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ABSTRACT
In recent year, silicon nanowires (SiNWs) have become the subject of intense
research activity due to their potential as building blocks for future generation of
nanoelectronic devices. These SiNWs are typically synthesized using the gold-catalyzed
vapor-liquid-solid (VLS) growth mechanism. However, for SiNW device fabrication, a
number of post-growth processing steps are required, such as collecting/harvesting the
nanowires from the growth substrate, transferring them and manipulating/assembling the
nanowires on another substrate for device fabrication. As a result, such ‘grow-and-place’
approaches to SiNW device fabrication typically suffer from low yields, contamination
issues, and overall complexity of the process.
The nano-tunnel template ‘grow-in-place’ approach recently demonstrated by our
group provides a unique and very convenient methodology for SiNW synthesis and
nanowire device fabrication. In this approach, a nano-tunnel template guides the
nanowire growth and provides control on the dimensions and position of the nanowire,
thereby eliminating the need for any post-growth nanowire manipulation/assembly steps.
Two different versions of the nano-tunnel template approach were investigated in this
study, one in which the nanowires are allowed to grow without any confinement outside
the template (i.e. the extruded SiNW growth approach) and the other in which the
nanowires are allowed to grown confined inside the template (i.e. the encapsulated SiNW
growth approach). This study investigates the basic electrical properties of the nanowires
and/or the nanowire devices fabricated using these grow-in-place approaches.
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The extruded SiNW approach, while not allowing us precise control on nanowire
dimension and position, is well suited for investigating the basic electrical properties of
VLS-grown SiNWs. We have used this approach to characterize the resistivity of VLSgrown SiNWs, and have identified how the presence of residual gold catalyst
incorporated into the nanowire can lead to the observed ‘unintentional’ p-type doping in
the gold-catalyzed VLS-grown SiNWs. The extruded SiNW approach was also used to
further explore accumulation-mode (AMOSFET) devices. The impact of source/drain
contact resistance, as well as influence of annealing on AMOSFET transfer
characteristics has been investigated. The properties (ION/IOFF ratios, subthreshold swing)
of AMOSFETs fabricated in this study were found to be comparable with the best
reported values for SiNW FETs in literature. AMOSFETs were also fabricated on
intentionally doped SiNWs in an attempt to improve AMOSFET performance; however,
these devices exhibited very poor transfer characteristics. Reasons for this observation
and possible solutions are discussed in this work.
The encapsulated SiNW approach was explored in this study as a means to
synthesize arrays of SiNWs with precise control on dimensions and position of the
nanowires, and fabricated devices on them. While we succeeded in synthesizing arrays of
precisely controlled SiNWs, the devices fabricated on encapsulated SiNWs exhibited
very poor transfer characteristics due to the very high resistance of the encapsulated
SiNWs. Moreover, the surface of the encapsulated SiNWs was found to be very rough,
and presence of voids/pores was also observed in some SiNWs. Some possible solutions
to these issues are discussed in this work.
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Chapter 1
Introduction to Silicon Nanowires and Nanowire Devices
With the conventional metal-oxide-semiconductor field effect transistor
(MOSFET) fast approaching the limits of scale-down, there has been considerable
interest in the fabrication of one-dimensional semiconductor nanostructures (such as
nanowires, nanotubes, and nanoribbons) and utilizing these nanostructures as the active
component in various electronic and optoelectronic devices [1-29]. Devices fabricated on
such nanostructures can not only form the basis for future nanoscale CMOS devices
[1,2], but can also have a wide number of other potential applications, including
memories [3], light-emitting devices [4], and large-area electronics [3, 4]. Moreover, due
to the high surface to volume ratio of these one-dimensional nanostructures, they are
ideal for use as sensing elements in chemical and biological sensors [5,6]. These potential
applications of nanoscale one-dimensional structures have spurred intensive research in
this area over the recent years.
Although one-dimensional nanostructures have been demonstrated on a variety of
semiconductor materials, much work has been devoted to developing silicon nanowire
(SiNW) based devices. Silicon is an obvious choice as it plays a key role in conventional
semiconductor technologies, and SiNWs can be easily integrated with conventional
semiconductor devices using conventional fabrication techniques. Moreover, SiNWs can
be easily synthesized in large quantities using simple and economical bottom-up
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approaches, instead of relying on traditional and less economical top-down (pattern and
etch) approaches [7- 29].

1.1 Silicon nanowire synthesis
The most common method for synthesizing SiNW is the metal-catalyzed VaporLiquid-Solid (VLS) growth mechanism [7 - 29]. First proposed by Wagner and Ellis in
1964 [7], this simple bottom-up approach to synthesizing SiNWs yields high quality,
single crystal nanowires with good control on diameter [9-11] and doping [12-13]
without the need for any expensive lithography and etching processes. A large number of
metals including Al, Au, Ag, Ni, Cu, Pt, Ga, In, Sn [7-16] have been investigated as
catalyst for the VLS growth process. Of all these metals, Au is typically the catalyst of
choice as it forms a very low temperature (~360 °C) eutectic with silicon. Also, Au is
chemically stable and does not oxidize when exposed to ambient atmosphere (as in case
of Al), and it frequently yields the best quality nanowires (i.e. single crystal nanowire
with uniform diameter) [14-16].
Figure 1.1A shows schematically the VLS growth process using Au nanoparticle
as a catalyst [18]. Figure 1.1B shows the binary phase diagram of the Au-Si system,
illustrating the thermodynamics of VLS growth [19]. The nanoparticle is positioned on a
growth substrate, and placed inside a CVD chamber. The substrate is heated to a
temperature above the eutectic temperature of the Au and Si binary alloy, at which time a
silicon-containing ‘source’ gas (such as silane (SiH4), silicon tetrachloride (SiCl4),
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dichlorosilane (SiH2Cl2)) is introduced (Figure 1.1AA). The source gas undergoes
catalytic decomposition over the catalysts according to the following reactions,

SiH 4  Si  2 H 2
SiH 2 Cl 2  Si  2 HCl
SiCl 4  2 H 2  Si  4 HCl
The dissociated silicon dissolves in the nanoparticle to form an Au-Si alloy
(Figure 1.1AB). As seen from the phase diagram, the melting temperature for the Au-Si
system decreases as more Si is incorporated in Au. As a result, the Au-Si alloy will melt
to form a Au-Si liquid droplet. Continuous feeding of the Si source gas and dissolution of
Si in the Au-Si droplet causes supersaturation of the liquid alloy, resulting in precipitation
of solid silicon (Figure 1.1AC), and silicon nanowire growth (Figure 1.1AD). This
growth process is termed as the VLS process, as the Si can be seen to go from a vapor
phase (i.e. Si source gas) to a liquid phase (i.e. Au-Si alloy), and finally to a solid phase
(i.e. SiNW).

A

B

Figure 1.1: A) Schematic of VLS SiNW growth [17], and B) binary phase diagram of
Au-Si [18]
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Also, as can be seen from Figure 1.1A, the grown SiNW diameter is
approximately determined by the diameter of the starting catalyst nanoparticle, and the
length of the nanowire is determined by the process parameters (flow rate of gases,
pressure, temperature and time). The process is typically carried out in a low pressure
chemical vapor deposition (LPCVD) system to achieve precise control on the process
conditions, growth rates and to synthesize high quality nanowires.

1.1.1 Controlling silicon nanowire dimensions
The catalyst plays a very critical role in the VLS growth process; it not only
facilitates the growth of the SiNW, but as shown in Figure 1.1, the size of the starting
nanoparticle catalyst also determines the diameter of the grown nanowire. Thus, by
controlling the size of the starting catalyst, one can precisely control the dimensions of
SiNWs synthesized via the VLS process. Cui et al. [9] have shown that SiNWs with a
very narrow size distribution can be easily synthesized by using commercially available
gold nanoparticles solutions of a certain size as the starting catalyst. The authors used
commercially available 5, 10, 20, and 30 nm gold nanoparticle solutions as the source for
catalyst. The nanoparticles were well dispersed on a substrate, and transferred to a CVD
reactor for VLS growth of SiNW. The results of their study are presented in Figure 1.2.
Another approach to controlling the size of the catalyst is to define the catalysts by
conventional nanofabrication techniques, i.e. by using electron beam lithography, metal
deposition and liftoff processes.
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A

B

Figure 1.2: (A) (a) Schematic illustrating size-controlled synthesis of SiNWs from Au
nanoclusters. (b) AFM image of 10 nm Au nanoclusters dispersed on the substrate (top).
FESEM image of SiNWs grown from the 10 nm nanoclusters (bottom) (B) Histograms of
SiNW diameters grown from 5-, 10-, 20-, and 30-nm-diam Au nanoclusters. The smooth
curves show a Gaussian fit of the wire distributions [9].

Another commonly used method to control the dimension of VLS grown SiNWs
is to use a porous alumina membranes as a ‘template’ to confine and control the growth
of nanowires [10]. In this approach (see Figure 1.3) Au is electrodeposited within the
pores of the alumina membranes, followed by VLS growth of SiNW. The wires can
either be grown for a long time so that they protrude outside the membrane, and the wires
are then released into a solution by agitating the membrane, or the wires can be grown for
a short time so that they are completely confined within the membrane. The membrane is
then etched away to release the nanowires in a solution. The results for this approach are
shown in Figure 1.4.
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Figure 1.3: Schematic process of using porous alumina membranes to control nanowires
growth: (a) cross-section of a porous alumina membrane, (b) electrodeposition of Au in
the pores of the membrane, (c) growth of SiNW outside the membrane surface, and (d)
SiNW removal by mechanical agitation, (e) growth of SiNW within membrane, and (f)
SiNW removal by wet etching of membrane [10].

