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ABSTRACT

Semiconductor nanowires are important candidatehifily scaled three dimensional electronic
devices. It is very advantageous to combine theifirsg capability with the high yield of planar CNBO
technology by integrating nanowire devices intonplacircuits. The purpose of this research is éniify
the challenges associated with the fabrication efically oriented Si and Ge nanowire diodes and
modeling their electrical behavior so that they dam utilized to create unique three dimensional
architectures that can boost the scaling of ela@irdevices into the next generation.

In this study, vertical Ge and Si nanowire Schotlikydes have been fabricated using bottom-up
vapor-liquid-solid (VLS) and top-down reactive ietching (RIE) approaches respectively. VLS growth
yields nanowires with atomically smooth sidewalissab-50 nm diameters but suffers from the problem
that the doping increases radially outwards fromdbre of the devices. RIE is much faster than @dh8
does not suffer from the problem of non-uniform idgp However, it yields nanowires with rougher
sidewalls and gets exceedingly inefficient in yietglvertical nanowires for diameters below 50 ne T-

V characteristics of both Ge and Si nanowire diockssnot be adequately fit by the thermionic emissio
model. Annealing in forming gas which passivatesgliag bonds on the nanowire surface is shown to
have a considerable impact on the current throbglsi nanowire diodes indicating that fixed charged
traps on the surface of the devices play a majerirodetermining their electrical behavior. Alshje to
the vertical geometry of the nanowire diodes, eledield lines originating from the metal and tenaiting

on their sidewalls can directly modulate their cactivity. Both these effects have to be includedha
model aimed at predicting the current through ealthanowire diodes.

This study shows that the current through vertigalowire diodes cannot be predicted accurately
using the thermionic emission model which is suédbr planar devices and identifies the factorsdesl
to build a comprehensive analytical model for pecgdg the current through vertically oriented nairew

diodes.
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CHAPTER 1
INTRODUCTION
1.1 Motivation

Scaling of semiconductor devices has driven thestrgt for over half a century. It has provided
more functionality per unit area of the semiconducit the same or lesser cost with every generation
Scaling is economical and provides circuits witltdreperformance. However, the smaller a devics,get
the more complicated it becomes to fabricate amtbrstand the physics behind its working. Curreritig,

22 nm technology node is in production and has ba#esigned using tri-gate transistors also called
FINFETs. This has been the first time that the dasiucture of the MOSFET has changed from planar
towards three-dimensional. Increased “off” currantl reduced control of the gate over the chanrmreéiou
have forced the industry to take this step. Smatkamsistors also tend to have lower reliabilitcdese
they suffer a greater impact of gate oxide leakaggact ionization, drain induced barrier lowering
(DIBL), and gate induced drain leakage (GIDL) amather short channel effects. Alleviating short-
channel effects and improving reliability raises ttost of an IC. Thus, it is becoming increasirdifficult

to reduce the cost per function on an IC while isigyon the aggressive scaling trend followed by the
industry to date.

There is a strong motivation to look for alternatiways of building electronic devices out of
which the semiconductor nanowire is an attractiptom. Having a diameter of few tens of nanometers
lengths on the order of micrometers, nanowireslEamade to work as vertically standing devices thic
occupy a substantially smaller area compared togpldevices. Moreover, if semiconductor nanowir@s c
be integrated with planar technology, it will bodbe scalability of the well-established process of
fabricating planar integrated circuits. The maintiration behind this research is to fabricate and
understand the electrical behavior of verticalljenoted nanowire diodes. This process will serveaas
platform for integration of any type of verticalnmawire device with planar CMOS circuits.

1.2 Statement and objectives of the current research
This research seeks to answer the following questio

e |Isit possible to integrate nanowire diodes inte-getermined locations on planar ICs?
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e Once created, how can we probe them to measureetbetrical characteristics?

¢ What mathematical models can explain the measueetrieal behavior?

e How are the current conduction phenomena in namowdiodes different from planar
diodes?

The search for finding answers to these questitamsswith choosing the material of the nanowire
and the substrate. Since there is abundance a@rodsen Si and Ge nanowires on Si and Ge substrages
started with creating Si and Ge nanowires. Aftelating nanowires, they were encapsulated in aaiede
and metal contacts were fabricated on their tigmnTthe electrical behavior of the nanowire diodes
characterized using current vs. voltage and cagramit vs. voltage measurements. Using small signal
equivalent circuit models of the nanowire diode, /e made an attempt to explain their electrical
behavior.

1.3 The importance of diodes

Studying the electrical behavior of nanowire diodaea be extremely beneficial for scaling down
the size of a large variety of integrated circuksdiode is a two-terminal device composed of twgions
of semiconductors with different doping type andfoncentration. The purpose of a diode is to a@ras
electronic switch. An ideal diode provides a lovsisgance path for current in one direction (forward
biased) and acts as an open circuit in the oppdsietion (reverse biased). The simplest typeiodie is
the Schottky diode which is formed by the junctimatween a metal and a semiconductor. Schottky diode
have a very high switching speed between forwardiramerse bias and low voltage drop during forward
bias. Since only majority carriers are involvecturrent conduction the diode can respond very dyick
reversals in the applied voltage and it can be asddgh frequencies. Due to low forward-biasedamged
drop, Schottky diodes are used for clamping eleaitsignals.

The diode is a very versatile semiconductor dev&mme of its other main uses are as a rectifier,
photodetector, solar cell, light emitter, microwayenerator and LASER. A p-n junction diode can clete
temperature changes, light, solar energy and difms of electromagnetic radiation depending on the
properties of the semiconductor used. The generaifocharge carriers due to solar energy is used to
generate electrical power in solar cells. Diodesadso used as switches in memory circuits wheg dne
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used for addressing specific cells for storing estdeving information. Light emitting diodes arsedl in
electronic displays from something as simple asight-segment display to the screen of a high-dfin
flat panel television. Thus, diodes occupy a funelaial place among all the different types of etmdt
devices used in today’s world.
1.4 Nanowire diode

A nanowire is a high aspect ratio cylindrical stawe whose diameter is ~10-100 nm and its
length can be on the order of several micronsalfawires are fabricated vertically, they will ocgup
very small planar area and have all the electfizattionality along their length. The fact thatithength
can be on the order of microns relaxes the toleramcfabrication of different regions along thetioad
dimension. In planar devices lithography becomeBeeely critical in defining the device in two
dimensions as their size is reduced. The tolerémcdefining the dimensions of different regions the
device becomes extremely low. Planar devices aésd ra substrate whose thickness depends on the
application. In photon capturing devices, the satsthas to be thick enough to absorb all the gnerg
corresponding to the longest wavelength preserthénincident radiation. In the case of nanowirés, t
substrate can be made as thin as possible bastw dimits of the fabrication process because ttey
absorb the radiation all along their length andeitheir areal density can be very high, the riigaance
of a surface covered with vertically standing naimesvcan be considerably lower compared to a planar
surface even after texturing and application ofi-eeftection (AR) coatings. Thus, vertically standi
nanowire devices can provide integrated circuitictvlare not only extremely compact but also extlgme
thin compared to planar circuits. Diodes can beeferal types but we plan to concentrate on Schottk
diodes in this study because they are the simplegical nanowire devices and should serve as a
foundation for developing the understanding of moeeplex nanowire structures. Today, nanowires can
be grown in a controlled and reproducible way usheyVapor-Liquid-Solid (VLS) (bottom-up) approach.
Another approach to form nanowires is top-down, rhgans of vertical reactive ion etching (RIE).
Theoretically it is possible to form abrupt p-n ¢tions by switching the process gases containirgado
atoms during nanowire growth (Le, Jannaty, ZashavBlayeh, & Picraux, 2010). So, in principle bolie t

VLS and vertical RIE approach are capable of fattig almost all types of nanowire diodes.
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1.5 State of the art in nanowire research

Most of the research performed till date on nanesvinas been aimed at studying their properties
(electrical, optical, mechanical etc.). A relativdewer amount of studies have been reported atteut
fabrication of vertical nanowire devices so thaytltan work along with planar devices in the forirao
integrated circuit. The studies regarding fabrmaf vertical nanowire diodes are of special ie$éto us.
We will make a brief mention about them in thisteet and describe them in detail later in the secon
chapter.

Electroluminescence and photoluminescence of Zntwaes has been reported (Lai, Kim, &
Yang, 2008). A more recent study of vertically sty AlGaN nanowire LEDs on n-type (111) Si
substrates has also been reported (Carnevale, €0413). The nanowires were grown using MBE and
contacted individually using AFM tip. Aluminum Sdiky contacts to a single GaN nanowire laid
horizontally on thermally grown Sion a Si substrate have been reported (Kim e28D2). Although
rectifying behavior was observed yet, the ideafdgtor was 17.8 indicating a very poor fit with the
thermionic emission model. Vertically oriented Sinowire p-n junction diodes with Ti/Au top contacts
have been reported (Tang, Kamins, Liu, Grupp, &rlda2005). These nanowires were grown by CVD
using Ti as catalyst. A vertical MOSFET type olsture has been reported using p-type Si nanowies
p-type Si substrate (Goldberger, Hochbaum, Fan,a&g¢ 2006). The length of the gate was controlled b
the thickness of the dielectric deposited alonglehgth of the nanowire and the voltage appliethatgate
contact was used to modulate the current throug¥eittically oriented p-n junction tunnel diodesvha
been reported by growing n-type Si nanowires onedetately doped p-type Si substrates (Schmid,
Bessire, Bjork, Schenk, & Riel, 2012). A peak tdleracurrent ratio (PVCR) of 4.29 was reported hirst
study. Vertical Si p-n junction nanowire diodesdrgpwing p-type Si substrates using Vapor-Liquidi&ol
(VLS) technique on n-type Si substrates have atsmlveported (Jackson, Kapoor, Jun, & Miller, 2007)

Fermi level pinning is a phenomenon which is causedlectrically active defects at the interface
of the metal and the semiconductor in Schottky e$odt tends to fix the barrier height of the diodaking
it independent of the work function of the metaélhés been reported that in Ge Schottky diodesp®sa

implanted at the Ni/Ge interface can alleviate Rdewvel pinning (lkeda, Yamashita, Sugiyama, Tadka,
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Takagi, 2006). The cause of Fermi level pinning lheesn cited as the presence of defects on the iG&Esu
(Zhou et al., 2010). De-pinning of the Fermi lekgllaser annealing of the Ni/Ge interface to forisé}
has also been reported (Lim, Chi, Wang, & Yeo, 30The effect of annealing temperature on the
Schottky barrier height of diodes formed by depogitTi, Pt and Ni on n-type Ge has been studied in
detail (Chawanda et al., 2010). Schottky barriedds formed by monolayer graphene (MLG) on Ge have
been shown to work as photodetectors under rebésisgZeng et al., 2013).
1.6 Contribution of this work

This research extends the current knowledge atheutaictors affecting the conduction of current
in vertically oriented nanowire Schottky diodesstarts with the development of fabrication proesder
n-type Ge and Si nanowires on Ge and Si substragsectively. Bottom-up Vapor-Liquid-Solid (VLS)
and top-down Reactive-lon-Etching (RIE) approadieege been followed here to create vertically ogdnt
nanowires. Once the nanowires are created andiefatontacts are made to them at their tips ghown
that their DC current vs. voltage behavior canmmelplained purely on the basis of thermionic eimiss
as their ideality factors are higher than 1. Ineordo investigate the main factors affecting curren
conduction in nanowire diodes, we have investigatesl effect of passivation on the surface of these
devices. N-type Si nanowires were created on n-typsubstrates using vertical RIE. Three types of
surface passivations, namely thermal oxide, amarpl® and un-passivated nanowires were compared in
terms of their DC current vs. voltage and AC caj@acie and conductance vs. voltage measurements.
Analytical models have been proposed for the narowichottky diode working under accumulation
(forward bias), depletion and inversion (reversashi The net admittance for the different bias @b
has been derived to yield analytical expressiomscépacitance and conductance of the device. These
guantities are compared and shown to be in agretewiéim the measured values from actual arrays of
nanowires proving the validity of the proposed mode

Hence, this research extends the understandingt abeuworking of nanowire diodes by
simplifying it into easily understandable smallrsd) equivalent circuit models. It provides expenirad
evidence that the condition of charges on the n&eosurface governs the overall current as a fonotif

voltage applied to the device. The main concludiom this research is that for having a stable liggh
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yield process of fabrication of vertical nanowirevites, the energy distribution of electrically iaet

defects on their surfaces must be undertaken.

1.7 Outline

This remaining part of this study is divided in®ven chapters. Chapter 2 presents in detail, the
background behind research on nanowires, the kmeti their fabrication using the VLS techniqueg th
rate of growth, shape, direction and quality of ta@owires, different materials used for makingaveires
along with their uses and a discussion about inggticins commonly observed during nanowire growth.
Prior research on nanowire diodes and Schottkyidyadiodes is also discussed in the second chapher.
third chapter presents a discussion about undelisianthe working of nanowire diodes through
simulations. The simulation results in this chapdet as a reference for the electrical behavioreat
nanowire diodes presented later in this work. Botteqp and top-down processes for fabrication ofivakt
Ge and Si nanowire Schottky diodes have been ddmaded in chapter 4. Chapter 5 presents |-V
measurements performed on Ge nanowire diodes &idatalysis using the thermionic emission model.
Chapter 6 describes the effect of surface paseivatn the electrical characteristics of Si nanowlicsles.
DC current vs. voltage and AC capacitance vs. geltmeasurements performed on the diodes are used to
explain the reasons behind the observed electbebbvior of the devices. Chapter 7 summarizes the
achievements of this research and in light of thsults obtained here it lists the topics of further

investigation which are critical for modeling thedrical behavior of nanowire diodes.



CHAPTER 2
NANOWIRES: BACKGROUND, FABRICATION AND USES

2.1 Introduction

This chapter provides a background on nanowires igeneral way. It starts with a brief
introduction to nanotechnology followed by a disiaa about the invention of nanowires. Differeridsg
of nanowires along with their main applications presented in this chapter. For the most partciizgter
focuses on the VLS process of growing semicondutamowires. The discussion presents how nanowire
growth is initiated by the diffusion of source gagato catalysts on the substrate. It explainsttmasize of
the metal catalyst cluster determines whether grinis possible to grow a single nanowire undeAlso,
the phase diagram of the metal-semiconductor systet® the pressure and temperature conditions in
which VLS growth can occur. The choice of metal imfy has to be made depending on the material of
the nanowire. The shape and stability of the naresavilepends on the surface tension between themolt
metal impurity and the semiconductor of the nanewftinally, the chapter discusses some imperfextion
that have been reported in nanowires grown usiagvihS technique and possible explanations that have
been offered. In this way, this chapter providetheoretical background to the growth of nanowires,
general overview of different types of nanowirdit uses and the kinetics of the VLS techniquel dse
growing semiconductor nanowires.
2.2 Nanotechnology

The capability of producing electronic devices darathan 100 nm has been available for
approximately three decades, but it was not unéllast decade that researchers started lookiregudisr
into the properties of materials at the nanosda&search on nanostructures systems has studiedhieow
properties of nanoscale materials are differeniftbeir bulk counterparts and how they can give t&
systems with novel physical and chemical propert{ggabunde & Richards, 2009) discusses that the
delocalization of valence electrons in a mateainversely proportional to its dimension. As weveo
towards smaller dimensions, quantization of motiesults in discrete energy levels just like in deunale.
This transition occurs gradually as the structize s reduced. For example, it has been obsehadte

melting point of bulk Au is 1064 C however a 5 nm particle melts approximately 200 C below that



temperature. A 6 nm Pd particle has a specific A88& higher than that of bulk Pd at constant volane
250K (Klabunde & Richards, 2009). Also, the ratfdle percentage of the number of atoms on theserf
to that in the bulk increases rapidly with decreissize of a particle. Therefore, the effects vifface
phenomena like adsorption, surface conduction, bdldlyy etc. begin to dominate as dimensions are
reduced. Scaling devices down to the nanometee $zd led us into a domain where materials aryltke
show widely different behavior than they do at mior millimeter scales.

The change in electrical properties of materiala assult of size scaling is of great interesti® t
semiconductor community. In a bulk material, eleelr behavior can be modeled accurately by
considering charge carriers as particles. Howeaserthe dimensions of the conductor are reduced and
become comparable to the inelastic mean free piatts @wharge carriers, we begin to observe batlisti
transport and the behavior of charge carrierssstaging dominated by their wave nature. Since oked t
number of particles in a nanoscale device is I¢ssir phase interaction also becomes important.
Quantization of electrical conductivity has beersaved in split-gate Schottky contacts, quantunmtpoi
contacts (QPC’s) and Aharonov-Bohm (AB) rings (Fe& Goodnick, 2009) which highlights the
formation of discrete energy levels in 1-D semiagetdr structures. Since nanoscale devices already h
the obvious potential of creating very high dengitggrated circuits, it has become essentialudystheir
properties and determine how they can outperforair thulk counterparts. Towards this end, numerous
nano-structures have been fabricated and testedamatories around the world.

2.3 Nanowires

A nanowire is usually a cylindrical structure hayia diameter of a few nanometers and a height
up to a few microns. The earliest research on namewas on the growth of thin whiskers of silveyrfi
surfaces of silver sulfide around the 1940’s, beeahey were found to be the cause of short cgantd
the mechanism of their formation was not understatotthat time (Levitt, 1970). Further, in 1952, Fieg
and Galt of Bell Telephone laboratories determitteat the tensile strength of tin whiskers was much
higher than bulk tin and in fact it approached ttheoretical limit (Herring & Galt, 1952). Similatuglies
suggested that solids in whisker form had tensitengths approaching theoretical limits. This was

probably, the first indication that materials ofdueed dimensionality have widely different physical

8



properties than their bulk properties. This diffexe was explained by the fact that whiskers hadlyea
perfect crystal structure with very few defects pamed to bulk material. This discovery led to the
development of methods for growing whiskers usimgle elements as well as compounds, including but
not limited to metals and semiconductors. It walseled that screw dislocations which terminate @ t
surface of the substrate provide energetically fale sites for atoms in vapor-phase to accumuéatd,
caused the anisotropic crystal formation of whiskdhe defect believed to permeate along the dxiseo
whisker causing growth to proceed in the prefediedction (Burton, Cabrera, & Frank, 1951). Therefo
many vapor-phase reactions were developed for gigpwihiskers of different materials. Analysis of Si
whiskers grown by these methods however, showetbtleeving important facts (Levitt, 1970):

a) The whiskers were perfect crystals and their gromals not initiated by a screw dislocation.

b) An impurity was important for growth of whiskers

c) The presence of liquid phase on the tip of the kéris was noted during growth.

All these observations led to development of thedraLiquid-Solid (VLS) mechanism proposed
by Wagner and Ellis from Bell Telephone Laborateiiie 1964 (Wagner & Ellis, 1964) which is discussed
in detail in the later section 2.5.1. In 1975, Ggiaov and Sheftal experimented with the growthSof
whiskers using 50-100 nm films of catalysts (Au,, @g. They concluded that the critical step which
governs the rate of growth is the incorporatiorBoatoms into the lattice at the tip of the whisked the
stability as well as the growth direction had @ty dependence on temperature (Meyyappan & Sunkara,
2010).

The whiskers discussed above were a few hundredonsicin diameter. The transition from
micron-scale whiskers to nanowires came around 1@9&n they were first grown by Westwater et al.
(Westwater, Gosain, Yamauchi, & Usui, 1995). TheswgSi nanowires approximately 10 nm in diameter
from 5 nm thick Au films and used silane as therseugas instead of Si tetrachloride used in earlier
experiments with whisker growth. A couple of yelater, this group studied the stability of Si naies
as a function of silane concentration, temperaturé nanowire diameter (Westwater, Gosain, Tomiya,
Usui, & Ruda, 1997). Ozaki et al. also reportedwghoof Si nanowires with 6-30 nm diameter usingthi

Au films in 1998 (Ozaki, Ohno, & Takeda, 1998).tAe same time, nanotechnology had gained significan
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interest as the technology of the next generatfaiextronic devices. Hence, research activitieh@area
of inorganic nanowires in general and semiconducssrowires in particular, started around the begmn
of the 21" century.
2.4 The importance of nanowires

Vertical nanowires are ideal for fabricating higéngity integrated circuits because of their small
planar footprint. The charge carriers are free tmvenin the axial direction only. If the diameter tbe
nanowire is on the order of a few nanometers, 1it lsa a useful tool in studying the wave-like natofe
electrons. Low-defect semiconductor nanowires wittall diameters show the presence of discrete gnerg
levels by exhibiting quantization of conductanc€&ilke, Simmel, Lorenz, Blick, & Kotthaus, 2003).
Further confinement of electrons along the axishef nanowire is possible with heterojunctions aédat
within them (Bjork et al., 2004; Thelander C. et @003). Such nanowires may have quantum dot like
structure sandwiched between two successive hatatipns along their length which exhibit periotci
in conductance with variation in the confining putal.

Apart from providing evidence of quantum mechanmalperties, semiconductor nanowires may
be used as the channel region of MOSFET’s (Cuingh&Vang, Wang, & Lieber, 2003; Koo et al., 2004;
Nguyen et al., 2004), concentrator photovoltaitsa@tala, White, Barnard, Liu, & Brongersma, 200n
et al.,, 2007), light-emitters (Hersee et al., 20B@nenkamp, Word, & Schlegel, 2004), field-emission
electron guns (Gangloff et al., 2004), lasers (3ohret al., 2002), thin-film transistors (TFT's)u@n et
al., 2003), crossbar address decoders (Zhong, WauigBockrath, & Lieber, 2003) and diodes (Agarwal
Vijayaraghavan, Neuilly, Hijzen, & Hurkx, 2007; ¥son, Jun, Kapoor, & Miller, 2006). In all the algov
applications, semiconductor nanowires grown by rgetsa of techniques have been employed. The results
from the above experiments indicate that althoughowires show the correct type of |-V behavior,
considerable improvement is needed in their fabdoaif they are to compete with their planar
counterparts. This includes control over growthfede density, stability orientation and position of
nanowires. At the same time, the process has &ubke that it is possible to be integrated intoaamdard

planar CMOS process. When these challenges areamey it will push the current limits of scalingywin
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to a few nanometers and result in highly integragtsgttronic systems with better performance than th
existing ones.

2.5 Different types of nanowires

2.5.1 Semiconductor Nanowires

Si nanowires have received a lot of attention bseaaf the huge amount of investment in Si
technology around the world. Si growth technologg imatured more than any other semiconductor partly
because of the demand and partly because of thelabtiavailability of raw materials which are presed
to make semiconductor grade Si. Today, defect-8egvafers as large as 450 mm in diameter can be
manufactured in large quantities. The depth of itiral knowledge and the practical experience of
manufacturing devices in Si is more than any o#emiconductor. There are other materials like 111-V
compound semiconductors e.g. GaAs and wide bandgaprials like SiC, which are more suited to
specific uses like light emission and high tempeebperation but, it is not yet possible to magmplex
integrated circuits like microprocessors, usingséhmaterials. Germanium is another semiconductarhwh
has properties similar to Si but, is more expensitberefore, not so widely used. Thus, the mosgisb
after semiconductor for making integrated nanowgegices in the future is Si. That being said, dmeufd
keep in mind that at nanoscale dimensions, theeptigs of a material can be very different fromttha
observed in bulk. This makes it all the more indérgy to make Si nanowire devices and see if safntieeo
undesirable properties of Si can be engineered $0 make it even more versatile at the nanoséaigeat
example of this is emission of light across tharentisible spectrum from Si nanowires (D. P. Yuagt
1999). The wavelength of the emitted light was fibtim undergo a blue shift on reducing the diameter
the core using oxidation to form Si©n the surface of the nanowires.

Apart from Si, Ge, has been fabricated into nanesvibecause of its lower bandgap (0.67eV
indirect and 0.88eV direct), higher mobility andttbe light-emission efficiency. Germanium also lzas
larger exciton Bohr radius than Si hence, can eklgjbantum confinement effects at larger nanowire
diameters as compared to Si. Nanowires of Ill-Variats like GaAs, AlGa;,As, InP, etc. have also been
fabricated. These compound semiconductors have begimeered to produce a wide range of energy

bandgaps. They have larger mobility and betteraesg to high-frequency operation than Si. They have

11



been used to study quantum wells and superlattidésh can be fabricated by growing thin layers of
compound semiconductors over each other using M@e8eam Epitaxy (MBE). Vertical Cavity Surface
Emitting Lasers (VCSEL'’s) are a particularly attree avenue for the use of nanowires because of the
extreme confinement of charge carriers which a néneocan provide by virtue of its structure.

