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ABSTRACT

For nearly a decade silicon nanowires have been the subject of intense research.
Future integration of silicon nanowires into commercial devices requires the development
and further refinement of methods for synthesizing and assembling these nanowires into
densely packed rational structures with high accuracy and repeatability. Current methods
have two broad classifications: “grow-and-place” and “grow-in-place”. The former
procedure involves forming the nanowires away from their final orientation, harvesting
them from this growth area, and finally placing them in desired positions. The latter
procedure sidesteps the problems associated with the harvesting and placement steps of
the “grow-and-place” method by forming the nanowires in their final preferred
arrangement.
In this thesis, we propose a novel self-assembling variation of the “grow-in-place”
approach for SiNW growth where the interfacial area of the nanochannel template
interface can be formed out of various materials. This research has improved on our
group’s previous in-template “grow-in-place” approach by growing SiNWs with smooth
morphology and good electrical properties upon partial exposure while still retaining the
benefits of the original “grow-in-place” approach, including good control of the SiNW
size, number, orientation, position, and shape. The SiNWs grown using this approach
were found to be morphologically smooth, composed of crystalline silicon and exhibited
good electrical characteristics.
Additionally, in this thesis we explore the use of a metal adhesion layer as a
means of controlling SiNW electrical characteristics. Specifically, this thesis compared
iii

electrical characteristics of SiNWs grown using aluminum or titanium as an adhesion
layer versus SiNWs grown without an adhesion layer and found that the SiNWs grown
with aluminum or titanium as an adhesion layer were, on average, 6 or 9 times,
respectively, more conductive than the SiNWs grown without an adhesion layer.
Finally, this thesis presents evidence that nanowires grown using built-in platinum
contacts form in a dual-material structure. This evidence is in the form of highmagnification FESEM images. It is suggested that, in the inter-contact region, the
platinum silicide grew as the “shell” of the nanowire structure and that the core remained
silicon because of the physical configuration of the nanochannel.
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Chapter 1

1.1 Overview of One-Dimensional Nanostructures
Lately, one-dimensional (1-D) nanostructures have attracted much attention. This
attention is due to their innate submicron feature size, which makes them suitable for
fabricating extremely high density devices and their unique fundamental properties, such
as high surface area to volume ratio, which give them the ability to serve as the critical
building blocks in emerging and improved technology [1]. Although devices made from
1-D nanostructures are very promising, many obstacles must still be overcome to realize
their potential. In general, these 1-D nanostructures come in two varieties: the nanotube,
and the nanowire.
Research into the nanotube focuses mostly on single (SWNTs) and multi-wall
carbon nanotubes (MWNTs). Since their discovery in the early 1990s, much of the
scientific research has focused on controlling the synthesis of carbon nanotubes (CNTs).
This is because the CNT’s electrical conductivity, either metallic or semiconducting, is
determined by careful control of the diameter and chirality of the grown CNT. Although
researchers have discovered interesting properties and applications including CNT
transistors[2], electrical interconnects [3], and displays [4], the CNT’s potential for
widespread utilization in electrical circuits is severely limited by the inability to reliably
control electrical conductivity and to reliably dope SWNTs [5]. However, recent progress
was reported in the control of the chirality of grown SWNTs. By using Helium or Argon
to aid as a carrier gas to deliver the methane to the iron catalyst particles researchers were
1

able to attain a 91% success rate for producing metallic SWNTs [6]. Even still, much
work remains to be done to bring CNT technology to a commercially viable state.
The second variety of one-dimensional nanostructures is the semiconducting
nanowire. This variety focuses on nanostructures synthesized from different
semiconducting materials, including silicon (Si), germanium (Ge), gallium nitride (GaN),
indium phosphide (InP), and zinc oxide (ZnO2). Semiconducting nanowires are heavily
researched because they can overcome the critical limitations of CNTs and afford
additional advantages. First, unlike CNTs where the diameter of the CNT determines the
electrical properties of the CNT, the semiconducting property of the nanowires is
independent of diameter. Second, the doping of nanowires can be easily accomplished
by borrowing from the extensive knowledge base of the more mature semiconductor
industry. Third, the nanowire is not limited to a circular cross-section, but may be
synthesized in any number of cross-sectional geometries, including triangular[7] or
rectangular [8].
Another important area of research regarding 1-D nanostructures is the formation
of highly ordered heterostructures and interfaces between 1-D nanostructures. The
importance of this research derives from the intrinsically large surface area to volume
ratio of 1-D nanostructures. That is, in order to successfully fabricate devices, a highdegree of control over the composition and perfection of interfaces is required [9]. In
general, the reported 1-D heterostructures fall into three general types: axial, radial, and
branched heterostructures [9]. Although, heterostructures have been reported for CNTs
[9], a much larger amount of work has gone into the development of semiconductor
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nanowire heterostructures possibly due to the extreme difficulty of forming CNT
heterostructures.

1.2 Silicon Nanowires

Out of all of the possible materials researched for semiconducting nanowires,
silicon nanowires (SiNW) have gathered, arguably, the most attention. The reason
behind this is multi-fold. First, because silicon is the focus of the semiconductor industry
there is an abundance of equipment readily available to aid in the research and
manufacture of SiNW devices. Second, the reduction of SiNW devices to practice will
be eased by borrowing knowledge, such as doping and carrier type and concentration,
from the relatively mature silicon industry. Third, because the bulk properties of silicon
are so well understood, SiNWs are an excellent platform to explore the effects of
shrinking dimensions and quantum confinement in semiconductors [10]. Additionally,
certain research has shown that carrier confinement in SiNWs will cause the electron
band structure of silicon to change from indirect to direct band gap, so SiNW based
devices may emit visible light [11][12], which would be a significant accomplishment in
reducing the need to use other materials and may allow for an easier implementation of
on-chip optical interconnects [13].

3

1.2.1 Silicon Nanowire Applications

Although there are difficulties involved, if these nanowire structures can be
reliably assembled into appropriate architectures, a host of applications can be
envisioned. To name a few, it has been reported that SiNWs can be used for high
performance field effect transistor (FET) devices [14], bio/chemical sensors [15][16],
anodes of lithium ion batteries [17] and on-chip optical waveguides [18].
Perhaps the most important application of SiNWs is the nanowire FET. This is
because SiNWs provide a natural choice for down-scaling without adding any additional
complexity caused by a changing of material. Studies of SiNW FETs have shown that
devices have excellent FET behavior, thought to be due to the perfection of the prepared
SiNWs and the high-surface to volume ratio which allows for excellent gate control [19].
Much recent discussion has focused around what architecture will carry silicon devices to
the end of their roadmap. Some have suggested that top-gated SiNW structures should be
used because of their ease of fabrication[20], while others have suggested that the gate-allaround SiNW architecture should prevail because it affords better electrostatic control of
the gate at the short channel lengths expected[21]. Despite the amount of research
involved, no one architecture has emerged as a clear winner.
Another important application of SiNWs is their use in sensing applications.
SiNWs are well suited for highly sensitive detection of biological or chemical species due
to their extremely small size which is on the same order as the species they are designed
to detect and their extremely high surface area to volume ratio, which makes them very
sensitive to changes in their surface charge. The sensing mechanism for these SiNW
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sensors may be resistive, relying on changes in conductance caused by adsorbed species,
or a more complicated field-effect based mechanism, which relies on the field effect from
adsorbed species to modulate the conductance similar to the means by which the gate
voltage in a conventional FET modulates the conductance of the channel.