Figure 1.4: Histogram of SiNW diameters and corresponding SEM image of nanowire
grown (a) completely within the membrane, and (b) outside the membrane [9].
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1.2 Silicon nanowire transistors
Even though SiNWs can be used in a number of potential application (diodes,
sensors, solar cells, etc.), most of the research in this area has been focused on fabricating
and developing field effect transistors (FETs) on SiNWs. These transistors can serve as
potential building blocks for future generations of nanoscale electronics. Moreover, these
transistors are easy to fabricate, and the electrical characteristics of the SiNW FETs can
reveal the basic properties such as the doping type and the doping levels of the carriers in
the SiNW as well.
Transistors fabricated on SiNWs typically have a very different structure from
those of conventional MOSFET transistors. In general, any SiNW FET (or any other NW
FET for that matter) structure can be classified into two broad categories: the back-gated
transistors, and the top gated transistors. The two structures are discussed in details in the
following sections.

1.2.1 Back-gated nanowire transistor
Figure 1.5 shows the most basic configuration of a nanowire field effect
transistor, in this case applied to SiNW [18 - 23]. The nanowire is deposited on an
insulating substrate and metallic source and drain contacts are made on the nanowire
ends. The insulating layer (oxide in this case) acts as the gate oxide and the substrate acts
as a ‘global’ back gate. A bias applied on global back gate controls the band bending in
the nanowire creating either an accumulation or depletion of charge carriers, thus
changing the conductivity of the nanowire. [18, 20]. The band bending in the nanowire
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Figure 1.5: (A) Schematic of a back-gated SiNW FET (inset) High-resolution
transmission electron micrograph of a 5 nm diameter SiNW. (B) Scanning electron
micrograph of a SiNW FET device [19].
also modifies the Schottky barrier height at the nanowire-metal contacts, thus influencing
the flow of current [21]. These two effects combined give rise to a back-gated NW FET.
The biggest advantage of the back-gated NW FET structure is the ease of
transistor fabrication. There is no need of dielectric layer deposition or gate electrode
alignments and patterning. However, since the nanowires are only lying on an insulating
substrate (typically SiO2 on silicon, or Si3N4 on silicon), the surface states on the
nanowire are unpassivated, which leads to severe hysterisis in the subthreshold
characteristics [22]. Moreover, the use of a global back-gate in this type of devices
typically leads to strong ambipolar behavior in these devices [21, 23]. Finally, since the
gate dielectric is relatively thick, the gate efficiency is very low; consequently these
devices typically exhibit very high subthreshold swings [18 - 23].
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1.2.2 Top-gated nanowire transistor
The top-gated nanowire transistor structure as show in Figure 1.6 solves many of
the issues related with the back-gated transistor structure [23-25]. In this configuration, a
nanowire is place on a substrate, and source/drain contacts are fabricated on the nanowire
ends. The structure is then coated with a thin layer of high-k dielectric, which acts as the
gate dielectric. Finally, a top-gate is fabricated. Even though the fabrication of these
devices is slightly more complicated that the back-gated NW FETs, the top-gated NW
FETs have much higher gate efficiency because of the thinner gate dielectric layer (i.e.
higher gate capacitance), as a result they exhibit much lower subthreshold swings
compared to the back-gated transistors. However, these devices still show some
ambipolar behavior as the top-gate partially overlaps the source and the drain contacts as
well [23-25].

A

B

Figure 1.6: (A) Schematic view of a top-gated NW FET, and (b) FESEM image of the
NW EFT [21].
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1.2.3 Top-gated core/shell nanowire transistor
Figure 1.7 shows a simpler approach to fabricating top-gated transistors, as
applied to SiNW FET [18,22,26,27]. In this configuration, the SiNW is thermally
oxidized to grow an oxide ‘shell’ around the ‘core’ nanowire before (or after) it is
positioned on a substrate. The oxide shell is the gate dielectric. This method is
particularly well suited to SiNW as thermal oxidation results is a high quality oxide, and
also passivates the surface states. Source and drain contacts are defined at the end of the
nanowire, the oxide shell is etched away and the contact metal is deposited. Finally the
top-gate, which covers only a part of the nanowire, is deposited.
The advantage of the core-shell nanowire transistor is that it does not require any
additional steps for deposition of the dielectric layer. Also, since the gate covers only part
of the nanowire (no overlap with the source and drain contacts), these transistors exhibit
much suppressed ambipolar behavior compared to other types of transistors. As a result,
this type of transistor structure is the most commonly investigated SiNW FET structure.

A

B

C

Figure 1.7: (A) Schematic of a top-gated core-shell SiNW FET, (B) FESEM image of the
top-gated core-shell SiNW FET, and (C) Cross-sectional TEM image on oxidized silicon
nanowire showing the nanowire core and oxide shell.
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1.2.4 Dual gate SiNW transistors
Figure 1.8 shows the schematic view of a dual gate transistor [22,23]. As can be
seen, this configuration combines the back gate and the top gate transistor designs into
one device. A bias applied to the back gate is used to enhance the conductivity of the
SiNW as well lower the barrier heights at the source/drain contacts, while bias applied to
the top gate turns the device on or off. By using the back gate and top gate in conjunction,
the transistor performance can be maximized (high on-state current, high on-state/offstate current ratios), while minimizing the ambipolar behavior. The fabrication process
for these transistors is essentially the same as the top-gate transistors, except that the back
side of the transistor also has to be metalized to fabricate a back gate.

Figure 1.8: Schematic view of a dual gate SiNW transistor [20].
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1.3 Issues and limitations of conventional SiNW FET fabrication techniques
Although a large number of research groups have successfully demonstrated
SiNW transistors over the past few years, few have been able to develop techniques
which have the capability of precisely controlling the number and alignment (position,
orientation and inter-spacing) of the nanowires on a substrate. Most research groups use a
two step “grow-and-place” approach to SiNW device fabrication. The nanowires are
grown using techniques discussed in section 1.1, and then harvested and dispersed into a
liquid solution using ultrasonic agitation. The solution is then transferred to another
substrate where the liquid is allowed to evaporate leaving the nanowires randomly
dispersed on the substrate. The position of the nanowires is determined using an optical
or electron microscope, and contacts are fabricated using e-beam or photolithography.
Although this approach has helped us to explore the basic nanowire properties and to
demonstrate novel device applications; the process is very labor intensive and does not
provide not provide any control on the position of the nanowires. As such, it cannot be
used for reproducible mass-fabrication of dense, low-cost nanowire device arrays.
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Figure 1.9: Fluid flow assisted alignment of nanowires: a) process steps for transistor
fabrication, b) nanowire suspension flow through the channel and are aligned into arrays,
and c) final transistor device on silicon nanowire array/film. Images have been adapted
from references [2] and [26].
Various assembly/manipulation techniques to improve alignment of the nanowires
in the grow-and-place approach have been demonstrated over the past. One such
technique is the flow-directed alignment method [2, 28], shown schematically in
Figure 1.9. In this technique, the nanowire suspension is pumped through a micro-fluidic
channel; the flow of the suspension causes the nanowires to align in the direction of flow.
The nanowire spacing can be controlled by the solution concentration and the flow time
[28]. As indicated in Figure 1.9b, this process allows the fabrication of parallel arrays or
even crossed arrays of nanowires; however, this technique cannot be used for aligning
single nanowires. Other similar technique, such as the Langmuir-Blodgett film technique
(surface tension in the film causes nanowires to align) is also capable of producing only
oriented nanowire films [29].
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One technique which is capable of producing aligned single nanowire arrays is the
electric-field assisted assembly technique [30-32], shown in Figure 1.10. In this
technique, an electrode-finger like structure is lithographically fabricated on an insulating
substrate, and a high frequency AC signal is applied to the electrodes. When the nanowire
suspension is transferred on top of the electrode structure, the nanowires are attracted to
the spacing between the electrode-fingers and eventually captured because of electrostatic
forces between the nanowire and the electrode. Ideally, once a nanowire is captured
between two electrodes, it is expected to diminish the magnitude of or even completely
negate the electric field between the electrode-fingers, precluding the capture of any other
prospective nanowires. However, since the process is probabilistic in nature, many sites
tend to be populated by multiple nanowires per site instead of only one which is
desirable. Also, the nanowires are also typically found to be present at an angle rather
than horizontally aligned to the line of the electrode fingers. Furthermore, nanowire
suspensions are often found to contain residues from prior processing stages, which pose
a serious threat to the efficacy of the electric field-assisted assembly process. As a result,
this process typically only has a successful yield of approximately 10 – 30% [31].