2.5.2 Chalocogenide Nanowires

Phase change materials have the property of swidbétween amorphous and crystalline states
based on the Joule heating produced by a currewinty through them. The amorphous and crystalline
states have widely different electrical and optjmalperties because of which it can be used asmaomye
The difference in optical properties is alreadyngaised commercially in storage media like compésits
(CD’s) and Digital Versatile Disk (DVD’s). With fieh memory likely to reach its scaling limits, thésea
huge demand for an alternative way of storing digibformation in an ultra-high density solid-state
memory. Phase-change RAM (PRAM) consists of a cuglenide (phase-change) material sandwiched
between two metal electrodes. It works by changfmegresistivity of the chalocogenide by virtue otilé
heating produced due to current flow between tleeteddes. The low and high resistance states are
designated as logic “0” or “1”. It is being thorduyg investigated for replacing flash memories baseaof
its ease of fabrication, scalability, faster reaitevspeeds and simplicity of operation. The onlgjon
limitations of this memory are the large programgniourrent required to change the state of the
chalocogenide material and thermal interferencevéet adjacent cells i.e. programming one bit might
affect the state of the adjacent one because afmity.

The idea of fabricating such memories from chalecade cells in the form of nanowires provides
many interesting implications. It is a fact thaeé timelting point of a material decreases on redutieg
dimensions (Sun, Yu, Ng, & Meyyappan, 2007). Everhigh levels of integration, nanowires can be
written such that adjacent cells do not affect eaitter adversely (Sun, Yu, & Meyyappan, 2007). Also
because of the reduced size, lower overall curreargranslate to sufficient current densitiesdaghe cell
which will help operate the memory at lower prognaimg currents (B. Yu, Sun, Ju, Janes, & Meyyappan,

2008). Like other phase-change memories, the dperaf nanowire PRAMs will not be affected by
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radiation. GeTe, GS8h,Te; (GST), InSe and GeSb nanowires have already been fabricategy@ppan
& Sunkara, 2010).
2.5.3 Metallic Nanowires

Metals in general, are used as conductors in @actteircuits. It is therefore a matter of great
interest to investigate the changes in propertfemeatals at nanoscale dimensions. Nanowires hage be
fabricated using metals like Bismuth, Silver, Cappdickel and Zinc (Meyyappan & Sunkara, 2010).
Bismuth nanowires have been shown to have a mgiting proportional to their diameter but indepantde
of the crystal orientation. Silver nanowires havghhthermal and electrical conductivity. Copper is
currently being used in interconnect metal linesrtagrated circuits because of its high condutiand
resistance to electromigration. Thus, Cu nanowiiese attracted a lot of attention. It has been dotlat
copper nanowires are susceptible to changes inuotindy due to oxide formation on the surface. Al§
Cu nanowires are transferred onto pre-patternethcts) they show a very high resistance (Meyya#an
Sunkara, 2010). Copper nanowires placed in 230 eep &iQ trenches show reduced effect of oxidation
but resistivity is still more than bulk because softtering at the interface of Cu and Si&hd grain
boundaries inside the nanowire. Overall, the cdrpeagress of research on Cu nanowires shows hbat t
electrical properties are not better than bulk espp

Nickel, because of its magnetic behavior has besridated into nanowires for potential
applications in magnetic memories. Nickel nanowerkibit either a stable face-centered cubic (F&G
metastable hexagonal close-packed (HCP) phase @pewn & Sunkara, 2010). The hcp phase exhibits
non-magnetic behavior. However, hcp changes to ¢ao¢ered cubic (FCC) under heat treatment and the
nanowires exhibit a diameter dependent coercivé.fiehe coercive field increases from 600 to 12@0a9
the diameter is reduced from 55 to 30 nm (Nield¢cdl.e2001).

Zinc nanowires have superconducting and light-émgtioroperties (Tong, Shao, Qian, & Ni,
2005; Wang, Tian, Kumar, & Mallouk, 2005). As witther materials, Zn nanowires show a “blue shift” o
the emitted electromagnetic radiation providingdevice of increase in the energy bandgap at namoscal
dimensions. Zinc nanowires can be easily oxidizefibtm ZnO nanowires which have good light-emitting

properties. Thus, Zn nanowires can be used to higtkeemitting diodes and lasers.
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2.5.4 Nanowires of other materials

Besides metals, chalocogenides and semiconductomspaund nanowires have also been
fabricated. Nanowires made out of oxides, sulfided tellurides of metals have been grown by various
methods (Meyyappan & Sunkara, 2010). The inspinatiehind these experiments has been the quest for
engineering the properties of these compoundsxi@neling their utility beyond the limitations obged in
their bulk state. These compounds in bulk stateligte emitters, energy conversion/storage elements
catalysts, etc. which show interesting propertteab@nanoscale.
2.6 Fabrication of semiconductor nanowires

As mentioned in the previous sections, nanowireseoficonductors, metals, chalocogenides and
compounds like oxides, sulfides, antimonides afidrides have been synthesized from their congtitue
elements by a number of methods. In this work ntlaén emphasis is on semiconductor nanowires made of
Si and Ge. The methods of synthesizing them botipnusing the Vapor-Liquid-Solid (VLS) technique
and top-down using the Bosch process will be dsedishere in detail. All other methods are used for
growing nanowires of other materials, which altHowgry important from a material viewpoint, are not
directly related to the purpose of our research.
2.6.1 VLS Technique

The VLS method was first described by Wagner aris lom Bell Laboratories Inc. in 1964
(Wagner & Ellis, 1964) when they demonstrated thetical single-crystal Si whiskers could be groem
a (111) Si substrate using Sénd SiCJ as source gases. The diameter of these whiskaes yeom a few
hundred nanometers to a few hundred microns. Arsatie representation of the growth of a whisker is

shown inFigure 1
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Figure 1. (a) Impurity droplet on the Si surface; (b) Growth of a single crystal whisker
with the impurity droplet at the tip. (Reproduced from (Wagner & Ellis, 1964)).

A few decades later, it was found that the saméchashnique, with a thinner coating of the
impurity produced whiskers of nanoscale diametengchvcame to be known as nanowires (Ozaki et al.,
1998; Westwater et al., 1995; Westwater et al.,71.9%he role of the impurity (in this case, Au)visry
important as it causes preferential reaction of ghseous source species on the substrate and causes
anisotropic growth in the form of whiskers. Firtlte substrate is heated to a temperature at whieh t
impurity melts and forms a molten alloy clustertwthe substrate. Then the gas containing the source
species in vapor phase is introduced which reaetfentially with the melted cluster as comparedhe
rest of the substrate and forms a supersaturatedicso of the source material into the molten alloy
Eventually, this leads to precipitation of the gtbwpecies at the molten cluster-substrate interfache
form of a single crystal. As the reaction procedids,molten cluster sits on the tip of the whidkeading to
a 1-D growth.

For impurities like Au whose solubility in the meit cluster is high, the diameter of the nanowire
is limited by the size of the impurity cluster (M@ppan & Sunkara, 2010). In this work, the growth o
nanowires has been achieved using Au as the impamitop of (111) Si substrates. The diameter efAh

cluster is critical to the diameter of the resigtimnowire.
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2.6.2 Dynamics of the VLS Technique
In order to understand how the source gas trantfereanowire material anisotropically, we need
to split the technique into its constituent phennanand consider them separately as a single crysttde
substrate. The processes occurring during VLS naaogvowth using the VLS technique can be broadly
classified into the following (Meyyappan & Sunka?®10):
a) Selective absorption of source gases at the vaguaidlinterface
b) Adatom diffusion from the substrate to the liqualid interface
c) Precipitation at the liquid-solid interface
Apart from the above processes there are some dllrmamic principles which govern the
formation and growth of nanowires under the liqgdidplets of their molten impurities. It is possilbhat
multiple nanowires might grow out of a single maliepurity cluster. It is therefore necessary toase
the right combination of impurity and source gas doowing individual nanowires and controlling thei
diameters. It has been experimentally determined ttie growth kinetics and surface structure depend
mainly on the rate of absorption of the vapor phase the liquid and also on the rate of diffusioh
adatoms along the surface of the nanowire towdreldiquid-solid interface. Some impurities incredse
dissociative adsorption of the source gases osuhface of the liquid droplet, which in turn, inases the
rate of dissolution of the source atoms into thjeiti. The following discussion provides an introtioic to
the concepts which help decide what materials amdliions one must choose in order to grow nanawire
in a controlled manner using the VLS growth techeiq
2.6.3 Nanowire growth initiation
First we discuss the initiation of nanowire growilhe catalyst which promotes nanowire growth
in the VLS technique is a metal. This metal mettd forms a eutectic with the Si substrate at thwvgn
temperature. The source material of the nanowinatieduced in gaseous form into the system. Asgte
comes into contact with the molten metal clusteis absorbed into the liquid and reacts to givegburce
material in elemental form. At this point, the seimaterial can either diffuse through the liqudeach
the substrate and form a single crystal nanowiresghcharacteristics are well-controlled, or it é@m

multiple nucleation sites on the surface of thaeiitigdroplet giving rise to a bunch of nanowires s#o
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growth direction cannot be controlled. What actu&thppens depends upon the combination of metal and
source material. In order to understand the theymarhic concepts underlying growth, we start with th
formation of a droplet of molten metal on the stdust

Using the Gibbs-Thompson equation, the partial qumes of a gas in equilibrium with a liquid

droplet of radiusr) is given as (Meyyappan & Sunkara, 2010)
2yQ
erin [£] = 22 (2.1)
p T

Where,y is the surface energy of the droplétjs the molar volume of the species within the tegp is
the partial pressure of the gas in equilibrium witle droplet,p” is the partial pressure of the gas in
equilibrium with a planar surface (radius o), k is the Boltzmann constant aridis the absolute
temperature. The rati/p” signifies the degree of vapor-phase supersaturafithe source material in the
gas phase. Equation (2.1) shows the need for satpeation of the solute species in the vapor pliase
order to form a liquid droplet. The radius of onels droplet is given as
e ZVﬂp (2.2)

kTIn [p—m]

The above expression gives the radius of a drapléguid phase in equilibrium with the vapor
phase of any solute species. Considering the pligsdf nanowire growth via multiple nucleationtas on
the surface of a droplet of molten metal, the cphoé minimization of Gibbs free energy gives thaeius
of a nucleation site for which there is the maximpassible decrease in free energy. The criticausais
generally (Meyyappan & Sunkara, 2010):

20 (2.3)
T AGy

Tc

Where,s is the interfacial energy between the molten métaplet and the nucleation site an@y is the
volume free energy given by (Meyyappan & Sunka@d,(:

AGy =I;2—Tln (C) (2.4)

C*
Where, C represents the solute concentration within thetenometal cluster an@" is the equilibrium

concentration of the solute species in the moltetahhwhich can be obtained as a function of tentpeza
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from the liquidus line in the binary phase diagrdrherefore, the radius of the nucleation site fatroa
the surface of the molten metal cluster is
200 (2.5)

KTn (CC)

Tc

The above equation tells us that at a certain atretéon of the solute species in the molten metal
cluster, the minimum radius of a nucleation siterfed on the surface of the metal droplet is giverthe
termr.. This has an important role to play in choosing ¢bmbination of catalyst metal and the material of
the nanowire. Consider the example of an Au-Siaiat@t approximately 650K in which the atomic % of
Si is close to 19%. At this concentration and terapge, the minimum radius of a nucleation sitefithe
order of several microns. Thus, if we have Au dtsbf sub-micrometer dimensions, there will nothg
nucleation site on the surface of the molten Ae@ectic. Instead, the Si will diffuse through thuid
and form a single crystal nanowire at the liquitlesinterface. On the other hand if we have a défe
metal like Ga, the solubility of Si in liquid phasé Ga is much less as compared to that in Au.&bo,
1000K with a Si concentration of say 3 atomic %g thinimum radius of a nucleation site can be
approximately 10 nm. This means that if we havalamaicrometer sized cluster of Ga on the substate
we expose it to a vapor phase containing Si, maltiucleation sites may develop on the surface of a
single liquid Ga eutectic phase giving rise to adbuof disordered nanowires. Thus, we have to ahaos
suitable catalyst metal by looking at the binaryagsh diagram of that metal with the growth species

dissolved in it as shown fRigure 2
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Figure 2. Phase diagram of the Au-Si system.
(Reproduced from http://mtdatasoftware.tech.officdive.com/phdiagrams/ausi.htm)

For the VLS process we hold the temperature atG@aich is the eutectic temperature for Au-Si
system. At this temperature the atomic % of Shim inelt is approximately 19%. From this state,nglsi
crystal of Si starts forming by saturating the etitewith Si atoms obtained by the decompositiositzne.
The Au-Si phase diagram iRigure 2 shows that if the system is held at 363 C or 6386 eutectic
temperature) and the concentration of Si in theaiatis increased, Si in solid form will segreggitem the
solution and the Au will be retained in liquid formithout being consumed. The creation of multiple
nucleation sites on the surface of the eutectid isgbrevented by the size of the Au-Si droplet #mel
concentration of Si in the supersaturated melthisicase, the 19% atomic concentration of Si ersstirat
the minimum size of a nucleation site is of theewrdf a few microns. In the present work, we haken
care to pattern our substrates with Au particlesuti-micrometer dimensions thereby ensuring tipaleti

growth of a single nanowire will occur from each @luster on the substrate.
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It is a standard approach to check the phase dimgfaa system to find a eutectic point where
concentration of the growth species inside the sedtuch that the creation of multiple nucleatidessis
impossible and by saturating the melt at constantperature, catalytic growth of nanowires can be
obtained. A good example is the formation of Ga emdanowires using Sb as catalyst metal (Meyyappan
& Sunkara, 2010).

2.6.4 Effect of the liquid-solid interface on nanowire gowth stability

The shape of the catalyst metal droplet is thelresfuthe balance of forces resulting from
interface tensions present at the liquid-solidrfatee of the nanowire. It has been observed thabwaes
grown using the VLS technique can have differemtpgls depending on the combination of the metal and
the growth species. This difference is becausengi@al droplet controls the interfacial energy &t fiuid-
nanowire interface (Nebol'sin & Shchetinin, 200B)ifferent metals form alloys having different
compositions with the source material at the eigetetmperature. These molten alloys have interface
tensions different from the pure metal and hent@raamount of experimentation is required to deiee
the suitable catalyst-nanowire combination for daie application.

(a) (b) (c)

Figure 3. Nanowire geometry and balance of surface tension case of (a) Cylindrical wire, (b)
Conical wire and (c) droplet wetting the lateral face of the nanowire. (Reproduced from (Nebol'sin &
Shchetinin, 2003))

The shape of the nanowire surface is determingtidyninimization of Gibbs free energy, and for
growth in a particular direction it is necessary foe droplet to cover the surface. There is a eaofy
angles,¢ shown inFigure 3, for which the growth of the nanowire is thermodymeally possible

(Meyyappan & Sunkara, 2010)
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as sing +cos @ (2.6)
—< - s . o
a, cosd—sind

Where,as anda, are the solid-vapor and liquid-vapor interfacestens respectively andlis the conical
angle of the nanowire. For understanding the camditf stable growth of the nanowire, the plot shaw
Figure 4is helpful. It shows two cases: (1) is when thepghof the nanowire is cylindrical and (2) is when
it is a cone inclined at an angle ®from the vertical. In case (1) and case (2) tteagmunder the curve
bounded by (sip + cosg) / (cosd-sin o) = 1.33 are the ranges &for stable nanowire growth in the case
of cylindrical and conical nanowires respectiv@liiese areas fall under the region numbered Il erplbt.
In regions | and Il on the plot, nanowire growshniot possible. One can easily infer that the rarfgefor
stable growth is more for conical than for cylim@di nanowires. That is why the formation of conical
nanowires is more favorable than cylindrical onso, equation (2.6) implies that stable growthrisre
likely if a_ is larger compared tes. Hence, proper choice of the metal-nanowire sourzgerial
combination is extremely necessary for obtainimgsired shape of nanowires.

(sing + cos@)/(cosd — sind)

X

1.4 !

1) " 1
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¢© + 90, deg

Figure 4. Plot of (sing + cose) / (cosé-sin 8) versus the angle of contactg) of the metal droplet with
the nanowire surface. (Reproduced from (Nebol'sin &hchetinin, 2003))

2.6.5 Imperfections observed in nanowire structures
Sometimes, spiral geometries have also been repartéiterature (Mcllroy et al., 2004). It is
believed that asymmetry in the contact angle of mietal droplet to the nanowire surface leads to

differences in the rate of growth of material asrdlse diameter of the wire. The system grows in the
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direction which supports minimum interfacial energyd a periodic asymmetry results which forms a
spiral because of the height of the wire.

Another observation in Si nanowires growing in #l1> direction is that their lateral surfaces
have a “sawtooth” faceting on them. This facetirag lbeen explained based on the Gibbs theorem of
minimization of free energy (Meyyappan & Sunkar@]@):

Free energy = Zo;a; = minimum (2.7)
In this expressiony; is the surface energy of a facet ands its area. The surface energy of a facet to is
related to its distancd) from the crystal center as (Meyyappan & Sunkad,0)

O, Op O (2.8)

ha h, h

Sunkara (Sunkara, 1993) proposed an explanatitmsophenomenon applying the above theorem
in a Kinetic Monte Carlo simulation for creating3eD octahedral crystal of diamond. They concluda th
the rate of growth of the nanowire also has a toleglay in determining the growth direction. The
formation of crystal facets was preferentially <®1because of lower surface energy than other
orientations. However, due to interactions with #ezond and third nearest neighbors in a crydial, t
<111> surface develops kinks and steps which raughe the surface and increases its energy abave th
of other orientations. This results in a changgrowth direction towards other orientations whicvé
lower surface energy.

Gosele et. al. (Schmidt, Senz, & Goésele, 2005) tedathat Si nanowires with diameters larger
than 20 nm grew in the <111> directions but, foaBen nanowires, <110> growth was possible. They
proposed a model which states that the minimizatbriree energy of the surface of the nanowire
determines the growth direction and the free energyfunction of the nanowire diameter. The exgims
for the free energy is

Free energy = Azo L + 054, (2.9)
Where, Az is the interfacial thickness on the Si surfagg,is the surface energy of the 3i,is the
circumference of the interface,s is the liquid-solid interface tension aAds the area of the interface. As
the diameter of the nanowire changes, it changesahtributions from the solid-liquid interfaciansion

and the Si surface tension from the edge of trerfate, towards the free energy of the nanowiréaser
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This explanation suggests that the nanowire gralivéction changes with its diameter because ofribe
energy of the interface. The only weakness in thevipus argument is the question whether it can be
applied to the growth of a nanowire where the f@fés actually a liquid-solid interface and whose
dimensions are a few nanometers.

2.6.6  Vertical etching

The outcome of the VLS growth is strongly dependenthe material of the nanowire and also
the surface chemistry between the catalyst andstibstrate. A more straightforward approach is ® us
reactive ion etching to vertically etch nanowiresing the Bosch process. This approach is simplétr as
does not involve a catalyst. There is no questioout non-uniform doping as one can use a uniformly
doped substrate. The only requirement for this @seds having particles on the substrate whiclasdtiard
masks to etch down the nanowires. The interfacedst the hard mask and the substrate does nottave
be atomically clean; all that matters is the positof the hard mask making the process robust o th
cleanliness of the substrate. The other main adgentf vertical etching is low temperature progegsi
The only annealing that has to be performed i®tmfa silicide or germanide of the metal at the tpthe
nanowires after contacts are fabricated. This makesprocess fit for integration into a pre-estsiisid
flow without worrying about the effects of high tparature on doping profiles of other devices.

2.7 Nanowire diodes: prior research

Considerable research has been reported on metfotidrication and understanding of the
electrical behavior of nanowire diodes. In mosd&ts, nanowires have been dispersed horizontallg on
dielectric (SiQ), and electrodes have been lithographically depdsbn top. Since this work concerns
fabrication of vertically oriented nanowire diodege review below, some of the work which has been
directed towards this cause.

ZnO nanowires (n-type) on p-GaN films depositedAO; substrates have been reported (Lai et
al., 2008). GaN films were grown using MOCVD upltgim in thickness and doped with Mg to yield hole
concentration of ~ 4.5 x 1bcm?®. Solution growth method was used to grow ZnO naresion the film.
The substrate was suspended in an aqueous sobftianZn salt for a specific amount of time which

governed the length of the ZnO nanowires. Thisdgdl 100-600 nm thick vertical ZnO nanowires. The
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nanowires were then spin-coated with PMMA for eieal insulation between the substrate and top

electrical contacts made of Ti/Au deposited by rthedr evaporationFigure 5 shows the results of this

study.
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Figureb. (a) Schematic of the device cross-section , (bYleharacteristics, (c) Photoluminescence
spectra and (d) Electrluminescence spectra of ZnO-&N nanowire LEDs (Lai et al., 2008).

In another study, Schottky and Ohmic contacts Vi@beicated on to a single GaN nanowire laid
horizontally on thermally grown SiOon a Si substrate. Ti/Au and Al were depositechgisihermal
evaporation to form Ohmic and Schottky contactpeesvely (Kim et al., 2002). Although rectifying
behavior was observed with the Al contacts, theviih the thermionic emission model was poor yietdi
an ideality factor of 17.8 which the authors jusbfy hypothesizing the formation of AIN at the irfitece of
the GaN with Al

Ti has been reported to have been used as a d¢éatalywing Si nanowires on Si substrates. In
this study by Tang et al. (Tang et al., 2005), 8iowires were grown by MBE using,B} as the precursor
and Arsenic and Boron from effusion cells as dogmses. A layer of SiQwvas thermally grown on the Si
substrate and a patterned with 1.5 um diameteriogamsing optical lithography. Then the Si@as

selectively etched through those openings in tlgrbsist, and the wafer was loaded in an MBE cleamb
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Ti was deposited and the wafer was annealed to iglemds of TiSj, which acted as nucleation sites for Si
nanowires on introduction of the precursors. Afiswing the nanowires, they were encapsulated @ Si
using CVD and mechanically polished to reveal the of the nanowires which were ~ 300 nm in length
after polishing. Top electrodes were fabricategatterning and depositing 300 nm Ti covered witm80
Au. The I-V characteristics of p-n junction formatthin nanowires and between nanowire and subsimnate

case of an n-type nanowire on a p-type substratslawn irFigure 6
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Figure 6. I-V characteristics reported for (left) p-n junction made between the nanowire and the
substrate and (right), p-n junction within the nanowire (Tang et al., 2005).

Using a gate to control the conductivity of vertiggrown p-type Si nanowires on p-type (111) Si
substrates has also been reported (Goldberger, &08i6). In this case the gate dielectric wasniadlly
grown oxide which can be used to control the thédaiof the channel as it consumes the nanowireialate
to grow. The channel length is along the nanowitd ean be controlled by the thickness of the metal
deposited on the thermally grown gate oxide tothetgate electrode. A schematic of the structuck an

modulation of the conductivity of the nanowire tpplication of a gate voltage are showrFigure 7.
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Figure 7. Vertical nanowire FET schematic (left) and I-V chaacteristics (right) (Goldberger et al.,
2006).

Tunnel (Esaki) diodes have also been reported bwigg n-type Si nanowires on degenerately
doped p-type Si substrates (Schmid et al., 201i8eSt is difficult to get heavy p-type doping ide a Si
nanowire during VLS process due to solid solubilitgit of Boron at the growth temperature, the augh
grew n-type (P doped) nanowires doped ¥’ £&i°. The p-n junction was reported to be at the baskeo
nanowire. Ti/Au contacts were made to the top &f tranowire and negative differential resistance

behavior was observed as shown below.
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Figure 8. Si nanowire Esaki diodes. (Left) Schematic of thdevice structure and (right) I-V

characteristics showing negative differential resteince (Schmid et al., 2012).

Another investigation into vertical Si p-n junctioranowire diodes on Si substrates has been
reported by Jackson et al. (Jackson et al., 2(&iD,. was thermally grown on a Si substrate and openings
having diameters from 750 nm to 2.25um were opamgdising optical lithography and selective HF
etching. Au catalyst particles were then, depoditedugh the openings in Si@nd nanowires were grown
using atmospheric CVD at 900 C in a HSICl, ambient. Once grown, the nanowires were encapsliat
spin-on-glass up to a length of ~ 700 nm. Top adetéo the nanowire tips and a bottom contact & th

back of the Si substrate were fabricated by deijpgsihl. The nanowires were not doped at all during
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growth and the substrate was n-type doped to haesistivity of 4Qcm. VLS grown nanowires develop
p-type nature electrically when not doped interdibn The exact cause of this is currently an open
discussion but it is believed to be due to diffastd Au into the nanowire from the tip. Au actsaamid-

level acceptor trap giving rise to a p-type behavithe structure of the device and its |-V charastes

are shown irFigure 9
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Figure 9. (Left) Schematic of the p-n junction diode betweethe p-type nanowire and the n-type Si
substrate and (right), I-V characteristics of the ranowire diodes (Jackson et al., 2007).

The p-type doping concentration of the nanowirerrgd from series resistance is ~ 3 X'10
10'® cm®. The ideality factor of these diodes was betwegrahd 2 which indicates that both space-charge
region and quasi-neutral region recombination drevark. Further, the reverse bias leakage current i
greater than what one would expect to leak fronam@a equivalent to the cross-section of the namowir
itself. The authors hypothesize that the leakageentican be explained if a hemispherical depletémion
of diameter ~ 20 to 50 um is assumed which woulthbecase if the Au from the catalyst particlefudiéd
into the Si substrate when the nanowires nucledtieitig growth.