Figure 1-1: SiNW pH Sensors [22].

As one of the first sensing applications, the SiNW was designed to measure the
pH in solution. The single crystal boron-doped SiNW was fabricated in an Alumina
Template using the VLS process. Subsequently, the SiNW was positioned by dropping a
SiNW solution between electrodes and using and electric field to align them. After
SiNW fabrication and placement, the SiNW was functionalized with 3aminopropyltriethoxysilane (APTES) to provide a surface that will undergo protonation
and deprotonation depending on the acidity of its surrounding environment. The
protonation and deprotonation of the surface cooresponds to a change in surface charge
5

as illustrated in Figure 1-1. This change in surface charge in turn changes the
conductance of the SiNW. As shown in Figure 1-1, the step-wise changes in conductance
coorespond to changes in pH over the range from 2 to 9. Furthermore, the sensor can be
reused as evidenced by the return to baseline conductance as the pH is once again
lowered. As a control, to confirm the necessity of nanowire functionalization the group
performed the same conductance measurements as a function of time and pH on
unmodified silicon nanowires. These conductance measurements show a nonlinear pH
dependence, unsuitable for a sensor[22].
Jong-in Hahm reported the use of silicon nanowires for real-time, label-free
detection of DNA and DNA mismatches. The group used p-type silicon nanowires,
fabricated out of alumina templates, functionalized with a peptide nucleic acid (PNA)
receptor for the healthy human DNA strand which if mutated is responsible for cystic
fibrosis. By flow, E-field alignment, and e-beam lithography they were able to position
single functionalized nanowires between sets of electrodes. The sensor was completed
with the addition of a microfluidic sample delivery structure formed out of PDMS
channel. To test their sensor the authors took time-dependant conductance measurements
while delivering varying concentrations of mutated and healthy DNA sample solutions.
Binding of these negatively charged oligonucleotides occurred on the surface of these
sensors resulted in an increase in conductance of the nanowires, as would be expected
from p-type nanowires. Figure 1-2 summarizes the group’s conductance versus time
results. Time interval (1) shows the conductance of the sensor when there is a DNA free
solution flowing through. Time interval (2) shows the conductance when an 100 fM
mutated DNA solution is forced through the sensor. The third time interval it can be seen
6

that the conductance returns to its baseline which is expected because once again a DNAfree solution is flowing. The final time interval shows the conductance response of the
sensor when an 100 fM healthy DNA is sent through. From this figure it can be seen that
the mutated DNA is not a perfect match to the PNA receptors and thus is only partially
hybridized and does not change the surface charge of the nanowire, and conductance, as
greatly as healthy DNA attachment. Furthermore, the group noticed that the shapes of
the conductance changes was different for the two cases. Conductance in the nanowires
increased rapidly but quickly leveled off when mutated DNA was added to the system.
Whereas, when healthy DNA was sent through the conductance rose to its final steady
state value over a larger time scale. These results can be used to determine the presence
of mutated or healthy DNA strands with a 10 fM detection limit [23].

23

Figure 1-2: Conductance vs. Time measurements of MU and WT DNA solutions [ ].
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Gengfeng Zheng et. al. have reported a SiNW sensor array for the detection of
cancer markers. The fabrication of these sensors was completed by functionalizing the
nanowire surface in three steps. First, aldehyde propyltrimethoxysilane (APTMS) was
coupled to the nanowire surface, this step presents aldehyde groups at the nanowire
surface. Second, the aldehyde groups are joined to monoclonal antibodies (mAbs). The
different mAbs receptors functionalized on different nanowires were designed to detect
prostate specific antigen (PSA), PSA-1-antichymotrypsin, carcinoembryonic antigen, and
mucin-1. Third, all of the unreacted free aldehyde groups are blocked by a reaction with
ethanolamine. The authors then fabricated the array by sequentially assembing the
different nanowire solutions in different regions of the device. The group had both ptype and n-type nanowires functionalized with the four receptors mentioned above. The
reason for the p and n-type nanowires was to help with the discrimation of false positive
signals. That is, if there is the presence of one of the target molecules in the solution
there will be binding event on the surface of both the p and the n-type nanowire. Since
the surface charge should change by the same magnitude, the conductivities of the two
nanowires should change by the same magnitude, although, in oppositive directions. If
this condition is not met than it can be assumed that the signal is false and there is no
presence of the target molecule. This data also shows that the conductance changes are
reversible and furthermore that the sensors are sensitive to solution concentrations from
5nM all the way down to 90 fM. Another important point to note is that if these sensors
come into actual use, the blood samples which are to be analyzed by the sensors must
undergo a desalting step, because any ions in solution will affect the performance of the
sensors [24].
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Another group has recently proposed a solution to the necessity for extremely

Figure 1-3: Schematic of all-in-one biological fluid preparation and sensing assembly [25].

sensitive SiNW sensors and physiological sample preparation, i.e. desalting. By utilizing
a pre-filtration system, shown in Fig, the group was able to purify and pre-concentrate the
target molecules before flowing them into the nanoribbon sensing chip. The first step in
the process is to flow whole blood through the larger chamber into a waste receptacle
(not shown) further down the line. As the blood flows past, the target molecules will
bind with receptors bound to the substrate by a ultra-violet (UV) sensitive polymer. After
blood flow there is a washing step and the volume is filled with a sensing buffer solution.
After the solution preparation steps, UV light exposure releases the captured target
molecules into the buffered solution. Subsequently, this mixed solution is sent to the
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silicon nanoribbon sensing chip where the target molecules captured in the original
chamber can be electrically and detected [25]. The authors, contend that this method will
do away with the need for highly sensitive SiNWs because the target molecules can be
pre-concentrated before injection to the sensing chip. But, a problem of this approach
may arise if the target molecule is in such small concentration that an extremely large
quantity of sample solution is needed to extract a detectable amount of target molecule.
This situation could most concievably arise in cases of early disease detection in infants
where the blood supply that can be reasonably taken is inherently limited due to the
child’s small size.
From the discussion above, it can be seen that SiNWs in particular offer promise
as the building blocks for devices if the problems associated with formation and
assembly, discussed below, can be solved.