Figure 1.10: a) Schematic view of alignment by electric field, b) parallel array of
nanowires aligned between two parallel electrodes, c) spatially positioned parallel array
of nanowires obtained following electric-field assembly. Scale bars in the figures is
10 µm. Images were adapted from reference [30].
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1.4 Research objectives: Grow-in-place synthesis of SiNWs
As can be seen from the previous sections, the grow-and-place approaches have
been useful to demonstrate novel devices; however, the processing difficulties and the
low efficiency associated with the nanowire manipulation/assembly step presents a major
hurdle is applying such techniques for large scale manufacturing of nanowire devices.
Our group was the first one to propose and demonstrate a completely different approach
to nanowire device fabrication [18, 33-36]. We call it the “grow-in-place” approach,
where the SiNWs are grown in position where the final device has to be fabricated,
thereby relieving the need for any post growth nanowire assembly step. [18, 33-36]. As
such, the grow-in-place technique provides a practical approach for the mass
manufacturing of high density, large scale nanowire arrays.
The grow-in-place approach developed by our group involves fabrication of a
‘nano-tunnel template’. The nano-tunnel can be made either short or long (relative to the
length of the nanowires that will be grown using the templates), and the nanowires can be
grown either completely confined within the walls of a relatively long nano-tunnel
template, or they can be grown without any confinement outside a relatively short nanotunnel template. If the nanowires are grown confined within the nano-tunnels, we refer to
the process as the encapsulated nanowire grow-in-place (or simply encapsulated
nanowire) approach. If the nanowires are grown unconfined outside the nano-tunnels, we
refer to the process as the extruded nanowire grow-in-place (or simply extruded
nanowire) approach. The nano-tunnel template allows us to control the position and size
of the VLS-grown nanowires. Although this approach was first experimentally
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demonstrated by our group in 2004, a study of the inadvertent gold doping and
purposeful doping of our grow-in-place SiNWs has not been undertaken. This
information is developed in this thesis along with an advanced confined template growth
approach. This work is organized in the following manner:
Chapter 2: Describes the nano-tunnel templated grow-in-place approach in details,
including template fabrication and SiNW growth. We also compare the growth results
from this approach to grow-and-place approaches, and highlight the advantages of this
approach.
Chapter 3: We thoroughly investigate the electrical properties of the SiNWs grown using
this approach, and develop a better understanding of the impact of gold catalyst on the
electrical transport properties of Au-catalyzed VLS-SiNW doping.
Chapter 4: Describes the fabrication of FETs on SiNWs synthesized using our grow-inplace. The electrical properties of such FETs were characterized and compared with
FETS from other research groups in this chapter.
Chapter 5: Attempts to control the impact of purposefully introduced dopants on SiNWs
grown using our approach are discussed in this chapter. The properties of these doped
nanowires were characterized and compared with the undoped nanowires.
Chapter 6: Describes some of the limitations of the current grow-in-place approach, and
presents the results of producing transistors on SiNWs grown using confined template
approach.

Chapter 2
Grow-in-place Approach to Silicon Nanowire Synthesis
The grow-in-place approach to SiNW synthesis represents a fundamental shift in
methods by which SiNWs are synthesized and nanowire devices are fabricated. In this
chapter we discuss nano-tunnel template grow-in-place approach in detail, including the
fabrication of the templates and growth of the SiNWs. We also compare our approach to
other grow-and-place approaches. Finally, an alternative grow-in-place approach [37, 38]
which has been subsequently developed by an other research group is also discussed and
compared with our nano-tunnel templated grow-in-place approach.

2.1 Encapsulated SiNW grow-in-place approach: Confined VLS growth of SiNWs
inside nano-tunnel templates
Figure 2.1 shows the schematics of the encapsulated SiNW growth approach, as
first demonstrated by our group in 2004 [17, 18, 33, 34]. Since SiNW growth is confined
inside the nano-tunnel, SiNWs with precisely controlled shape, size, and position could
be synthesized using this approach. For SiNW device fabrication, electrical contacts were
built into the capping layer by contact deposition prior to capping layer deposition and
gold etching. As a result, nanowires would form contact as they grow. However, it was
found that the SiNW FETs fabricated using this approach exhibited very poor
performance, which was related to two reasons; (a) the poor quality of the capping layer
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Figure 2.1: Schematics of the encapsulated SiNW growth approach: a) define gold
nanowire, b) deposition and patterning of capping layer, d) selective wet etching of the
gold nanowire to leave a gold catalyst slug in the nano-tunnel, and d) confined VLS
growth of SiNW inside the nano-tunnel [18].
material which also served as the gate dielectric, and (b) the poor quality of the SiNW
surface due to the presence of Au residue and surface roughness along the walls of the
nano-tunnel [18, 33, 34]. Moreover, the SiNW surface could not be passivated as the
nanowires were confined within the template. These issues can be potentially solved by
growing the nanowires confined to the template, and then etching away the capping layer
prior to SiNW device fabrication. This would allow us to subject the grown SiNWs to a
cleaning and passivation processes to improve the quality of the SiNW surface, as well as
to deposit a high quality gate dielectric layer for SiNW FET fabrication. However,
roughness along the walls of the nano-tunnel will still impact the quality of the SiNW
surface, and there is a possibility that contamination from the walls (residual catalyst,
etching solution, debris of wall material etc.) may be incorporated into the growing
SiNWs. It should be noted that aluminum contamination has been reported in silicon
nanowires which are grown confined in porous alumina templates [39].
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Very recently, the encapsulated nanowire growth approach has been
reinvestigated by another research group [40, 41]; the authors have extensively mapped
the crystal structure of the encapsulated SiNWs using electron back scatter diffraction
(EBSD) and transmission electron microscopy (TEM) techniques. Their investigation has
revealed the presence of several twinned domains in these crystalline silicon nanowires,
and the dominant growth direction of the SiNWs was determined to be close to [101].
The crystalline nature of encapsulated SiNWs was previously confirmed by our group
using Raman spectroscopy [18, 33, 34]; however the presence of twinned domains or the
crystal orientation of the SiNW could not be determined at that time using this technique.
The presence of twin domains has also been observed in SiNWs which are grown
confined in porous alumina templates. It should be noted that silicon nanowires which are
grown without any confinement are generally single crystalline, do not exhibit twinned
domains, and typically grow in the [111] direction (especially for diameters larger than
20 nm). Based on these results, it is reasonable to assume that confinement affects the
crystal structure of the growing nanowires, as the nanowires are forced to conform to the
shape of the particular cavity (or nano-tunnel) inside which they are growing.
The issues associated with the encapsulated nanowire growth approach can be
easily solved by simply allowing the nanowires to grow unconfined outside the nanotunnel; i.e. using the extruded SiNW growth approach [18, 35, 36]. The nano-tunnel
templates in this case simply guide the initial growth of the SiNWs and provide
approximate control on the size and position of the grown nanowires. Since SiNW
growth is no longer confined, the walls of the nano-tunnel template have no influence on
the growth (crystal orientation) of the SiNWs, or on the quality of the SiNW surface.
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These extruded SiNWs can also be subjected to cleaning and passivation processes
without having to first etch away the capping layer. However, since the nanowire growth
is no longer confined to the nano-tunnels, we loose control on the exact dimensions and
position of the nanowires. Despite this fact, we have successfully used the extruded
nanowire growth approach to grow SiNWs, and investigate the basic properties of VLSgrown SiNWs, as well as FETs fabricated on such SiNWs. A detailed investigation of the
extruded nanowire growth approach, as well as comparison of this approach with
conventional grow-and-place approaches is presented in the following sections.

2.2 The Extruded SiNW grow-in-place approach: Unconfined VLS growth of
SiNWs outside the nano-tunnel templates
2.2.1 Fabrication of nano-tunnel templates for extruded SiNW growth
The overall process for the fabrication of nano-tunnel templates for extruded
SiNW growth is shown schematically in Figure 2.2. First, gold nanowires with the
desired size (height and width), number, spacing and position are fabricated on an
insulating substrate using e- beam lithography, gold deposition and liftoff steps (Step A).
Alignment markers are also defined at the same time for the following photolithography
processes. Second a silicon oxide ‘capping layer’ is patterned on the gold nanowires
using photolithography, oxide evaporation and lift-off processes (Step B). Next the gold
nanowires are controllably wet etched, to leave a very small gold slug positioned inside
the resulting nano-tunnel (Step C). The gold slug acts as the catalyst for silicon nanowire
VLS. These short nano-tunnel templates are then loaded in a LPCVD chamber where the
VLS growth of silicon nanowires is carried out (Step D).
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Figure 2.2: Process steps for fabricating a nano-tunnel template and extruded silicon
nanowire growth: A) defining gold nanowire by e-beam lithography, metal deposition
and lift-off, B) defining capping layer by photolithography, silicon oxide deposition and
lift-off, C) selective wet etching of the gold nanowire to leave a gold catalyst slug in the
nano-tunnel, and D) VLS growth of SiNW outside the nano-tunnel template.

For the purpose of this study, silicon wafers coated with either 1000 Å of LPCVD
deposited silicon nitride or 1000 Å of thermally grown silicon oxide as insulating layer
were used as the substrate. However, during initial tests it was observed (using optical
microscope and FESEM) that for templates fabricated on Si3N4/Si substrates, the SiNWs
generally grew horizontally along (or very close to) the surface of the template, while for
templates fabricated on SiO2/Si substrates, the SiNWs generally grew vertically (away
from the surface) of the template. This difference in growth behavior is most likely
related to differences in the solid-liquid interface energy for the interface between Au-Si
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liquid, the growing nanowire, and the oxide or nitride surface. It is desirable to have
SiNWs lying on the substrate as it is easy to pattern and deposit metal contacts on such
nanowires for device fabrication. As a result silicon wafers with 1000 Å of LPCVD
deposited silicon nitride were used as substrates for the rest of the study. The gold
nanowires were defined by depositing ~20 Å titanium as an adhesion layer, followed by
200 Å of gold. The width of the gold nanowires was ~100 nm. A capping layer width of 3
μm was used for the short nano-tunnel templates. The capping layer was defined by
depositing ~20 Å titanium as an adhesion layer, followed by 3000 Å of silicon dioxide.
Finally, gold nanowires were etched using a commercially available gold etchant solution
(Type TFA, Tansesne Inc) diluted with equal parts of DI water. A timed etch of 10 to 12s
at room temperature followed by immersion in DI water leaves a submicron size gold
slug in the middle of the capping layer, which is confirmed using optical microscopy. The
templates are rinsed with DI water for at least 1 minute to remove any residual etchant
from the tunnels, and immediately dried and transferred to the LPCVD chamber for
nanowire growth.