Now we briefly review some current research that haen published on Ge Schottky diodes.
Fermi level pinning is a well-known phenomenonhe tase of the interface of a metal with Ge. Due to
this phenomenon the Schottky barrier height becam@égspendent of the work function of the metal and
stays around 0.5 eV. The Fermi level is pinned @t18 eV above the valence band in Ge. Thus, ahlme
contacts to n-type Ge are rectifying and those witiipe Ge are Ohmic independent of the work fumcti
of the metal. There have been studies for invetitigahe de-pinning of the Fermi level by modificet of

the Ge surface. Sulfur atoms implanted at the Gface can alleviate the Fermi level pinning at Ni/G
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interfaces (lkeda et al., 2006). In this study, ddntacts were fabricated on top of Ge implantech wit
different doses of S and NiGe was formed by anngdhie Schottky contacts. The barrier height desga
from 0.61 to 0.15eV at a dose of'1@m? of the S ions implanted at an accelerating volt@ig&0 keV.
Zhou et al. (Zhou et al., 2010) have tried to expthe cause of this effect. The motivation forstbiudy
was the uncertainty between the presence of def¢dtee Ge surface or metal-induced interface stase
the cause of Fermi level pinning. A metal/MgO/n-&ructure was fabricated with 0.5-3 nm thick MgO
layer. Sulfur implanted Ge Schottky diode were gsepared in this study. It was found that the ibarr
height did not depend on the thickness of the Mggi but was strongly affected by the presence of a
Sulfur passivation layer on the Ge. Thus, theircbasion was that the Fermi level pinning was mauhig

to defects on the Ge surface and not becauseasfane states induced by the metal.

Fermi level de-pinning at the Ni/Ge interface otype Ge wafers using laser annealing has been
demonstrated by Lim et al. (Lim et al., 2012). Tieaye shown that with laser pulses with a fluerfcg@0®
mJ cn¥ can raise the temperature of the Ni/Ge interface- t600 C forming NiGewhich shows an
effective barrier height of 0.37 eV compared ta 0.6 eV shown by NiGe contacts annealed at 80
using RTA. The authors explain this reduction inrriea height as Fermi level de-pinning caused by
satisfying more dangling bonds by the formationNiGe, at the interface. Chemically altering the Ge
surface using hydrazine has also been reportedctedse the effective Schottky barrier height dri/p-
type Ge junction by Jung et al. (Jung, Jung, & PafkL.3). They have demonstrated that hydrazing firs
reduces the native oxide of Ge within ~ 10 min #reh forms Ge(N, which satisfies the dangling bonds
at the Ge surface and un-pins the Fermi level ngattie p-type Ge behave increasing the effectivedyar
height for holes. The authors have performed XRbBA#M analyses to prove that there is a @¢phase
present on the surface and the native oxide is tmeip removed by hydrazine.

In yet another interesting studiolesnik-Gray et al., 2013), Fermi level de-pinning hasrbee
demonstrated on side-contacted Ge nanowires withPlg Au and Pt. Metal contacts were fabricated on
Ge nanowires laid horizontally on a $i®ubstrate and it was ensured that there was rieenaxide
between the metal and the nanowire. The nanowiere woped 19 cm? to 1% cm® n-type. Contact

resistivity measurements showed that the Ag behagsgdhmic and the Pt, Pd and Au behaved as Schottky
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contacts. The effective barrier heights from Au,dd Pt contacts were 0.4, 0.5 and 0.6 eV respdgtiv
This showed that the Fermi level was not pinnechise of these nanowires contacted from the side.

The effect of annealing conditions on the Scholi&yrier heights of Ti, Pt and Ni contacts formed
on n-type Ge have been reported in literature (Gmala et al., 2010). It was found that the barreglht
in case of Ni contacts remained almost constaneuadnealing temperatures of 100 C to 500 C whereas
in case of Ti it changed from 0.56 eV to 0.5 eV whamnealed at 100 C and 300 C respectively. For Pt
contacts the barrier height decreased from 0.58t@®\0.56 eV when annealed at 100 C and 500 C
respectively. The ideality factor in the range ahealing temperatures from 100 C to 500 C remained
almost constant at 1.0 in case of Pt and stay&deimange of 1.3 to 1.45 in case of Ni but incrdafsem
1.3 to 3.0 in case of Ti. The authors have conduitiat in case of Ni and Ti an increase in tempeeat
causes deviation from ideal thermionic emissiometeugh the overall behavior remains rectifying.

Photodetectors have been demonstrated using manofggphene (MLG) on Ge (Zeng et al.,
2013). An increase in reverse bias current by almiawders of magnitude was reported when a MLG-Ge
diode is illuminated with IR light of wavelength @2 to 1600 nm with the sensitivity being the maxmu
at 1400 nm. This device works by emission of plgeaerated electrons and holes over the potential
barrier at the MLG/Ge interface. The barrier heigalculated from reverse bias current in the daaks w
0.45 eV. The photodetector had a rise time of 23fexr the light was switched on, to reach the peak
current under illumination. It took 108 us afteghi was switched off for the excess carriers tomnguine
and the reverse current to return to its valudéndark.
2.8 Pros and cons of fabricating 3-D Schottky diodes

At this point it is worthwhile to discuss some bétpros and cons of 3D fabrication of Schottky
diodes over a planar architecture. First of al) 8itegration helps in scaling as nanowires hadeameter
of tens of nanometers. Vertical diodes can prowddenections between devices on different layers of
circuitry preventing the need for metallic via falation and consumption of a large area, just fodés on
a single layer. Diodes are switching units which b& used as means of addressing memory cells. 3-D
diodes can dramatically reduce the area of memivcyits. Another very useful application of vertica

diodes is in photodetectors and solar cells. Ctisreplanar solar cells are textured to absorb niigte but
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it has already been shown that nanowires can isertfee absorption up to 100% for a broad rangbaef t
visible spectrum in regular arrays for particulapect ratios and pitch. Another advantage in using
nanowires for solar cells is using coaxial p-i-ngtion diodes with the junctions along the radilisis not
only provides a very small diffusion path for photgenerated carriers, but also a large short ¢ioturent
because of the area exposed to solar radiationowess can also be formed by combining lattice-
mismatched materials because of better strain agtax The crystal is confined only in the vertical
direction, making it easier for it to deform latdyand accommodate the strain.

The 3-D integration of nanowire devices howevegsinot come without limitations. The main problem i
the creation of models to understand the electhehlavior of 3-D devices. Most of the etching peses
have to be limited to dry etching because of sfictielated issues with wet etching. In case of \gk@nth,

Au as a catalyst is a cause of contamination, ésihefor Si substrates in which it diffuses vest and
creates mid-gap traps. Surface treatment of vériegices plays a major role in modifying the elmet
characteristics and is still under investigationc&psulation of vertical devices in a dielectricaiso an
issue because a large thickness is required antmalinrapped charges are desirable. Chemical vapor
deposition usually has a trade-off between demositate and the quality (uniformity, trapped charge
density) of material being deposited. The higherrtite, the lower is the quality. This places aditrade-

off between throughput and performance in a masdtmtion environment.
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CHAPTER 3
THEORETICAL MODELING OF NANOWIRE DIODES

3.1 Introduction

The purpose of this chapter is to provide a thémakbackground to the working of p-n junction
and Schottky diodes. Simulations in Atlas have besed to show the mechanism and the main factors
affecting the conduction of current in these diodester in this study, the current measured frotuac
nanowire arrays is presented. The theory presentdiiis chapter should provide the background far t
extraction of parameters and creation of approxnmbdels for explaining the characteristics obsgrve
from real diodes.
3.2 P-n junction and Schottky diodes

This research focuses on two types of diodes: Hoha@nd p-n junction. At this point it is
worthwhile to review the working principle of thed@des. Let us start with the p-n junction diode.
planar p-n junction diode is composed of two optedsi doped regions whose absolute doping
concentrations can be equal or different basedhempplication. When the p-type and n-type regomme
into contact, the majority carriers for both sidéfuse into the regions of opposite doping ancrebine
near the metallurgical junction. This exposes pasidopant ions in the n-type region and negative
acceptor ions in the p-type region setting up a&ttdk field from the n-type to the p-type regiohigh
opposes and eventually stops further diffusion afamity carriers. The region around the metalluagic
junction which is devoid of free carriers due taambination is known as the space-charge or depleti
region. The electric field due to the fixed donadeacceptor ions eventually stops the diffusiorfreé
electrons and holes and fixes the width of the sgdrarge region. The portion outside of the speege
region is known as the quasi-neutral region becthexe electric field there, is zero under equilibr. The
internal electric field at the metallurgical juranti sets up a potential barrier for electrons te€ifoom the
n-type region into the p-type and vice-versa.

The energy band diagram of a p-n junction diodeead bias (left) shows the potential barrier that

exists preventing the diffusion of electrons frdme n-type region on the right to the p-type regionthe
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left and vice-versa for holes. The image on thhtrihows how the potential barrier is lowered bylgipg

a forward bias (positive voltage to the p-type siflthe diode) of 0.7V.
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Figure 10. Energy band diagram of a p-n junction diode duringzero bias (left) and forward bias of
0.7 V (right).

The left part ofFigure 10represents the energy bands inside a p-n jundiate in equilibrium.
Application of external voltage changes the posdntif the semiconductor and thus, shifts the istdn
Fermi level down (positive bias) or up (negativasjiinside the quasi-neutral region. The conductiah
valence bands inside the quasi-neutral region shofig with the intrinsic Fermi level and modulabe
potential barrier inside the depletion region. Unfdeward bias, the Fermi level is moved down (p) in
energy inside the p-type (or n-type) regions sinet the potential barrier at the metallurgical i is
lowered. Majority carriers cross over to the opfelgi doped regions becoming minority carriers. The
injection of electrons from the n-type region i@ p-type region increases the electron concéutrat
the p-type region at the edge of the depletionoregihey recombine with the holes inside the p-tyioe
and form a gradient in concentration near the edféise space-charge region. The same is truedtash
being injected into the n-type region from the peyegion. The diode current is calculated by agldie
diffusion currents due to minority carriers on baildes of the metallurgical junction inside the gjua
neutral region at the edges of the space-chargerref§s the minority carriers recombine inside th&asi-
neutral regions eventually, their concentrationdggat and hence, the diffusion current reduceseto.z
However, their recombination forces injection ofjondly carriers into the quasi-neutral regions frone

contacts to maintain charge neutrality. Thus, attdat field is set up inside the quasi-neutralioag
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where there are no excess minority carriers anduhent is conducted by drift, instead of diffusi&o, in
essence, the current near the edges of the spaogeategion is totally due to diffusion and traiesis into
drift as we move away from the junction.

During reverse bias, the Fermi levels are movedyafn@am each other such that the potential
barrier becomes higher and the minority carrierceniration decreases at the edges of the spacgechar
region on both sides of the metallurgical juncti@mce again, the total current is calculated byreing
up the diffusion currents due to minority carriatshe edges of the space-charge region on bodls sifi
the junction.Figure 11shows the energy band diagram and the electid fiking from the p-type into

the n-type region of a p-n junction diode underse bias.
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Figure 11. (Left) Energy band diagram of a reverse biased p-junction diode (0.7V reverse bias) and
(Right) generation of charge carriers inside the dgletion region at the junction during reverse bias.

The mathematical model for current flow through-a junction diode is shown in equation (3.1)

(Sah, Noyce, & Shockley, 1957):

D D qv qnW , qv (3_1)
_ 2 12 ler —1) + 2222 akr — 1
J = an: (LnNA * LpND> (e ) * Tscr (e )

Where,J is the current density through the diodgis the intrinsic carrier concentration, andL, are the
electron and hole diffusion lengths, andD, are the diffusivities of electron and hole respety, N, and
Np are the doping concentrations on the p-type atype-side respectively is the applied bias is
Boltzmann constanfl is the absolute temperatul®,is the width of the depletion region angris the

minority carrier lifetime inside the space-chargmion. The first term on the right hand side of the
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equation represents current due to recombinatidharquasi-neutral region and the second term septe
current through the space-charge region.

The first term in the above expression represémgiiffusion current due to the minority carriers
at the edges of the depletion region on both sidfeshe junction. The second term accounts for
recombination (or generation) of minority carrienside the depletion or space-charge region during
forward (or reverse) bias. It is important to ntitat the first term in the diode current expressionounts
for current inside the quasi-neutral region. It bagn derived assuming that there is no recombimaiti
generation of charge carriers inside the depleggion. The justification for such an assumptiothet the
high electric field inside the depletion region dwwefixed donor and acceptor ions pulls the mirnorit
carriers into the quasi-neutral regions in a titerter than their recombination lifetime. This jisation
is reasonable for large forward bias and thin depieregions (high doping) but breaks down in cake
low forward bias and wide depletion regions (lowpithg). Low temperatures also undermine the validity
of this assumption because the absolute concemirafi minority carriers is reduced. At low temperat
the gradient of minority carriers at the edgeshef depletion region is reduced bringing down theenut
due to recombination in the quasi-neutral regiomusl any recombination within the space-chargeoregi
becomes significant. The opposite is true for hgghperatures. So, there is a transition point itage on
the logy(V) vs. V curve at which the slope of the graphrades abruptly. The current due to recombination
in the space-charge region dominates before thait pond after that the current is dominated by
recombination in the quasi-neutral regions.

The exponential relation between current densityl d@ine applied voltage gives a linear
relationship between lggl) and V. The slope will be eithey/2.3kT or g/2x2.3kTepending on whether
the first (quasi-neutral region recombination) be tsecond term (space-charge region recombination)
dominates. In order to better illustrate the cur@nduction in a p-n junction diode let us plog tresults
of the current density expression mentioned abdie.assume the following typical values of the mater
properties for a Si p-n junction diode:
tscr= 10 usD, =D, = 10 cni/s, W= 10" cm,L, =L, = 10° cm,Np =N, = 5 x 13° cmi®, n; at 300K = 1¢f

cm?® k= 8.617 x 10 eV/K, T = 200K, 300K, 400K and 500K, cross-sectional arek0* cnt. Figure 12
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plots the forward bias current for a p-n junctioad# calculated using equation (3.1). A clear titéorsin
slope from the second term to the first is obseatebom temperature but the point of transitiorvesoto
lower bias with increasing temperature becauseéntrease in absolute concentration of minority ieasr
also increases their gradient on the edges ofepketion region inside the quasi-neutral regiorns makes
the first term more significant. The slope alsonse¢o become more gradual with increasing temperatu

because of the inverse dependence of the slofe ddg (1) vs. V curve on temperature.

P-N junction diode |-V characteristics
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Figure 12. Current vs. voltage behavior of a Si p-n junctiordiode during forward bias.

The two regions with different slope on the gt vs. V plot with different ambient temperature
indicate that the current due to recombination ha tuasi-neutral region starts dominating at higher
temperature whereas at lower temperature the dudem to recombination in the space-charge region
dominates. The reason for this calculation is towskthat at room temperature recombination in thecsp
charge region plays an important role in deternginve current at low forward bias in a p-n junctiode.

Metal-semiconductor diodes, also known as Schattkgies consist of a junction between a metal
and a semiconductor. The difference in work functietween the metal and the semiconductor gives ris
to a potential barrier known as Schottky barried aneates a depletion region inside the semiconduct
The magnitude of the Schottky barrier determinesréverse bias leakage current of the diode. Apglgi
voltage to the metal or the semiconductor movesFdmni level such that the potential barrier logkin
from the semiconductor into the metal is modulaed the diode is forward biased when the barriknwis
enough for conduction of current. Forward bias eniris determined by the energy distribution ofanigy

carriers inside the semiconductor at the interfaith the metal. Similarly, the magnitude of the emse
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bias leakage current is determined by the enersfyildition of electrons inside the metal at theiifice
and the height of the Schottky barrier. Since thiecentration of electrons inside the metal is miigimer
than inside the semiconductor, Schottky diodes llysiiave higher reverse bias leakage current and a

softer breakdown compared to p-n junction diodes.
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Figure 13. Energy band diagram at the interface of a Schottkyiode with different voltages at the
metal contact. (a) 0 V, (b) 0.4 V forward bias andc) 0.4 V reverse bias.

Figure 13 shows the energy band diagrams of a Schottky dyadibde with a metal in contact
with n-type Si doped to #&cm? at zero bias, forward and reverse bias. The streaif the diode is planar
and the following diagrams have been plotted logkimo the semiconductor from the metal. The sirsiple
model to describe the current through a Schottlodeliis the thermionic emission model. The main
assumptions taken in deriving the current exprassging this model are (a) the Schottky barrieghteis
much larger tharkT, (b) there is thermal equilibrium at the metal-8@mductor interface and (b) the

existence of a net current flow does not affecs thguilibrium. The current expression is actually a
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superposition of two current fluxes; one from teengconductor into the metal and the other fromnttetal
into the semiconductor. The mathematical expresfipthermionic emission model is the following €z

1981)

J= A*Tze_q¢3/kT (eq(V—ITs)/nkT _ 1) (3.2)

Where,A* is the Richardson constafitjs the absolute temperatukeis the Boltzmann constanpg is the
Schottky barrier heighty is the applied biag) is the ideality factor ands is the series resistance. For the
purpose of understanding the working principle oplanar Schottky diode, we can neglect the series

resistance. With this assumption the expressiogdment becomes
] = A*Tze_q¢3/kT (qu/nkT _ 1) (3.3)
Taking natural log on both sides of the above esgion we get

_ w2, "1PB) v (3.4)
log10(J) = logyo (A T<e kT) t 5303nkT
The slope of the lag(J) vs. V curve gives the value of the idealitytfsicn) and the y-intercept of the

extrapolation of the linear part of the curve githe value of Schottky barrier heighpd). The term

A*Tze_q¢3/kT is the reverse saturation current of the diodereklity, the series resistance reduces the
slope of the logy(l) vs. V curve of the diode for large forward hidsis interesting to note that in this
simple thermionic emission model, the current doasdepend directly on the doping concentratioidms
the semiconductor. Moreover, in real Schottky diydee barrier height too, is not a function of tloping
concentration and is strongly affected by defetth@ metal-semiconductor interface. Based on tieegy
distribution of these defects and their correspogdiccupancy, the Fermi level inside the semicotuds
“pinned” at a fixed energy level independent of theping concentration in the bulk. Thus, unlike p-n
junctions, Schottky diodes are very sensitive t® d¢iectrical state of the metal-semiconductor fatas.
We assume the following values for a Si Schottlgddi The barrier height assumed here is closeato th
reported for Pt-Si Schottky diodes. The value afhardson constanAf) has been calculated assuming

that the effective mass of electrons is equal &ir tfest mass.
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A’ = 120A/ cmiK? ¢ = 0.9eV, T = 300K, k = 8.617 x 10eV/K, area = 10 cnt. Figure 14shows the
effect of changing the ideality factor and the tengture on the forward bias I-V characteristicsaof

Schottky diode.
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Figure 14. I-V characteristics of a Schottky diode based orhtermionic emission model. (Left) the

effect of ideality factor and (right) the effect oftemperature.

Probe voltage (V)

The ideality factor accounts for effects which ao¢ well understood in the working of a Schottky
diode. Effects like interface defects, recombinatin the space-charge region and leakage around the
edges of the Schottky contact can increase theev@uhe ideality factor. The ideality factor affeche
slope of the logy(l) vs. V curve of the diode as shown above. Théviant temperature represents the
average energy possessed by the majority carkiersce their probability of crossing the potentiafrier
created by the Schottky barrier height at the regaticonductor interface increases exponentially wi
temperature. This is represented in the abovedidan the right), by the increase in y-intercepttho#
extrapolation of the linear part of the lggl) vs. V curve with temperature.

There is another model known as the Diffusion theslnich takes into account the recombination
of majority carriers within the space-charge regibnis theory assumes that (a) the Schottky bahnegght
is much larger thakT, (b) there are collisions of majority carriersidesthe space-charge region which has
to be accounted for by mobility, (c) the concemndratof majority carriers at the interface and thige of
the space-charge region is not affected by theentiffow and (d) the semiconductor is non-degeeerat
The current expression using this model is deriwgdhtegrating the drift and diffusion currentsidesthe
space-charge region of the diode. The expressionciorent using this model assuming an n-type
semiconductor is as follows (Sze, 1981)
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= (T e (e i)

In equation (3.5), the term,, is the diffusion coefficient of electronbl; is the density of states in the
conduction bandV,; is the potential barrier at the metal semicondudtterface looking from the
semiconductory is the applied voltagé\p is the doping concentratiopg is the Schottky barrier heigtk,

is the Boltzmann constanf, is the absolute temperaturq,is the elementary charge amd is the
permittivity of the semiconductor. The expressisridentical in nature to the thermionic emissiondelo
with the exception that it depends strongly on tleping inside the semiconductor and the diffusion
coefficient of the majority carriers.

In both the models discussed above, it is assuhmgdttie Schottky barrier height is independent
of the bias applied to the diode. In reality tlsdt entirely true. There is a phenomenon knowimage
force barrier lowering which reduces the barrieight by a small amount during forward bias and
increases it during reverse bias. When an eleésremitted from a metal, a positive charge is irtbion
its surface which exerts an attractive force ondleetron. If the electron is at a distance offbdm the
surface of the metal this force is equivalent ®fitrce that would exist between the electron apdsitive
charge which is at a distance of ‘-x’ from the swd of the metal. This attractive force is alsovkmas
image force which is given by the following expiiess(Sze, 1981)

P q? (3.6)
"~ 16meyx?

Where, ¢, is the permittivity of free space. The potentinkrgy of an electron at a distaneé from the
surface of a metal in the presence of an eledgid E is given by (Sze, 1981)

q° (3.7)

PE(x) = E
) 16megx T qhx

This potential energy shapes the Schottky baroiekihg into the semiconductor from the metal. Thep

at which this energy reaches a maximum represaatadtual barrier height of the diode and is gikgn

X = fm:e = The lowering in barrier height due to image &éend the external electric field Agp =
0

2Ex,,. For metal-semiconductor diodes, the permittiafyree space is replaced by the permittivity af th
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semiconductor. In order to illustrate this pointtee we have plotted the potential energy function
different electric fields to represent differentviard and reverse bias conditions of a Si Schatikge in

Figure 15
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Figure 15. Potential energy of an electron inside Si with diance away from a metal (Ni) surface
under the presence of an electric field.

The direction of electric field lines is from thigit to left for positive values. It has been asedm
that the electron is inside Si and the metal isMiNh a work function of 5.0eV. The Schottky barrier
represented by looking from Ni into Si (left to iy The metal ends at= 0 and thus, the electric field
which is shown in the figure above is all inside 8pace-charge region. When the Schottky diodeiiggb
forward biased, the electric field inside the spalsarge region decreases and the amount of barrier
lowering is reduced. Conversely, during reverses,bthe electric field inside the space-charge regio
increases and there is more barrier lowering. énddse considered here, the ideal potential erartye
electron ak = 0 should be 5 eV but it never reaches that vdiweeto image force. The amount by which it
is lower than the ideal barrier height is modulaigdhe electric field at the interface.

In addition to image force barrier lowering, thezan also be tunneling of majority carriers
through the potential barrier from the metal irie semiconductor to give high leakage currentgidure
13(c) the potential barrier for electrons from thetal into the semiconductor becomes narrower durin
reverse bias increasing the probability of tunrgefimm the Fermi level inside the metal to the agrtibn
band inside the semiconductor. Tunneling can akggpén from the semiconductor to the metal during

forward bias provided that the potential barriehiigh enough and space-charge region still extends a

40



very small distance under the metal-semiconductimrface. Tunneling is a strong function of thergge
distribution of charge carriers inside the metatl dhe semiconductor and hence, varies strongly with
temperature and doping. Tunneling leads to an &seren both forward and reverse bias currentdsét a
increases the ideality factor because at low fodwaas the diode starts conducting more current tha
the case of thermionic emission over the barrier.
3.3 Nanowire versus planar Schottky diode

Now let us discuss some basic differences whickeadue to the structural difference between a
nanowire and a planar Schottky diode. The analylse three dimensional device cannot be performed i
the same way as a planar device because of therafiffe in geometry. The electric field from thegéar
metal contact at the tip of the nanowire can maeulae concentration of charge carriers on itsagerfOn
the other hand, in a planar Schottky diode, theetiiris dominated by the electrical nature of thetah
semiconductor interface. The role of the surfacethef semiconductor plays a minor role (if any) in
determining its |-V characteristics. Fixed charggpped in the dielectric surrounding the nanowioslds
and the density of electrically active defectsraps, on the surface of the nanowire play a majte in
determining the concentration of charge carrieis tans, modulating the conductivity of the dioddlad
simulator has been used in this research to simuat3-D vertical cylindrical nanowire structure
representing the real devideigure 16shows a comparison between the cross sectionghrawylindrical

3-D structure of a nanowire and a planar metal-sengluctor Schottky diode.
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Figure 16. Schematic representations of the cross sectionsahanowire (left) and planar (right)
Schottky diode.
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The simulator uses the drift-diffusion model toctddte the electrical behavior of the nanowire
diode. The simulator is capable of using conceioimadependent mobility models for estimating thieef
of impurity scattering on the current through thede. For highly doped Schottky diodes, tunneling
through the barrier can be implemented. Surfaceméination velocity can be set at the surface ef th
nanowire and the interface with the metal to siteulhe effect of recombination due to defects ia th
actual devices. Acceptor and donor traps can batdbe interface of the nanowire with the dieliecand
the metal to introduce bias dependent charge tissadue to trapping and emission of charge aarrie

We now present some basic simulations which show tih® geometry of the nanowire diodes
makes its analysis different from a planar devikggood point to start will be to observe the point
distribution and electric field as a voltage is ligyp at the metal contact on the tip of the nanew®ince
the electric field lines arising from the metal tast go through the Schottky barrier and also veaqund
the sidewalls of the nanowire, the conductivitytted device can be modulated in a way different froimat

is possible in a planar Schottky diode.
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Figure 17. Potential distribution inside and around a nanowiie Schottky diode at 0 V in the metal
contact (left) and electric field lines at a voltag of 0.2 V on the metal contact (right).

