mV for lasers with. 404 nm, 532 nm, 638 nm, and 980 nm, respectively.
Finally, the dichromatic behavievassimulated withequation(7.1) by feeding inw and

w for the desired wavelengtlsd scaling tdaser power
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Figure7.2. Simulatedi V curves fit to monochromatic data to determime_ . Incident
power is 5 mW/crh
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7.2.3 Results

A comparison of the twdrequency illuminatediV scanswith PAT theoryare
presented ifFigure7.3. These simulated PAT responses are in excellent agreement with
measured duakavelength resultsSimulations are also robust for multiple frequencies,
therefore enabling estimation of tHehromatic rectenna response through calibration to
the individual monochromatic responséke first observation frorrigure6.2 is that the
dualwavelength response is not a superposition of the simglelength curves. This
result is an artifact ofhe didwromatic PAT mechanismFor the 404/532m and
980/532nm tests, the dichromatl¢V curves have a somewhat shallower slope than the
individual singlewavelength scansThis is interesting the reduction in slope for
comparable powers haseviouslybeen sgpectedo be a result of multispectral frequency
mixing. Meanwhile, the 638/53@m test showed an increased sloffas could béecause
the frequencies of the two beams are sinelaough §0) x 0.38eV) that mixing effects
are weak, and thus the respoissine approximate result of monochromatic PAT occurring
at the total cumulative poweFhe implications of thisvavelengthdependent dichromatic

responsevill be further explored.
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Figure7.3. Comparison of dualvavelengthli V and dichromatienodel: (a) 404632 nm
each ab mw/cn?, (b) 638532 nmeach aB mW/cn?, (c) 980532 nmeach af.O mW/cn¥.

Dualwavelength optical rectification isnvestigated with measurements of

photocurrent versus incident laser poweiFigure7.4 we see thexpectedncrease ofO

with 0 . Comparing calculations of dichromatic PAT theory to measurements shows that
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both results superimpose each other with excellent agreemerdlbtieee combinatiasn
of wavelengthsThe highlight of these findings is the accuracytiwivhich dichromatic
PAT theory agrees with measurements based only on the knowledge of monochromatic

responses.
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Figure7.4. Shortcircuit photocurrentO and photoresponsivity plotted as a funain of
total incident laser powed( 0 ) for single and dualvavelength illumination: (a) 532
and 404 nm, (b) 532 and 638 nm, (c) 532 and 980 nm. Invadaxadlength measurements
the 532 nm laser power is kept constant while the other laser powaaiad. Curves show
PAT simulations, exhibiting excellent agreement to experimental data.

The photoresponsivity, , for each singlavavelength test i9.96, 2.4, 1.4, and
1.3pA/W for 404,532,638, and 980 m, respectively. For duatavelength illumin&on
‘O is in between the values @ for each singlevavelength case, as could be expected.
Interestingly, the slope dD is lower than foeither singlewavelength response. In other

words, the dichromatic behavior is not a supsifman of each monochromatic response

For two lases the total photoresponsivily — —— is based on the total

incident power of th&32nm laser#1 pluslaser#2. AsD is increaseautwardfrom zerq
I isseen to gradually shift from the photoresponsivity of B82down to that of the second
laseronced becomes severalfold higher th@n It is suspected that theduction in the

respamsivity is due to frequency mixingwhere the dichromatic PAT odlel introduces
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97 1 termsthat cause the overall optical rectification process to transcend the
simpler combination of individual singl®avelength responses. This is evident in the
redwced slope ofO with respect to total incident p@n The agreement between the
measurements and simulated PAT behavior supports this nibtiea scrutinizeequation

(7.1) andassume operation approximately in the quantum regimi (  p , then the

resulting optical resmnse carbe expanded to the first several terms:

Ok O 0| 0Q 0| 0| OG Ojf
0l 0| 0G G Ov| vl OG G O ©Op (2
bl 0| 2 ™©Of 0| V| OG G

where he concisendexednotation; O w &w ; G [ is usedto represent
theshifted diode cun& Assuming and are on the same ordércan be shown that
thev 0 Bessel function terms fall off much more rapidly than the terms fod . In
other words, the first order mixing terms for 1 dominatethe second ordaingle
frequency terms. Second, if we want to look at the very first &

i h phthmh p terms, we could consider the caselibton energy is highneugh
( h L p)such thatll higher order termarenegligible.With this approximation the
ol 1 mixing terms are removedEvaluatingthe photoresponse ahortcircuit,
where'Q, mw dropsout, leads to the simplified expression

O Onm vl O] G 0Ojf
vl vl G G

It should be noticed that the terms huit the curly brackets are identical to the

(7.3)

monochromatic photocurrents for the quantum regime. Therefore, eq@@8pmakest

clear that the quantumegime approximation for dichromatic rectificatiah zero bias is
equivalento the sum of each monochromatic photocurrent scaledby abelonging to
the other frequency. This insight helps qualitatively illuminate the estivesponsivity

that was observed.

In conclusion, we find that the dichromatic experiments with CNT optical rectennas
are in agreement witliPAT theory The predictive model can robustly predict the

multispectral behavior based on inferred monochromaspamse. Itis apparent that
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simultaneous illumination by two frequencies of ligiasts a weaker total photoresponse
than a simple superposition of single wkangth behavior due with evidence pointing to
frequency mixing effects. The implication of thisding is that polychromatic responsivity
can be improved through spectral splitting into isolated rectenna delick® case of
404/532nm with 1:1 inteniy, the netresponsivity from spectral splitting could be

improvedfrom 1.3 to 1.74A/W, marking ~® % increase.

7.3 Broadband Solar Rectification

Joshi and Moddedpplied PAT to calculate the efficiency limits of broadband solar
rectenna to show that due finite spatial coherence of sunlight the power conversion
efficiency solar rectennalisnited to the TrivichRFlinn limit of 44 % for quantum processes
[97]. Rectenna can, howeverxceed this limit if they operate in the classical regime
Simulations by Joshi and Mddlfor an ideal diode impedanosatchedoa 1000 ant enn a
showed pealbroadband efficiency could increase @9% as the optical response was

shifted from the quantumegime to classical regime of operati6i.

About 60% of solar energy falls within wavelengths <8@@. The current CNT
rectenna design are esfadly suited for solar conversion as they exhibit peak spectral
efficiency that falls within this region of prime solar intensity. We are therefore interested
in exploing the solar spectrum harvesting capabilities of this CNT rectenna. In this section,
air stable device are tested outside under direct sunlight and -weaild conditionsto

demonstrate solar conversion capabhility

7.3.1 Methods

Figure 7.5 shows the experimental setup for G&IT rectenna solar cell tested
under sunlight. The CNT rectenna cell that was tested was aACIDE/ZrO-Al 20s-
ZrOJ/Al structure. The sample was mounted to a fixed plate with electrical connections
leading to a Kehley 2450 d.c. source meter. A power meter was used to record the real
time solar intensity over the course of several hours. The solar intensity vairezb il 0

and80 mW/cn? over time with relativelyuniform mild cloud coverage. SeverdrkliV
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scanswere recorded throughout testirtg confirm consistent diode behavior. This was

conducted byhielding the sample from the sunlight wéthopaque box

Figure7.5. Experimental setup for direct conversminsunlight

7.3.2 Results

Figure7.6(a) shows the illuminateld V scans of the device under suntight solar
intensity of 20 mwWi/icn? 94mV and 'O 1.6nA. Solar power conversion
efficiency at max Rxa0f . FprthennsoreO measurements ke =
over time with varied incident solar intensity shaw averag@hotocurrent responsivity
of 0.65pA/W (Figure7.6(b)). To the best of our knaedge, this is the first report of
rectification of sunlight in air. These results are encouraging as they mark another step

towards implementing CNT optical rectennas in-wafld technologies.