2.2.2 Extruded SiNW growth optimization
The nanowire growth of this study was carried out at in an Atomate LPCVD
system. Extensive tests were carried out to determine the optimal process conditions to
ensure the growth of straight kink-free SiNWs. First, approximate range of growth
parameters was determined based on literature review [9-36], and some initial growth
test. On the basis of this review, we were able to identify the optimal growth temperature
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to be in the range of 450°C to 550°C and the optimal growth pressure to be in the range
or 1 to 30 Torr. Next, growth tests were carried out to further narrow down the optimal
growth conditions. The experimental matrix used for these growth tests is shown in
Table 2.1. Silane (diluted to 10% in hydrogen) was used as the source gas, and the total
flow rate of silane was set at 100 sccm for all tests.

Table 2.1: Design of experiments to determine the optimal growth conditions for SiNW
growth using nano-tunnel template. Flow rate of silane was set at 100 sccm for all
experiments.
Growth temperature (°C)

Growth pressures (Torr)

450

1.3

13

26

475

1.3

13

26

500

1.3

13

26

525

1.3

13

26

The results of growth optimization are summarized schematically in Figure 2.3 It
was found that for growth temperature of or above 525°C (at any growth pressure) or for
growth pressures of 26 Torr (at any growth temperature), thin layer or particles of
amorphous silicon would be deposited all over the template which would significantly
hinder the growth of straight silicon nanowires. This effect is even more pronounced at
higher temperatures and pressures. For growth temperatures of 450°C (at any growth
pressure) or for growth pressure of 1.3 Torr (at any growth temperature), the nanowires
were found to grow very slowly. Based on the conditions investigated in this study,
optimal (straight, kink free) SiNW growth was found to occur at 475°C and 13 Torr total
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pressure. The growth rate was approximately 0.5 µm/minute. Increasing the growth
temperature to 500°C, while keeping the pressure at 13 Torr increases the growth rate;
however the SiNWs tend to be more kinked. The higher growth rates likely causes
instability at the Au catalysts-SiNW interface, which is related to the formation of kinks
and branches in VLS grown SiNWs. As a result of these test, all SiNW used in this study
were grown at a temperature of 475°C, total pressure of 13 Torr, using 100 sccm of silane
(10% in hydrogen as source gas) for 30 minutes.

Figure 2.3: Schematic overview of the effect of process parameters (temperature,
pressure) on the growth of SiNWs in the nano-tunnel template grow-in-place approach.
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Note that the flow rate of silane gas is not expected to have an influence on the
growth process, as the pressure (and therefore the concentration of silane) is held constant
during growth. However, if the flow rate of silane is set too low, it takes a long time for
the LPCVD chamber to achieve and maintain the required pressure; this would result in
formation of defects in the growing nanowire as the silane pressure is not constant during
growth. On the other hand, if the flow rate of silane is set too high, most of the gas will
be simply pumped out of the chamber without undergoing any reaction.
Figure 2.4 shows FESEM images of extruded nanowires grown using the nanotunnel template approach. As can be seen from the images, the nano-tunnel templates are
a good way to control the (approximate) position of the wires on the substrate as well as
the (approximate) size of the grown nanowire; however, precise control on the
direction/orientation of the wires is not possible. Despite this limitation, this method is
very well suited to investigating the electrical properties of nanowires, as well as for
demonstrating single nanowire devices, as the approximate position of the nanowire is
known, and appropriate alignment markers for further lithography steps are incorporated
into the design of these templates.
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Figure 2.4: Schematic and top view FESEM images of typical SiNW grown using the
nano-tunnel templates. Inset of the FESEM image shows high magnification view of the
tip of the extruded grown SiNW.

Note that the thin titanium layer used as the adhesion layer for gold nanowire liftoff is not etched away and can be seen as faint pattern perpendicular to the capping layer
in the FESEM images in Figure 2.4. However, the Ti-Si phase diagram [42] indicates that
Ti does not form any liquid phase with Si at temperatures below ~ 1300 °C; therefore we
do not expect the residual titanium to act as a VLS catalyst for SiNW growth, or interfere
with the Au-catalyzed VLS growth of SiNW. Moreover, the Ti-Au phase diagram [43]
shows that Ti has very little solid solubility in Au at temperatures below 500 °C;
therefore we do not expect the residual Ti to form a solid solution with the Au catalyst
and interfere with the Au-catalyzed VLS growth of SiNW.
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2.2.3 Extruded SiNW growth characterization
Once the SiNW growth conditions had been optimized, the next step was to
characterize how well the nano-tunnel templates are able to control the size and position
of the extruded nanowires. For this, approximately 100 straight, kinks free extruded
SiNW (based on optical microscope and FESEM images) were chosen and the diameter
of the nanowires, and the angle at which the nanowires (measured from the perpendicular
to the capping layer) grow were measured. The results of these measurements are
summarized in Figure 2.5.

A

B

Figure 2.5: Summary of SiNW growth characterization, A) diameter distribution of the
grown SiNWs and B) angle at which SiNWs grow away from the perpendicular of the
capping layer. The starting AuNWs were 20 nm thick and 100 nm wide.
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Figure 2.5A shows a histogram of SiNW diameters for approximately 100 SiNWs
grown using the extruded SiNW growth approach. Note that the starting gold nanowires
were 20 nm thick and 100 nm wide. However, during VLS growth, the liquid Au-Si alloy
exiting the nano-tunnel will tend to form a spherical droplet due to surface tension, hence
the resulting nanowires will themselves be cylindrical in shape (see inset of Figure 2.4).
Moreover, since approximately a submicron length of the gold nanowire is left inside the
template prior to growth, the total volume of this droplet is fairly large (~ 20nm × 100 nm
× 0.5 µm). Therefore, the diameter of the Au-Si droplet (and thus the resulting SiNWs)
will be much larger than the cross-section of the initial gold nanowire. The histogram for
the extruded SiNW diameters shows a Gaussian distribution, with the majority of the
extruded SiNWs in a diameter range of 175 to 225 nm. We did not observe any SiNWs
with diameter greater than 250 nm; however, a few SiNW with diameters smaller than
125 nm were observed.
The variation in extruded SiNW diameters is likely a result of variations in the
amount of gold catalysts left inside the nano-tunnel template. Also, since the SiNWs were
grown in batches, the exact process temperature may vary slightly from batch to batch
depending on the location of the template inside the LPCVD tube; this slight variation in
process temperature may also results in slight variation in extruded SiNW diameter.
Although we were not able to achieve precise control on the size of the extruded
nanowires, it should be noted that similar distributions of SiNW diameters are also
observed when either gold nanoparticles (see Figure 1.2) or porous alumina templates
(see Figure 1.3) are used to control SiNW dimensions in various grow-and-place
approaches [9,10].
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Figure 2.5B indicates that most extruded SiNWs have a preference to grow at an
angle between 15 to 30 degrees from the perpendicular to the capping layer. This angle of
growth is most likely related to the contact angle formed by the Au-Si liquid droplet and
the exterior of the nano-tunnel template. Even though the extruded SiNWs grown at an
angle, it is possible to space individual templates far apart that individual nanowire
devices can be easily fabricated. It is not possible to compare these results with how well
the nanowires are aligned in the grow-and-place approach, specifically the electric field
assisted assembly of nanowire technique [31,32] as such quantitative results were not
reported in those studies.

2.2.4 Advantages of extruded SiNW grow-in-place approach
Table 2.2 compares the various attributes of the extruded nanowire grow-in-place
approach and the conventional grow-and-place approach. Although, the extruded SiNW
grow-in-place approach does not offer significant improvements in terms of precise
control on nanowire dimensions, alignment, or improvement in yield over conventional
grow-and-place approaches, the processing is much simpler as no post-growth alignment
steps are required. Alignment strategies typically require transferring the nanowires from
the growth substrate to a solution prior to alignment; therefore, chances of contamination
from either the solvent or particles formed during the transfer step (typically involving an
etching process and/or ultrasonic agitation) are very high. Such contamination issues are
not present in extruded SiNW growth approach. Instead, the extruded nanowires can be
subject to a cleaning process to achieve a pristine surface prior to device fabrication.
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Table 2.2: Comparing extruded nanowire grow-in-place approach to conventional growand-place approaches
Control on

Extruded nanowire
grow-in-place

Electric field assisted
assembly grow-and-place

NW diameter

Gaussian distribution

Gaussian distribution

NW alignment

Not perfect

Not perfect

Yield

10 – 30%

10 – 30%

Pre-growth
processing steps
Post-growth
processing steps

E-beam lithography and
photolithography step

Contamination
issues

Post-growth cleaning removes
any surface contaminants

Multiple photolithography
steps
Electric field assisted
assembly
Solvent contamination during
assembly, particle formation
in solution.