1.3 Thesis Organization

The organization of this thesis is as follows:
Chapter 1 introduces 1-D nanostructures and their applications.
Chapter 2 introduces approaches to SiNW synthesis, device fabrication and their
related challenges.
Chapter 3 describes a novel variation of the in-template “grow-in-place” SiNW
fabrication approach and discusses the effect of template material on partially exposed
SiNW surface smoothness and quality.
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Chapter 4, first, describes the use of adhesion layer material to tailor the electrical
characteristics of SiNWs and, second, explores the structure of nanowires grown using
built-in contacts.
Chapter 5 includes a summary of this thesis and suggestions for future work.
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Chapter 2

Silicon nanowire fabrication, device assembly and related challenges
SiNW device fabrication generally falls into two categories and areas of effort,
which can be further subdivided. This chapter will explore these areas most pertinent to
this thesis. First, there is research involved with the synthesis of the SiNW. Second,
there is research into assembly and placement of SiNWs into rational device structures.
SiNW synthesis itself can further be split into two categories: top-down or bottom-up
approaches. Likewise, SiNW assembly can be split into two categories termed: “growin-place” and “grow-and-place.”

2.1 Silicon Nanowire Synthesis

The first topic of this chapter is the formation or synthesis of the SiNWs that will
eventually make up the SiNW devices. SiNW formation can be generally broken up into
top down and bottom-up techniques.

2.1.1 Top-down Fabrication

By making extensive use of patterning, etching and oxidation, top-down nanowire
fabrication approaches can construct SiNWs from bulk silicon. One approach has been to
start with silicon on insulator (SOI) wafers and simply etch the nanowires out of the
active layer [1].
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Another approach does away with the need for expensive SOI wafers by using a
lateral oxidation approach. Kook-Nyung Lee et. al. have reported the use of this method
for the fabrication and assembly of SiNWs with diameters ranging from 20 to 100 nm

Figure 2-1: Top-down lateral oxidation and “printing” assembly technique [3].

and lengths from 5 to 200 microns [2][3]. Figure 2-1 shows their fabrication and
assembly approach. Starting with a thermally oxidized silicon wafer, the group used
conventional photolithography to define .8 to 1 micron wide lines. Further processing,
utilizing sequential steps of anisotropic deep silicon reactive ion etching (DRIE) and
14

anisotropic potassium hydroxide (KOH) etching along the (111) silicon plane, produced a
triangular shaped cross-section with a small support pillar anchoring the nanowire to the
substrate. A subsequent well-controlled thermal oxidation yielded a sub-100 nm
diameter SiNW near the center of the inverted triangle surrounded by oxide and
supported by a completely oxidized pillar. A selective etch of silicon dioxide (SiO2)
released the SiNWs on the substrate.
To transfer the nanowires onto an insulating substrate, where electrical
characterization could take place or devices could be fabricated, the group “printed” the
freestanding SiNW covered substrate on another substrate covered with a flexible
adhesive polymer film to capture the SiNWs. The group reported a greater than 90%
transfer yield when the SiNWs had diameters greater than 100nm. However, the transfer
yield for SiNWs of diameter less than 50 nm fell off drastically. The group proposes that
this problem can be fixed and transfer yield better controlled by optimization of transfer
conditions including: temperature and contact pressure between the substrates.
The group also reported challenges with the ability to uniformly control the
diameter of the fabricated SiNW. The group reported a 20 percent deviation in the
measured diameter of their fabricated SiNWs, which they attributed to the uneven quality
of DRIE silicon etching. Additionally, the process suffers because it is a challenge to
“pre-dope” the SiNW before etching because boron doping slows the selective etching of
the wet KOH etching, which leads to uneven diameter SiNWs when the bulk silicon is
pre-doped. Even assuming the above stated problems can be solved, this top-down
fabrication method still suffers from problems of waste and cost because it does nothing
with the etched silicon and requires the use of expensive single crystal silicon wafers.
15

2.1.2 Bottom-up Fabrication

In contrast to the top-down approaches, where patterning and etching are used to
chisel SiNWs from bulk silicon, bottom-up approaches synthesize SiNWs in their final
form without the need to waste extra silicon and often may be formed without the need to
use single-crystal wafers. The bottom-up approach is further advantageous because it
often avoids the need for complicated processes, such as lithography and etching while
still maintaining the positive qualities of top-down fabrication including: high quality
single crystalline structure, good size control, and smooth surfaces[4]. Moreover, the
composition and doping can be controlled during SiNW growth, which can eliminate the
need for additional pattern definition and doping steps necessary in traditional
technologies [5].
SiNWs have been successfully prepared using different methods. Some of the
more popular methods include thermal evaporation [6], laser ablation [7], and chemical
vapor deposition (CVD) [8]. Furthermore, most of these methods are based on the vaporliquid-solid (VLS) growth mechanism first applied to the growth of SiNWs and whiskers
by Wagner et al, in the 1960s [9].
The VLS approach used to synthesize SiNWs employs the heating of metal
nanoclusters, usually iron or gold, in the presence of a vapor-phase silicon source, most
commonly silane (SiH4) or tetrachlorosilane (SiCl4), above the eutectic temperature of the
metal-silicon system to catalyze the growth of the SiNWs (Figure 2-2).
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As the vapor-phase silicon source is adsorbed onto the catalyst surface, the
silicon forms a liquid alloy with the metal catalyst, which eventually spreads to the entire
metal catalyst. The continued feeding of silicon into the alloy will result in super

Figure 2-2: Representative phase diagram demonstrating the VLS growth mechanism.

saturation of the silicon-metal alloy. Eventually, unable to be held in the alloy any
longer, solid Si whiskers or nanowires will precipitate out at the substrate interface. As
17

long as the conditions are held, the SiNW or whisker will continue to precipitate out at
the solid-liquid interface and the metal catalyst will rise above the substrate. This process
is shown in Figure 2-2.
The advantages of the VLS process are that with careful placement and size
choice of the nanocatalyst, the SiNW diameter and placement can be chosen.
Furthermore, there is no waste of high-quality silicon as in the top-down techniques.

Figure 2-3: Schematic representation of SiNW growth by VLS mechanism.

Lastly, fabrication of the SiNW using this method often will not require the use of an
expensive single crystal wafer. Indeed, it provides the ability for growth on extremely
cheap, expendable, and biofriendly materials such as glass slides.

18

2.1.2.1. Templated Bottom-Up Growth by Aluminum Oxide

Often SiNWs are grown using a template in an attempt to better control their
diameter and shape as opposed to non-templated growth where the nanowire may grow in
any direction and has the potential to grow at any diameter. One common technique is to
grow the SiNW in the pores of anodized aluminum oxide templates. Dr. Redwing’s
group at Penn State is heavily involved in this area of research. Generally, their approach
involves the use of commercially available anodic aluminum oxide (alumina) templates
to confine and grow nanowires in specified amounts and diameters [10].
Fig. 2-4 shows their general approach to SiNW fabrication [10]. The first step in
the process is to obtain a commercially available anodic alumina membrane. Next, in
order to place the Au catalyst into the membrane to accomplish the VLS growth, the
group evaporated a layer of Ag onto the backside of the membrane to act as an electrode
for electrodeposition. Next, a segment of Ag was electrodeposited into the pores to act as
a spacer.
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Figure 2-4: Schematic of SiNW fabrication by alumina template [10].