The solar conversion efficiency is severalfold lower thanctinversion efficiency
measured for monochromatic light. Most of the disparity arises from dimirjistaadl not
thel , which is similar to the monochromatic voltage responsivity shovigare6.11
for the specified power. A similar result was made by Shatrah in which they observed
a @ that was comparablto monochromatic measurements while the solar spectrum
photocurrent was substantially lower despite similar incident power. They initially
attributed this to frequency mixing and broadband PAT effects. Now, the simulations of
dichromatc rectification decribed in Sectiory.2, along with the solar measurements,

bolster this notion.
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Figure 7.6. Solar rectification measurements. (&Y characteristics under 28W/cn?
power andl§) shortcircuit photocurrent function of intensity.

Solar photocurrent responsivity is even lower than that described in the dichromatic
experiments, suggesting thah appreciable portion of the solar spectrum is being
inefficiently converted. The likélood that spectral mixing effects diminish the overall
power conversion is a challenge for improving efficierteyt solar rectennas, it has been
proposed that effieincy can be improved througie use of spectral splittirig isolate the
different speaums while operating each rectenna cell at a different voltage to capture the
ideal, wavelengtidependent maximum power poifit2]. Furthermore, as discussed in
Section6.4, the majority of the efficiency loss in this structure arises from high diode
resistance causing poor impedance matchiithough this CI*M structure is robust
enough tademonstrate robust lso conversion in air, the Ifim dielectric structure is too
thick to give practical current&urther optimization of the diode structure to maximize
diode figures of merit and device reliability is need&den though efficiency isucrently
low, the hidn solar voltage responsivity gives these CNT rectenna devices potential as a
broadband photodetect@pecific detectivityis calculated by recallingquationg5.1) and
(5.2). Aroundzero biassolar detectivity i€0% 2x10’ cm HZY2/W.

Much more work remains to improve these CNT rectenna®ffaiency solar
conversion, including developing leeost and largscale fabrication methods to

accelerate commercial application of this technology.
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CHAPTER 8. PLANARIZED DIODE ARR AYS BASED ON

INFILTRATED CNT FORE STS

8.1 Motivation

This chapterdiscussepolymer infiltrated forests to produce a novel planarized
CNT tunneling diode for optical rectificatiorincorporating polymerinfiltration is
motivated by two aimgerformance improvaeentandcommercializatiorpotential There
are several specific objets that are sought for these aims: planarization, isolation, and

scalability.

The issue arising from using a bare CélTayis that metal electrodes deposited on
the surfacedo not brm a uniform,planar layer, bua mesh of metatoated CNTsThis
mears the diode is not the idealizptinar structure that is often depicteghdingto debate
as towhether the diode is precisalgtermined byhe CNT tiparea or whether any portion
of the CNT length affects the diode conduction and capacit&nateeddig the CNTs with
a medium is desirable to isolate the tips from the bulk forest, such that better control of the
diode junctions can be realized.

Encapsulatinghe CNTswith an insulatig medium also reveals more fabrication
processes and enhances our materials selebitgrating theCNT bulk enables solutien
processable materials to be used without encountering problems with a free array, such as
electrical shortinghrough the basdextrode or CNT capillary bundling. Novel, solution
processable electrode materials such as the conductive and transparent PEDOT:PSS
(Poly(3,4ethylenedioxythiophene):poly{gtyrenesulfonale or Ag nanowires, are
attractive. Not only coul these materialsffer performance improvements, they lend
themselves to scalability. For instance, these materials can be deposited by inkjet printing
atop aplanarized CNT surface.

For practical application of the CNT rectenna to compete with existvigand

photodetetton technologies, devices need to leverage other advantageous features, such as
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inexpensive materials and low weight. The CNT forest is already an incredibly light weight
material on its own. There is need to develop CNT rectennas that past the usefo
expensive and bulky, silicon substrates so as maximize sample cost and@owight

ratio. A polymer substrate or encapsulation medium is one route to bypass silicon.

A commercial advantage af polymef CNT compositas mechanicafl exibility,
whichis can be useful for novel applications that desire a device that can conform to an
atypically surface geometrfCNTs are typically grown on rigid substrates using high
temperature (>500C) processes that are incompatible with most flexisubstrate
mateials. There are several methods of transferringr@asvn CNTs from rigid wafers onto
a more flexible substrate. A simple alternative method isfilirate the CNT forestwith
a medium that can be processed in solution and is flexibenwhred, such #t the

infiltrated forest can bpeeled off theggrowth substrate.