Overall complexity

Easy

None

Difficult

The yield for the extruded silicon nanowire growth approach in the above table
has been defined as the total number of templates where a single straight nanowire grows.
It should be noted that the yield for the electric-field assisted assembly process was
defined as the percentage of all sites where only a single ‘measurable’ nanowire has been
captured. Both these definitions do not take into account if the SiNWs were at an angle to
the site/template or not.
One of the reasons for the low yield of the extruded SiNWs is the poor quality of
the liftoff process when the oxide capping layer is defined. The thermal oxide does not
adhere very well to the substrate and is mechanically weak. As a result, during the liftoff
process, the width of the oxide capping layer is not consistent. If the capping layer is
narrower in certain regions, then the gold nanowire is completely etched way during the
wet etching step leaving an empty nano-tunnel. The yield of the process can be improved
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by using a better quality oxide layer, e.g. CVD/ALD deposited oxide. However, using
CVD oxide would add to the complexity of the process, as we can no longer use the liftoff process to pattern the capping layer. The substrate is maintained at a much higher
temperature when oxide is deposited using CVD/ALD processes compared to thermal
evaporation; the higher temperature would damage the photoresist used for lift-off.
Therefore, we will have to first deposit the oxide, then use lithography and dry etching to
pattern the capping layer.
Another reason for the low yield is that nanowires were typically found to grow
only on one side of the capping layer as seen in Figure 2.4. The nano-tunnel templates
were designed such that SiNWs would grow on either side of the capping, resulting in
two SiNWs. However, this occurred rarely, and reduces the expected yield by half. The
sub-micron gold slug left in the nano-tunnel is sufficient to support only one nanowire
growth. Leaving a larger gold slug in the template did not help; instead a larger gold slug
typically resulted in multiple nanowires growing from one side of the template.
In terms of processing, the fabrication of nano-tunnel templates may appear
complicated (and expensive) as it requires an e-beam lithography step to define the
starting gold nanowire compared to other approaches. However, a simpler and more
economical process such as nano-imprint lithography can be easily used instead.
Moreover, while the nano-tunnel template approach requires only one photolithography
step to define the capping layer, the electric-field assisted assembly approach requires
multiple photolithography steps to first define alignment electrodes and then define
electrically isolated alignment sites. Furthermore, multiple etching steps are also required
prior to any metal deposition to ensure that the electrode pads are in the same plane as the
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substrate. These factors, along with the fact that there is no need for any post-growth
nanowire harvesting, manipulation or assembly makes the nano-tunnel template approach
inherently much simpler and straight forward compared to grow-and-place approaches.
The nano-tunnel template approach is also much faster (higher throughput) and
requires less labor compared to the electric-field assisted assembly approach. The
electric-field assisted assembly approach works best only for site-by-site alignment
making the process very slow and labor intensive [31], whereas this is not the case with
the nano-tunnel template approach. We have successfully used this approach to
synthesize SiNWs, and investigated the basic properties of VLS-grown SiNWs, as well as
FETs fabricated on such SiNWs. These results are presented in the following chapters.

2.3 Silicon nanobridges between two vertical silicon surfaces: An alternative growin-place approach to SiNW synthesis
The silicon nanobridges approach was first demonstrated by Islam et al. at about
the same time our group demonstrated the first nano-tunnel grow-in-place approach [37,
38]. Figure 2.6A shows schematically how silicon nanobridges are created between two
vertical surfaces. The process is based on the fact VLS-SiNW grow vertically on (111)
silicon. The process starts by etching a U-shape trench into a (110) oriented silicon wafer
leaving (111) oriented planes as the sidewalls of the trench. Next a gold catalyst is
sputtered onto one of the sidewall. During VLS growth, the SiNW grows laterally from
one sidewall towards the other sidewall resulting in the formation of nanobridges.
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Figure 2.6: (A) Schematic of the silicon nanobridges approach, a) trench formation, b)
gold deposition, c) lateral nanowire growth, and d) bridging across trench. (B) Typical
growth results of the silicon nanobridges approach [37].
Figure 2.6B shows the typical growth results from this approach. As is expected,
it is very difficult to control the size and position of the gold catalysts which is sputtered
on the sidewall. As a result, a number of nanowires or varying length and diameters are
formed. The approach has been used to investigate the basic properties of VLS-grown
SiNWs; however, it appears that the isolation and integration of the grown nanowires into
individual devices would definitely require some kind of grow-and-place approach.

Chapter 3
Properties of Nano-tunnel Template Grown Extruded SiNWs
The extruded SiNW grow-in-place approach using nano-tunnel templates
provides us with a very convenient method of synthesizing and characterizing SiNWs. A
unique aspect of the Au-catalysed VLS-grown SiNWs is the fact that these (otherwise
undoped) SiNWs typically exhibit much lower resistivity compared to undoped silicon;
as a result these VLS-grown SiNW are often said to be ‘unintentionally doped’ [18- 26,
33-36, 51]. This unintentional doping is commonly believed to be caused by the presence
of residual gold catalyst that gets incorporated into the SiNW during VLS growth.
Although various studies have attempted to quantify the SiNW gold impurity content [4450], very few have actually investigated how this gold impurity impacts the electrical
properties of the SiNWs [51]. As part of our study of SiNW properties, we attempted to
explore and explain this phenomenon, and the results are presented in this chapter. It
should be noted that although we have used a unique method to control the position the
nanowires, the growth mechanism remains the same (i.e. the VLS mechanism). As a
result, we believe that the results of this investigation can be easily generalized to all Aucatalyzed VLS-grown SiNWs which are grown without any confinement.
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3.1 Crystal structure of extruded SiNWs
SiNWs grown via the VLS mechanism are typically single crystalline irrespective
of the growth process (confined growth in porous alumina membranes or non-confined
growth form gold nanoparticle) and growth parameters (temperature, pressure, choice of
source gas), with <111> being the predominant growth direction for SiNWs having
diameter greater than 20 nm [7,9,12,19]. The crystalinity of extruded SiNWs grown using
our nano-tunnel template approach fits into this generally observed pattern as was
confirmed using high resolution transmission electron microscopy (HRTEM) analysis.
For this purpose, a specific wafer with several closely spaced nano-tunnel templates was
fabricated to give us a high density of SiNWs. After growth of the SiNWs, the region
near the capping layer was scraped with a TEM copper grid to break away some of the
nanowires and collect them in the copper grid. The grid was the transferred to TEM for
analysis.
Figure 3.1(a) shows a HRTEM image of one of our extruded SiNWs; the lattice
fringes corresponding to the <111> growth direction can be clearly observed. The
analyzed nanowires were in general single-crystals. Similar to previous studies, we also
observed the presence of large amounts of Au along the nanowire surface (black spots
along the nanowire surface in Figure (3.1b)). The crystalinity of our “grow-in-place”
SiNWs was further confirmed by Raman spectroscopy on single nanowires supported on
TEM grids. Figure 3.1(c) shows a typical SiNW Raman spectrum (dots). The least-square
Lorentizian fit (solid curve) indicates the peak position at 520 cm-1 and FWHM ~2.2 cm1

. This value is almost exactly the same as that of extracted from Raman spectrum of
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single crystal Si substrate. This analysis confirms that the SiNWs grown using our
approach are similar in structure to the SiNWs investigated in previous studies.

Figure 3.1: (a) HRTEM image of a SiNW, lattice fringes can be clearly observed. (b)
Low magnification TEM of the SiNW with a Au nanoparticle at the tip as evidence of
VLS growth mode and excess Au along the wire surface. (c) Raman spectrum of a single
SiNW indicating peak position at 520 cm-1 and FWHM ~2.2 cm-1

3.2 Electrical properties of extruded SiNWs

3.2.1 Four point probe I-V measurements on extruded SiNWs
In order to characterize the resistivity/conductivity of the SiNW, four point probe
structures were fabricated on SiNWs. The process for fabricating four point probes on
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nanowires is shown in Figure 3.2. The grown wires are subjected to a BOE etch to
remove the native oxide, followed by immersion in gold etchant solution (Type TFA,
Tansesne Inc) to remove any gold clusters from the surface of the nanowire. The wires
are then subjected to a modified SC1 and SC2 clean (step A) to remove any metallic and
organic contamination. Prior to lithography step, the nanowires were split into two
batches. One batch of nanowires was subjected to a dry thermal oxidation in oxygen
atmosphere at 700 °C for 4h, which results in an oxide shell approximately 10 nm thick
(step B). As will be seen later in Chapter 4, when field effect devices are being
fabricated, this oxide can be used as the gate dielectric for SiNW FETs. We refer to these
SiNWs as the passivated SiNWs. The other batch of nanowires was process as such
without any oxidation. We refer to these SiNWs as the unpassivated SiNWs. The four
point probes are then lithographically patterned and the (thermal or native) oxide in the
patterned regions is etched away using BOE (step C). Metal deposition and liftoff steps
define the four probes (step D). Figure 3.3 shows a schematic and top view FESEM
image of typical four point probes fabricated on SiNW. The probes are each 2 µm thick,
with a spacing of 3 µm between each probe. Note that the probes are numbered 1 to 4
depending on the position of the probe relative to the capping layer, with probe 1 being
closest to the capping layer, and probe 4 being the furthest.
In the four point probe I-V measurement technique (see top of Figure 3.4) a
known voltage is swept across the outer two probes (V14), and the current flowing
through the nanowire (I14) as well as the voltage difference between the inner two probes
(V23) is measured. Figure 3.4 plots the results of a typical four point probe I-V
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Figure 3.2: Process steps for fabricating four point probes on extruded SiNWs grown
using nanochannel templates: A) grown SiNWs after cleaning, B) dry thermal oxidation
of SiNW to grow an oxide shell, C) lithography pattering of four point probes and oxide
etching to expose SiNW, and D) contact metal deposition and lift-off.
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Figure 3.3: (Left) Schematic and (right) FESEM images of typical four point probes
fabricated on extruded SiNW grown using nano-tunnel templates.
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Figure 3.4: Four point probe I-V measurements: (top) schematic of the process, and (b)
experimental four point I-V characteristics.
measurement. Since there is no flow of current across the SiNW-metal contacts at the
inner two probes, there is no potential drop across these contacts. The bulk resistance of
the nanowire segments between probes 2 and 3 (R23) can therefore be simply calculated
using Eq. 3.1,
R23 

V23
I 14

Equation 3.1
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The bulk resistivity of the SiNW (ρSiNW) can then be calculated using Eq. 3.2,