Figure 17 shows potential distribution inside a nanowire @ty diode. The simulator plots
Fermi potential which is the difference betweenfkeemi level and the intrinsic Fermi level. So, tadues
of potential are not straightforwardly intuitiveh& electric field lines on the right FFigure 17are in the
opposite direction to what they are expected tbdmause if the fact that Fermi potential is plofteside

the semiconductor. However, it is there to just thet point across that the electric field linesnfrthe
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metal contact wrap around the nanowire and diraoibglulate its conductivity in a 3-D architecturkeli

the structure simulated in this study.
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Figure 18. Energy band diagram across the nanowire (left) andlong its length (right)

Figure 18 presents these energy bands across and alongriten lof the nanowire structure in
Figure 17The energy bands in the horizontal cross sectiothe left show accumulation of electrons at
the edges of the nanowire due to positive fixedgds trapped in the dielectric encapsulating thacde
During forward bias, due to the vertical structafghe nanowire, the field lines wrap around it aadult
in higher electron concentration at the edges efrthnowire than its core, all along its length. §hihe
electric field inside the nanowire is always highethe edges compared to the center in all doestalong
the radius of the device. The plots of electritdfiender zero bias and a forward bias of 0.3 Vséi@wn in

Figure 19 These horizontal cross sections are taken fr@Daslice of the nanowire structure.
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Figure 19. Electric field across the nanowire at the tip (lef) and mid-way along the length (right).
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The electric field along the length of the nanowsdigher at the edges than inside the core. This
is due to field lines wrapping around the nanoveirel the dimensions of the contact being much larger
than the nanowire diameter. The result is crowddfigcurrent on the edges of the nanowire which is
represented by the current density being very highe edges plotted Figure 2Q
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Figure 20. Current density across the nanowire during forwardbias of 0.2V at the tip and mid-way
along the length.

The discussion about potential, electric field adrent density in a nanowire shows the basic
difference in current conduction mechanisms in @omare diode compared to a planar diode. In a plana
diode, the electric field stays almost constarthatpoints which are at the same distance fronmtatl-
semiconductor interface. Thus, we can assume dudre passing through the entire cross sectidheof
diode uniformly. Clearly, that is not the case ttee nanowire where the surfaces and edges of thtaads
play a major role.

Vertical nanowire diodes are surrounded by a digtewhich can have trapped charges inside it.
Spin-on-glass used in this research to encapstilateanowires, contains positive trapped chargés avi
sheet density ~I6 cm® This should accumulate the nanowire on the ethgesling the conduction band
towards the intrinsic Fermi level. As the diametd#rthe nanowire gets smaller, the bending of the
conduction band becomes more severe and conseguémdl electron concentration inside a thinner
nanowire becomes greater than that inside one avitfrger diameter. This effect tends to increase th
current conducted by nanowires having a smallendtar. In reality, this effect will be decreasedseyies

resistance which is larger for thinner nanowireg #rat has not been accounted for in the simulatinrt
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this is to get the point across that with small@antkter, the overall electron concentration indde
nanowire becomes larger. The following is a plothef energy band diagrams at 0 V and a forwarddfias
0.4 V at the metal contact on the tip of the namewiit is clear that due to interface charge, thenmmore
bending of the conduction band towards the intcifi@rmi level in the thinner (60 nm diameter) naimew
and this effect is enhanced during a positive biaghe top contactigure 21 shows the energy bands
across a vertical cut-plane along the length adi@omvire structure simulated in Atlas. It clearlypsis how

the conduction band has more bending in the 60 iameter nanowire which causes it to have a higher

overall electron concentration.
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Figure 21. Energy band diagram inside a 60 nm vs. 100 nm nandre for 0 V (left) and a forward
bias of 0.4 V.

The electron concentration across the nanowireeistioned inFigure 22
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Figure 22. Electron concentration inside a 60 nm vs. 100 nmamowire for 0 V (left) and a forward
bias of 0.05 V (right).
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The electron concentration is higher inside thax80diameter nanowire compared to the 100 nm
because the trapped charge at the Ge-Biterface bends the conduction band more andeseatigher
electric field inside the thinner nanowire. Sinbe tlectron concentration is higher, there wilbdle more

scattering of charge carriers causing the mobibtye lesser in a 60 nm diameter compared to anh®0

diameter nanowire.
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Figure 23. Current density across a 60 nm (left) and a 100 nmliameter (right) nanowire.

Figure 23 shows the current density across a 60 nm and h®@iameter nanowire. Since the
electron concentration is higher in a 60 nm diame#mowire, the barrier height is more in the idesde,
and the forward bias current is less than for a dfOdiameter nanowire as shownHigure 24 Another
important conclusion from these simulations is that surfaces play a major role in conduction ofent

as most of the charge carriers flow closer to théase.
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Effect of nanowire diameter
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Figure 24. I-V characteristics of a 60 nm vs. a 100 nm diamet nanowire with interface trapped
charge = 13 cm?.

Now we observe the effect of minority carrier redamation lifetime on the I-V characteristics of
the nanowire Schottky diode. We simulate a 100 namdter nanowire varying the minority carrier
lifetime in the bulk of the nanowire from 1 ms t@4 with a capture cross section of'i@nt.
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Figure 25. Effect of bulk recombination lifetime on the |-V characteristics of a 100 nm diameter
nanowire (No trapped charge at the interface). (apuring forward and (b) during reverse bias.

There is an increase in forward and reverse biggwcufor minority carrier lifetimes below 1 ns in
the absence of trapped charge. The magnitude odére in current due to recombination is much more
visible under reverse bias than in case of forv@ad. This is because the current that is availdbténg
reverse bias is only by the emission of electromsr adhe Schottky barrier from the metal into the
semiconductor whereas during forward bias, thermiemission of electrons from the semiconductoo int

the metal is over a potential barrier lesser tt@nSchottky barrier height by an amount equal ¢oRbrmi
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potential of the semiconductor. The conclusion fithen simulation shown ifigure 25is that increase in
recombination rate inside the nanowire can causectinrent to increase. We observed-igure 24that

just by decreasing the diameter of the nanowiré@mm the current was increased due to the positive
trapped charge at the interface of the nanowiré Wie surrounding oxide. Thus, it can be conclutthed
surface effects rather than bulk, dominate thedh¥lracteristics of a vertical nanowire Schottkydeio

3.4 Conclusion

In this chapter the analytical expressions forrislationship between current and voltage of p-n
junction and Schottky diodes are presented firste Thechanism of current conduction is mainly by
diffusion of minority carriers being injected intbe p and n-type regions of the diode. Thus, prattjon
diodes are bipolar devices in which the propertieboth electrons and holes can affect the neteourr
Schottky diodes being unipolar (majority carriegsbd devices, conduct current only through emissfon
charge carriers over the potential barrier (Sclydtikrrier height) at the metal-semiconductor irsteef The
ideality factor is a quantity used to sum up adl gffects which cause the current through a Schalittde
to deviate from the ideal thermionic emission modféé have analytically calculated thermionic enussi
current at different values of the ideality factor show its effect. The Schottky barrier heightnist
constant but varies with the electric field at thetal-semiconductor interface by a mechanism knas/n
image force barrier lowering. Analytical expressidar this effect have been presented and thedcetin
the Schottky barrier height has been demonstrageg@lditing the potential energy of an electron as a
function of distance from the metal-semiconductteriface.

We have then made an attempt to show the differentlee way current is conducted in planar
diodes compared to nanowires. The main differescthat in planar Schottky diodes, the surface ef th
semiconductor is not as important in governing ¢heent as in case of nanowires. A vertical n-t@me
nanowire on n-type Ge substrate with a metal comtadts tip has been simulated to show this déffiee.
Since the area of the metal contact at the tijn@frtanowire is very large compared to the crossoseof
the nanowire itself, the electric field lines frahe contact wrap around the device and directlgcafthe
concentration of charge carriers along its len@tius, most of the current in a nanowire diode isdemted

very close to the surface. During forward bias (fpas voltage at the metal contact), this causestnad
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the current to flow close to the surface of theavaire. Thus, it is concluded that the mobility bétcharge

carriers is strongly affected by the conditiontod hanowire surface.
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CHAPTER 4
FABRICATING ARRAYS OF VERTICALLY ORIENTED NANOWIREDIODES

4.1 Introduction

In this chapter, the process designed to fabrinatewires has been discussed in detail starting
from the layout of the pattern. A brief discussiaimout electron beam lithography has been presented
because it is the key step for transferring th@udyn to the substrate. Apart from that, otheretypf
processing like spinning resist; developing theoseal pattern; chemical treatment and metal depositi
have been mentioned with the reasons for choosioget methods. Then, the results of bottom-up VLS
growth of Ge nanowires on (111) Si and Ge substraéee been presented with the conclusion thaast w
only possible to grow vertically oriented Ge nan@siwith good yield on Ge substrates. Encapsulation
Ge nanowires in spin-on-glass has been presentad Agrocess for fabrication of vertical Si nanogg
on Si substrates using the Bosch process has atso firesented. The effect of changing the duratibns
etching and polymer deposition on the sidewall towagss of the nanowires has been presented. This
chapter presents two different processes for (doboup and (b) top-down fabrication of Si and Ge
nanowire diode arrays on Si and Ge substratescigply. The processes developed here can be sed a
platforms for development of any vertical nanowdeyvice and thus opens up a large range of posigbili
for integration of Si and Ge nanowires into the C8@rocess giving a boost to scaling of integrated
circuits.
4.2 Bottom-up fabrication using the VLS technique

The Vapor-Liquid-Solid (VLS) method requires thhetsubstrate be patterned with the catalyst
metal and the size of the metal particle determthesdiameter of the nanowire which grows at tliat s
The catalyst metal for our process is Au and thHessate is highly doped n-type Si. The reason g t
choice of material is that Si and Ge nanowires Haen shown to grow on Si substrates using Au&s th
catalyst (Picraux, Dayeh, Manandhar, Perea, & C2@1,0) and having a highly doped substrate makes it
possible to have an Ohmic back side contact taveifer without having to explicitly fabricate one.

The entire process of fabrication can thus be diyidroadly into the following steps:

o Patterning Au catalyst particles on Si and Ge satest
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e Growing nanowires using the VLS technique
e Making electrical contacts to the nanowires
Each of the above steps can be subdivided intolsmakks which when performed sequentially,
will complete the process. Let us start with thistfstep.
4.3 Patterning Au catalyst particles on a substrate
The size of the Au catalyst particles controls di@meter of the nanowires grown using the VLS
technique. In order to observe the effect of dédferdiameters and number of nanowire diodes coadéot
a single electrode, we fabricated 20 arrays of nénes within a ~ 2 x 2 mfarea on the substrate. The
catalyst particles were square-shaped with thethsngf their edges being 100, 80, 60 and 40 nmeBoh
size, there were five arrays having 400, 240, 18040 particles. The locations for deposition a&fs Au
particles were defined using electron beam lithplgya The remaining part of this section is dedidate
the main features of this process, which are tHeviing:
e The layout
e Spin-coating PMMA
e Electron Beam Lithography
e Developing the pattern
e Metal deposition and lift-off
The subsequent sections will describe in detail tiege steps were designed and implemented.
Some references from the existing literature wélldgsovided wherever some background is required.
4.4 Designing a layout
The most important step in fabricating a semicotmtugevice or circuit is designing the layout. In
this research our purpose is to fabricate andsesiconductor nanowire diodes. Therefore, the lagiad
to be flexible enough to allow the measurementefdurrent-voltage characteristics of an arrayiofiels
as well as an individual diode using external psolir this purpose, the arrangement of nanownayar
was important so that there was a clear way taltayn metal lines which contacted all the nanowires.
provision for growing nanowires of different diamet had to be made so that any parameters which
change with the diameter of nanowires could betitied. Therefore, different components had to b p
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on different layers such that each layer coulddieitated independently and precisely aligned ¢ootiher
layers. The remaining part of this sub-section déscribe each layer of the layout in detail.
4.4.1 Layer 1: Global alignment marks and chip marks

The main purpose of alignment marks is to provide lithography tool with a reference for
calculating the exact location of all the featurede written on a chip. The tool does these catmuis
based on the layout provided by the user. The glalignment markers are used by the tool to corferct
any distortion in the shape of the wafer which ikelly to arise due to mechanical handling, high
temperature processing, etc. Apart from this, ugjiodpal alignment markers, the tool calculatesahgle
by which the wafer is tilted after being mountedtbe stage on which lithography takes place. Catiog
the tilt is critical because the stage moves dritsfers the pattern onto the substrate. The méstha
which moves the stage has to be programmed towollee exact angle by which the wafer is tilted
otherwise, the positions of different features loa &ctual pattern would differ from the layout. éfere,
the global alignment markers define in a way, tbevs and columns along which the stage of the
lithography tool has to be moved.

The chip marks provide the exact locations on thmses and columns where the features are
located. Chip marks are also used by the tool timeehe value of the tilt calculated using the kb
alignment markers. In this way, the global alignmerarkers and chip marks make it possible to write
several layers of features on top of each otharperfectly aligned manner.

The alignment marks were designed in accordanch thié requirements of electron beam
lithography. Four global alignment marks (P, Q, iRl &) were arranged on four corners of the wafer as

shown inFigure 26
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Figure 26. (a) Arrangement of global alignment marks on the \afer, (b) Dimensions of one alignment
marker

The Si wafer used as substrate to grow nanowiresldiameter of 2 inches as showrFigure
26. The global alignment markers are 2 mm longuf®wide and are 7.5 mm from the edge of the wafer.
The nanowires were arranged in arrays at ninerdiftdocations on the wafer, each location beirlpda
“chip”. So, there were nine identical chips on egét wafer arranged as shownHigure 27 The distance
between the centers of any two adjacent chipsdmlEach chip has the design indicated in the above
figure. Every chip has three layers defined byeddht colors irFigure 27 The red color represents the
local alignment markers or chip marks. The gregeraepresents the nanoscale clusters of Au whith w
serve as catalysts for the growth of nanowires thedblue layer represents metal contacts which lvall
laid down once the nanowires have grown. The sulisggliscussion explains the dimensions and purpose

of these layers in more detail.
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Figure 27. (a) The arrangement of nine identical chips on thevafer, (b) Enlarged view of a single
chip
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Figure 28. (a) Layer containing chip marks, (b) Enlarged viewof a chip mark

The red colored layer shown figure 27(b) has been reproduced Figure 28 The roman
numerals signify the size of Au nanoparticles whaca shown in the green colored layeFigure 27(b)
Since we have different sizes of nanoparticleslinlayout, the roman numerals written along wité ¢hip
marks enable us to find where a particular sizetparticle is, when we look through a SEM or even a
optical microscope. The enlarged view of a sindlip eanark is shown ifrigure 28(b) It is 99.95um long

and 6.35um wide. The material used for this layer is TiW &ase it has a high melting point and good
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adhesion to a Substrate even if there is some native oxide ofi\W is also fairly easily spotted der the
SEM. However, it does react with HF even in dilstdutions and care has to be taken not to expese
alignment marks to the acid.
4.4.2 Layer 2: Au catalyst particles

Figure 29shows in detail, the features present in the lapéored green iilFigure 27(b). Arrays
of nanoparticles are arranged on the boundaryenflfsign and one array of 60 nm by 60 nm nanojes
is in the center. Theumber of nanoparticles inside each array is inditédy the number written beside
The sizes of Au nanoparticles making up the areagsindicated using arrows. It is evident by logkat
Figure 29that this deign will allow us to measure-V characteristics of hanowires both individually

well as in arrays.
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Figure 29. (b) Layer having Au catalyst particles; (a), (c), d) and (e) Enlarged views of a 100, 40, ¢
and 60 nmparticle array and corresponding single clusters (Nt to scale); (f) Single dc-matrix chip
mark and an enlarged view of its constituent 5( nm patrticles. (Not to scale)
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In some layouts used in this research, the distdeteveen adjacent catalyst particles was
increased to 4 um for being able to clearly idgntife number of nanowires grown vertically. On tufp
that, the nanowires are of four different sizesfrb00 nm down to 40 nm. Such measurements will belp
understand how a single nanowire behaves eledyrieald how the individual properties of several
nanowires add up when a large group is considais will also come to know what changes in these
properties when the size of a nanowire is reduced.

Apart from the above mentioned information, theranother set of chip marks in this layer which
is different from the one in the previous layera#ésed inFigure 28 These alignment marks are actually
groups of 500 nm by 500 nm squares whose centerd am apart. We call them “dot-matrix” type
alignment marks. The name signifies resemblantkerinting style of a dot-matrix printer in whielach
character is actually a collection of closely peihtdots. The purpose of introducing these “dot-ixiatr
marks is to create a backup plan for aligning thegamcontact layer. In case we lose the TiW alignime
marks during growth of nanowires, we will not haveeference while laying down the metal contactétay
The idea is to grow thick nanowires on the dot-iradtignment marks at the same time as the regtteof
wafer so that after the growth is complete, we ok at the nanowires grown where the dot-matrix
alignment marks are located and the collectiorhefrttips would resemble an alignment mark. Thha, t
position of this alignment mark can be used adexeace in writing the metal contacts using elettvream
lithography.

4.4.3 Layer 3: Metal contact lines

Metal contact lines will be needed to connect ihg of the nanowires to external probes. The blue

colored layer shown iffigure 27(b)has all the metal contact pads and lines conrgetiiem to the tips of

the nanowires as shown kigure 3Q
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Figure 30. 100pm by 100pm metal contact pads and metal lines connecting theto the tips of the
nanowires

The thin metal lines connecting the nanowires o dbntact pads have variable width depending
on the number of nanowires covered by them. Theéacbpads are squares of side = 100 so that it is
easy to locate and probe them externally.

4.4.4 Spin-coating PMMA

We used 950K PMMA in Anisole as photoresist foritgydown the layers described above.
PMMA is highly sensitive to electron beams and gare very high contrast patterns which are ideal fo
nanoscale lithography. The manufacturer suppliedittsa 6% diluted solution out of which we madetw
different solutions of 2% and 4% dilution level$1€T2% PMMA solution was used to form 100 nm and the
4% was used to form 200 nm coatings of resist. fEBést thickness was chosen based on the thickiiess
the metal layer to be deposited. For alignment markour design the metal thickness is 50 nm aei th
size is of the order of a few microns so we decibeldave a 100 nm resist coating for that particlalger.

For the layer of Au nanopatrticles it was decideat 800 nm of resist would be sufficient. The maason
was the small size of features on this layer. Mi@tabff is more likely to be successful if thegist layer is
3-4 times thicker than the thickness of the medgket because there has to be an abrupt discomtinuit
between the metal layer deposited over the resittlaat deposited over the substrate. This discoityi
helps in cleanly lifting off the metal layer ovenet resist without affecting the deposited patteyn t
reproduce the layout accurately on the substrdie.rieed for having this discontinuity increases mwiie
feature size is very small because then if the Inheyar over the resist is somehow connected tmtieeon

the substrate, it can peel off entirely, leavingnmetal on the substrate. However, there is a ng&lved in
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writing small features over a thick resist laydrthie exposure dose is even slightly less tharofitanum
value or if the developing process leaves behirhe@/monolayer of the resist molecules on the deeel
area, the metal may not stick to the substratewBdept the exposure dose at a higher than optifauet
and over-developed the exposed pattern.

It was observed while designing this process thatthickness of the resist layer at the same spin
speed decreases with increase in the size of thelsaThe temperature of the solution also afféioes
thickness of the final coating. In order to deterenthe correct spin speed for achieving a partia@sist
thickness, a spin curve was plotted using both B#h426 PMMA solutions and it was found that at 1000
RPM, the 2% solution gave a 100 nm and at 3000 RRA&4% solution gave a 200 nm thick resist layer
on a 2-inch wafer.

4.45 Electron Beam Lithography (EBL)

This is the most important step in the entire pssc&Ve have used the JEOL 6000 FS/E electron
beam lithography system to pattern the resist ldgerdefining the TiW alignment marks and the Au
nanoparticles. Electron beams have a wavelengtheobrder of Angstroms (T8 m) which allows us to
expose nanometer sized features on the resistca@pithography cannot be used for directly expgsin
such small features because light cannot be foctsed point smaller in diameter than 0.2%n, also
known as the Rayleigh limit. Although there areoteBon-enhancement techniques (RETs) which have
enabled the industry to use optical lithography dgposing 22 nm features but, in academia EBL és th
workhorse for fabricating nanometer scale featuRxdy Methyl Methacrylate (PMMA) is used as an
electron beam resist in electron beam lithografthe molecular structure of PMMA gets altered in the
locations where an electron beam is incident offihits altered resist then becomes soluble in aldpee
solution leaving behind the unexposed resist onsthestrate which acts as a mask for metal depositio
PMMA has a very high sensitivity towards an eleatbeeam which makes it a high contrast resist sigitab
for exposing nanoscale features. The ability ofésist to reproduce small-sized features on itfasearis

defined by its contrast which is given by

Y= (loglo (g—j»_l )
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Where,Dq represents the minimum dose at which the resideared all the way down to the substrate and
D, represents the maximum dose below which the hitlkhess of the resist is retained. The value of
contrast expresses the sharpness at which the msille changes once exposed to electron beam
radiation. The higher the contrast of the resis, lietter it is for fabricating small features.olr case the
contrast was approximately 1.6.

The dose of exposure of the resist is equal toptioeluct of the beam current and the time of
exposure divided by the area over which the beaimciglent i.e. spot size of the beam. The lithobsap
tool divides a layout into numerous fields. Eaatdiis further categorized into areas and lineanif. The
tool exposes a line by focusing the beam on a &paa certain amount of time, blanking the beam and
moving to a different location, exposing anothestsnd so on. A closely grouped collection of ssphbts
results in the formation of a line on the resigteTcategory of area features covers all two-dinoevadi
figures. An area is exposed by increasing the tifnexposure of each spot in order to spread itdédte
and decreasing the space between adjacent spatssphte between adjacent spots (known as the shot
pitch) and the time of exposure (known as the shet) can be programmed by the user.

The above discussion points out that the fundarhenitiof exposure of a pattern using electron
beam lithography is the spot size on which the b&aimcident. The spot size is a function of thectlon

beam current and the numerical aperture

2V1 (4.2)
m-NA

d
Where,d is the diameter of the spdtis the beam current amdiA is the numerical aperture of the electron
lens which can be increased by decreasing the ngritistance. Low beam currents and small working
distances are good for exposing small features.athkelerating voltage determines the lateral stadt®f
electrons after entering the resist. Large beameats give rise to a considerable yield of backscad
electrons which have high energies and wide araflesattering. Backscattered electrons cause umdant
exposure of the resist surrounding the pattermi@fést reducing the sharpness of the exposedrdasit
laterally distorting the shape of the features.sTh known as the proximity effect. At nanoscale

dimensions, such distortion can change the siztheffeatures entirely, rendering the exposed patter

useless. So, a high beam current is detrimentabrsvthe accuracy of electron beam lithography.
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However, if the accelerating voltage is high, thectons can penetrate deep into the resist witheirtg
scattered much. This helps in focusing the beaevery fine spot but also decreases the sensitivitiie
resist towards electron beam radiation becauseettegy transferred to the resist molecules by the
electrons decreases due to reduction in scatteximnts. Consequently, the same thickness of resist
requires a higher dose of radiation than what iuldp for lower voltages, to be fully exposed. This
translates to an increase in the beam current wibiunths to increase the spot size. Therefore, a cmipe
has to be struck between the beam current anddtelesiating voltage depending on the application at
hand. Thus, electron beams having small currentiangé accelerating voltages are desirable for sixigo
nanoscale features but, the current should alssufiiient to transfer enough energy to exposeettiie
thickness of the resist, all the way down to thessuate.
We used two different beam currents in our procEss.exposing the alignment marks a beam
current of 1 nA and for the nanoparticles, a beament of 100 pA was used. The accelerating voltags
50 kV in both cases. While writing the alignmentrksathe resist thickness was 100 nm and the das#g us
was 450uCcni’ whereas for the pattern of the catalyst partidies,resist thickness was 200 nm and the
dose was increased to 8QCcm% The higher dose used for nanoparticles is phrti@cause the resist
layer was thicker and also because we wanted to-expmose the pattern slightly to reduce chances of
having any unexposed/undeveloped PMMA layer omptitern.
4.4.6 Developing the pattern
The developer used by us had the following thréetisms mixed in the ratio 11:10:1.
1.) Methyl-Isobutyl Ketone (MIBK): Isopropyl Alcohol HA) = 1:3
2.) 2-Ethoxyethanol (CS): Methanol = 3:7
3.) Methyl Ethyl Ketone (MEK): Ethanol = 26.5:73.5
The exposed wafer was immersed in the developet8oseconds for developing the alignment
marks and 20 seconds for the pattern containingpeticles. Subsequently, the wafer was rinsed in
Isopropyl Alcohol (IPA) and de-ionized (DI) watendh blown dry with a nitrogen gun. After each
developing step, the wafer was hard baked on awaduwt plate at 101 C for 60 seconds to harden the

resist and drive away any organic or solvent residine hard baking step was very effective in saing
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the resist profiles and increasing the etch rasitgtaf the resist which helped in RIE de-scum aftabff
after Au deposition.
4.4.7 Metal deposition and lift-off

Metal deposition for the alignment marks was dosiagi sputter deposition and for Au particles
using thermal evaporation. The choice of a techmiigu depositing metal on a pattern depends osittee
of the features to be designed. The grain sizehefrmetal layer should be smaller than the features
otherwise the grains might clog the openings madé¢he resist and prevent the metal from actually
depositing on the substrate. Sputter depositidiags but results in larger grain size and is treeefnot
advisable for depositing nanoparticles. Thermapevation results in a very small-grained unifornatiog
with grain sizes close to tens of nanometers andé&s the suitable choice for deposition of theladyer.