This chapter discussed a highly scalable approach to planarizing VACNT arrays
using polymer infiltration and lifoff. Several alternative attempts were made to planarize
the CNT arrayghatincluded infiltrating the array with thick ALD insulator coating; and

dip coating, drop casting or wicking polymers. Thesaweationedn Appendix D

8.2 Polymer-Based Carbon Nanotube Rectenna

Contemporary optoelectronic techagies areleaning on lowcost and high
performance solutions to cover a broad range of high frequency applid&tidnd 1, 14,
22,98 104]. Polymerbased MIM diodes are of particular interes novel optoeletronic
applications, promising advantages such as flexibility, light weight, transparency in the
visible range, and low cost and scalable processing technfjo&sl07] Despie the
progress that has been made lately on MIM did88s 56, 63, 65, 81, 108, 1Q%ew
reports incorporate either polymer materials or fabrication on flexible subsataggh
some groups that have demonstrated plotential of flexible tunneling diodes used
structures including FTiO2-Pd orNi-NiO-Mo fabricated on polyether ether ketdtO],
andTi/OTS/Pton polyimide[111].
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For flexible optoelectronicsCNTs can be easily integrated with a number of
polymers to produce composites with multifunctional and unique mechanical, electrical,
and optical propertigd 05, 112113]. Embedding aligned carbon nanotubes with polyaner
is a facileway of producing highly oriented nanocompositesthis section a flexible
polymeit VACNT compositas developed on whicl€NTT insulatoi metaldiode arraysre
fabricated[8, 86], depicted inFigure 8.1. VACNT arraysare infiltratedwith PDMS or
epoxy media to planarize tisaerface of the CNT foresind isolate CNT tips from the bulk
lengths We then fabricatéhe tunneling diodes at thENT tips on top of theplanarized
surfaceThis infiltration approach allows usésolution based PEDOT:PSS as an optically
transparent electrod®iodes are fabricated using insulatmmbinations of AOs and
HfO- and testedio optimize the diode eleatal performance, device production yiedhd
stability. Through illumination testing, we show tlia¢sedevices can rectify visible light,

which demonstrates their potential as a flexible photodetector.

Top electrode
IIIIIIIIIIIIlmlllilllllllIIIIIIIIIIIIIIIIIIIII

M

Figure 8.1. Depiction ofa planar CIMdiode array formed at the surface pblymer
infiltrated CNT composite

8.2.1 Materials Selection

This novel CNT device structure requires specific properties of the infiltration
medium in addition to the top electrode. Theperties desired for each componenthsa t

structure are outlined below:

Infiltration Medium To create a planar array thatletes the CNT tips from the
underlying forest, the medium must be an good electrical insulator. The material must also
be soltion processable to ensure good embeddiitigin the array, as well as lending itself

to facile fabrication and commercializatipotential. Applicatiorspecific transparency is



expected to assist with the absorption of light deep into the CNT array, laafiexible

material is also desirabland would open up the structure to more robust applications.

Top ElectrodeThe upper electrode material must be highly conductive as well as
transparent to transmit light into the CNT array. Air stability isidble to maintain
testable devices in atmpheric conditions. Since this the electrode needs to be deposited
on top d a planarized surface, patterning the device is possible. A schdised material

is desirable for ease of fabrication.