Next, a thin slug of Au catalyst, ranging form .2 to 1.2 microns in size, was
electrodeposited into the pores of the template. The Ag was then removed by etching in
8.0 M HNO3, leaving only the Au slug near the center of the template channel. This Au
slug is then used as a catalyst for nanowire growth in the template channel using SiH4 as a
precursor gas inside a low pressure chemical vapor deposition (LPCVD) system. After
VLS growth, the SiNWs can be released by wet etching or dissolving the alumina
membrane. The SiNW solution can then be utilized to make devices as described below
using the grow-and-place approach.
Although the alumina template approach offers some control over nanowire
diameter and orientation, there are disadvantages to this and other similar approaches
involving dissolved/etched away alumina templates:
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1. The pore sizes, and thus the resultant nanowires, of the disposable templates are
typically relatively large and their diameter is not precisely controlled. Additionally, The
channel orientation is not truly controllable. That is, curved or bended SiNWs may not
be grown using this method.
2. The growth in these channels was accomplished using electrodeposition which
is harsh on the environment due to chemical waste disposal and furthermore is
incompatible with on-chip fabrications.
3. The approach had the inherent problem that it requires subsequent positioning
steps to create devices.
4. Additionally, a side effect of alumina templated SiNW growth is that the
SiNWs become unintentionally doped by the template [11]. Although, this may be made
into a positive effect by intentionally doping the SiNW using the template material or
tailor the template material to appropriately dope the grown nanowires as is suggested by
this thesis.

2.2 SiNW Placement Techniques/Device Synthesis
Even assuming the size, shape, and number of SiNWs can be fully controlled; the full
potential of SiNWs cannot be realized unless the synthesized SiNWs can be arranged into rational
device orientations. Specifically, the position, orientation, and interspacings of SiNWs must be
controlled.
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2.2.1 “Grow-and-place”
Until recently, making devices from SiNWs involved a two step process of synthesis and
subsequent positioning steps. Some common techniques to align and position grown SiNWs
include fluid-flow orientation [12], Langmuir Blodgett technique [13] and electric-field assembly
[14].
These techniques all begin with the growth or fabrication of SiNWs, in any of the ways
described above, on a substrate or in a template. Next, these SiNWs must be harvested and
placed into solution by methods, such as scratching or ultrasonic vibration. Finally using the
different alignment techniques the SiNWs may be positioned in their final orientation.
In the fluid-flow orientation technique the nanowires are first dispersed into solution, as
described above. Nanowire alignment works by passing the suspended nanowire solution
through fluidic channel structures. Due to fluid forces, the nanowires will align parallel to the
fluid flow. Once the fluid flow is halted, the nanowires will be in parallel orientations.
Electrodes may then be deposited to make electrical devices. In this case, the Lieber group
created a transistor. The problem with this approach is that nanowires are not individually
addressable, rather the technique is only capable of forming nanowire thin films.
In the electric-field assembly technique, the nanowire solution is dropped onto a chip in
between electrodes. While between these electrodes, the nanowires are exposed to an electric
field, to which they align. A subsequent contact pattern definition step must then be used to
contact the nanowires. Often, this nanowire solution is optimized to have a nanowire density
equal to the device density of the eventual device. However, even with optimization this process
produces a low yield of individually addressed silicon nanowire devices, between 30-50% [15].
Often, a contact point will capture no SiNWs or will capture multiple nanowires [15].
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2.2.2 “Grow-in-place” approach
Attempts have been made to circumvent the problems involved with positioning by
fabricating the nanowires in their final resting position. Some groups have attempted to
circumvent the problem using top-down techniques similar to what was described above in [2].
However, to avoid the problems involved with the top-down fabrication, such as wasting
expensive SOI or regular single-crystal wafers, other groups have attempted “patterned growth”
approach to nanowire fabrication [16][17][18]. In this approach, catalyst islands are defined by
electron beam lithography and catalyst solution deposition. Nanowires or nanotubes can then be
grown from these catalyst sources. Although the general position of the grown nanotubes or
nanowires can be controlled, the process gives no control over the number, direction, or interwire spacing of the nanotubes.
Additional challenges with grow-and-place techniques are environmental and healthrelated in nature [19]. Specifically, a released nanowire may cause serious damage to human and
animal life and survival if inhaled or ingested.
Previously, our group has developed an approach that solves the above-mentioned
problems with the grow-and-place and “patterned growth” approaches to SiNW growth and
placement [20][21][22]. This approach uses the combination of pre-positioned templates and VLS
bottom up growth to synthesize SiNWs in place and without the need for separate contact
definition steps.
This approach, which is the basis of this thesis, uses electron-beam lithography and a
sacrificial etching technique in order to create the nanochannel templates. The use of electronbeam lithography permits the nanoscale control of the size, number, inter-channel separation,
orientation and position of the nanochannel. As will be seen, the parameters of this nanochannel,
in turn, dictate the parameters of the nanowire in this procedure.
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The nanochannel templates can be fabricated on silicon or glass substrates. The previous
experiments utilized a process flow as shown in Fig. 2-5. First, electron-beam direct writing and
resist development are used to pattern trenches in the e-beam resist, such as PMMA (3% 950K
MW), of the desired width and length of the nanochannel templates. Second, the sacrificial metal
lines are fabricated by evaporating an adhesion layer of titanium (1.5 nm) followed by a layer of
gold onto the surface at a thickness equal to the height of the desired nanochannel (e.g., 20 nm).
A subsequent, lift off of the resist film reveals the gold lines on the surface. Third, a capping
layer of silicon nitride or silicon dioxide was deposited over the substrate covering the sacrificial
gold lines. Using photolithography and dry etching this layer was opened up to reveal the end of
the sacrificial gold lines. Finally, using wet etching, the gold lines were controllably removed
until only a small slug was left in the center of the nanochannel template. Thus, using this
method the gold lines serve as a sacrificial metal to define the channels and as a catalyst metal for
silicon nanowire growth.