Lift-off is the process of getting rid of the unwad metal deposited over the resist layer. The
resist is dissolved using a suitable solvent ardhtietal deposited over the resist comes off, lepbahind
only the metal deposited directly over the substrathe quality of lift-off depends on the resids i
thickness, the type of metal, size of the featmeghe design and the temperature of the solvetfit ba
During our process, we observed that TiwW had vesgdgadhesion to Si and was unaffected by the
presence of native oxide. The TiW lift-off could becelerated using an ultrasonic bath without wogy
about losing any of the alignment marks. Howeseg, ituation was very different while doing Audf.
Since the features were small, there was a rislogihg the nanoparticles during ultrasonic treatmen
Hence, the wafers were kept immersed under Acefimmelose to 12 hours after which the unwanted Au
layer started lifting off on its own. This procegas assisted by a gentle flush of solvent usingriage.

The following process flows indicate how the aliggmh marks and the nanoparticle layout was

transferred on to Si substrates.
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PROCESS FLOWCHART: Phase-1 (Alignment marks)

Fresh n-type Si wafer out of the box p =0.01-0.02 Q2 cm

0, plasma de-scum (3min @ 100W and 2min @ 50W) + BOE clean 2
min

Spin 100nm PMMA using 2% solution @ 1000 RPM

Write alignment marks using EBL at 450 uC cm-

Develop (18 sec) + IPA (25 sec) + Hard bake 100 C for 60 seconds

Sputter deposition of TiW ( thickness = 50 nm ) + Lift-off in Acetone

Phase-2 (Au catalyst particles)

Ultrasonic for 3 min + O, plasma de-scum (3 min @ 100 W and 2 min
@ 50 W)

Spin 200nm PMMA and write test pattern at 800 uC cm-.

Develop (20 seconds) + IPA (25 seconds) + Hard bake 100 C for 60
seconds

RIE de-scum in O, plasma at 25 W for 60 seconds

BOE clean for 2 min

Au deposition by thermal evaporation ( thickness = 40 nm )

4.5 SEM Images of the pattern of catalyst particle

This section presents images obtained after SEgett®n of the wafers on which tl

above mentioned process was implemented. The pats inspected using a Hitachi S 4-11 SEM. An
SEM works by illuminating the sample with an eleatbeam and detdng secondary electrons which ¢
emitted from the surface of the sample. A detecsdculates the yield of secondary electrons froensgot
on the surface where the electron beam is incidedtprojects it in the form of a visual signal oscaeen

For obtaining a twalimensional micrograph, the electron beam is schmweoss an area on the san
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surface. The detector has to be close to the sampleler to collect as many of the secondary sdestas
possible. Secondary electrons are valence elecitnosked out of their shell by the incident elenso
through inelastic collisions. They have very lovergies and are emitted from a few nanometers uheer
surface as shown Figure 31 Thus, a high-resolution image of the substratéasa can be obtained using
an SEM. The resolution depends upon the spot $izeident electron beam. The spot size can be raade

small as a few nanometers depending upon the aatialpvoltage and the beam current.

Incident electron beam

Auger electron
emission

\ | Substrate surface

Secondary electron M 5-50 nm
emission 777

Backscattered electron
emission

Characteristic X-rays

. emission
Continuum X-ray

emission

Figure 31. Interaction of electron beam with a substrate

For detecting nanoscale features like the onekifresearch, the accelerating voltage has to be
high and the current has to be kept as low as Iplessiithout sacrificing the contrast. We set the
accelerating voltage to 30 kV and the beam cumerit.5-21A. The working distance was kept between 8-

10 mm. The images of Au particles after lift-ofeahown irFigure 32

30.0KV. 10.6mm x250k SE(U) 5/25/11 19:44
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Figure 32. SEM images of separate Au nanoparticles and thearrays; (a, b) 100 nm, (c, d) 80 nm, (e,
f) 60 nm, (g, h) 40 nm

4.6 Ge nanowire growth using the VLS technique
Germanium nanowires were grown from the Au pasicthown inFigure 32 using the VLS

technique. Before starting, the Au patterned Siensmfvere subjected to solvent cleaning and nathigeo
removal using the following processing steps:

1.) Rinse in Acetone and Isopropanol three times.

2.) Remove organic residue using Ozone plasma for 1i5igQtes.

3.) Etch native oxide using 2.5% concentrated HF smtutdr 1 minute

4.) Rinse with DI water and blow dry with Nitrogen

5.) Load into CVD system for VLS growth
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After loading the Au patterned wafer into the CVDhamber, it was pumped down to
approximately 18 Torr. The VLS growth is then carried out as shamwiable 1.

Table 1

Conditions created during VLS growth

Step Temp( C) Gas Duration (min) | Pressure (Torr)
Stabilization 480 None 10 fo

Purge 480 B 10 10" to 107
Nucleation 500 bl GeH, PH; 1 3

Growth 346 H, GeH,, PH; 3 3

Cool down 25 No gas 150 fo

4.6.1 Complete Layout

Figure 33. A zoomed out view of one of the nine chips on theafer after nanowire growth

Figure 33shows a complete view of one single chip presenthe wafer. Nine such identical
chips are present on one 2-inch wafer as explaimete layout described earlier in this chaptertHa
center of the chip we can see the square shapag eonsisting of 60 nm diameter nanowires. Also
prominently visible, are two sets of four alignmemarks each; the outer one consists of solid Tiwkma
and the inner one consists of Au dot-matrix typek®aOn the periphery of the chip inside of the-dot

matrix marks, one can see small dot-like featuréschv are actually arrays of 40, 60, 80 or 100 nm
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diameter nanowires. The diameter (in nm) of theomares along any side of the design is indicatedhey
Roman numeral written along that side.
4.6.2 Ge Nanowire growth on (111) Si substrates

Ge nanowires grew with good nucleation yield os@®istrates but most of them were oriented in
one of the non-vertical <111> directions. The Auabst particles also moved away from their
lithographically defined locations during nanowigeowth, leading to nanowires grown outside the
intended pattern. Both these issues were in examradiction to the aims of this study as top corsta

cannot be made to non-vertical nanowires grownthadge grown outside the pattefigure 34shows the

problem stated above.

i ,
\\ \ L

d |\|\l I'I Ig‘_&]{m-‘r-l

Figure 34. Ge nanowires on (111) Si substrate. (left) nanowds grown outside the pattern and, (b)
non-vertically grown Ge nanowires on Si substrates.

To prevent the lateral diffusion of Au catalyst ides they were deposited through a pre-defined
Si nitride template. A Si nitride layer was depedibn the substrate before depositing the Au pestiznd
selectively etched using 20:1 BOE through a tempta¢ated in PMMA using electron beam lithography.
After liftoff, the Au particles deposited on the Sibstrate were surrounded by nitride so that tioeyd not
diffuse freely in the x-y plane during nanowire wth. This eliminated the horizontal diffusion bus@
reduced the nucleation yield of the nanowires astrobthe catalyst particles moved to the edgethef

windows in the template without nucleating into oaires as shown iRigure 35
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15,0kV 10.3mm x60.1k SE(U) 4/14/12 15:24 500nm

Figure 35. Ge nanowires on Si substrate grown through a $, template. Nucleation was very poor.

In an attempt to increase the yield of nucleatibthe nanowires, the material of the catalyst was
changed from pure Au to an alloy of Au and Ge (88 42% by wt.) and deposited through a template
made of Si nitride. Even though the nucleation dyielas improved but the problem of non-vertically

oriented nanowires remained as showRigure 36

15.0kV 10.3mm x3.50k SE(U) 7/18/12 13:26 10.0um

15.0kV 10.4mm x7.00k SE(U) 7/18/12 14:07 5.00um
Figure 36. Non-vertically oriented Ge nanowires grown in Sigbstrate using Au/Ge alloy as catalyst.

4.6.3 Ge nanowire growth on (111) Ge substrates
Ge nanowires grew vertically, in lithographicallgfohed positions using the VLS technique on
(111) Ge substrates. The same process as desabibed was used for getting Ge nanowires grown in Ge

substrates and yielded the results showFigiure 37
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Figure 37. Ge nanowire growth on (111) Ge substrate. (a) Vddally oriented and, (b) Good yield of
nucleation and no movement of Au catalyst particlealong the substrate during growth.

The next step after nanowire growth was to encapsthem in dielectric and make contacts from tie t
to observe diode-like behavior.
4.6.4 Issues faced during dielectric encapsulation and fishing

The first approach for making top contacts to tlmawires was to deposit Si dioxide using
remote plasma enhanced CVD and perform mechanatshpmg on the sample to expose the tips of the
nanowires embedded in the oxide. However, it wasndothat mechanical polishing damaged the
nanowires and broke off most of them. The SEM irsagfgown inFigure 38 explain the reason for this

problem.

/

15.0kV 9.6mm x40.0k SE(U) 1/24/13 16:07 15.&1? 8.7mm m& SE(U) 1120220714 .

Figure 38. SEM images of nanowires encapsulated in Si®efore (left) and after mechanical
polishing (right).

The deposition of SiQis conformal during CVD and results in the forroatof spherical “bump”
like structures on the tips of the nanowires. Ottoese structures undergo polishing, they break off

carrying away a significant amount of oxide witlertn Without this oxide, the nanowires lose mectanic
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support and are broken off from their location vbhis clearly shown in the SEM image on the right in
Figure 38

The hemispherical “bumps” were flattened by spirntein Ar plasma at 2 mTorr inside a RIE
chamber. This eliminated the breakage of nanowasethe bumps no more broke off taking oxide away
with them but the nanowires were still found todsemaged after polishing as shownFigure 39 Thus,
we decided to eliminate the polishing altogethed aome up with an alternative way to encapsulage th

nanowires and expose their tips for metal contehétion.

15.0kV 8.8mm x40.0k SE(U) 2/4/13 15:18

Figure 39. SEM images of a nanowire tip (Left) after Ar sputering, (Center) after polishing. (Right)
Damage to the nanowire evident after removing allhte encapsulating oxide post mechanical
polishing.
4.6.5 Non-uniform doping of VLS grown Ge nanowires

In addition to the problem mentioned above, we &bthmat the doping concentration of P inside
the n-type doped Ge nanowires grown using the Vé&&hrique mentioned earlier, increases radially
outward and results in a very highly doped “shalibund a moderately doped “core”. This has alsmbee
reported in literature (Tutuc, Chu, Ott, & GuhaQ8) The reason is believed to be direct incorponabf
P atoms into the nanowire through its sidewallsrduthe VLS growth. The shell doping also decreases
along the length of the nanowire towards the tipase of the time for which the nanowire surface is
exposed to an incoming flux of dopant atoms dugrawth.

Even with the problem of nanowires being damagedndupolishing, as discussed above, we
were able to get some portion of un-damaged naeswim which we made electrical contacts by

sputtering Ni and forming a germanide after rapigrinal annealing. We found that the nanowires bedhav

as Ohmic conductors and we believe it was becadesextremely highly doped shell provided an Ohmic

69



contact and a leakage path for current and theedlmehavior of the core of the nanowire was totally
suppressed-igure 40shows Ohmic behavior displayed by arrays of naresmaving different diameters.

As grown n-type doped nanowires

310
——40 nm
210" —60 nm
—80 nm
. ——100 nm
<
-
& 0
E
3
-110°
210° -
-310° - .
-5 0 5

Probe Voltage (V)

Figure 40. Ohmic behavior displayed by VLS grown n-type dopedse nanowires.

4.6.6 Etching of VLS grown n-type doped Ge nanowires

Due to excessive doping on their sidewalls, VLSngr&se nanowires have to be etched to remove
the heavily doped “shell”. Dry etching is good faertically standing structures but may cause dejposi
and unknown charged defects to be created on tifi@ceuwhich will affect the electrical characteidst
Therefore, wet etching was chosen for thinning défrase nanowires. But before etching the nanowires,
was important to remove the Au at their tips sd thigect contact could be made between the topactst
and the Ge nanowires. The Au tips were removedyusif:1 solution of Transene TFA and hydrochloric
acid as described in (Woodruff, Ratchford, GoldgerMcintyre, & Chidsey, 2007). This method does no

create any roughness in the nanowire sidewallsemdves Au from the tip as shownRigure 41

|
15.0kV 10.4mm x110k SE{U) 1/8/13 12:59

Figure 41. (Left) Nanowire with Au tip and (right), Au tip re moved.
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Hydrogen peroxide solution is a strong oxidizing@igand Ge has a native oxide which is soluble

in water. We used this property to our advantageusing 0.5% aqueous,8, solution to etch the Ge

nanowires at room temperature. The etch rate ofidmewires was 0.5-1 nm/sec for the samples predess

while characterizing this etching process. The ditars of nanowires before and aftexOz etching on the

sample studied here are shown in Table 2:

Table 2

Nanowire diameters before and after etching with 0.5% aqueous H,O, solution

Edge length of Au

catalyst (nm)

NW diameter before etching (nm)

NW diameter after &hing (nm)

40 59 44
60 83 69
80 103 82
100 114 102

Figure 42shows SEM images of nanowires before and aftsldtching.
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Figure 42. SEM images of n-type doped Ge nanowires before aradter etching with 0.5% HZOZ

4.6.7 Encapsulation of Ge nanowires in spin-on-glass

After etching the nanowires to get rid of excessi@ping on the perimeter, they were
encapsulated in spin-on-glass. The choice of thchrtique was guided by the problems faced with
deposition of SiQ using CVD and mechanical polishing to reveal ips bf the nanowires. Spin-on-glass
(SOG) in general, is a polymer containing a Si-Ob3ickbone with some other functional groups.
Depending on the application, different types ofGs&re used. After spin-coating, it needs to becate
high temperature to release the solvents and leekimd a layer of SiQ It is during the cure that the SOG
layer shrinks, thereby creating stress. SOG hasrogfractive index and higher density of trappkdrges
compared to deposited oxide but for this applicatiavas the only possible solution we had to esalgie
the nanowires. We used Filmtronics 500F SOG forpauposes because it has low shrinkage (~ 2%) and
high resistance to cracking.

Based on the length of the nanowires calculatech ftee SEM images, the following method was
developed:

e Spin coat SOG at 3250 RPM on the nanowire sample.

e Cure on hot plate at 80 C for 1 min.
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e Ramp up temperature to 150 C and hold for 1 min

e Transfer to another hot plate at 250 C and haldfimin

e Load into a quartz furnace with Nitrogen flow, &03C and ramp up to 430 C.

e Hold at 430 C for 60 min.

e Cool down to 100 C in Nitrogen ambient for 60 min.

e Unload the sample.

After spin-coating the SOG a 30 sec RIE etch of,SfrOCHF; + Ar plasma was performed to
remove any thin layers of oxide which might be aowgthe tips of the nanowires. The chamber pressur
was set at 30 mTorr and RF power was 200 W. THerate of SOG was found to be ~ 100 nm/min which
means that ~ 50 nm of oxide was removed from e df the nanowires during the etch-bdeigure 43

shows the nanowire tips after SOG encapsulatidt) dad RIE etch-back (right).
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Figure 43. SEM images of nanowire tips encapsulated in SOGtaef RIE etch-back.
4.7 Silicon nanowires by vertical etching

A process for fabrication of vertical Si nanowitesng dry etching was also developed to have an
alternative method of understanding the rectifyirefpavior of nanowire diodes. In this process, naresw
are created by vertical reactive ion etching ugiagicles of Si@ deposited on a Si wafer using thermal
evaporation, as hard mask. The method of patteraimhdeposition of SiQis exactly similar to that of
depositing Au catalyst particles while followingettVLS growth technique. The main advantage of this
process is uniform doping inside the nanowire whatiminates the problem of Ohmic behavior due to
excessive doping. Another benefit of this appro@&hhat the process yields all vertically standing

nanowires unlike the VLS technique which is highgnsitive about the material of the nanowire amrd th
73



substrate. However, a disadvantage of this tecknigusurface roughness of the nanowires, which is
inevitable because of the nature of the Bosch po@nd can be reduced but not eliminated. This
roughness is likely to create defects which aateasmbination centers and modify the |-V charast&s
of the nanowires.
4.7.1 Process of fabrication

The process of fabrication of Si nanowires by rigacion etching is shown schematically in the

Figure 44(Chandra, Overvig, Tracy, & Goodnick, 2012).

(b) (el

-J.l.l.-E
| Wl e

Figure 44. Schematic representation of fabrication process @t to scale). (a), (b) Positive photoresist
spun, patterned and developed. (c) Sikdleposited (thermal evaporation). (d) Lift-off in Acetone,
leaving SiG; islands. (e) Bosch process yields nanowires. (§}Conformal SiO, deposited (RP-CVD)
and CMP done to reveal Si tips (h)-(j) Contacts piterned and Nickel deposited by sputtering. (k)
Acetone liftoff forming contacts. (l) Electrical probing and characterization.

The process starts with patterning arrays of sgshaped features of edge length 40, 60, 80 and
100 nm of Si wafers doped to ~ 2 x*1@8m?*. For patterning, the Si wafer was spin-coated 20 nm
thick layer of PMMA and exposed using electron bdinography. After developing the pattern, a 50 nm
thick layer of SiQ was deposited using thermal evaporation. Liftoffswdone by immersing the sample
under Acetone for several hours and gently flustimeg solution with a syringe. The liftoff procest|

behind square-shaped islands of Si@ the wafer as shown Kigure 45
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Figure45. SiO, islans ofsidelength
substrate.

00um

5.0kV 12.4mm x3.00k SE(U) 6/11/1208:10

s 00 nm and pitch (left) ®0nm and (right) 40m on the Si

No ultrasonic agitation was performed to remove sty particles of Si©sticking to the
substrate because of the risk of accidentally réngpthe hard mask particles. As we observed, thtsy
particles did not result in any micro-masking omfiation of “grass” like structures during vertieathing.
Vertical etching was performed in a Surface TecbgplSystems (STS) ICP system using the so called
Bosch process. Alternating modes of Si etchinggiSiR and polymer deposition usingkg were utilized
for getting vertical nanowires approximately 1pumlémgth. During etching the plasma contained $F
C4Fs with flow rates of 65 sccm and 35 scem respectivglder a pressure of 10 mTorFgwas present
during etching for diluting the SRo limit the etch rate of Si and hence the undgiray which results in
rough sidewalls. During deposition the plasma doethonly GFg under a pressure of 10 mTorr and flow
rate 70 sccm. The RF power was set to 600 W fdr, kithing and deposition. This yielded an etch cdt
~ 0.5 pm/min which yielded ~1 pum long nanowire®imin. Figure 46shows SEM images of arrays and

single nanowires etched using the recipe mentiahede.

Lo
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Figure 46. (a) SEM image of a 500 nm pitch array of 100 nm meowires after Bosch process using 4
sec etch,2.5 sec deposition cycle. (b) Close-umdf00 nm nanowire in (a). (c) A 4-micron pitch arrg
of 100 nm diameter nanowires obtained from using 8ec etch, 5 sec deposition cycle. (d)-(g) SEM
images of single nanowires sized 40 nm, 60 nm, ®®, and 100 nm obtained from using 8 sec etch, 5
sec deposition cycle.

The roughness observed on the sidewalls is dustemating etching and deposition during the
Bosch process. By changing the durations of Siiegicnd polymer deposition we found that there was
trade-off between the number of “scallops” andrtldeipth. We could either have fewer and deep gsllo
or a large number of shallow scallops on the sidlew#@he latter is better for ensuring good yielitla
preventing the nanowires from falling over durirapffication. In the experiment shown above 4 sels etc
and 2.5 sec deposition gave reasonably shallovilopsahnd was used to create diodes on which current
measurements were made later.
4.7.2 Encapsulation in dielectric and Nickel contact formation

The n-type Si nanowires were encapsulated in, $i€posited using remote plasma enhanced
CVD. Mechanical polishing was done to reveal thigis. In this case, the problems of nanowire brgaka
and damage during polishing were not encountdfigaire 47shows nanowires covered in oxide and their

tips after polishing.
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Figure 47. (a), (c) Conformal oxide deposition on nanowire aays of diameter (a) 100 nm and (c) 40
nm. (b), and (d) Nanowire tips exposed after CMP. fie diameter of nanowires in (b) is 100 nm and in
(d) it is 60 nm. The pitch of the array shown in (aand (a) and (a) and (b) is 500 nm and in (c) and)
the pitch is 4 micron.

The thickness of the oxide layer deposited on towires was 755-760 nm. After polishing, the
oxide thickness was measured to be ~ 550 nm whigsgn estimation of the length of the nanowires
after polishing. Metal contacts were patterned & dnm thick layer of Ni was deposited using DC
magnetron sputtering. The contacts were anneal@¥@&tC and 330 C in Nambient for 100 sec each.

Figure 48shows the contact pattern.

Figure 48. Nickel contact pattern on (left) all nanowires andright) 100 nm diameter nanowires.
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CHAPTER 5
ELECTRICAL MEASUREMENTS FROM VLS GROWN Ge NANOWIRES

5.1 Introduction

In this chapter the current versus voltage measemtsnon VLS grown Ge nanowire Schottky
diodes is presented. The measurements were maug Agilent 4155C semiconductor parameter analyzer
attached to a probe station. The sample was planesi chuck having vacuum suction for ensuring good
contact and the back of the substrate was grourdi€dvoltage was swept on the metal contacts atiphe
of the nanowire diodes by contacting with a tunggebe and the current flowing through the devieas
recorded. It is observed that the thermionic emisgnodel is inadequate for explaining the current
observed from the nanowire arrays. The idealitytdiac are close to 2 for all the arrays from which
measurements have been recorded. For determiningetison behind the non-ideal conduction in these
nanowires it is essential to understand factorsctigrges trapped in the dielectric, the distributaf
defects on their surface and the effect of padsigathe nanowire on its |-V characteristics. The Ge
nanowires have a non-uniform and high doping whigtkes the analysis complicated because current can
be conducted through thermionic emission as welliaseling through the Schottky barrier. Moreovke,
defects present on the surface of the diodes coatplihe current even further. So, the currentrebsein
the Ge and Si nanowire arrays is convoluted bymixnation, tunneling and defects on the surfacthef
nanowires. Also, we do not have measured data &iagle nanowires of any diameter.
5.2 Electrical behavior of VLS grown Ge nanowire diodes

Before performing I-V measurements on nanowire e#odve prepared planar Schottky diodes by
sputter deposition of circular 0.8 mm diameter bintacts on n-type Ge substratps=(0.005-0.0Xxcm).
The thickness of the layer of Ni was 20 nm andradteposition rapid thermal annealing (RTA) was
performed at 350 C for 1 min to form Ni germanidettee contacts. From these diodes, we extracted a
Schottky barrier height of 0.5 eV, ideality factof 1.5 and series resistance of @6 Planar Schottky
diodes have been reported by forming germanideiofrNthe surface of n-type Ge wafers (Han et al.,
2005), (Li et al., 2006), (Yao et al., 2006), (sl Minassian, Redwing, & Mohney, 2010), (Gajulalet

2011). In all these experiments, Ni was deposited clean Ge surface and annealed at temperatuties i
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range of 300-500 C for 1 to 2 minutes. Low resistaNi germanide films have been reported on p-Gpe

by annealing the deposited Ni layer at 350-400 1G5fd sec (Spann et al., 2005). While fabricatingaine
contacts on Ge the Fermi level is pinned close d¢dge of the valence band (Dimoulas, Tsipas,
Sotiropoulos, & Evangelou, 2006) because of whthl, metal contacts on p-type Ge act as Ohmic and
those on n-type Ge act as rectifying or Schottkgtacts. The next step was to fabricate Ni germanide
contacts on n-type Ge nanowires and observe théibéhavior. The pattern shown Kgure 49 was

designed for Ni top contacts to the Ge nanowires.