In this work, electrically insulating polymess have beeninvestigated as the
infiltration media. Polydimethylsiloxane (PDMS) is conmanly used for embedding
nanostructures because of its transparency, flexibility, and ease of pro¢&&Sing14]

It is also chemical stable, inexpensive, and light weight, which is an advantage fer large
scak device manufacturingEpoxy resin is anber commonthermosetting polymer that

has been used a variety of applicadnsd including VACNT composite® owing to its
stability, chemical resistance, high adhesion, high strength, and minimal shrinkage upon
cure. Most epoxies have low viscosity thasters VACNT infiltration[112, 115] Since

both epoxy ad FDMS can be solution cast, they are fealle materials for ease of
processing that is desired for this study. Aesth materials are intended for rectenna
applications, the mtical transparency of the polymers was confirmed by measuring the
transmissia spectrumusing U\Lvis spectroscopy Therno Scientific Evolution 22
Samples of PDMS and epoxy, b&mm thick were created using the methods described

in the next sectianFigure 8.2(a) confirms that PDMS is 70’5 % transpanet down to
300nm while the epoxy sample wanearly 8090% transparenabove 450hm. These
results confirm the use of the polymers as CNT infiltration medensuretransmission

of light into the embedded forest.

Several choices of electrodes were cdess, including ITO, PEDOT:PSS, and
evapoated Ag (50 nm). Each material is electrically conductive. The optical transmission
of each material deposited on a glass slide is shoviigure 8.2(b). 50 nm of Ag has
expectedly poorrangarency in the visible and NIR, thoughs a spike in transmission in
around <4501m, which makes it a candidate for potential UV detection. ITQlaoypl cast

PEDOT:PSS both exhibit excellent transparency in the range 61400nm. Because of
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the eas of processing in solution, PEDOT:PSS via# the top electrode material of focus

in this work.
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Figure8.2. Spectral transmissivity of (a) PDMS and epoxy polymer media and (b) various
electrode materialdepcsited on glass.

8.3 Methods

The fabricatio of polymerbased VACNT tunneling diodes involves the following
steps: (i) infiltration of a VACNT foest with polymer, (ii) removal of the embedded array
from the substrate, (iii) preparation of the surfaceexpised CNT tips, (iv) deposition of
the oxde layer, and (v) deposition of the top @éfede. We used CNTs grown on metal foll
to demonstrate th capabilities of this approach for large scale manufacturing. The

schematic irFigure8.3 illustrates these stepwhich are detaileih the following sections.

8.3.1 Sample Infiltration and Nanocomposite Formation

Multiwall VACNT forestson metal foil were obtained from Carbice Corporation
(~20 nm diameter, 1m length). The multiwall CNTswere netallic and welaligned.
Two different polymer materials, PDMS or epoxy, were explored as infiltration media,

with their methods of polymer preparation and VACNT infiltration described herein.



a b c
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infi : PDMS or epoxy s pose
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Figure8.3. Schematiof infiltration approach and diode fabricatiga) VACNT array on
foil. (b) VACNT infiltrated with PDMS or epoxy. (c) Polymer infiltrated VACNT removed
from foil and (d) patterned. (e) Atomlayer deposition of dielectric sulaor. (f) Drop
casting of PEDOT:PSS tagectrode.

For PDMSembeddingsilicone elastomer base and curing agent (Sylt@fdDow
Corning) were mixed in a standard 10:1 weight ratio then degassed to remove air bubbles.
To infiltrate the VACNT array, PBIS was poured directly onto the VACNT fotesnd
remaining air bubbles trapped in the array were removed under vacuunaripile svas
then cured at 125°C for 1 hr.

Alternatively, for epoxy infiltration, EMbed 81Z[ectron Microscopy Sciences
was prepardacordingtoma n u f a ditections. paxyg resin base, dodecenyl succinic
anhydride (DDSA), methyb-norbornene2,3-dicarboxylic anhydride (NMA), and 2,4.6
tris(dimethylaminomethyiphenol (DMR30) accelerant were combinad a volumetric
ratio of 2022:51. The esin and anhydridesere warmed to 50 °C prior to mixingto
reduce viscosityThe mixture was then poured onke VACNT array and samples were
cured in a vacuum oven at 60 °C for 24112).