 SiNW  RSiNW 

R 2

Equation 3.2

L23

where R is the radius of the SiNW and L23 is the length of the nanowire segment between
probe 2 and probe 3. For SiNW resistivity measurements, the values of R and L23 were
measured for all SiNWs using the FESEM. The contact resistance of SiNW-metal
contacts (RC) can then be estimated using Eq. 3.3,
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Equation 3.3

It should be noted that the four point probe technique allows us to calculate the resistivity
of the SiNW independent of any contact effects. Despite this fact, it is essential to choose
metals which form low resistance (ohmic) contacts with the SiNW. High resistance
contacts would reduce the total current passing through the nanowire, leading to
difficulties in accurate measurements. As mentioned before, VLS-SiNWs are
unintentionally doped; however, they turn out to be p-type [18-26, 33-36, 51]. Therefore,
high work-function metals such Pt, Pd, Ni, Co etc. are expected to make good ohmic
contacts to these p-type silicon nanowires [23, 31, 52-55]. However, low work function
metal like aluminum and titanium are routinely used in literature as contacts to VLSgrown SiNWs [11-13, 18-20, 33-36]. A lower function metal is desirable as it adheres
very well to the substrate and the nanowire, and exhibits good liftoff during processing.
Therefore, two different work function metals, low work function titanium (Ti) and high
work function nickel (Ni) were investigated as the choice for probe metals. Among the
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high work function metals, nickel was chosen as it is cheaper (compared to Pt, Ir), and
easier to evaporate (compared to Co). However, a very thin film (~ 1 nm) of titanium was
deposited prior to nickel evaporation to improve the adhesion of nickel on the substrate.
Figure 3.5 compares the four point I-V characteristics for the titanium (squares)
and the nickel (circles) contacted SiNW. The total current flowing through the titanium
contacted SiNW decreased by an order of magnitude compared to the nickel contacted
SiNW. As expected, the SiNW bulk resistance (plot for V23 vs. I14) was similar in both
cases. However, the RC for titanium-SiNW contacts was approximately two orders of
magnitude higher than that for nickel-SiNW contacts (~109 Ω for Ti and 107 Ω for Ni
contacts, respectively). Based on these result, nickel was subsequently used as the contact
metal for all our nanowire contacts during this study.
A commonly used approach to form low resistance metals contacts on SiNW is to
anneal the SiNW devices at high temperatures in an inert or reducing atmosphere [19,
20, 23, 31, 52-55]. This high temperature ‘contact annealing’ promotes the formation of
low resistivity silicide phases at the metal-SiNW interface, reducing contact resistance
and improving device performance. However, such an annealing process typically
converts a part of the SiNW to silicide as well, resulting in the formation of a silicidesilicon nanowire heterostructure. Since we are investigating the basic bulk properties of
just the SiNWs, we did not perform any contact annealing on any of the four point probe
devices used in this study.
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Figure 3.5: Comparing four point I-V characteristics for titanium and nickel contacted
extruded SiNWs.

3.2.2 Resistivity of extruded SiNWs
Figure 3.6 shows the histogram summarizing and comparing the resistivity values
(measured at room temperature) of passivated and unpassivated SiNWs. The resistivities
of the SiNWs were found to vary over almost two orders of magnitudes; wires with
resistivity in the range of 100 to 2000 Ω-cm are dominant for the oxidized SiNWs in the
range of dominant, whereas wires with resistivity in the range of 6000 to 8000 Ω-cm are
dominant for the oxidized SiNWs. Measurements with FET structures by our group [18,
33-36] and others [19-26] have shown that this conductivity is p-type. The resistivity in
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both cases is much lower than the resistivity of intrinsic silicon (~105 Ω -cm), which
clearly indicates the presence of an unintentional dopant. It should be noted such low
nanowire resistivity values as well as large variation in nanowire resistivity have also
been reported by other groups for Au-catalyzed VLS-grown SiNWs [18-26, 33-36, 51].
Before we study the doping effects of the residual gold, let us consider the reasons
why there is such a large variation in the SiNW resistivity. This variation could be due to
either of two reasons, a) variations in the wire diameter, and b) different amounts
unintentional dopant being incorporated into the nanowire. Resistivity is a material
property. More specifically, it is generally a bulk property, and hence we do not expect to
see any correlation between resistivity and diameter. However, in case of SiNWs, the

Figure 3.6: Histogram of resistivity for unpassivated and passivated extruded SiNWs.
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nanowire-oxide interface is known to have a very high surface state density [56-58]. The
positive charges associated with these surface states creates depletion region in the
interior of the nanowire. If we assume the surface state density and the bulk doping
density (and hence the thickness of the depletion region) to be the same for all nanowires;
a smaller fraction of the nanowire cross-section would be depleted for a larger diameter
nanowire, and hence a larger fraction of the nanowire cross-section would be conducting
in case of a larger diameter nanowire. Since a higher fraction of the nanowire is
conducting, the wire will show lower bulk resistivity. As a result, we would expect to see
the bulk resistivity to decrease with increasing nanowire diameter. However, as shown in
Figure 3.7, from our experimental data we did not observe any correlation between wire
diameter and resistivity for either the oxidized or unoxidized SiNWs. Others have seen
that the effect of surface states related depletion region on the nanowire conduction is
important only for smaller diameter SiNW (<50nm) [56-58]; our nanowires typically
have much larger diameters, and therefore the lack of dependence on diameter is
confirmed. Thus we believe that the variation in resistivity of our SiNWs is due to
different levels of the unintentional doping levels of the SiNWs.
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Figure 3.7: Plot of extruded SiNW resistivity vs. diameter. No correlation was observed
between nanowire diameter and resistivity.

3.3 Impact of residual gold catalyst on VLS-grown SiNWs
As shown by the results in Figure 3.6, as well as in several previous studies, Aucatalyzed VLS-grown SiNWs typically exhibit much lower resistivity than intrinsic
silicon, which indicates the presence of an unintentional dopant in these nanowires [1826, 33-36]. As noted, the nature of this unintentional dopant has been identified to be ptype, Although, many authors have attributed this unintentional doping of the SiNWs to
the presence of residual Au catalyst, very few have actually proven a correlation between
gold concentration and SiNW resistivity [51], even though gold in known to act as a p-
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type dopant in n-type doped bulk silicon [59-64]. This behavior of gold in silicon can be
explained on the basis of energy levels introduced by gold in silicon; gold introduces an
acceptor level at approximately EV + 0.62eV, and a donor level at approximately EV +
0.35eV in bulk silicon. Since the gold acceptor level is so close to the center of the band
gap, it is possible to push the Fermi energy below the middle of the band gap (i.e. make
silicon effectively p-type) at large concentrations of gold.
As a result, effort has been made to investigate the concentration and distribution
of gold incorporated in Au-catalyzed VLS-grown SiNWs [44- 50]; these studies have
revealed the presence of very high concentrations of gold, typically in the range ~ 1016 –
1018 cm-3 in VLS-grown SiNWs. Most of these studies have also reported observing a
significantly higher gold concentration along the sidewalls of the nanowire. Even though
the SiNWs used in these studies were synthesized at growth conditions different from
ours, we can conclude that large amounts of gold are incorporated in the SiNW during
VLS growth, and the gold concentration profile seems to be U-shaped with higher gold
concentration along the surface of the SiNW. These concentrations appear to be large
enough to effectively dope the SiNWs.
However the exact mechanism by which the deep energy levels (specifically the
gold-induced donor and acceptor levels) introduced by gold in silicon could cause the
observed p-type doping in VLS-grown SiNWs is still not clear. It should also noted that
gold-doped bulk silicon typically exhibits resistivity close to that of intrinsic silicon (~
105 Ohm-cm), whereas the resistivities of VLS-grown SiNWs are much lower. We
attempt to develop a better understanding of the phenomenon and clearly identify the role
of gold on the unintentional doping behavior of VLS-grown SiNWs.
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3.3.1 Temperature vs. resistivity behavior of VLS-grown SiNWs: Experimental
In order to gain further insight as to how the gold related levels could cause ptype doping in SiNWs, we performed temperature dependent resistivity measurements on
our SiNWs, using the four point probe structures built into the sample. As shown in
Figure 3.8, the temperature-resistivity behavior of a typical nanowire (whether passivated
or unpassivated) exhibited a strong thermally activated (Arrhenius) behavior, with the
measured activation energy (EA) values ranging from ~0.1 to ~0.3 eV. Such a large
activation energy value clearly indicates that the hole population in these SiNWs is
indeed being controlled by some deep levels.

Figure 3.8: Large activation energy of the temperature vs. resistivity behavior of a VLSgrown SiNW, indicating the influence of deep levels.
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Figure 3.9 plots the measured activation energy against the measured room
temperature resistivity for a number of passivated and unpassivated SiNWs; an
interesting trend is observed. For the unpassivated SiNWs, the measured activation was
found to increase approximately linearly with increasing resistivity. The thermal
activation energy is ~0.3 eV for nanowires with resistivity values close to 6500 ohm-cm
and decreases to ~0.1 eV for nanowires with resistivities ~700 ohm-cm. However, for
the passivated SiNWs, the measured activation was found to be roughly constant at ~0.21
eV with nanowire resistivity. Since the activation energy is related to the position of the
energy levels controlling the doping (discussed in details in the next section), a variation
in the activation energy would indicate that either (a) the energy levels controlling the
doping vary from nanowire to nanowire for the unpassivated case, and that they somehow
become ‘fixed’ as a result of the oxidation process, or (b) there are additional
mechanisms which governs the unintentional doping in VLS-grown SiNWs. Such
possible mechanisms are discussed in the following sections.
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Figure 3.9: Room temperature resistivity vs. resistivity activation energy behavior of Aucatalyzed VLS-grown SiNWs.
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3.3.2 Modeling the temperature vs. resistivity behavior of VLS-grown SiNWs
In order to develop a better understanding of the results presented in the last
section, as well as to identify and understand the mechanism(s) governing the
unintentional doping VLS-grown SiNWs, we attempted to analyze the temperatureresistivity behavior of SiNWs using a numerical/theoretical model. The various stages in
the development of this model are described below.