Nanowire array <+——Alignment mark
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Metal contact
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Figure 49. Layout of the metal contact pattern over the nanovve arrays.

The growth of Ni germanide in the axial directiom @e nanowires has been reported in literature
(Dellas et al., 2010). It has been observed in Wk that axial segments of germanide up to 200imm
length were formed after annealing at 350 C fori@utes. Following this approach, we deposited 80 nm
thick Nickel layer using DC magnetron sputteringl @mnealed the contacts in two steps of 270 C 80d 3
C for 100 sec each, in a,Mimbient. This resulted in the formation of Ni gamude on the tips of the
nanowires which formed the Schottky barrier. The Eharacteristics of arrays of nanowires having

different diameters are shown in thigure 50
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Figure50. Current vs. voltage characteristics of nanowire arays having different diameters.
5.3 Analysis of the |-V characteristics from VLS grownGe nanowire diodes
In order to understand the measured electricalviehaf the nanowires, we first compared them
to the Schottky thermionic emission model for pltadimdes. The mathematical form of the model can be
expressed as:
I = Is(explq(V — Irg)/nkT] — 1) (5.1)

Is = AA*T?(exp[—(q5)/kT]) (5.2)

Where,q = 1.6x 10%° C, k = 1.381x 102 J/K, T = 294K, A is the diode contact area (assumed circular),
andA’ is Richardson’s constant, taken to be 112 A% There are three parameters, namely Schottky
barrier height ¢g), ideality factor ) and series resistances)(in this model. Assuming that the diode is

under forward bias and the exponential term in 8gqnd5.1) is much greater than 1 we get the follay

expression
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I = Igexp[q(V — Irg)/nkT]

If the diode is biased in a region where the curi@mot limited by the series resistangethe current can

be expressed as follows

I = IgexplqV /nkT] (5.3)

Taking the log base 10 on both sides of equatid) {belds:

¥) (5.4)

log(l) = log(ls) + 5202

Equation (4.4) means that if the logarithm of catr@) through a Schottky diode under forward bias is
plotted against the voltag®) applied to it, the slope of the graph gives tiheaiity factor ) and the y-
intercept can be used to calculate the Schottksidvdneight ¢pg) from the relation expressed in equation
(5.2). The following values were extracted for thgmrameters from the |-V measurements. The series
resistance shown in Table 3 has been extracte@tigrming a linear fit to the region of the forwebias I-

V characteristics between 0.2 and 0.3 V showRigure 5Q

Table 3

Thermionic emission model parameters extracted from Ge nanowire Schottky diodes

Diameter and | Actual No. of NW Ideality Barrier Series

no. of NW in diameter (nm) | contacted factor (n) height (¢bs) resistance
layout (nm) (eV) ()

60, 400 53 334 2.1 0.38 8.9 x"10
60, 240 53 193 1.8 0.4 8.6 x"10
80, 40 71 20 1.4 0.38 54.2 x°10
80, 160 71 128 2.0 0.31 11 x10
80, 240 71 194 1.4 0.32 8.5 x’10
80, 400 71 329 1.9 0.33 3.4x10
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100, 40 90 30 1.5 0.36 1.1 x10

100, 160 90 111 1.9 0.27 902
100, 240 90 197 1.9 0.3 1.5 x°10
100, 400 90 327 2 0.29 i0

The values of ideality factor, which should idedy unity, are close to 2. This indicates a pdor fi
with the thermionic emission model. The main reafwrthis observation is the current being highearnt
the predicted value at low forward bias. Recomliomatin the space charge region and tunneling of
electrons through the Schottky barrier are possimdsons for high current at low forward bias. Bitieese
nanowires are highly doped and the doping concemtranside them is non-uniform, it is hard to say
which of the two possible reasons dominates. Wenkiiat surface states play a major role in conducti
of current through a nanowire because of its atinectDefects on the surface of the nanowires goecizd
to change the |-V characteristics from the ideadeloThe measured |-V characteristicsFigure 50do
not show a clear linear relationship betweenddgurrent) and voltage, thus the thermionic emissmdel
alone is inadequate to explain these charactegistic
5.4 Simulation on a 3-D Ge nanowire structure for fitting the I-V characteristics

A three dimensional structure with a cylindrical shewas created to represent a single n-type
doped (18° cm?®) Ge nanowire encapsulated in $i@ing the Silvaco Atlas device simulator discusised
chapter 3 as shown iRigure 51 The purpose of the following simulations is todarstand how charge
carriers conduct current along the nanowire anceffext of introducing electrically active defectstraps

on the surface of the nanowire on the |-V charésties.
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Figure 51. Nanowire structure created in Atlas, (left) and coss section showing the nanowire
encapsulated in SiQ (right).

Spin-on-glass has can have positive trapped changiéswhich are expected to accumulate the
surface of the nanowirdzigure 52 shows the effect of the charge trapped in theedtst and doping
concentration on the electron concentration actbesnanowire at the same forward bias voltage. The

effects of fixed charge in the oxide are treatedragffective surface charge with sheet densitiesva in

Figure 52
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Figure 52. Electron concentration across the nanowire as a fction of fixed charge at the surface of
the nanowire (left) and doping concentration (righj for a constant fixed charge on the surface of the
nanowire.

Both factors have a similar effect on the electommcentration, such that most of the electrons are

accumulated near the surface of the nanowire.
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The presence of traps on the surface of the narowén increase the current conducted by the
device, especially at low forward bias, by introihgcspace charge created by trapping or emittiraygeh
carriers. Traps also act as centers for recombinatf electrons and holes. At low forward biasc#tens
are more likely to recombine with holes injectednfrthe metal contact via trap levels, than beingteth
over the Schottky barrier. Thus, traps can increhseadeality factor of a diode. Due to the lardeality
factors obtained by fitting the I-V characteristiot the nanowire diodes with the thermionic emissio
model, we made an attempt to fit the measured h&tacteristics using the density of traps on théasa
of the nanowires as fitting parameters.

The location of these traps was set at the sidevedlithe nanowire and on the surface of the
substrate on which it stands. In all the simulatjothe capture cross-section of the traps is faed0'
cnt. For modeling recombination inside the nanowirectey-Read-Hall (SRH) model is invoked and the
carrier lifetime is fixed at 100 ps. This valuebased on the range of hole lifetimes reported éntthlk of
10" cm?® doped n-type Ge substrates (Spitzer, Firle, CuBaulman, & Becker, 1955). Hall mobility of
charge carriers inside Ge at 300K as a functiodayfing concentration has been reported in liteeatur
(Debye & Conwell, 1954) according to which the extee electron mobility is 1000-2000 &w's™ for a
doping of 16’-10" cmi®. Electron and hole mobility is set at 3000 and@ 667V 's* respectively in the
simulations. This is an overestimation of the mibpihs electrons inside nanowires suffer from stefa
scattering much more than in bulk Ge. Hence, weeeixthe simulated current to be higher than the
measured current in the forward bias region supptas®e dominated by series resistance.

Before discussing the measured |-V characteristit® effect of traps on the electron
concentration, current density and the |-V charésgties of a nanowire diode are shownFigure 53 The
donor and acceptor traps are assumed to be momgegicewith energy levels of 0.5 and 0.3 eV abdwe t
valence band respectively. The choice of the enkrgsls of the traps is arbitrary just for the mse of
observing the effect of the charge they introdunte the nanowire as a function of the voltage. &hergy
band gap of Ge is ~0.6 eV so, to have the donogedo the conduction band minimum would mean that
most of them are positively charged and to haveatteeptors close to the valence band maximum would

mean that most of them are negatively charged ed béas. The following figures show electron
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concentration, and current density inside the namoehange with introduction of defects and witle th

forward bias applied to the nanowire.
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Figure 53. Electron concentration and current density acrosshe nanowire and |-V characteristics in
the presence of both acceptor and donor traps.

Acceptor traps introduce negative charge when #reyoccupied with electrons. The negative

charge repels free electrons at the sidewalls ®hdmowire which is reflected as a drop in coneioin
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across the nanowire cross section as showrigare 53 When the positive bias increases the electron
concentration tends to increase but is still staygch lower than what it would be in the absence of
acceptor traps. This change in electron conceatrasi directly reflected in the current densitycss the
nanowire which is much lower on the nanowire swefaompared to its core. Most of the electron curren
flows in the core of the nanowire when acceptopgrare present. With donor traps the oppositeuss. tr
Electron concentration increases on the sidewallspared to the core of the nanowire and most of the
current flows along the surface.

Finally, we present the results of fitting the leWaracteristics plotted iRigure 50measured from
the Ge nanowire Schottky diodes.
Table 4

Parameters used to fit the forward bias |-V characteristics of Ge nanowire diodes

NW Doping | Schottky | Acceptor | Donor Acceptor | Donor | Interface

diameter and | conc. barrier trap trap trap trap trapped

# contacted | (cm®) height density density energy energy | charge
(eV) (cm? (cm?) level (eV) | level density

(eV) (cm?)

100 nm, 30 5x16 | 0.45 108° 101 0.3 0.5 5x 18§

100 nm, 111 | 5x 10 | 0.38 108° 2 x 10° 0.3 0.5 8 x 18

100 nm, 197 | 18 0.42 3 x 16f 3x1d? 0.3 0.5 18

100 nm, 327 | 4x16 | 0.33 5 x 16f 5x 10 0.3 0.5 18

80 nm, 20 16 0.5 14° 10" 0.3 0.5 5x 18

80 nm, 128 15 0.48 6 x 18 10" 0.3 0.5 18

80 nm, 194 2x16 | 0.48 5 x 16f 9 x 10° 0.3 0.5 16

80 nm, 329 15 0.48 8 x 16f 9 x 10° 0.3 0.5 16

60 nm, 193 15 0.48 4x 16 10° 0.3 0.5 5x 18
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Figure 54. Comparison between the current measured from array of n-type Ge nanowire diodes and
the simulation after invoking traps at the surfaceof the nanowire and the substrate.

Figure 54presents a comparison between the current measoradlifferent arrays of n-type Ge nanowire
Schottky diodes and the simulations performedttthé measured current using the density of traplsea
surface of the nanowire and the substrate asditiarameters.

At this point it is important to review the thermio model parameters extracted from planar Ge
Schottky diodes fabricated from Ni contacts on pety100) Ge substrates. At 25 C the Schottky harrie
height of 0.58 eV and ideality factor of ~ 1.02 &aween reported (Yao et al., 2006). The diodes were
annealed at 400 C to form NiGe. In another studNibSchottky diodes on n-type Ge substrate barrier
heights around 0.4 eV were reported for anneakngperatures between 300 and 500 C (Han et al.,)2005

Planar Ni Schottky diodes on n-type Ge substrattsideality factor ~ 1.1 and barrier height 0.638 leave
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been reported (Gajula et al., 2012). These diodse @nnealed at 300 C in Nitrogen ambient. Thus, we
observe that in literature the ideality factorplEnar NiGe Schottky diodes are close to 1 indicpé good

fit with the thermionic emission model. The barrleights reported are also close to 0.6 eV whieh ar
higher than what we extract from the nanowire déodabricated in this study. This suggests that
thermionic emission model is not adequate for mtedi the current through vertically oriented namew
Schottky diodes.

5.5 Current-voltage measurements from vertically etchedi nanowires

The result of | -V measurements on the n-type d&@iaethnowire diodes fabricated using vertical

etching is shown ifrigure 55
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Comparison of I-V characteristics
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Figure55. I-V characteristics of an array of 400 nanowires bdifferent diameters.

The |-V characteristics shown iRigure 55 have been compared with the thermionic emission
model for bulk Schottky diodes and the barrier heigg), ideality factor () and series resistances)(
were extracted. Equations (5.1) and (5.2) represismtthermionic model and we use the procedure
described in section 5.3 to extract the thermionadel parameters from the measured |-V charadtesist

as shown in Table 5.
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Table 5

Parameters extracted from diode |-V characteristics

Size 40 nm 60 nm 80 nm 100 nm
n 1.85 2.6 1.42 2.01

g (V) 0.683 0.623 0.603 0.554
rs (kQ) 88.6 53.3 31.1 24.2

Nanowires are structures in which surfaces playagonrole in conduction of current because of
their structure. Hence, we observed the relatigngigitween the lag (current) vs. log (radius) of the
nanowires. Three arrays of nanowires having theesammber of nanowires but each having nanowires of
different diameter (40, 60 and 100 nm) were cho$ér.graph plotted iRigure 56shows the trend.

—e— Measured Values
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Figure 56. Logarithmic dependence of current on the radius ofthe nanowires.

The trend shows a slope of 1.2 betweenddqgurrent) and log (radius) of the nanowires
indicating that the current depends on the diamatane than the area of the diode. This indicatas tthe
surface of the nanowires plays a major role in cetidn of current through the device which is a big
difference from planar diodes. Another comparisemmiade in between the current conducted by arrays

having different number of nanowires. This compariss not a direct one because there were diffeenc
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in the Schottky barrier height, ideality factor aseties resistance extracted from arrays havirfgrdift
numbers of nanowires having the same diameterth@ocurrent was adjusted according to an additional
scaling factor apart from the number of nanowiselich depends on the difference in the values ef th

above mentioned parameteffggure 57shows the results of the comparison.
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Figure 57. Ratio of current values for different number of nanowires contacted for 100 nm and 60
nm diameter nanowires.

The number of nanowires mentioned in each figueecwrding to the layout shown fiigure 49
We observe that the ratio of current conductedrbgya having different number of nanowires having t

same diameter is consistent with the expected value
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CHAPTER 6
EFFECT OF SURFACE PASSIVATION ON THE ELECTRICAL CHRACTERISTICS OF SILICON
NANOWIRE DIODES
6.1 Introduction

This chapter focuses on studying the effect ofam@fpassivation on the electrical characteristics
of Si nanowires fabricated using reactive ion etghiThe Si substrates used for creating the naeswir
were n-type doped to ¥0cni®. In the previous chapters the importance of théasas of the nanowire has
been highlighted. After simulating the n-type Genoaire Schottky diodes mentioned in the previous
chapter it was observed that most of the currewdl close to the surface of the device. The digtect
(spin-on-glass) encapsulating the nanowires haggehsapped inside it. Since the contact to theotithe
nanowire is much bigger in area compared to itscsection, electric field lines arising from the wrap
around the surface of the nanowire due to its gégmehe mobility inside a nanowire is consideralays
than the bulk semiconductor because of scatteriegtd defects present on the surface of the namowir
These defects can not only act as scattering cehteércan also introduce fixed charge by trappimayge
carriers. The combined effect of the above factisrsa deviation from the ideal Schottky diode
characteristics which are described by the therimi@mission model. Surface passivation changes the
magnitude and polarity of fixed charge presenttmn surface of the nanowire by satisfying the dauggli
bonds which would otherwise act as charge trapamyscattering centers.

In this chapter our purpose is to observe and naakattempt to understand the effect of surface
passivation on the electrical characteristics of n8howire Schottky diodes. We have studied the
differences between un-passivated, thermal oxidsipated and amorphous Si passivated nanowire sliode
The chapter starts with prior research about tfexebf surface passivation on the electrical b&raof Si
nanowires and membranes. Then the process usetbriodte the Si nanowire diodes is presented.én th
next section the I-V characteristics measured ftioese diodes are analyzed using the thermionicsémnis
model. In order to understand the significance wfage charge on the |-V characteristics, formiag g
anneal was performed on all the nanowire diodes. diftanges before and after annealing, are presented

The most significant change in electrical behawas observed for thermal oxide passivated nanow@es
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V measurements were performed to explain the |-¥ra&tteristics. In the next section, the current
measured from the nanowire diodes is modeled wa&il Atlas simulator using the density of electhica
active traps at the nanowire surface, as fittingapeeters. The final section serves as a conclugion
summarize all the inferences drawn from the expental results presented in this chapter.
6.2 Surface states and surface recombination velocity iSi nanowires

In any nanowire structure the surface plays a kag in determining the overall electrical
characteristics of the device. This is mainly beeaaf the small nhumber of atoms contained withim th
volume of the nanowire and the comparatively laryember of atoms exposed on the surface area of the
device. As a result, surface scattering and surfacembination of charge carriers has always been a
concern in nanowires. Several research groups $tadéed about the chemical and electrical propexfe
nanowire surface, especially Si nanowires. The litglif charge carriers inside the nanowire is etiéel
by scattering and recombination at the surfacewels as at the electrical contacts. Transcondu&anc
measurements performed on back-gated, horizortalsic Si nanowires have reported a mobility &f &.
10° cn?V's* and those on heavily p-type doped Si nanowire® aported a mobility of 3.17 éw's®
(Cui, Duan, Hu, & Lieber, 2000). Another study irhiash similar measurements were made on n-type
Phosphorus doped Si nanowires reported mobilityaglof around 100 é&vi’s* for moderately doped
(Si/P ratio 1000) and around 250 %its* for highly doped (Si/P ratio 4000) nanowires (Ztpebu, Jin, &
Lieber, 2004). In both the studies, the nanowindas@s had just a layer of native oxide. The nanesvi
reported in the above studies were grown usingvimor—liquid—solid (VLS) epitaxy approach, which
yields nanowires with relatively smooth sidewaltsrpared to the top-down approach where nanowiees ar
etched from the substrate using a hard mask. Tdiengt can be wet (e.g. metal assisted chemicalretch
MACE) or dry (vertical ICP etching). In any caske tmobility of charge carriers in etched nanowises
expected to be lower than in case of VLS grown mames. Si nanowires with H-terminated surfaces
obtained by HF treatment have been reported to hawmbility of around 1.83 cid's* for nanowires
etched from an intrinsic and 4.67 d's™ for those etched from a n-type doped (¥*10n°) Si substrates

(C. Guo et al., 2009).
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In addition to reducing the mobility, the defectgtee surface of etched nanowires also introduce
traps which add fixed charge to the nanowire bpgiag charge carriers. The type of traps (acceptors
donors) and their energy distribution within theergy band gap is a function of several factorsuidicig
but, not limited to the type of passivation on theface, the recipe followed for etching, the ditie
surrounding the nanowire, etc. The density of trapd the amount of fixed charge introduced by tloem
the nanowire surface strongly affects the surfam®mbination velocity. Based on the charge intreduc
by the defects on the surface, the conductivitthefnanowire can be severely affected. Two-proleenti
measurements performed on back-gated Si nanowiresefl using wet etching from a p-type substrate
showed the effect of surface passivation on the typconductivity in the nanowires (Lee et al., 2D1
Thermal oxide covered nanowires showed p-type octivdty. However, on removal of the oxide using
HF, obtaining H-terminated surface, the nanowitesiged n-type conductivity. The authors justifiegsth
observation by the fact that previous researchrépsrted Fermi level pinning near the conductioncba
after H-termination of a Si surface.

A similar observation has been reported for thinl S@embranes doped p-type with a
concentration of ~I cm® (Scott et al., 2009). After treatment with HF, Habltage measurements
indicated the conductivity to be n-type with a cemication of 1.3 x 1§ cm® The reason for this
observation was reported to be Fermi level pinfir®2 + 0.03 eV below the conduction band minimum.
The negative charge introduced at the surface daiheesheet to be inverted and behave as n-typenWh
the thickness of the layer was increased to 220anch the doping was increased to *16m?® the
conductivity remained p-type even after HF treatienthe negative charge at the surface was umable
change the conductivity of the layer. The naturesofface states which can be manipulated through
chemical reactions has also been reported to chdmgeonductivity of Si nanowires (Haick, Hurley,
Hochbaum, Yang, & Lewis, 2006). The surface pasisisia were native oxide, hydrogen termination and
methyl group termination. These nanowires were groy bottom-up VLS growth and the p-type doping
was ~10’ cm® The conductance of these nanowires was measyreéd/dpoint and four-point probe
measurements while they were laid down horizontailya thermally oxidized degenerately doped p-type

Si substrate. The nanowires demonstrated p-typeumtivity in all three cases but the changes in
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conductivity with back gate voltage were maximumcaese of methyl group-terminated nanowires and
least in case of Sipassivated nanowires. This indicates that defectee nanowire surface due to $iO
growth trap and scatter more charge carriers thraugface states as compared to the H and metbypgr
termination. The mobility extracted from conductameasurements was maximum (~130-146\cta?)

for methyl group termination, 90-120 &wi's* for H-terminated and minimum (~15-20 &i's?) in the
case of Si@passivated Si nanowires.

The effect of fixed charge introduced by traps tom $urface of Si nanowires can be engineered to
produce a p-n junction type of structure (C. Gualet2009). First, the authors present the resiltsvo
probe measurements with back gate voltage appted#i-terminated n-type doped Si nanowires laid
horizontally on an oxidized Si wafer. P-type contiltity was observed proving that H-termination ¢esa
surface states that capture electrons and prodagatime fixed charge. Using this idea, the authors
presented a process to form p-n junction nanowiseswitching the passivation from H-termination to
SiO, along the length of the nanowires. Si nanowiregevegched from a n-type doped substrate {>a®
% using metal assisted chemical etching (MACE).yTWere thermally oxidized to cover the nanowires in
SiO, and spin-coated with PMMA. Almost half of theimfgh from the top was exposed by etching the
PMMA in Acetone and the oxide covering that parswamoved in HF yielding a H-terminated surface.
Thus, the nanowire had H-terminated Si surfacecalaaf of its length and an oxidized surface on the
other half. Au was deposited by tilting the samgtl€0 degrees to make sure that metal was depasitgd
on the tip of the nanowires. Ti/Au was depositedtmnback of the Si wafer to serve as the othetawbdn
On making contact to individual nanowires from the, rectifying behavior was observed with the top
segment behaving as p-type and the rest of thewiemas n-type. This study emphasizes the factith&t
nanowires, the effect of surface traps is much ndorainant than in case of bulk Si.

The surface conditions have been found to domioaés the effect of impurities present inside
the bulk of the nanowire in determining the life¢irof charge carriers for electrical measuremeniigiffet
al., 2008). Si nanowires grown using the Au catabssisted VLS approach were measured using the
electron beam induced current (EBIC) techniquerdepto determine the minority carrier diffusiomdgh.

The diffusion length did not saturate with increasdiameter of the nanowires up to 100 nm andcimteid
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a surface recombination velocity of ~3 x*Ins® which can be translated into a surface defectitjeat
~1.7 x 16 cm® Due to the presence of the Au catalyst it camrgeied that Au might be responsible for
acting as a deep level trap; however, the condgotraf Au atoms inside the nanowire was experiaint
determined to be less than 5 X1ém* which the interface state density is high enougbvercome. Thus,
it was concluded that the surface recombinationail determines the lifetime of the charge casrierSi
nanowires.
6.3 Process of fabrication

The Si nanowires used in this study were fabricdigdvertical dry etching using a Surface
Technology System (STS) inductively coupled plagih@P) system. N-type doped Si substrates with a
doping concentration of $dcm?® were spin coated with 4% 950k PMMA mixed in AnisoRectangular
features were created in the resist using eledieam lithography. There were four different edgegths
(100 nm, 80 nm, 60 nm and 40 nm) of these squahéshwvere patterned in the resist. After developing
the pattern, a 50 nm thick layer of Si@as deposited using electron-beam evaporationaéted lift-off,
SiO, squares were left on the Si substrate. These egjugere used as hard mask for etching the Si, which
resulted in approximately 1 micron tall nanowirEgure 58shows a schematic of the fabrication process

with the sequence of steps explained below.

Figure 58. Schematic illustration of the fabrication procesdor creating Si nanowires.

(@) A 200 nm thick layer of PMMA is spin-coated on to-&ype Si substrate (doping£@m?).
(b) Square-shaped features patterned on the PMMA caatestrate using electron beam lithography.
(c) A 50 nm thick layer of Si@ was deposited over the patterned substrate udawgren beam

evaporation.
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(d) Square-shaped Sj@eatures with edge lengths measuring 100 nm, 8066nmm and 40 nm were
obtained after lift-off.

(e) Vertical dry etching resulted in creation of Si omires with remnants of the SiO2 hard mask on
their tips.

(H SiO, hard mask was removed from the nanowire tips ugg buffered oxide etchant and they
were encapsulated in spin-on-glass (SOG) with tlésk matching with the length of the
nanowires.

(g) Dry etching of the SOG was performed to remove sxcexide and reveal the tips of the
nanowires.

(h) Once again, 200 nm thick PMMA was spin-coated &ate the pattern for metal contacts on the
tips of the nanowires.

(i) Metal contact pattern was developed creating ogsnin the resist where Ni will contact the
nanowire tips.

() A 65 nm thick layer of Ni was deposited using DCgmetron sputtering on the metal contact
pattern.

(k) After lift-off metal contacts to the Si nanowire®mg obtained and RTA was performed to form
silicide which concluded the formation of the Sthyptiodes.

() Electrical measurements were performed on nanoatrays containing different number of
nanowires by lowering one probe on top of the metadtact and using the Si substrate as the

other contact.

At this point, it is worthwhile mentioning the reei of dry etching followed here because that is
the most critical step developed in this entirecpss. The etching was basically a Bosch processtewh
alternating cycles of etching and deposition wesedu The durations of etching and deposition were
different for the three samples fabricated herariter to observe the effect of different etch psses on
the shape of the nanowires. Other than those fadtue following process flow was followed:

Etching:

e Sk + CHF; with flow rates of 65 and 35 sccm respectively.
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e Chamber pressure = 10 mTorr.

e RF power: platen =10 W, coil = 600 W.