Figure 2-5: Schematic representation of SiNW growth using “grow-in-place” approach.
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The next step in the process is to grow SiNWs using the fabricated nanochannels and the
remaining gold slug. The VLS growth process was carried out in a Low Pressure Chemical
Vapor Deposition (LPCVD) reactor at 500 oC and 13 torr, using a 5% SiH4 diluted in H2 with a
total flow rate of 100 sccm. This process resulted in nanowires and nanoribbons of varying sizes,
which our group then uses for subsequent experiments.
However, there are still problems with this approach that require solutions, especially
with transistors fabricated from the in template method. As shown in Fig. 2-5, the previous in
template growth method utilizes the silicon oxide or silicon nitride capping layer as a guide for
SiNW growth and further utilizes the capping layer as a gate oxide for SiNW transistor formation.
Transistors formed using this approach exhibited considerable back-side and front-side leakage
and were unsuitable for use as high-performance SiNW transistors. The back-side leakage was
thought to occur because: (1) the high-energy electrons from the electron beam lithography step
damaged the insulating properties of the thermal (gate) oxide layer and (2) the high temperature
(500 oC) SiNW growth step allowed the gold catalyst to diffuse into the insulating layer thus
further damaging its insulating properties. Likewise, the poor top-gated transistor performance
was thought to be due to the gold diffusion into an already poor insulating silicon nitride or
silicon dioxide capping layer. A solution to this problem is that the SiNWs may be partially
exposed, through selective etching of the capping layer, and a new top-gate formed using a highquality dielectric. However, while working to accomplish this result another problem with the
past approach arose regarding the morphology of the in template SiNWs after they are partially
exposed from the capping layer. Close inspection of the grown and partially exposed SiNWs
revealed that their morphology is not at all smooth as can be seen in Figs. 3-6 and 3-7. Although,
the reason behind this was not fully explored it is thought to be due to the interaction between the
silicon nitride or silicon dioxide capping layer and the synthesized nanowire.

25

To solve these problems, this thesis proposes a novel process for forming the capping
layer out of different materials in order to achieve smooth SiNWs upon partial exposure from the
template. Additionally, this thesis explores the effects of the adhesion layer for the sacrificial
metal line on the SiNWs electrical properties and confirms that this effect may be exploited to
intentionally dope the SiNWs as they are growing [23]. Thereby obviating the need for either post
growth doping or the use of expensive and environmentally unfriendly dopant-source gases
during the VLS process.
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Chapter 3

Novel template grow-in-place silicon nanowire growth approach

3.1 Introduction
This thesis presents a novel process to grow SiNWs in a template for self-positioned
nanowires that upon partial exposure from the template appear smooth and have good electrical
characteristics. This approach builds and improves upon the in-template “grow-in-place” process
previously presented by our group and explores some of the variations of the process [1].
Specifically, this thesis, in seeking to obtain morphologically smooth SiNWs upon partial
exposure from the capping layer, found it necessary to move away from the use of silicon dioxide
or silicon nitride deposited using the previously proposed approach and propose a new approach
where a high-quality interfacial material (e.g. aluminum oxide) could be deposited. It is thought
that the high quality of ALD alumina makes interaction with the growing nanowire extremely
unfavorable and thus the SiNW grows without interacting with the channel sidewalls and upon
partial exposure appears smooth. Characterizations are presented indicating the size, shape,
morphology, and crystallinity of the nanowires using this enhanced approach.
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3.2 Silicon nanowire growth by tailoring template material

The approach proposed by this thesis solves the problems involved with our group’s
previous in-template approach while maintaining all of the benefits of the “grow-in-place”
approach. Specifically, this approach allows for smooth as-grown SiNWs that are formed in their
desired position. These grown-in-place SiNWs are partially exposed in order to facilitate further
processing, such as the fabrication of SiNW FETs, sensors or resistors, and are never completely
released from their growth position. It is also suggested that the choice of template material, in
addition to allowing for smooth SiNW morphology may be utilized as a means of in-situ doping
that does not require the use of post-processing or environmentally unfriendly dopant source
gases. Additionally, much of the template is still utilized as a means to anchor the grown SiNWs
to the substrate upon partial exposure and can be designed for use as part of finished device
architecture. At its highest level, this approach involves the steps of nanochannel template
fabrication, SiNW growth, SiNW partial exposure, clean and electrical contact. These steps will
be discussed in order.

3.2.1 Nanochannel template fabrication
The nanochannel templates proposed by this thesis combine the use of electron beam
lithography, conformal atomic layer deposition (ALD), and a sacrificial metal wire etching
technique. As previously described, the use of e-beam lithography allows nanoscale control of
the width, length, number, spacing and orientation of the nanochannels.
The nanochannels can be formed on silicon or glass substrates in similar ways. Although
samples were prepared on both substrates for this thesis, the silicon substrate will be used as an
example for the nanochannel template fabrication.
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First, the silicon substrate must be electrically isolated for eventual SiNW growth. This
is accomplished by growing thermal oxide on the substrate. Next, a small conformal layer of
aluminum oxide, typically 1 to 2 nm, is deposited by ALD on the bottom interface of the
nanochannel.
Next, similar to the previous approach, open trenches of the desired width, length,
number, orientation, and position were patterned directly in the e-beam resist film PMMA 3%
950K MW. Next, the sacrificial gold lines were thermally evaporated to the desired thickness,
typically 40 nm. An adhesion layer may or may not be used and is typically 1.0 nm in thickness.
Subsequently, the e-beam resist is lifted off to reveal the gold lines (with or without the adhesion
layer). Next, the upper portion of the aluminum oxide nanochannel interface is conformally

Figure 3-1: Schematic showing a completed nanochannel template.
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deposited on top of the sacrificial gold lines, typically 50 nm to ensure that the nanochannel
interface is entirely alumina. Finally, the nanochannel template is buried in silicon dioxide,
typically 200 nm, using a plasma enhanced chemical vapor deposition (PECVD) tool. This
silicon dioxide will later be used to provide a means to secure the SiNW to the substrate.
The nanochannel template is completed with the etching of the sacrificial gold line to
leave only a small catalyst slug, less than 1 µm at the end of the nanochannel. The etching is
accomplished by utilizing a standard Au etchant (type TFA from Transene Company, Inc.).
Because of the length and small cross-sectional area of the channels, the etching rate is increased
by heating, typically to 25 oC, and stirring, typically 100 rpm, which increases the diffusion of the
Au etchant into the channels. A typical etching rate for the 140 nm by 40 nm cross-section
channels is 2.5 µm per minute. The etching was stopped by immersion in DI water. In this way a
nanochannel template can be fabricated with an interfacial region of high-quality alumina for
smooth SiNW morphology. Fig. 3-1 shows a representation of a completed SiNW nanochannel
template.