After infiltration and curing, the foil substrate was peeled from thbrper
embedded VACNT array to obtain a flexible VACNT composite with CNT tips protruding
from the planarized surface. A grid of imdiual devices was patterned by etchingagw
CNTs with a CQ lasercutter to an etch depth 6lum. Samples were sonicated i
isopropyl alcohol to clean and prepare the composite surface before diode fabrication.
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8.3.2 DiodeFabrication

CNT tunneling ébdes werefabricated on the surface of the polyréACNT
composite. The CNT tips protruding from the surface gotleediscrete diod junctiors;
diodesare electrically connected through CIXCNT interconnections within the composite
bulk. Initial attempts at impnang the diodeto-diode conductivity incorprated an
evaporated bottom electrode layer. This layer was deposited on the VRIXESt prior to
polymer infiltration in order to connect the CNT tips that would later become the embedded
lower electrodes. Thiappioach, however, did not noticeably inase the conductivity of
the polymerVACNT composite above the bare CMNINT inter@nnections; therefore,

this bottom metal electrode layer was abandoned in subsequent device iterations.

Diodes were fabricated witultiple insulator combinationasing a deposition
process similar tadChapter 3and Chapter 4 The surface of the infiltratedrray was
conformally coatedby ALD at 150°C to accommodate the polymerateial. Prior to
deposition, 300 s oxyggriasma was used to promote nucleation and conformal deposition
on the composite surfac&he diode tunneling structure involves4llayers alternating
Al>03 andHfO2. Al>O3 layers werdormedby cycling precursos of trimethylaluminum
and BO vapors; HfQlayers werdormedby cyclingtetrakis(dimethylamide) hafniuand
H-0. Deposition rates were approximatelj\icycle. Purge times cét leasB0 s were used
to ensure quality film depositicat this lowe temperéure

After oxide depositionthe top cordct electrodeavas deposited by dregasting
highly conductivePEDOT:PSS(Clevios PH 1000) PEDOT:PSS was prepared with
5vol% ethylene glycol at 80 °C and sonicated at room temperdtueePEDOT:PSS was
drop caston the polymer CNT composite surfate form 1i 2 mn? devices To prepare
devices for electrical characterization, conductive silver paint apgdied to the top

electrode over an ofirea to form external electrical contacts away from devices.
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8.4 Results

8.4.1 Suface Characterization oPolymerinfiltrated VACNTComposites

Cross section SEM imagés Figure8.4(a) reveals the structure of the VACNT
array before and after polymer infiltration and subsequenbffiffrom the gowth
substrate. In adgon to showingthorough infiltration of both PDMS and epoxy, the
polymeit VACNT composites also preserved good CNT alignment. This is advantageous
over other methods that involve randomly dispersing CNTs into polymer, hereby
denonstating a feasible appach to harvestargearea CNT forests while maintaining

orientation.

L epoxy-VACNT;
s

£ s
> o .,

Figure8.4. (a) Cross section SEMnhages of (from left to right) VACNT forest on foil,
PDMS infiltrated VACNT,andepoxy infiltrated VACNT. (bc) Top dowi SEM images

of PDMSVACNT and epoxyVACNT composites, respectively. Insets are magnified
images showing the tips of CNTSs jutting frone thurface. Photographs of (d) PDMS and
(e) epoxy VACNT devices after infilation, lift-off, and patterning. Insets shasamples
under bending.

The ultimate goal of the polymer embedding is to planarize the VACNT array
surface in order to electrically isde CNT tips from the remaining length for better CNT
diode junction contdoWith the voids between CNTs filled wifolymer medium, we now

realize a planar diode methodology that entertains solution processed electrode materials.
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Indeed, both polymer oaposites manifest highly planar surfaces after infiltration and lift
off, assee in SEM imagesKigure8.4(a-c)). It is notable that the PDMS and epox
composite surfaces differ with the epoxy displaying a much rougher surface. The epoxy
exhibits striations which matches the surface roegbof the foil growth substrafewe
expectthe low viscosity of the epoxy and negligible shrinkage during curecibtdse
infiltration that conforms intimately with the foil surface, thereby creating such a rough
pattern. We will find this to have arfect on the uniformity of dielectric layerg once

diodes are fabricated, and this will create challenges with debddility.