3.3.2.1 Model #1: Gold induced levels control doping in gold-doped silicon
To develop this model, we initially assumed that the doping observed in VLSgrown SiNWs is being controlled by the gold induced levels known to exit in bulk silicon
[59-64].. The temperature-resistivity behavior of VLS-grown SiNWs can then be easily
modeled using the standard charge balance equation given by Eq. 3.4 [63, 65];

N V exp E F  EV kT   N D
 N C exp E C  E F

1
1  g D exp[( E F  E D ) / kT ]

1
kT   N A
1  g A exp[( E A  E F ) / kT ]

Equation 3.4

where NV , N C are the effective densities of states for the silicon valence and conduction
bands, N D and N A are gold induced donor and acceptor concentrations, respectively, ED
and EA are the gold induced donor and acceptor energy levels, respectively, and g D
and g A are the degeneracy factors for the gold induced donor and acceptor levels,
respectively. The model assumes that the SiNW is space charge neutral; i.e. it ignores any
depletion due to the presence of positive charges in the surface states.
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Eq. 3.4 was solved numerically for the Fermi energy level, EF, at different
temperatures ranging from 200 to 350 K (same temperature range as the experimental
data), and for different gold concentration ranging from 1015 to 1018 cm-3. The equation
was solved using standard values for bulk silicon, values of EV + 0.62eV and EV + 0.35eV
for the gold related EA and ED, respectively, and assuming a value of 1 for g D and g A . It
should be noted that there is considerable spread in the reported values for gD and gA.
However, we confirmed that varying gD and gA over the reported range does not have a
significant effect on the calculated EF. Once EF is known, the hole population (p) or the
resistivity (ρ) can be calculated using Eq. 3.5,
1 /   e h p  e h N V exp E F  EV kT 

Equation 3.5

where µh is the hole mobility, assumed to be constant at 100 cm2/V-s. It should be noted
that the hole mobility in p-type crystalline silicon is approximately ~500 cm2/V-s at room
temperature [65]. Hence, assuming the hole mobility to be constant at 100 cm2/V-s is a
reasonable assumption. Once the hole population/resistivity had been calculated over the
temperature range of 200 to 350 K, the activation energy of the resistivity can also be
determined over this temperature range.
Using this simple numerical model, it was found that the temperature-resistivity
behavior of gold-doped silicon (ρSi) in the temperature range of 200 to 350 K could be
described by a simple (Arrhenius-type) expression,

 Si  Au 1   O 1 exp( E A1 / kT )  5  10 4 exp(0.5 / kT )  cm

Equation 3.6
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for all gold concentrations ranging from 1015 to 1018 cm-3. The model indicates that the
Fermi energy level in gold-doped silicon is essentially ‘pinned’ at the middle of the golddonor and the gold-acceptor levels, and does not change much with temperature or gold
concentration. Since EF is fixed, and since constant mobility is assumed in the model, the
temperature-resistivity behavior of gold-doped silicon was also found not to depend on
the gold concentration.
Note that the calculated activation energy of ~ 0.5 eV is much higher than the
experimentally measured value of ~ 0.1 eV to 0.3 eV for unpassivated and ~0.21 eV for
passivated SiNWs. Also, note that the room temperature resistivity as calculated using
this model is approximately 105 Ohm-cm, which is also much higher than the
experimentally measured resistivities. This clearly indicates that there is an additional
shallow acceptor level present in VLS-grown SiNWs which is controlling the hole
population in these wire.

3.3.2.2 Model #2: A gold-related shallow acceptor level controls doping in golddoped silicon

The presence of an additional shallow acceptor level in gold-doped bulk silicon
has been indicated in the past. In calculations of resistivity and compensation effects in
gold-doped silicon it has been necessary to introduce an acceptor state (EV + 0.033 eV)
that is present in significant concentrations (~ 1015 - 1016 cm-3) only at high gold
concentrations (1017 cm-3); however, very little has been learned about this level every
since it was first proposed [66]. Gold is also known to create shallow acceptor level at the
silicon/silicon oxide interface [67, 68]. This shallow acceptor level is believed to be
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formed by the interaction of gold with the interfacial disorder centers. These studies have
also shown that the two normal bulk gold energy levels in silicon do not occur at the
Si/SiO2 interface. Note that very high concentrations of gold have been reported in Aucatalyzed VLS-grown SiNWs [44- 50], and that the SiNW/oxide interface is known to
have a high density of surface states [56-58]. Therefore, it is possible that gold introduces
similar shallow acceptor level in Au-catalyzed VLS-grown SiNWs.
To understand how the presence of an additional shallow acceptor would
influence the resistivity behavior of gold-doped silicon, Eq. 3.4 was modified to include
an (assumed) acceptor shallow level located at EV + 0.1 eV. The calculated activation
energy for resistivity at different ratios of shallow acceptor concentrations relative to gold
concentration (NS/NAu) are plotted in Figure 3.10. The results clearly indicate that the
activation energy for resistivity is strongly influenced by the presence of this shallow
acceptor. The activation energy varies from 0.06 to 0.37 depending on the ratio NS/NAu.
which is similar to the variation in the measured activation energy for the unpassivated
SiNWs. Note that when NS/NAu=1, i.e. when both the shallow level and gold are present
is similar concentrations, the calculated activation energy is similar to what is
experimentally measured for passivated SiNWs. This model would indicate that a
shallow level is present in varying concentrations in unpassivated SiNWs, resulting in the
spread in measured activation energy of unpassivated SiNWs. Upon passivation, the
concentration of this shallow level becomes equivalent to that of the gold concentration,
and the activation energy becomes constant at ~ 0.21 eV.
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Figure 3.10: Calculate activation energy for resistivity of gold-doped silicon, assuming an
acceptor level at EV + 0.1 eV is also present. Simulations were done for different ratios of
concentration of shallow acceptor level relative to concentration of gold.

Although this model is able to explain the activation energy behavior of the
unpassivated and passivated SiNWs, it suffers from several limitations. The exact
mechanism by which the passivation process would have a ‘homogenizing’ effect on the
shallow level is unclear. Also, the calculated resistivities using this model deviate widely
from the experimentally measured values.
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3.3.2.3 Model #3: The ‘heavily-doped shell, low-doped core’ model for VLS-grown
SiNWs

Model #2 implicitly assumes that the shallow acceptor level concentration is
uniform throughout the gold-doped silicon. Instead, it is more likely that different regions
of the SiNW have different resistivity behavior depending on distribution of gold.
Various studies which have investigated the concentration and distribution of gold
incorporated in Au-catalyzed VLS-grown SiNWs have reported observing higher gold
concentration along the surface of as-fabricated nanowires than in the interior of the wire
[44- 50],. Therefore, as shown schematically in Figure 3.11, a VLS-grown SiNW can be
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Figure 3.11: Schematic representation of the heavily-doped shell, low doped core model
to explain the resistivity of Au-catalyzed VLS-grown SiNWs.
modeled as consisting of two distinct electrically active regions:
(a) A relatively low-gold doped core region, where the resistivity behavior is
controlled by the deep levels introduced by gold in silicon. Consequently, based
on the model developed in section 3.3.2.1, the activation energy for resistivity of
this core region of SiNW would be close to ~ 0.5 eV.
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(b) A heavier gold-doped outer shell of the nanowire. The presence of very high gold
concentration, as well as the interaction between gold and interfacial disorders in
the outer regions of the SiNW, would create an additional acceptor level in this
region of the SiNW. Therefore, this region of the SiNW would exhibit a
resistivity behavior with lower activation energy. Since activation energy as low
as 0.1 eV have been experimentally measured for our SiNWs, we believe that the
activation energy for this region of the SiNW would also be in the same range.
Since these two regions of the SiNW have resistances in parallel, the overall resistivity of
the VLS-grown SiNWs is now given by Eq. 3.7,

1

 SiNW



f

 Shell



(1  f )

 Core

Equation 3.7

where ρShell and ρcore are the resistivity of the shell and core regions of the SiNW, and f is
the fraction of the cross-sectional area of the SiNW corresponding to the shell region.
The resistivity behavior of unpassivated and passivated SiNWs, as well as effect
of annealing can now be explained using this model. Prior to passivation, the fraction of
the shell and core region varies from SiNW to SiNW. SiNW with higher levels of gold
contamination would likely have a higher proportion of the low activation energy, low
resistivity region compared to SiNW with lower levels of gold contamination. This would
explain the linear variation of activation energy with resistivity that is observed for the
unpassivated SiNWs. Upon oxidation, three effects occur simultaneously, a) some of the
disorder sites in SiNW shell region are reduced (annealed) due to high temperature
reducing the concentration of the shallow acceptor in the shell region, b) gold diffuses
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and segregates at the SiNW/oxide interface, increasing the concentration of shallow
acceptor in the shell region, and c) the fraction of the core region increase as more and
more gold diffuses and segregates at the interface. The first two effects influence the
resistivity of the shell region, while the last effect changes the ratio of the shell to the core
region. The net result of these three effects is that the shell and the core regions achieve
an ‘equilibrium’ distribution and the activation energy of the passivated SiNWs become
constant at ~ 0.21 eV.