3.2.2 SiNW growth in nanochannel templates, partial exposure and clean
VLS growth was carried out in a LPCVD reactor at a temperature of 500 oC, a pressure of
13 torr, and a total flow rate of 100 SCCM composed of 5% SiH4 diluted in H2. This process
results in SiNW growth in the channels.
The SiNWs are partially exposed by spinning photoresist LOR5A/SPR3012 and
patterning the photoresist to leave photoresist over a small portion of the SiNW to act as an
anchor to the substrate (Fig. 3-2). Next, the wafer is dry etched in an Applied Materials Magnetic
Enhanced Reactive Ion Etch (MERIE) tool in order to etch through the PECVD oxide. Next, the
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sample is wet etched for 2 minutes using 10% Hydroflouric Acid (HF) in order to remove the
remaining Aluminum oxide nanochannel interfacial area and any residual PECVD oxide. After
this step, the photoresist is removed and the nanowires are cleaned using an Au etchant dip, HF
dip, Standard clean 1, and Standard clean 2.

Figure 3-2: (a)Represents the beginning of SiNW growth and shows the 5% silane in H2 entering the
chamber for subsequent VLS growth. (b)Represents the end of SiNW growth. (c) Represents the SiNW
partial exposure while maintaining a small portion of the capping layer as an anchor. (d) Represents the
SiNW after cleaning and gold removal.

3.3 SiNW characterization and discussion
After the SiNWs have been grown in the nanochannel template, partially exposed, and cleaned
they may be characterized to determine their size, shape, crystallinity, and conductivity.
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3.3.1 FESEM characterization for size, shape, and morphology
The size and morphology of the grown SiNWs was examined using a LEO 1530 field
emission electron microscope (FESEM). Fig. 3-3 shows the FESEM overview images of the
partially exposed SiNW and the capping layer “anchor”. Fig. 3-4 and Fig. 3-5 show highmagnification FESEM images of two different morphologically smooth SiNWs grown using the

Figure 3-3: Low-magnification FESEM image of partially exposed, grown-in-place SiNW.
above-described process. The overview image shows that the SiNW has grown to a length of
about 11 microns and has been partially exposed, in its desired position, perpendicular to the
capping layer “anchor”. The growth rate of the SiNWs is about 180 nm/min. Figs. 3-4 and 3-5
show close-up images of the smooth morphology of the partially exposed SiNWs. This can be
contrasted to the morphology of the partially exposed in-template SiNWs grown in either SiO2 or
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SiNX as the template material and grown under the same LPCVD conditions. These images are
shown in Figs. 3-6 and 3-7, respectively.

Figure 3-4: High magnification image of grown, partially exposed, and cleaned SiNW.
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Figure 3-5: High-magnification image of grown, partially exposed, and cleaned SiNW.

Although not specifically determined, the poor morphology of the SiNWs grown using
either oxide or nitride is thought to be due to the relatively poor quality of the nitride and oxide as
deposited by the PECVD tool. In the samples using nitride and oxide as a capping layer it is
thought that as the SiNW grows, bonds are formed between the SiNW and the capping layer.
When partially exposing the SiNW from the capping layer, it is thought that parts of the SiNW
are removed along with the capping layer, thus creating the uneven morphology. Additionally,
the aluminum from the aluminum oxide capping layer may play a role by becoming incorporated
into the gold-silicon alloy and improve the SiNW growth quality as described in [2].
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Figure 3-6: FESEM image of in-template SiNWs grown in an oxide template.
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Figure 3-7: FESEM image of in-template SiNWs grown in a nitride template.

3.3.2 Raman characterization for crystallinity
Raman spectroscopy was used to investigate the crystalline properties of the SiNWs
grown using the approach of this thesis. Raman spectra were collected by a Renishaw inVia
Raman Microscope. The laser excitation of 514.5 was focused in the backscattering geometry
using a 100x microscope objective to a spot size of approximately .8 to 1 µm.
To optically isolate the SiNW, samples were grown on a glass slide using the process
described above. Fig. 3-8 shows the Raman shift spectra for the SiNWs as well as for amorphous
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silicon and the glass slide. The SiNW Raman peak located around 520 cm-1 is assigned to the
first order optical phonon (at the Brilliouin zone center)

Figure 3-8: Raman spectra obtained from SiNWs, amorphous silicon, and glass slide(control).
scattering in a Si lattice and identifies the SiNW as crystalline. The control data was obtained by
focusing the laser beam outside the nanochannel region on the alumina and silicon dioxide
capping layer and on areas of known amorphous silicon deposition on the same glass slide.
Comparing the SiNW data to the data obtained from an empty channel and a-Si ensures that the
Raman signals are attributable to the SiNW and not to amorphous silicon or the substrate.
Furthermore, in accordance with Piscanec et al. [3], our grown nanowires observed a downshift
and an asymmetrical broadening, as can be seen on the left-hand side of the SiNW peak, when
compared to bulk single crystalline Si. This is attributed to intense local heating by the laser
excitation and not to quantum confinement effects.
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Similar results are expected for SiNWs grown on a Si substrate. However, by growing
the SiNWs on a glass slide, the substrate independent nature of this approach is demonstrated.
This experimental success provides further proof that this process lends itself to use in the
fabrication of inexpensive SiNW FETs and sensors on disposable glass slides.

3.3.3 Current-voltage (IV) Characterization
To demonstrate the potential of this improvement of the grow-in-place approach for selfassembling of SiNW devices, simple nanowire resistor structures were fabricated by the
following process. First, as described above, the nanochannel template was formed with the
interfacial area composed of ALD deposited aluminum oxide. Second, also as described above,
the nanowires were grown in place via the VLS process. Third, the nanowires were partially
exposed and cleaned using a portion of the template as an anchor. Finally, photo resist,
LOR5A/SPR3012, was spun on and patterned to form the SiNW contacts. The contacts were
then deposited using e-gun evaporation (1.0 nm Ti as adhesion layer and 80 nm Ni as electrode
metal). After lift-off the current-voltage (IV) characteristics of the SiNW resistors were measured
by sweeping the voltage across the SiNWs from 0V to +1V.
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Figure 3-9: FESEM image of partially exposed and then electrically contacted SiNW.

Fig. 3-10 shows the current-voltage (I-V) characteristics of a few single 140 nm wide by
40 nm high SiNW obtained using contacts with spacing of 6 µm. The linear relation of current to
voltage demonstrates that the Ni, a low work function metal, forms an ohmic contact with the
SiNW. This linear relation further suggests that the SiNW is p-type in background possibly due
to the existence of Au in the SiNW as has been suggested [4]. Also, the use of alumina as a
template material may have further doped the SiNWs with aluminum as has been previously
suggested [5].
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Figure 3-10: IV Characteristics of 140 nm x 40 nm SiNW resistors using Ti/Ni contacts.