Deposition:
e CHF; with flow rate of 70 sccm.
e Chamber pressure = 10 mTorr.

e RF power: platen = 0 W, coil = 600 W.

Three samples were prepared for this study. TheaBodwires on the first sample were passivated
by a thermally grown oxide up to a thickness oh21. The second sample was passivated by deposition
amorphous Si using CVD up to a thickness of 30 Tine third sample was left un-passivated to be ased
a reference. These samples will henceforth be adddeas Si #1, Si # 2 and Si # 3 respectively én th
remaining part of this chapter. The durations ohigtg and deposition during vertical etching foe three
samples are mentioned in Table 6.

Table 6

Durations of etching and deposition cyclesfor etching the Si nanowires

Sample ID Etch duration | Deposition Total # of cycles
(sec) duration (sec)

Si# 1 (Thermal oxide 21 nm) | 8 5 10

Si # 2 (a-Si 30 nm) 7 5 11

Si # 3 (un-passivated) 6 5 15

The SEM images representative of the nanowirefiesetthree samples are showfrigure 59
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Si# 1: 100 nm

Si# 1: 80 nm

S00nm

Si# 2: 60 nm

15.0kV 8.3mm xB0.0k SE(U) 1115113 13:48

Si# 2: 100 nm Si# 2: 80 nm

' ' vl TR TR
15.0kV 8 Tmm x80.0k 0 500nn : 15.0kV 8.7mm x30.0k SE(U) 11/21/13 10:50 16.0kV 9.7mm x80.0k SE(U) 11/21/13 10:56

Si# 3: 100 nm Si# 3: 80 nm

Si# 3: 60 nm

15.0kV 8.8mm x70.0k SE(V) 12/5/13 18:47 15.0kV 8 6mm 800k SE(U) 12/5/13 18:10

Figure59. SEM images of Si nanowires etched using recipes\iag different etching and deposition

times.

The first recipe (Si # 1), was unable to yield 60 nanowires because of excessive undercutting.
For the second recipe (Si # 2), the 60 nm dianretapwires were fine but the 40 nm nanowires weegnag
lost due to undercutting, which is already evidenin the shape of the 60 nm diameter ones. Thexefor
the final sample, the etching time was reduced se®and nanowires of all four diameters were obthi
However, during further processing the 40 nm di@metnowires were lost because there was still some
undercutting at that diameter which could not bevpnted just by adjusting the durations of etcking
deposition.

Figure 60shows a photograph of the Ni contacts to thedipthe Si nanowires. Each side of the

pattern has five contacts which are connected taysrhaving different numbers of nanowires of same
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diameter. Each side represents one of the fouretens (100 nm, 80 nm, 60 nm and 40 nm) designed in

the layout.

— 0.1 mm

Figure 60. Nickel top contacts to the Si nanowires.
6.4 Electrical measurements on the Si hanowire Schottkgliodes

Current versus voltage measurements showrkigure 61, Figure 62 and Figure 63 were
performed on the Si nanowires using an Agilent £1parameter analyzer. Voltage was applied at the to

contacts, the back of the substrate was groundddcament flowing through the nanowire arrays was

recorded.
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Figure 61. Electrical characteristics measured from un-passiated Si nanowire Schottky diodes for

three different diameters.
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Figure 62. Electrical characteristics measured from Si nanowe Schottky diodes passivated with 21
nm thick thermal oxide.
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Amorphous Si passivated 100nm diameter Amarphous Si passivated 80nm diameter
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Figure 63. Electrical characteristics measured from Si nanowe Schottky diodes passivated with 30
nm thick amorphous Si.

Using the procedure discussed in chapter 5 in@®e&i3, an attempt was made to fit the forward
bias current of the diodes to the thermionic emissnodel and the parameters extracted are givéalife
7, Table 8 and Table 9. The range of voltages fmeextraction of the following parameters was bestw

0 V and 0.5 V as series resistance can usuallyebkated at low forward bias.
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Table 7

Thermionic emission parameters extracted from un-passivated nanowire diodes

Diameter (nm) No. of nanowires| Schottky Barrier | Ideality factor (n)
contacted Height (¢s)

100 400 0.59 15
240 0.59 15
159 0.58 1.6
40 0.55 1.9
1 0.53 2.0

80 400 0.61 14
240 0.58 15
158 0.55 1.8
40 0.57 1.7
1 0.56 1.6

60 398 0.63 1.4
240 0.62 15
160 0.62 15
40 0.58 1.7
1 0.7 1.9

Table 8

Thermionic emission parameters extracted from thermal oxide passivated nanowire diodes

Diameter (nm) No. of nanowires| Schottky Barrier | Ideality factor (n)
contacted Height (¢bs)

100 400 0.6 1.7
240 0.64 1.5
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160 0.61 1.7
40 0.62 1.6
1 0.72 3.9
80 400 0.63 1.5
240 0.62 15
160 0.62 15
40 0.61 1.6
1 0.64 3.8

Table 9

Thermionic emission parameters extracted from amorphous Si passivated nanowire diodes

Diameter (nm) No. of nanowires| Schottky Barrier | Ideality factor (n)
contacted Height (¢bs)

100 400 0.68 1.6
240 0.69 1.5
160 0.68 1.7
40 0.66 1.7

80 398 0.68 15
238 0.68 1.6
159 0.67 1.8
39 0.64 21
1 0.61 3.1

60 74 0.65 19
55 0.65 2.3

Although there is a fluctuation in the measurecugal on the average, the thermionic emission

model parameters show that the Schottky barrieghtefior amorphous Si passivated nanowires is the
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highest, followed by thermal oxide passivated cared the lowest barrier height is found for un-paestsid
nanowires. The ideality factors range between hdb Zfor the nanowire arrays and even go up tofer 3
single nanowires indicating a poor fit with the miméonic emission model. Planar Schottky diodes fm

by depositing Ni contacts on Si substrates have beported to yield an ideality factor around 1l
barrier heights of ~ 0.7 eV (Coe & Rhoderick, 197R)e ideality factors extracted from nanowire @isd
fabricated here indicate that the thermionic madi@he is not adequate to predict the current thiahgse
devices. The barrier heights extracted here forrphwus Si passivated nanowire diodes are closest to
those reported for planar diodes.

Based solely on the barrier heights extracted fileenSchottky model, one might be encouraged to
qualitatively conclude that the better the surfpassivation, the higher the barrier height and,tbusgface
passivation has an effect on the barrier heightasfowire diodes. For planar diodes, it is well knaivat
the barrier height is specific for a certain conaltion of a metal and semiconductor irrespectivehef
doping concentration because of Fermi level pin@inthe interface of the two. The surface stateated
at the metal-semiconductor interface are the cafighis pinning. In the case of nanowire diode® th
electrically active defects at the nanowire surface even more likely to affect the current thamplenar
diodes. Also, the ideality factors being greateantii are evidence that the fit with thermionic esiois
model is not a good basis for understanding thech&racteristics of these diodes.

Apart from charge arising due to defects at théaserof the nanowire, there is also some fixed
charge trapped inside the spin-on-glass as welbrdier to determine the density of charge trappetthé
spin-on-glass (SOG), we conducted capacitance merasuts on a MOS structure fabricated by spin-
coating SOG on a Si substrate and depositing Ataats on top. Due to the thickness of the SOG (~530
nm), the amount of trapped charge was high andoutd mot observe the full C-V curve from inversion
accumulation but from the data we gathered, thegehevas found to be positive with an estimated itfens
of 10" ~10" cm®. The C-V curve obtained from a 530 nm thick SOg@taon a p-type doped Si substrate

(~10* cm®) is shown irFigure 64
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Figure 64. Capacitance vs. voltage curve of a 530 nm thickytar of SOG on a p-type doped Si
substrate.

6.5 Effect of forming gas anneal on the |-V characteriics

Forming gas anneal (FGA) passivates dangling bamisthe surface of Si leading to re-
arrangement of the bonds between Si atoms on ttieceuas H atoms form new bonds with them. This
process reduces the number of dangling bonds k@asdide availability of reactive hydrogen and Sesit
These dangling bonds behave as traps, capturinggehzarriers and creating space charge inside the
nanowire. The local density of states (LDOS) anergy level inside the band gap introduced by tiafs
function of the doping type and concentration af 8i. STM imaging of hydrogen terminated n-type Si
surfaces have been widely reported in literaturaider et al., 2009), (Ryan, Livadaru, DiLabio, &
Wolkow, 2012), (Schofield et al., 2013). All thesteidies have reported the effect of biasing thestsate
on the charge state of the dangling bonds. It le@s lobserved that the substrate bias with respabiet
STM tip affects the charge state of the danglingcband also affects the chemical reactivity of smec
reacting at that site. For a negative bias to thistsate, the dangling bonds appear negativelygeldband
appear as positively charged for a positive biandling bonds can either capture or release elead
thus can be held responsible for introducing batsitive and negative charge inside the device.

The present nanowire diodes were annealed at 305=3®r 10 min in a forming gas ambient.
This treatment should be sufficient for reactiontloé surface with hydrogen atoms. The comparison
between the |-V characteristics of the nanowire®igeand after FGA is shown iRigure 65 The I-V
characteristics from the 40 nanowire array andsthgle nanowires of diameter 100 nm are presergeg h

The other arrays follow a similar trend in term<bénge in current due to annealing.
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Figure 65. Comparison between |-V characteristics of 100 nmidmeter diodes before and after FGA

for the un-passivated, a-Si passivated and thermalxide passivated nanowires.

In order to study the effect of annealing on therent, we focus on the measurements recorded
from single nanowires as the information in thosmasurements is not complicated by contributionsifro

several devices. The forward bias current in ursipated and amorphous Si passivated nanowires
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decreases as shown kigure 65 The thermal oxide passivated diode shows nedgigdlurrent under
forward bias after annealing. Under reverse biaes,current in un-passivated nanowire diode is reduc
while that in amorphous Si passivated diode iséased and for the thermal oxide passivated nandhere
reverse bias current is order of magnitude grehtan the other two samples. Based on the priolareke

on hydrogen passivation of n-type Si nanowiresiais been reported that negative fixed charge can be
created on the surface of the nanowire during tgeinopassivation (Jie et al., 2008), (C. S. Guol.et a
2009). The observations on forward and reversediagnt suggest that the magnitude of negativegeha

is highest on the surface of thermal oxide passtvatanowires, followed by the amorphous Si passivat
and least on the un-passivated ones. We discusw bifle reasons behind the change in I-V charatiesi
starting with thermal oxide passivated nanowires.

For the thermal oxide passivated nanowires, theatibwire array after annealing shows close to
ambipolar behavior while the single nanowire seetmshave been inverted. The change in I-V
characteristics of the single nanowire are of paldir interest. The forward bias characteristicswshery
low current which is below the noise floor of thestrument until at least 2V, implying that there aot
enough electrons in the nanowire to conduct theeatiunder forward bias. This result suggests tterte
is negative fixed charge on the nanowire surfadeclis enough to keep it depleted even up to ~The
substrate is n-type doped and almost 500 micraok.th is possible to invert that substrate withegative
charge on its surface but the rest of it will stiinduct as n-type doped semiconductor. So, theabbve
picture is a n-type nanowire depleted of electrmmgop of a n-type substrate which might have dedeg
or inverted surface but has a relatively large neindd electrons in its quasi neutral region. Duniagerse
bias, both the nanowire and the substrate are eplSimulations show that it takes only approxahat
0.5V to deplete the nanowire of holes all alonglésgth even when there is no fixed negative charge
present on its surface. So, in the real diode, $aife to assume that it gets fully depleted aitmigngth at
-0.5V. In order to justify the large current undewerse bias, we propose the following hypothe&ss.
negative voltage is applied at the top contact, ibkes generated inside the nanowire as well in the
depletion region along the surface of the Si sabstshould be collected at the metal contact oriphef

the nanowire as there is no barrier for holes fltgnirom the semiconductor into the metal. The dépie
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region rapidly spreads along the length of the mamoas the bias is increased causing more holé® to
generated inside the depletion region and beinteaeld at the top contact. Once the nanowire ity ful
depleted which is around -0.5 V, the depletion oagstarts spreading horizontally along the Si sabst
since the negative charges present on the nanswiface should also be present all along the satbestr
This provides a very large area for generationaés limited only by the area of the top contacthe
nanowire. As the bias is increased, the currentilshioegin to saturate because the depletion ragioot
expected to grow beyond the area defined by thedopact. As soon as inversion is reached, theetiepl
region will stop growing in area and the currenit thien be dependent on the rate of generatioroteshin
the inversion layer underneath the contact.

In order to test this hypothesis, capacitance nmeasents were performed on 100 nm diameter
thermal oxide passivated nanowires by contactiegptiobe to the metal contact on the tip of the némo
Before mentioning the results of capacitance vevsitage measurements on the nanowires it is napess
to look at the state of the net charge presenthenstirface of the Si substrate. Once the charggen
substrate is identified it can be automaticallyuassd that the same exists on the surface of thewieas
because they have been etched from the substsaté ithere are some 50 by 50 micron square shaped
metal pads on top of the SOG on the samples. Tdrer@o nanowires underneath these 50 by 50 micron
pads. However, since the thickness of the SOGwsatgs of 500 nm the capacitance is very small. islqu
calculation assuming the dielectric constant of3lG to be 3.9 places the capacitance of one sadthop
be 0.17 pF under accumulation of the substrate.nblige floor of the measurements setup is ~1 pFfd8o
the purpose of measurement these pads are notdaoygh. Hence, we used Hg probe with a circuldr pa
having an area of approximately 0.2%tRor this area assuming the thickness of the S®©Bet500 nm
and its dielectric constant to be 3 the capacitatmaild be roughly 1.0 nF under accumulation whsch
well within the measurement range. The C-V measargson the three different surfaces; un-passiyated
thermal oxide passivated and amorphous Si pasdivate showrFigure 66 The frequency of the AC

stimulus was 10 KHz and the LCR meter was settiesenode for making these measurements.

108



Un-passivated Amorphous Si passivated

500 - 5004
450 450 (
y [y
4001
= < 400
[}
S 350 §
5 £ 350
@
S 300 g
S S 3004
250
250
200 T T T 1 T T T 1
-10 5 0 5 10 10 5 0 5 10

Probe Voltage (V) Probe Voltage (V)

Thermal oxide passivated

400+

Capacitance (pF)
w w
o a
o =}

N

a

o
|

200 T T 1
-10 -5 0 5 10

Probe Voltage (V)
Figure 66. C-V measurements on different Si substrates usingg probe.

The flat band voltage of a MOS capacitor is calimdgrom the following expression.

Qr 1 [tox x Qir(ds) (6.1)
Vig = s — —2 — — - sy
e M Cox  Cox o lox Pox (%) Cox

Where, Vi is the Flat band voltagepys is the difference in work function between metald a
semiconductor,Qs is the sheet charge density of fixed charge trdpimethe dielectric,Cox is the
capacitance of the dielectric under accumulatjgsy is the volume charge density of trapped charge
distributed in the dielectridoy is the thickness of the dielectric a@g (¢bs) is the sheet charge density at
the semiconductor/dielectric interface as a fumctbthe surface potential of the semiconductoretdeur
purpose is to get a reasonable approximation othiaege trapped inside the spin-on-glass (SOGgdch

of the surface passivations studied here. Forake sf simplicity, we collapse all the charge ia txide
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and the Si/SOG interface into a single term nantbly,sheet charge density at the surface of thewiem
and the substrate. Thus, the simplified expresiionalculating the flat band voltage becomes:

6.2
Veg = Pus — % ©2)

We know that the doping concentration of the Sistnatte and the nanowires is*1@m?* so the
difference in work function between Ni and Si iistbase is 0.71 eV. One method to estimate théd#ad
voltage is using the Debye length of the semicotatuas described in (Piskorski & Przewlocki, 2010).
The doping concentration of the substrate and #mowires is known to be ¥0cmi® from which the

Debye length can be calculated using the follovérgression

L= kTege, (63)
v q*Np

Where,es andg, are the dielectric constant and the permittivitySd and vacuum respectively, is the
Boltzmann’s constant] is the absolute temperaturg,is the elementary charge aing is the doping
concentration of the Si substrate. The capacitaic#lat band without any charge trapped inside the
dielectric Csrp) is determined by the following expression

c. 5% (6.4)
SFB — L
D

OnceCgris known, the flat band voltage is determined fribwe C-V curve by finding the voltage
at which the capacitance is equalig which is calculated as

_ Cox-Csrp (6.5)
FB —

COX + CSFB
Then the relation betweérts, Cox, Qr andys is used to determin@ in units of C/ crm and number of

charges trapped ¢mThe Debye length of the Si substrate in this aasaes out to be 1.29 x ¥&m
which yields aCqs of 8 x 10° F cmi®. Table 10 shows the values Gfs, Veg and Qs (as C/ crfiand #

charges/ cn).
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Table 10

Values of Crg, Vg and Qs extracted from C-V measurements for different surface passivations

Surface passivation Crs (pF) Ves (V) Q (C/ cnv) Qr (# charges/ crf)
Un-passivated 466 -0.3 +2.5x 10 +1.5 x 16"
Thermal oxide 342 +3.2 -4.4x 18 -2.8 x 10°
Amorphous Si 480 -1.0 +4.3 x 18 +2.7 x 16"

The actual device consists of two structures inalpgr the MOS structure formed by the

metal/SOG/substrate and the nanowire it§étfure 67shows the circuit representing the nanowire diode.

Vv ATLAS

( ) Data from SiNW_diode_init_slice_2.sir
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Figure 67. (Left) Equivalent circuit diagram and (right) cross section of a single nanowire structure
created in Atlas simulator.

The termCsog represents the capacitance formed by the metabcd8OG/Si substrateCscg is the
capacitance due to the depletion region formediengihie nanowire due to the Schottky barri@gy is the
resistance of the quasi-neutral region inside #mowire andRg; is the resistance of the Si substrélgyy
represents a capacitive coupling which is likelyekist between the surface of the nanowire andatye
metal contact on its tipRs; represents the resistance of the Si substrateCgnid the bias-dependent
capacitance which might be offered by the Si sabstdepending on whether it is accumulated, deplate
inverted. We first estimate the values of someheké capacitances to get a first order idea abbighw

ones are important and which ones can probablydgteated to simplify the equivalent circuit model.
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These estimates f@so; andCgscrare based on the diameter of the nanowires anthittlness of the SOG
surrounding them. Th€sqsis small because of the thickness of the SOG.|algest contact pads to the
nanowire diodes are 25500 square microns in afeatfickness of the SOG is 500 nm on average among
the three samples studied here. This yields a @apae of 1.8 pF which is barely the noise mardithe
measurement setup. Thus, we should not expectserad the changes in capacitance when the substrate
goes from inversion to accumulation and vice vemdle making C-V measurements on the tips of
nanowire arrays. The capacitor dueGgyg can thus be considered negligibly small and itetance so
large that it can be treated as an open cir@4itris the depletion region capacitance of the nareilihe
cross-sectional area of the largest (100 nm dianeanowires is 7.9 x 18 cnf. The largest array of
nanowires has 400 of them which make the largestiple cross-sectional area due to the nanowiseotip

the sample to be 3.14 x f@n?. With this area the capacitance of the depletémion varies inversely as

its thickness along the length of the nanowire. 8g8mate a practical upper bound on the space-eharg
region capacitance assuming the width of the retpdme only 1 nm. For a 1 nm wide depletion regn

the tip of an array of 400 nanowires the capacéaisc0.33 pF. As the space charge region inside the
nanowire becomes larg€scrWwill decrease and thus, can be neglected froneitcait diagram. So, finally

we are left with the equivalent circuit ifigure 68

Riw

Ccou

Rsi Cgi

LIS

|||

Figure 68. Equivalent circuit diagram for C-V analysis after neglecting Gcr and Csoge.

There are three different regions of operatiorhefrianowire diode when the voltage on the metal

contact is swept from negative to positive bias.eWlthe voltage is positive, the nanowire and the Si
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substrate should be accumulated and when the eoltagegative the nanowire is depleted to a certain
width along its length and the Si substrate maynay not be depleted depending on the voltage amd th
fixed charge present on the surface. When the iveghias is large enough, the nanowire and the Si
substrate can be inverted. So, the three regiooparation are accumulation, depletion and inversio

The significance of showing the equivalent cirguiddel is to understand the C-V measurements
made on the tip of the nanowire arrays. The cagacé meter can be set to either series or paratide
for making the measurements. None of these modesegaesent the device accurately for all the three
regimes namely accumulation, depletion and invarsithe LCR meter sees the device under test asrshow

in Figure 69

Figure 69. (Left) Bridge circuit in the LCR meter. (Right) phase diagram between the resistance and
reactance of the device as seen by the capacitamoeter.

The diagram on the right represents the phaseioeldietween the resistive and reactive
components in the circuit on the left. The net idgrece of the circuit i€ which is composed of both
resistive R) and reactiveX) components. There is a bridge circuit inside tE&R meter as shown in the
figure. The net impedance of the device under (@6IT) appears agy and the impedancg, inside the
meter is adjusted until the bridge is balancedthere is no current flow across the componentasgted
by D. The bridge is considered to be balanced at thist @nd the impedance of the DUT is calculated by

the following expression

A 6.6
Zpor = ( 3/22)21 (6.6)
WhereZ; andZ, are known fixed impedanceg, is adjusted by the meter until the bridge is badahso
that is also known. The voltage applied to the ufrconsists of a DC bias on which a AC signal is

superimposed. The phase difference betwggn and the applied voltage is represented liy the phase
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diagram. In case the LCR meter is set to the mnalbde, the admittance of the devi¥g ;) is calculated
from the inverse of the impedance. The equival@nuit diagrams for the DUT as understood by theRLC

meter in series and parallel modes are shoviaigare 7Q

Figure 70. The equivalent circuit for the DUT as seen by the CR meter in series (left) and parallel
(right) modes.

In case of the series mode the impedance of the BUT

_p (6.7)
ZDUT =R (J)C’

While in parallel mode the admittance of the DUTEadculated, which is given by
Your =G + jwC. (6.8)

In both cases the component of the impedance oittatice which is in-phase with the applied
AC voltage gives the resistanc®)(or conductance@) and the out-of-phase component gives the
capacitance() of the DUT. Clearly, the equivalent circuit okthanowire diode does not classify as either
a totally series or totally parallel equivalentcciit. However, the parallel mode is more suitalle t
represent the device because if the capacitorseareved from the equivalent circuits showrFigure 68
the structure is reduced to the resistance of @m@wire and the Si substrate. Thus, the LCR medasr set
to parallel mode when making measurements on thmowiee diodes. We start by deriving the net
admittance of the nanowire diode for the equivatértuit shown inFigure 68and then proceed to derive
the admittance for forward and reverse bias whéwe nanowire and the Si substrate can be in
accumulation, depletion or inversion. The circuit Rigure 68 is re-drawn inFigure 71 in terms of

conductance to derive its net admittance.
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Figure 71. Equivalent circuit diagram of the nanowire diode br small signal analysis under
depletion.

The net admittance of the circuit is a series doatibn ofY; andY..

. _ Y,Y,
Y1 = Gyw +jwCcoy; Y2 = Gs; + jwCsi; Yyer = Y+,
_ (GywGsi — @*CooyCsy) + jw(GsiCeoy + GawCsi) (6.9)

Y, = -
NET Gyw + G + jw(Ceoy + Csi)

[(GywGsi — 0*CoyCsi) + jw(GsiCooy + GrwCs)[(Gaw + Gsi) — jo(Cooy + Cs;)]
[Gyw + Gs; + jw(Ceoy + Cs)[Gyw + Gs; — jw(Ceoy + Csi)]

Yyer =

After simplification we get the following expressifor the net admittance

2 2 2 24 2 2 2 2
GNW Gsi+Gsi’Gnw+w?GsiCou? +w?GnwCsi® +jw(Gsi® Ccou+Gnw Csi+w* Ceou® Csitw? Coou®Csi)
(Gnw+Gs)?+w?(Ccou+Csi)?

Yner =

The net conductance and capacitance from the abqression are

Go = Gyw’ Gsi + Gs;*Gyw + 0?GsiCeoy” + 0? Gy Csi” (6.10)
NET (Gyw + G5)? + w?(Ceoy + Csi)?
Co = Gsi*Ceoy + Gyw’Csi + 0*Ceoy”Csi + CeouCsi” (6.11)
NET —

(Gyw + Gs)? + w?(Ceoy + Csi)?

We first discuss the conductance measured fromndmowire diodes. The |-V characteristics of the
nanowire diodes can be used to calculate the diffeal conductance which can be a good estimaagf
Gsi when the Si substrate is accumulated, can juappeoximated from

A (6.12)

Gei = —
Si pL
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WhereA is the area of the substrate which conducts cubrelow the nanowires is the resistivity of the Si
substrate andl is its thickness. For a doping concentration df t8i° Gg; comes out to be 3.86 x 1(5.