The surfaces are predominantly smooth at thensigbon scale, while high
magnification imagesHigure8.4(b-c) insets)) prowe evidene of CNT tips protruding
slightly above the polymer surfad&e speculate that the polymesated CNT bumps seen
in the magnified SEM images arise either from capillary action during polymer infiltration
or minor shrinkage of the bulk polymeraip cure.

The number density of exposed CNT tips was estimated from the SEM images of
polymeit VACNT surface® sample images amhown inFigure 8.5(a-b). Using ImageJ
software, expsed CNTs were counted at various locations of approzately
500 nmx500nm (Figure8.5(c-d)). The CNT number densityas found to b&8.5 4.0x13°
cm?2 for PDMS VACNT and 2.6i 3.7x13° cni2 for epoxyi VACNT . These values are
consistent with @Bnates for the bare, nemfiltrated VACNT forests (~1& cm?),
indicating that the majority of the CNTs are, in fact, revealed at the polymer surface. The
significance of this obseation is that the exposed CNT ends will inevitably determine the
nanosale MIM junction area.Whereasn our priorworks we speculated that several
microns of CNT length could contribute tbe diode areg87], here,the embedding
confines thaliode fabrication to the CNT tifhis also mitigates any potential anisotropic
diode tunneling through the CNT sidewallgith PDMS VACNT, for instance, the inset
of Figure8.4(b) revals that at most 20m of CNT tip protrudes above the surface. In this
structure, controlling the length of exposed CNT may affect the diode current density by
adding addtional cylindrical area. The effect &NT tip length would depend on the
anisotropicconduction of electrons through the CNT and their inclination to tunnel through

the sidewall area of the diode versus thewip.point out that the strength of timgiltration
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and lift-off approach lies irexposing the CNT tips without the need forhétg, further
highlighting the processing advantage of this method.

b Epoxyi VACNT

............

Count (a.u.)
Count (a.u.)

o 1 2z 3 4 5 6 o 1 2 3 4 5 &
CNT number density (10" cm?) CNT number density (10" cm?)

Figure 8.5. (arb) Representative SEM images fromhich CNT number density was
determined.d¢-d) Histograms featuring the CNT number density. Black lines are fitted log
normal distributions.

Lastly, we find that the fabricated composites are flexible and electrically
conductive.Figure8.4(d-e) presentsmages of the PDMS or epoxy infiltrated VACNT
il lTustrating the flexibility of farlBRDMSc ompos
VACNT and 3.2 N iVAGNT,kvhich ssgrediciably megh bighgan
bare VACNT forests (<@ 0 q /The @dpductivity nonetheless confirms that the CNT
protrusions depicteith Figure8.4(b-c) are indeed exposed at the surfadesecomposites
are suitable as flexible electrafer nanoscaleomponentsNow that we hag established
planar VACNT composites that can accommodatetismiprocessed layers, these samples

will be usedo develop VACNTbased MIM diode arrays in the following section.

8.4.2 DiodeCharacterization

Tunneling dodes are fabricatedtop hepolymeii VACNT composite and thethe
d.c. IV characteristicare measuredDiodes composed of varying multilayers of-8%
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andHfO; are investigated in light of these planarized PDMS or epoxy embedded VACNTSs
in relation to pior work in tuning theeledrical charactasticsthroughenhancd electron
tunneling[55, 63, 65] PEDOT:PSS is useakthe top electrodess it is a conductive and
optically transparent polymer matertbbt can be processed in solut[@d6].

Figure8.6 shows measurdiV curvescomparing diodes made on PDMS ooy
composite with either one, two, or four layers of dielectric (6 nm total thickness). Diodes
with 6 nmAl.Oz exhibit similarli V characteristics on both epoxy and PDMS. Nonlinearity
is good, whichwe foundbecomesnore pronounced as the thickness of diedectricis
increased Singleinsulator diodes (polymeW¥ACNT/AlI.Oz/PEDOT:PSS) havenearly
symmetridi Vcharacteristics! 1.4). This is expected given that there is minimal work
function difference between the multiwalled CNTs and PEDOT:R83(QeV, Table
A.1) electrodeg107]. This limits the asymmetric electron tunneling that can octhis
nonlinearity observed in thedd .03 diodes can be accredited to direct tunnebafigr

approximatehyfitting the Simmonstunneling equatiofil17].
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Figure8.6. Ii V characteristics for polymeVACNT/insulator/PEDOT:PSS diodes using
PDMS or epoxy infiltration media Total insulator thickness i8 nm, composed of (a)
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Al2Os, (b) Al203-HfO,, and (c)Al20s-HfO2-Al03-HfO.. Error regimes capture device
variability of up to 20 devicesnsets show the corresponding energy barriers.