3.4 Summary
This thesis has demonstrated a novel approach for growing SiNWs with good
morphology and electrical characteristics using a “grow-in-place” approach by utilizing a highquality interfacial layer of aluminum oxide deposited by ALD. This interfacial layer is thought to
be responsible for the observed good morphology of the SiNWs because the high quality of the
layer inhibited the SiNW from bonding with the layer and moreover, the aluminum may have
helped catalyze the growth as has been previously suggested. Additionally, the SiNW was
determined to be single-crystalline by Raman characterization.
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Chapter 4

Exploration of Some Variations of the “Grow-in-place” process

4.1 Introduction
This chapter will explore some variations of the grow-in-place methodology developed in
this thesis. First, SiNW growth using aluminum as a catalyst as well as doping SiNWs with
aluminum will be introduced. This subject is introduced because we will explore the effects of
adhesion layer on SiNW electrical characteristics by comparing IV characteristics from SiNWs
grown using an aluminum adhesion layer and SiNWs grown without an adhesion layer. This
experiment will confirm that the choice of adhesion layer presents an opportunity to tailor the
electrical properties of the SiNW. Second, platinum silicide nanowire formation will be
introduced. Furthermore, SiNWs grown utilizing built-in platinum contacts will be examined
using high-magnification FESEM and IV characteristics. These examinations suggest that the
nanowire grows in a dual-material, silicon and platinum silicide, structure.

4.2 Effect of Adhesion layer on SiNW electrical properties
First, this section introduces the use of aluminum in SiNW growth and doping. Next, this
section presents work to show that the use of an Al containing adhesion layer for the sacrificial
gold line, described above, may be used to alter the electrical characteristics of the grown SiNW.
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4.2.1 Aluminum catalyst assisted SiNW Growth
Aluminum has been used previously with SiNW growth. Al catalyst assisted silicon wire
growth was first reported by Osada et. al. [1]. Subsequently, aluminum catalyst assisted SiNW
growth has been reported using VLS[2], vapor-solid-solid (VSS) [3], and solid phase epitaxy
(SPE) [4] growth mechanisms. The VLS growth mechanism proceeds in a substantially similar
way to gold catalyzed VLS growth except that the Al-Si eutectic is at a higher temperature, 577
o

C, and at a lower Si concentration, 12.2 % silicon in Al [5]. However, Al-catalyzed growth by

the VLS process is believed to be capable of proceeding as low as 500 cC if the partial pressure of
the Si source gas and reactor pressure are kept relatively high [6]. Additionally, Al-catalyzed
SiNWs are p-type doped by the Al.

4.2.2 Aluminum doped gold catalyzed SiNWs
Aluminum has also been used previously with VLS grown SiNWs, as a p-type dopant for
silicon. As discussed above, the use of aluminum oxide templates is a common means of
growing SiNWs. However, the presence of aluminum in these templates has been found to affect
SiNW synthesis. For one, it has been reported that aluminum from the template is incorporated
into the gold catalyst and may participate in the VLS process [7]. The presence of this aluminum
has also been reported to increased the conductivity of SiNWs grown in aluminum oxide
templates [8].

4.2.3 Current Voltage (IV) Characterization of partially exposed and cleaned SINWs
The effect of the adhesion layer on SiNW electrical properties was determined by
preparing different samples of SiNWs, using the method described above, with different adhesion
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layers. A first sample was prepared using an aluminum adhesion layer, thickness 1.0 nm,
residing on the aluminum oxide layer underneath the gold nanowire, thickness 40 nm. A second
sample was prepared using a titanium adhesion layer, thickness 1.0 nm. While a third sample
was prepared without using an aluminum or titanium adhesion layer.
After silicon nanowire growth, the SiNWs were partially exposed, cleaned and contacts
deposited, as described above. Fig 4-1 shows the IV characteristics of three SiNWs grown with
an Al adhesion layer. The average conductivity of the SiNWs is 2.88 x 10=6 S/cm. Similarly, Fig
4-2 shows the IV characteristics of three SiNWs grown without an adhesion layer. The average
conductivity of these SiNWs is 4.53 x 10-7 S/cm. On average the SiNWs grown with the
adhesion layer were about 6 times more conductive than their counterparts that were grown
without an adhesion layer.
In this case, the increase in conductivity is attributed to p-type doping by aluminum from
the adhesion layer [9]. Aluminum is a shallow accepter in silicon with an accepter level .069 eV
above the valence band [9]. Although, aluminum is present in the interfacial alumina template, it
is thought that the aluminum in the adhesion layer caused the higher degree of doping of the
SiNW.
Additionally, these results may be compared to the results obtained from SiNWs grown
using titanium as an adhesion layer, while all other variables remained constant. There, the
average conductivity of the SiNWs grown using titanium as an adhesion layer is 4.13 x 10-6 S/cm,
as shown above in Fig. 3-10. This conductivity is in the same range as the conductivity for
SiNWs grown using aluminum as an adhesion layer. Specifically, the titanium adhesion layer
samples have an average conductivity of only 1.5 times that of the aluminum adhesion layer
samples and an average conductivity of about 9 times that of the samples without any adhesion
layer.
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In the case of the titanium adhesion layer samples the increase in conductivity, as
compared to the no adhesion layer sample, is probably due to the presence of titanium, which is
an n-type dopant in silicon with a donor level .28 eV below the conduction band. [9].

Figure 4-1: IV characteristics of SiNWs grown using aluminum adhesion layer
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Figure 4-2: IV characteristics of SiNWs grown without an adhesion layer.

4.3 As-grown silicon-platinum silicide nanowires
This section explores the structure of nanowires grown using the grow-in-place approach
with built-in contacts. High-magnification FESEM images of the nanowires grown using this
approach suggest that the nanowires grow as a dual-material made of concentric cylindrical
shapes composed of silicon and platinum silicide. Although additional work needs to be done to
definitely verify this hypothesis, it is suggested that the “shell” of the nanowire is composed of
platinum silicide while the “core” remains silicon. The proposed growth model is composed of
two mechanisms. First, it is thought that the dual-material nanowires are formed when the silicon
nanowire grows past the platinum contacts it interacts with the platinum to form a “shell” of
platinum silicide. Second, due to the high-temperature of the growth process along with the
relatively large amount of platinum surrounding the nanowire, it is thought that the silicidation
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process spreads from the platinum contacts along the length of the growing nanowire to produce
the dual-composition nanowire. Evidence for this model is presented below.

4.3.1 Platinum silicide formation
Work on the formation of platinum-silicide coated nanowires by other researchers has
been undertaken in two ways, which are relevant to the approach taken by this thesis. The first
prior art approach works by introducing a silicon containing source gas to platinum nanowires or
thin-films at elevated temperatures, platinum silicide nanowires may be formed. In one
experiment, Pt nanowires were silicided by introducing SiCl4 at 1093 K [10].
The second prior art approach formed platinum-silicide nanowires by converting grown
SiNWs into Pt-silicide wires by depositing platinum on top of SiNWs and then annealing under
various atmospheric conditions [11][12]. Liu et al. studied the solid-state reaction between Pt and
VLS grown SiNWs. First, SiNWs were grown on an oxidized Si wafer using an annealed gold
film as a catalyst. The SiNWs were then harvested and placed on substrates where Pt films of
various thicknesses were deposited on them. Finally, the samples were annealed at temperatures
between 250 and 700 oC in an N2 ambient. Silicidation of the SiNW was affected by the
annealing temperature and the ratio of platinum to silicon. In order to completely silicide the
nanowire, a temperature greater than 400 oC and ratio above 1:1 was used. Additionally, as
shown in Fig. 4-3, the silicidation was observed to traverse the SiNW, moving away from the Pt
source [12].
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Figure 4-3: The silicidation appears to move away from the platinum sources(black) [12].