The maximum differential conductance of the arriyianowires from DC |-V measurements is 219.
Thus, under forward bias the Si substrate is uadeumulation andss; is much greater thaGyy. Cs;
should not be considered under forward bias asaulsl be shorted out by the accumulation layer of
electrons present on the surface of the substratgeneral the terms involving the square of a cipace

are much smaller than those involving the squara eébnductance. Hence, as an approximation, after

neglecting the terms containigo,” andCs; in equation (6.10) we get

Gsi“Grw (6.13)

Gyer = > = Gyw
Gsi

The comparison between conductance measured uwlderrfl bias (accumulation) from arrays of
nanowire diodes and the differential conductandeaeted from |-V measurements on the same nanowires

are presented iRigure 72 Figure 73andFigure 74
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Figure 72. AC conductance (left) and differential conductancéright) measured from an array of 400
thermal oxide passivated nanowire diodes.
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Figure 73. AC conductance (left) and differential conductancéright) measured from an array of 400
un-passivated nanowire diodes.
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Figure 74. AC conductance (left) and differential conductancéright) measured from an array of 400
amorphous Si passivated nanowire diodes.

In all cases the net AC conductance follows theestend and is close to the differential conduaaBg,
which supports the approximation in equation (6.13)¢ measured conductance shows an increase with
increasing frequency of the measurement but onlgrge forward bias. The frequency dependenceeis th
maximum in thermal oxide passivated and minimurarirpassivated nanowires. Equation (6.10) suggests
that frequency dependence of the conductance dooeard bias is possible &co. is no more negligible
compared tdGg. Hence, the model suggests that the capacitivpliogubetween the nanowire and the
metal contacCqoy under forward bias is the minimum in case of uaspated and maximum in thermal

oxide passivated nanowires. Hence, we can conchatethe net AC conductance of the nanowire diode
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under forward bias is approximately equal to thiéedéntial conductance of the nanowire itself b t
capacitive coupling with the metal contact can fxdduency dependence to it.
We now consider the capacitance measured fromdhewire diodes under forward bias. Neglecttg

the net capacitance of the device simplified fraqoation (6.11) is given by

Gsi*Ccou (6.14)

Cc ~r—
NET 2 2 2
Gsi” + w*Ceoy

The capacitance measured under forward bias fremy@of nanowire diodes is presentedrigure 75
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Figure 75. Capacitance measured under forward bias from arrag of 400 nanowires. (Top-left)

Thermal oxide passivated, (Top-right) Un-passivate@nd (Bottom) Amorphous Si passivated
nanowires.

The net capacitance of the nanowire arrays is edlas the frequency of the measurement is
increased. This is correctly predicted by the esgicn in equation (6.14). The dependence of net

capacitance upon DC bias should come f@#p, asGs; is not expected to increase with the bias as the S
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substrate is already accumulated. The increasettard apparent saturation of capacitance with veltag
under forward bias indicates that t8go, increases as the nanowire gets strongly accunduldtag its

length and the electrons present close to its saréan react faster to the changes in the voltpgkea at

the metal contact as the forward bias is increased.

We will now discuss the conductance and capacitabserved under reverse bias.
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Figure 76. Reverse bias current versus voltage from an arragf 400 thermal oxide passivated, un-
passivated and amorphous Si passivated nanowire dies.

The depletion region is expected to grow alongléimgth of the nanowire and then spread along
the surface of the Si substrate under reverse Bras the reverse bias current of thermal oxidesipated
nanowires inFigure 76 we observe that due to creation of a depletigiorealong the surface of the Si
substrate under the area covered by the metal atqua, there is a sharp increase in reverse biasnt

due to generation of holes in that region. Beyorérain reverse bias, the current saturates itidgcéhat
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inversion is achieved and the depletion region oagnow any more. In amorphous Si passivated ard un
passivated nanowire diodes the reverse bias culloes not increase sharply and does not saturaté. iS
most likely that the depletion region does not agras rapidly along the Si substrate in case ofrjpinous

Si passivated and un-passivated nanowires as & fimethermal oxide passivated nanowires. First we
present the situation where the depletion regimmseto be limited to the nanowire and explain the
conductance and capacitance measured from amor@iqassivated and un-passivated nanowire diodes.
When the depletion region has not started spreaony the Si substrat€g; can still be neglected and the
net conductance can still be approximated by egugt.13).Gyw is even lower compared s as the
nanowire is depleted of electrons. Thus, the ACdootance is expected to follow the same trend &nd b
approximately equal to the differential conductaneasured from the nanowire diodes. AC conductance

and differential conductance measured from DC IRdracteristics is shown Figure 77andFigure 78
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Figure 77. AC conductance (left) and differential conductancéright) measured from an array of 400
un-passivated nanowire diodes.
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Figure 78. AC conductance (left) and differential conductancéright) measured from an array of 400
amorphous Si passivated nanowire diodes.

The capacitance measured during reverse bias, droays of amorphous Si passivated and un-

passivated nanowires are showrrigure 79
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Figure 79. Capacitance measured at different frequencies froran array of 400 amorphous Si
passivated nanowires (left) and un-passivated nanangs (right).

In both cases, there is no dependence of the ¢apaeion the frequency of the measurement. To
derive the net capacitance in this case, we campliéymequation (6.11) by neglecting the frequency
dependent terms arik; since the Si substrate is still considered todmeimulated. The net capacitance is

2
Gg;

(6.15)
2 CCOU

GNW

G
()

Cner = ~ Ceou

The coupling capacitance between the nanowire la@dnietal contact at its tip seems to be very lowmwh

it is depleted. One probable cause for this cathdtholes being minority carriers cannot respanchpid
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changes in the applied voltage as they need tbdyentlly generated. Thus, the net capacitance renadi
the noise floor of the measurement setup and spi@ddent of the frequency of measurement.

We now try to explain the conductance and capamitaneasured from thermal oxide passivated

nanowire diodes.
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Figure 80. (Left) AC conductance and (right) differential corductance extracted from DC |-V
measurement from an array of 400 thermal oxide passated nanowire diodes.

Figure 80shows the comparison between AC conductance dfededitial conductance extracted
from DC |-V measurement on an array of 400 thermatle passivated nanowire diodes. From the net
conductance of the nanowire diode shown in equaf®dO) the frequency independent part is the

following

G n Gyw” Gsi + Gsi*Gyw (6.16)
NET (Gyw + Gs)?

For the initial part of the reverse bias, the r@tductance seems to be independent of the frequendy
follow Gyw until it reaches its maximum around -18g; is expected to decrease sharply as the depletion
region spreads into the Si substraB.y is the maximum around -1V after which it startsréasing
sharply and becomes negligible around -2V. Freguetependence starts to show in the measured
conductance around -1V after which it is directtpgortional to the frequency of measurement. Heitce,

is probable that the frequency dependent termgjirateon (6.10) become significant af8g, becomes
negligible. With increasing reverse bias, as thes®istrate also gets inverte@s becomes low. The
conductance of an inverted nanowire is negligilsleve can also negleGyy from equation (6.10)XCcou

for an inverted nanowire will also be negligiblenus, for strong inversion i.e. large reverse hadisthe
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terms in the numerator of the net conductance irmon (6.10) become negligible. Thus, the conchaga
tends to reach the noise floor of the measurengapsas the nanowire diode reaches strong inversion

We will now try to explain the capacitance measurech arrays of 400 thermal oxide passivated

nanowire diodes.
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Figure 81. Capacitance measured from an array of 400 thermadxide passivated nanowire diodes.
The capacitance measured from an array of 400 #leoxide passivated nanowire diodes is
shown inFigure 81 In order to explain the trend seen in the capac# we consider the frequency

independent terms in the net capacitance from equéd.10)

Gol? (6.17)
L5 Crop + Co;

Gsi*Coou + Gyw” Csi Gy

(Gyw + Gs)®> Gsi \*
1451

Cner =

During low reverse bias when the depletion regiaside the Si substrate is thi@g; is very high. The
conductance of the Si substrate is expected taedsersharply as the depletion region starts formmigs
surface so the term containing the ratio@&f to Gy becomes small and the net capacitance of the
nanowire diodes is expected to be governed by &heewfCs. For a depletion region 10 nm thi€l; is

264 pF. The net capacitance of the nanowire diodey lotted inFigure 81shows a maximum of ~100
pF which is close to the calculated valueGyf for a frequency of 250 Hz. The frequency dependenc
however, is considerable indicating that the teontainingCcoy + Cs; in the denominator may still be
significant. This is in agreement with the assumptihat the depletion region width is still smak the

reverse bias is increased, the valu€gfdecreases because of increase in the width afdpketion region.
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At strong reverse bias, the net capacitance oh#mdwire diodes seems to be governed by the ratio
to Gnw only as it becomes independent of the frequencyitanealue tends to reach the noise floor of the
measurement setup. This is an expected result fh@mapproximate expression for the net capacitance
stated in equation (6.17).
6.6 Modeling the I-V characteristics

Now that we know how the depletion region behavéb #he voltage applied to the nanowire
diodes, we can make an attempt to simulate thexsumeasured during DC sweep. The simulator prgvide
the opportunity to introduce non-idealities inte thiode and observe their effects to help us déberm
what factors are responsible for controlling therent in our devices. We start by comparing an lidea
nanowire diode with the current observed from usspated nanowires. For simulating an ideal nar®wir
diode a structure was created in Silvaco Atlasafemgle Si nanowire of diameter 100 nm. Mobilitgide
Si nanowires has been reported to range from ajpately 1 to 250 cAv's* (Zheng et al., 2004), (C.
Guo et al., 2009). The Schottky barrier height fimsd at 0.58eV which was extracted from thermionic
emission model fitting on the data from un-pas&datanowire diodes. The nanowire stands on a ngype
substrate and the doping of both the nanowire hadstibstrate is $0cm®. Bulk mobility for electrons

which is 1§ cn?Vv!s? and for holes which is 500 éni's! has been assumed in these simulations.

Un-passivated single NW
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Figure 82. Comparison of the I-V characteristics measured frmn a single 100 nm diameter un-
passivated nanowire diode with simulation performedn an ideal single 100 nm diameter nanowire
diode.

The minority carrier lifetime used in these simidas is 100 pus which is based on the values

reported in literature for bulk Si. The doping centration in the Si nanowires and the substrated urs
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this study is 16 cm® At a doping level of 18§ cm?® the minority carrier lifetime is experimentally
reported to be ~IDsec with a trend which shows that it will be apgmuately 100 ps for a doping of 10
cm®(Tyagi & Overstraeten, 1983). In another reportritiaority carrier lifetime for a doping of bcm?

is expected to be dominated by SRH and is calalia$e200 us (Schroder, 1997).

We start the comparison between simulation and anea®ent shown irFigure 82 from the
reverse bias. The measured current decreasesf@iteing gas anneal (FGA). We know from Hg probe
measurements that there is a net positive chargeeoSi surface of un-passivated nanowires afteb.FG
This should cause the current to increase undérfootvard and reverse bias but the opposite isrobde
The reverse bias current is strongly dependentemergtion of holes inside the depletion region fxirn
the nanowire. The density of defects on the surfddhe nanowire is directly proportional to thendity of
holes generated during reverse bias. Thus, a pl®lcalise for the reduction in reverse bias curatet
FGA can be a reduction in surface generation veladiholes in the depletion region.

Under forward bias the ideality factor from the m@@d current is higher than the ideal diode. At
low forward bias the current is much higher. Ifrhés recombination in the depletion region under t
metal contact, it can increase the current at lowwérd bias. The current due to thermionic emissias an
exponential relationship with the applied voltaglée current due to recombination depends on thectlef
density inside the depletion region and the migocdrrier lifetime. Thus it can be much higher thha
thermionic emission current at low forward biastagks. At large positive bias, the simulated curren
becomes much larger than the measured currentestigg a higher resistance offered by the nanowire
towards the flow of electrons. The increase instesice can be due to a reduction in mobility ofrgba
carriers inside the nanowirBigure 83shows the comparison of the simulations with tleasurement by
changing the mobility of electrons and holes inside nanowire from bulk values to 10 dis® and
fixing the sheet charge density at the surfacehefrianowire and the Si substrate to be 1.5'% &

calculated from Hg probe C-V measurements on thé.SO
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Figure 83. Comparison between simulated and measured curreritom a single un-passivated 100 nm
diameter nanowire diode with electron and hole molity as 10 cnfVs* and fixed charge density at
the Si/SOG interface is set to positive 1.5 x 1cm?.

The fit during forward bias is still not good majrdecause the ideality factor is high in the actual
diode, possibly due to recombination current at forward bias. The current during reverse bias hesc
relatively well with simulation showing that the hility is considerably less than the bulk valuettiese
nanowire diodes. The fact that the current wasaedwafter FGA can be indicative of a reductiorhia het
positive charge at the Si/SOG interface. We now enaksimilar comparison between simulation and

measurement for amorphous Si passivated nanowicegnsinFigure 84
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Figure 84. Comparison between simulation and measurement ofgingle amorphous Si passivated
nanowire diode when the mobility of electrons and dles is set to 10 cfiv’s* and fixed charge
density at the Si/SOG interface is set to positiva.7 x 13° cm’.
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The reverse bias current is almost an order of madm larger and the forward bias current is
considerably smaller than the simulated currentthién reduction in mobility alone does not seenbéoa
probable cause of this difference because thatredllice the reverse bias current even further. exydf
the rate of generation of holes increases insiden#mowire due to an increase in the density afadefthat
could possibly explain the increase in reverse bisgent. Further investigation into the energyribsition
of defect levels on the nanowire and the substsaiguld provide the causes behind the differences

observed here. A similar comparison for thermatlexpassivated nanowire diodes is showRigure 85

Thermal oxide passivated
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Figure 85. Comparison between simulated and measured currerfior a single thermal oxide
passivated nanowire when bulk mobility is considerm and fixed charge density at the SI/ISOG
interface is set to negative 2.8 x #bcm™.

In Figure 85it is clear that the simulated current is muchdowhan the current measured through
the actual diodd-igure 86shows the depletion region, the concentrationotédrand the current density in

a cross-section of the three 3-D cylindrical stnuoetof a nanowire diode simulated under reversg bia
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Figure 86. Cross-section of the cylindrical nanowire diodestsicture simulated in Atlas. The voltage
applied to the metal contact is -5V. (Top) Contoursepresenting hole concentration (Bottom)
Contours representing hole current density (Acrif) and vectors representing the current density due
to holes inside the structure.

The current during reverse bias for thermal oxidesjpvated nanowires is much higher compared
to that for amorphous Si passivated and un-passiv@vices. The simulated current is almost twitntee
orders of magnitude lower than the measured curtenbrder to understand the possible cause far thi
discrepancy we have plotted the hole concentradiosh hole current density iRigure 86 The arrows

indicate the vector representing hole current dgnsithe Si substrate and the nanowire. The sitiula
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shows that there is a depletion region on the earfa the Si substrate due to the fixed negativaeish
charge of density 2.8 x 18m? present on the substrate and the nanowire andeifiative voltage applied
at the metal contact to the tip of the nanowiree oles generated thermally in this region areeplull
towards the nanowire by the electric field of thetah contact as shown by the vectors of hole ctirren
density. Since there is no barrier towards the ftdwoles into the contact, they can be collectedeaerse
bias current. The main reason for the simulatedeotrbeing 2-3 orders of magnitude lower than the
measured value can be the difference in area ofd#metion region between the real device and the
simulated structure. The area of depletion regioa single real nanowire diode is that of the Nitaot
pad at its tip which is equal to 4.7 x16n?. The area of the cylindrical structure simulated\las is just
7.8 x 10°cn?. The difference in area is ~ 6000 which can pdgsikplain why the simulated reverse bias
current is so low.

Under forward bias, the simulated current is lowen the measured current. We also observe
that the measured current tends to abruptly inerbgstwo orders of magnitude. The simulator hasenad
an assumption that the flat band voltage is entidele to fixed charge at the surface of the narewaird
the substrate which does not move during applinatib voltage at the metal contact on the tip of the
nanowire. In reality, if the negative charge is ff@lsuch that at a certain positive bias on theainet
contact, there is some net movement of negativegehtowards the metal contact, it will increase the
accumulation of electrons on the substrate as aglhe nanowire and increase the current. The eharg
distribution inside the spin on glass coupled wiith study of the energy distribution of defect lsweithin
the band gap is still needed to build a suitablelehinside the simulator for predicting the currédmbugh
the nanowires.

6.7 Fitting the I-V characteristics using traps

So far, we have tried to compare the simulatiothéomeasured current using the ideal thermionic
emission model. It is clear frofigure 83andFigure 84that the ideality factor is greater than 1 for the
actual nanowire diodes. The simulator can accoantttat by introducing traps on the surface of the
nanowire and the substrate. However, the parameéerded to simulate traps include the following

. Trap density on the surface (&n
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. Energy level relative to valence band maximum amtlaction band minimum (eV)

. Type of trap (acceptor or donor)

. Capture cross section (ém
We do not have experimentally available informationthese parameters. So, in order to show that th
presence of traps can change the ideality facterfixed the energy level and the capture crossoseand
changed the density of traps to fit the current suead from the diodes. The traps were assumed to be
mono-energetic with energy level 0.8 eV above thkence band maximum for donors and 0.8 eV below
the conduction band minimum for acceptors. Thewaptross section for both types of traps was asdum
to be 10” cnf.We first present the results of the fit betweanudated and measured current before the

diodes were subjected to forming gas anneal.
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Figure 87. The fit between measured and simulated I-V charaetistics before forming gas anneal for
un-passivated, thermal oxide passivated and amorplis Si passivated nanowire Schottky diodes.
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The following values of fitting parameters weredise create the fit shown igure 87
e Un-passivated: density donor traps = 3 X'a@i%; acceptor traps = 3.5 x Tom?
e Thermal oxide passivated: density of donor trapd.25 x 16'cm? and acceptor traps = 5.1 x
10cm?
e Amorphous Si passivated: density of donor traps9 k 13%m? and acceptor traps = 1.44 x
10%cm?

After forming gas anneal the fitting was performealy for un-passivated and amorphous Si
passivated nanowire diodes. The |-V characterigticthermal oxide passivated nanowires changed so
much that it was not possible to fit the forwarddicharacteristics by using traps density as aditt
parameter. The results are showirigure 88 The energy level of traps and their capture csestion was
still kept unchanged. The density of traps usefittasy parameters for I-V characteristics of amoops Si
passivated and un-passivated nanowire diodes Wwer®liowing

e Un-passivated: Acceptor trap density = 2.2 X't6i2, Donor trap density = 4.7 x &m?

e Amorphous Si passivated: Acceptor trap density39 Xk 1G%cm?, Donor trap density = 1.16 x

102 cm?
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1E-7 1E-7
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Figure 88. The fit between measured and simulated |-V charaetristics after forming gas anneal for
un-passivated, thermal oxide passivated and amorplis Si passivated nanowire Schottky diodes.
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6.8 Conclusions

In this chapter, we have experimented with the Bogmcess for the creation of vertical Si
nanowires by changing the durations of the etchingd) deposition cycles. The minimum undercutting was
obtained from 6 seconds of etching and 5 secondsolyiner deposition. There can be other ways of
modulating the undercut and the smoothness on ithewalls of the nanowires by changing other
parameters like plasma RF power, DC bias on themla&tc. and there already are several studiekablea
in literature regarding that but, our aim here ¥gebserve the effect of surface conditions onetleetrical
characteristics of the nanowire. So, we focusedlotaining a reasonable number of nanowire devices
which could be tested by changing the surface ¢mmdiand not on engineering the roughness on the
sidewalls.
After fabrication, 21 nm of thermal oxide was groemone sample, 30 nm amorphous Si was deposited on
the other sample and the third sample was leftassipated. Nickel contacts were formed on top ef th
nanowires after encapsulating them in spin-on-gldse DC |-V characteristics obtained from these
devices had ideality factors between 1 and 2 indigaa poor fit with the thermionic emission model.
Forming gas annealing at 370 C for 10 minutes dgesl a net negative charge on the surface of thherma
oxide passivated nanowires and a net positive eharg un-passivated and amorphous Si passivated
nanowires. A small signal AC equivalent circuit Haen proposed for the nanowire diode and used to
derive the net admittance. Under different biasdétms, the net admittance is approximated qualidy
by observing the measured conductance and capeeitdfie capacitive coupling between the nanowire
and the large metal contact at its tip seems toimim the net capacitance of the device under fatwa
bias. Under reverse bias the net capacitance depmndhe ratio ofGg; to Gy and becomes measurable
only when the depletion region spreads from theonéme on to the surface of the Si substrate. If the
depletion region remains limited to the nanowihe tatio is large and makes the net capacitancertdl
to be measured.

The flat band voltages of the substrate in casehefmal oxide passivation, amorphous Si
passivation and no passivation were +3.2V, -1V &h8V respectively. Since the reverse bias current

comes from generation of electron-hole pairs inside depletion region, thermal oxide passivated
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nanowires show a current which is much larger tharother two passivations during reverse biasrdier
to predict the current through these nanowire diptlee energy distribution and local density ofestaof
the traps will have to be experimentally determimédch has not been performed in this study and is
matter of further research in this field. To sumizeyrthis chapter has described experimental obtens
of the electrical characteristics of Si nanowirdn@tky diodes under different surface passivatidhbas
highlighted the factors that need to be understoodevelop a model which can predict the behavia o

nanowire Schottky diode.
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CHAPTER 7
CONCLUSIONS OF THE STUDY

In this chapter we summarize the contribution &f Htudy towards the knowledge about nanowire
diodes. There have been several studies in the €iElnanowire growth and characterization. Not only
semiconductor nanowires but, oxide and even metallinowires have been grown bottom-up using the
Vapor-Liquid-Solid (VLS) technique. However, relatly few studies have focused on creating a process
of fabrication for vertically oriented nanowire dess such that they can be integrated with pretiagis
planar devices. Designing such a process is extyegmeortant to bring nanowires into the mainstreain
microelectronic device manufacturing. We have dgwetl bottom-up and top-down processes for
fabrication of vertical Ge and Si nanowires. Ther¥e numerous challenges during the process imgudi
but not limited to non-uniform doping, non-vertigabowth during VLS and excessive undercutting dyirin
ICP etching. Innovative solutions were developedot@rcome these problems and in the process of
developing those solutions we have highlightednttagor differences between nanowire and planar éevic
fabrication.

After fabricating Ge Schottky diodes, the DC cutres voltage measurements showed deviation
from the thermionic emission model which is usuatlequate for planar devices. The search for reason
behind the non-ideal behavior led us to concentoatehe effect of surface passivation of the nanewi
diodes on their electrical behavior. We improved trertical dry etching process for fabrication of S
nanowires by making it more repeatable and robndtthen analyzed the differences in current between
amorphous Si passivated, thermal oxide passivaiddua-passivated nanowire diodes. On analyzing the
DC |-V characteristics it was once again found thatideality factors were greater than 1 indicatirpoor
fit with the thermionic emission model. Forming gamealing was performed on the diodes to obsaeve t
differences due to changes in the charge creatquhgsivation of the defects on the nanowire surfabe
net charge density on the surface of the Si sulestnad the nanowires was determined from capa@&tanc
versus voltage measurements on the MOS structummetb by Hg probe/SOG/Si substrate. C-V
measurements performed on the Ni Schottky contattteatip of the hanowires showed qualitativelywho

the capacitive coupling between the nanowire serfaicd the Ni contact affects the |-V charactersstic
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under forward bias and the change in width of tepletion region formed inside the nanowire andShe
substrate under reverse bias affects the curretihéh range of voltage applied to the diode. Finall
simulations were run in Atlas to show that the entrpredicted by the thermionic emission model was
quite different compared to that measured from rthaowire diodes. Donor and acceptor traps on the
surface of the nanowire and the substrate wereitfissduced in the simulations and the measureceour
under forward bias was shown to fit with the sintiolas. This emphasizes the fact that traps on uhace

of the nanowire and the substrate can increasiel¢ladity factor of the Schottky diode.

Nanowire devices are highly beneficial for scalid@yvn integrated circuits but a reliable process
can only be developed after understanding the aatiucharge on their surface. The cause of thisgeha
has to be precisely controlled to ensure the perdioice expected out of the devices. Using the pseses
developed in this study, more complex nanowire cks/can be fabricated. The effect of differentanef
passivations presented here can be used to englireelectrical behavior of those devices in a e
manner. This study has shown how vertical nanodéngces can be fabricated and also highlightedkéye
factors which need to be studied to control thiscteical behavior.

Future work should focus on characterizing the tgpd energy distribution of electrically active
defects on the surface of the nanowire. The capaadibupling between the surface of the nanowiré an
the large metal contact at its tip makes it criticainvestigate the capacitance of the dieledieg used
to encapsulate the nanowires as a function of teguéncy of measurement. DC bias and frequency
dependence of the coupling capacitance, conductintd® substrate and the nanowire should be worked
out for utilizing the equivalent circuit model ddwped in this study for predicting the capacitamnde
nanowire diodes and compare them with planar diotles ultimate goal should be to build a DC and AC
analytical model for a vertically oriented nanow8ehottky diode. Only then can nanowires be integra

with planar devices and more complex devices fakeit using them as the building blocks.
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