Our aforementioned attempts at making-taofour-layer laminates have resulted
in a pronounced improvement of rectification abiktjthin CNT diodes array§86, 87,
96]. This idea is explored further here, as applied to the planar pdlyRENT
composites, to make diodes with twdl {O3-HfO2) and four Al20s-HfO2-Al 203-HfO?)
insulators. Theseelectric combinations form a cascading energy barrier between the CNT
and PEDOT:PSS electrodes that enhances the electron tunneling to manifest as highly
nonlinearand asymmetrit¢i V curves This notion isconfirmed inFigure 8.6 for Al>Os-
HfO2 (3/3nm) and A}Os3-HfO2-Al203-HfO> (1.5/1.5/1.5/1.5vm). Indeed, the asymmetry
that is observed for a doubillesuator structure is boosted to 2.9 and 2.2 for PDMS and
epoxy composites, respectiyeEven further enhancemeist realizedfor the fourlayer
structure with excellent nonlinearity and asymmetry up to G&nerally, these devices
exhibited good scato-scan stability. The reproducibility was lower overall for the epoxy
composites. Sinceunneling diodes are highlgensitive to the dielectric layer, one
explanation for this result may be attributed to the lmgme surface roughness pointed
out inFigure8.4(c), which could be causing nonunifodielectric thickness. Theruld
also be problems with the dielectric laminate adhering to the epoxy suviGc@ote
additionally that, at this time, we have not realized a measurably stablayeurdiode
usingepoxy composite. These issues shoulaxigored in the future by emining the

ALD process, its effect on the epoxy, and the impact of surface meagh

More evidence pointing to the advantage of the mindtillator tunneling diodes is
seen inFigure8.7. Asymmetry can be enharttéy an average factor of ~2x for double
layer and ~5x for foulayer devices, relative to a singhd>Oz diode with comparable
thickness. This implies that better ti&gng ability is achieved in mukinsulator structures
without the accompanying redigri in current.The best device we produ@d2 nm
Al203-HfO2-Al203-HfO2 (3/3/3/3nm)d yielded asymmetry above 250 with a median
device consistently exceeding 92. Howevewith tunneling resistance scaling
exponentially to dielecic thickness, 12 nm devicesre too high resistance-0.1i

1.0Mq cn? at zero bias) to meet the needs of a practical device. The other drawback to
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multi-insulator diodes is much more deviationtvibeen IV characteristiad with
asymmetry varying by up to an order of magnitude. Ordinaminor random variations

in the delectric layer cause large fluctuations in current. For devices with multiple oxide
layers, these deviations compound, resultimgeven more drastic variability amongst

similar devices.

Figure 8.7. Diodeasymmetry as a function of total dielectric insulator thickness for (a)
PDMS VACNT and (b) epoxyVACNT samplesBox plots denote statistics fap to 20
devicesof various batches: boxes indicdiest and third quartile and error bardenote

95 % confidence bounds.

Lastly, device yield and stability must also be addressed for large scale production.
We observed that the asymmetry and sample production yield are largely dependent on the
oxide thickness and choice of poler embedding mediunkigure8.8(a) summarizes the
device yieldas a function opolymer composite, dielectric thickness, and miakulator
composition For thisanalysis, diodeyield is specifically defined ashé fraction of all
devices for a gign experimental condition that gave measurable, replicable, and nonlinear
[TV curves that are indicative of a diode (though not necessarily of high asymmetry).
Examples of notyielding devices include (1) current that svéoo low to measure; (2)

linear 1TV scans, which often have high current that implies a statited device; (3)
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