4.3.2 Grown-in-place self-contacted SiNW growth
As has been previously presented by our group, contacts may be built-in to the
nanochannel template for self-positioned and electrically contacted nanowires [13]. The process
for creating built-in contacts is very similar to the process described above in nanochannel
template formation with one deviation: after the deposition of the AuNWs, 80 nm high Pt
contacts are deposited on top. After the Pt contact deposition, a silicon dioxide capping layer is
formed. Next, a small opening is made in the capping layer along one end of the sacrificial gold
lines. This opening is used as an inlet for gold etchant and silane during LPCVD SiNW growth.
After nanowire growth, dry and wet etching is used to create another opening in the capping layer
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in between the built-in contacts. This opening is used to partially expose the nanowires for
physical characterization.

Figure 4-4: Optical microscope image of grow-in-place method using built-in contacts.
Fig. 4-4 shows an optical microscope overview of the grow-in-place method with built-in
contacts. The white portions in this figure are the built-in platinum contacts. The relatively thin,
vertical, dark lines are the nanowire growth channels. The Au catalyst slugs are positioned at the
bottom of these channels. VLS nanowire growth begins from the Au Catalysts and proceeds
vertically through the built-in platinum contacts.
This thesis suggests that the dual-material nanowire is formed through two mechanisms.
First, the platinum silicide “shell” is first formed when the silicon nanowires grow past the
platinum contacts. Additionally, it is suggested that the SiNW reacts with the platinum to form a
“shell” of platinum silicide at the relatively high reactor temperature of 500 oC.
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Second, it is proposed that the silicidation starts at the platinum contacts and traverses
the grown silicon nanowire. A combination of the high temperature of the reaction chamber, the
large ratio, 2:1, of platinum to silicon, and the absence of ambient O2, allows the platinum to
travel down the silicon wire and silicide it as it moves.

4.3.3 FESEM Characterization
The following high-magnification FESEM images suggest that nanowires grown using
built-in Pt contacts, form in a core-shell radial structure. The difference in contrast between the
inner and the outer portion of the partially exposed nanowires, as can be seen in Fig. 4-5 and Fig.
4-6, suggest that the nanowire is composed of two different materials.

Figure 4-5: High-magnification images of nanowires suggesting dual-material structure.
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Figure 4-6: High-magnification image of single nanowire suggesting dual-material structure.

4.4 Summary
This chapter has explored some of the variations of the “grow-in-place” approach
previously suggested by our group. First, results were presented showing that the adhesion layer
may be used to alter the electrical characteristics of grown SiNWs. This was done by comparing
IV characteristics from resistors formed from SiNWs grown with aluminum or titanium as an
adhesion layer and SiNWs grown without an adhesion layer. SiNWs grown with an aluminum
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adhesion layer were about 6 times more conductive than SiNWs grown without an adhesion
layer. SiNWs grown using titanium as an adhesion layer were about 9 times more conductive
than SiNWs grown without an adhesion layer.
Second, the structure of nanowires grown using built-in contacts was explored. FESEM
characterization suggests that nanowires grown in this way form in dual-material structure with
silicon forming the core and platinum silicide forming the shell of the nanowire in the intercontact region.
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Chapter 5

Summary and Future Work

5.1 Summary
In this thesis, we introduced a novel self-assembling variation of the “grow-in-place”
approach for SiNW growth where the interfacial area of the nanochannel template interface is
composed of aluminum oxide. The SiNWs impacted by this research are those grown in the
template, which are then partially exposed for further processing. SiNWs extruded from the
template were not the subject of this thesis. This research has improved on the previous “growin-place” approach by growing in-template SiNWs with smooth morphology and good electrical
properties upon partial exposure while still retaining the benefits of the original “grow-in-place”
approach, including good control of the SiNW size, number, orientation, position, and shape. The
SiNWs grown using this approach were found to be morphologically smooth, composed of
crystalline silicon and exhibited good electrical characteristics.
This thesis explored the use of metal adhesion layer as a means of controlling SiNW
electrical characteristics. Specifically, this thesis compared electrical characteristics of SiNWs
grown using aluminum or titanium as an adhesion layer versus SiNWs grown without any
adhesion layer and found that the SiNWs grown with aluminum as an adhesion layer were, on
average, 6 times more conductive than the SiNWs grown without an adhesion layer. The SiNWs
grown with titanium as an adhesion layer were 9 times more conductive than SiNWs grown
without an adhesion layer.
Additionally, this thesis presented evidence in the form of high-magnification FESEM
images that nanowires grown using built-in contacts, grow in a dual-material structure in the
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inter-contact region. It was suggested that the metal silicide grew as the “shell” of the NW
structure and that the core remained silicon because of the physical configuration of the
nanochannel.

5.1 Future Work
In general, further work is needed to optimize nanochannel fabrication and SiNW growth
using this “grow-in-place” approach.
First, more work is needed to determine the effect of interfacial material on SiNW growth
and to optimize the growth process to utilize any discovered effect. Experiments should be
performed that create the interfacial area from different materials. The materials may be anything
that is able to be deposited using ALD including ZrO2, TiO2, and HfO2. After growth, the SiNW
should be characterized for morphology, crystallinity, and electrical properties. The results of
this characterization will help determine the optimum template material for SiNW growth.
Additionally, it may also be possible to dope the SiNW by appropriate choice of interfacial
material. For example, it may be possible to use Al2O3 as a p-type dopant and TiO2 as an n-type
dopant in the SiNW. Experiments should be carried out to determine if the template material has
an effect on the doping of the SiNW.
Second, more work is needed to optimize the choice of adhesion layer. Experiments
should be performed that use different adhesion layer materials and the results should be
correlated. As with the template material, it may be possible to tailor the electrical properties of
the SiNW by appropriate choice of adhesion layer material. For example, Al may be used as a ptype dopant and Ti may be used as an n-type dopant. Furthermore, the choice of adhesion layer
and interfacial material may be correlated or uncorrelated to produce desired effects.
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Third, more work is needed to determine if the nanowires grown using built-in contacts
actually grow in a core-shell radial structure in the inter-contact region. This may be
accomplished by utilizing Auger electron spectroscopy along a partially exposed SiNW to
determine its composition. If the nanowires are found to grow in a core-shell radial structure
additional experiments may be carried out to determine if the core-SiNW/shell-silicide can be
repeated using different materials.
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