3.4 Impact of non-gold contamination on VLS-grown SiNWs

Based on the experimental results as well as the modeling work described in this
chapter, it is clear that the unintentional p-type doping observed for Au-catalyzed VLSgrown SiNWs can be explained only by the presence of a shallow acceptor level in these
nanowires. The origin of this shallow level is still unclear. Based on previous studies on
the effect of gold doping on resistivity of SiNWs [51] as well as bulk silicon [59-64], we
believe that this shallow level is created as a result of the high concentrations of gold
catalyst incorporated in these SiNWs. However, a shallow level may be introduced into
VLS-grown SiNWs as a result of contamination from other sources. For example, SiNWs
may be doped with aluminum when porous alumina templated is used for controlling
wire dimensions [69]. It should be noted that there was no such source of contamination
in our study, and every possible effort was made to prevent cross-contamination from
other samples. These efforts included use of dedicated tubes for the LPCVD and
oxidation furnaces, periodic cleaning of these tubes, etc. Moreover, the presence of a
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shallow dopant such as boron or aluminum has never been reported for Au-catalyzed
VLS-grown SiNWs grown on oxide, nitride or silicon substrates. A thorough
compositional analysis of VLS-grown SiNWs needs to be carried out to completely rule
out any contamination effects, and to identify the exact origin of this shallow level.

Chapter 4
Field Effect Transistors on Nano-tunnel Template Grown Extruded SiNWs

The main objectives of developing the nano-tunnel template grow-in-place
approach were to simplify the processes for fabricating SiNW based devices, to improve
the reliability of such processes, and to make such processes easily scalable. The results
and discussion presented in Chapter 2 clearly show that the nano-tunnel template growin-place approach, even when used to grow extruded SiNWs, has succeeded in achieving
those objectives. In this chapter we continue the work done by our group previously [18],
and further explore the fabrication of FETs on extruded SiNW.

4.1 Introduction to Accumulation-mode MOSFETs (AMOSFETs)

Figure 4.1A shows the schematic cross-section of an AMOSFET device
fabricated on an extruded p-type SiNW. For comparison, Figure 4.1B shows the
schematic cross-section of a conventional MOSFET device fabricated on a p-type
substrate. The simplicity of the AMOSFET structure is apparent in this figure; the
AMOSFET is fabricated on a uniformly p-type doped nanowire, i.e. there are no p-n nor
n-i or p-i junctions present. The two metal contacts at the end of the SiNW act as the
source and drain contacts. A conventional MOSFET on the other hand, requires heavily
doped regions of the opposite doping type (e.g. n++ doping for p-type substrate) which act
as the source and drain regions. The absence of any junctions makes the AMOSFET
much easier to fabricate.
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Figure 4.1: Schematic view of A) AMOSFET on a p-type SiNW, and B) conventional
MOSFET on a p-type SiNW
Due to its unique structure, the operating physics of the AMOSFET is also very
different from that of a MOSFET. Extensive 2D simulations of this device structure have
revealed how these devices operate [70,71]. Figure 4.2 shows the schematic crosssection of an AMOSFET in on-state, saturation state, and the Off-state. The operation of
an AMOSFET fabricated on p-type SiNW is as follows:
On-state linear region: A negative gate bias on the AMOSFET creates an accumulation

layer of holes underneath the gated area. This makes the gated region of the nanowire
more conductive, allowing easy flow of holes/current from source to the drain region,
giving rise to the on-state of AMOSFET. This behavior is fundamentally different from
that of MOSFET fabricated on p-type silicon (or n-channel MOSFETs), where a positive
bias is applied on the gate to create an inversion layer of electrons underneath the gate
allowing electrons to flow from the heavily n-type doped source to the heavily n-type
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Figure 4.2: Schematic cross-section of an AMOSFET in a) On-state, b) saturation, and c)
Off-state. The silicon substrate is assumed to be doped p-type.
doped drain region. Note that the AMOSFET is a majority carrier device (i.e. current is
due to the drift of majority carriers) while the conventional MOSFET is a minority carrier
device.
On-state saturation region: When the magnitude of the drain-source bias (VDS) is

increased, the high transverse electric filed depletes the hole accumulated at the interface
of gate and drain regions; the accumulated channel is essentially ‘pinched off’ leading to
the saturation state behavior of the AMOSFET.
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Off-state: A positive gate bias on the AMOSFET depletes the region underneath the gate

of holes, reducing its conductivity and blocking the flow of holes from source into the
drain region. This gives rise to the off-state of AMOSFET. Even if the gate bias is high
enough to create an inversion layer of electron underneath the gate, current will still be
blocked due to presence of two back to back p-n junctions.
An important aspect of the AMOSFET is that for the device to be ‘completely’
turned Off, the entire thickness of the channel underneath the gate has to be depleted of
holes [70, 71]. Otherwise, significant amount of current could still flow through the
channel region leading to high Off-state current. Complete depletion of the whole
thickness of the channel can be achieved only when the physical channel thickness
perpendicular to the gate is in the nanometer range. Therefore, AMOSFET devices can be
best fabricated on nanostructures, such as nanowires, nanoribbons, and ultrathin films
where the channel region is inherently nanometer thick. This key feature of the
AMOSFET is very different from that of MOSFET, where the device can be physically
very thick, but conduction occurs only through the thin inversion layer at the gate/channel
interface.
Another important aspect of the AMOSFET is that only a part of the nanowire
channel is gated. In fact, a minimum separation is required between the gate and the
source and drain contacts [70, 71]. When the device is in the Off-state, having this
minimum separation ensures that the gate does not modulate the minority carrier
population at the S/D contacts. This lack of modulation of the contact barriers completely
suppresses any ambipolar behavior.
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From the above discussion, it can be easily seen that the AMOSFET is essentially
a gated trans-resistor, with the gate controlling the resistance of the channel. Reducing
the resistance of the gated region by applying an appropriate gate bias turns the device
on; increasing the resistance of the gated region turns the device off. Transistors based on
this simple concept were first proposed by Lilienfeld in the 1920s [72,73]; however, they
have been experimentally demonstrated only recently using nanowires and nanoribbons
[18-27, 33-36,74,75]. Despite of their very simple structure, these devices are capable of
achieving very high performance. It should be noted that among the various FET
structure (such as back-gated transistor, top-gated transistor etc.) used to realize this
concept, the AMOSFET is unique as it has a partially gated structure, i.e. the gate covers
only a part of the channel [22,23,26,27,33-36,74,75]. The partially gated structure and
properly designed ohmic contacts mitigate against ambipolar behavior. As will be seen
later in this chapter, this unique characteristic of the AMOSFET has several implications
on the electrical characteristics of these devices.

4.2 AMOSFETs on extruded SiNWs

The process for fabricating AMOSFETs on extruded SiNWs synthesized using
our nano-tunnel templates is shown schematically in Figure 4.3. Prior to AMOSFET
fabrication, the extruded SiNWs are subjected to a cleaning process to remove any
residual gold on the surface, and thermally oxidized to grow an approximately ~10 nm
oxide shell. The oxide shell acts as the gate oxide/dielectric in the AMOSFET device.
Thermal oxidation of the SiNW also helps to passivate the surface states on the SiNW
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surface and reduce hysteresis in the final devices (step A). Next, the source and drain
contact regions are patterned using photolithography, and the oxide shell in these regions
is etched away using BOE to expose the underlying SiNW (step B). The source and drain
contacts are formed by metal deposition (~1 nm Ti/ 200 nm Ni) and lift-off processes
(step C). Finally, the gate contact is patterned using lithography, followed by metal
deposition (~200 nm Ti/50 nm Au) and lift-off processes (step D). Titanium is used as the
gate contact as it has excellent adhesion with silicon oxide and silicon nitride. A gold top
layer is used to prevent rapid oxidation of the titanium gate. FESEM images of
AMOSFET devices fabricated on SiNWs grown using our approach are shown in
Figure 4.4. In these images, the source, drain, and the gate contact are 2 µm wide, and the
separation between the source and drain contacts is 7 µm.
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Figure 4.3: Process steps for fabricating AMOSFET on SiNW: A) SiNW after cleaning
and oxidation, B) source/drain lithography and oxide etching to expose the SiNW, C)
source/drain metal deposition and lift-off, and D) define gate contact by lithography,
metal deposition and lift-off.
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Figure 4.4: FESEM images of AMOSFETs fabricated on nano-tunnel template grown
SiNW.

4.2.1 Transfer characteristics of AMOSFETs on extruded SiNWs

Figure 4.5 shows the experimentally measured transfer characteristics (IDS vs. VG
at fixed VDS) for an AMOSFET, plotted on the linear (squares) as well as the semilogarithmic scale (circles). As expected for p-type channel conduction (due to
unintentional p-type doping of VLS-grown SiNWs), the AMOSFET shows on-state
behavior at negative gate voltages. The devices exhibit an On-state current (ION) of few
nanoamperes, and On-state/Off-state current (ION/IOFF) ratio of ~ 104. The ION and
ION/IOFF ratios for these AMOSFETs are approximately one or two orders of magnitude
lower than the best values reported for FETs fabricated on single VLS-grown SiNWs.
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Figure 4.5: Experimental transfer characteristics of AMOSFET on VLS-grown SiNWs.
An important figure of merit for any FET is the subthreshold swing (S). The
subthreshold swing quantifies how sharply the transistor is turned off by an applied gate
voltage. The S value is experimentally calculated by the slope of the linear portion of the
transfer characteristics plotted on the semi-log scale, and is expressed in mV/dec. The S
value for our SiNW AMOSFETs was typically in the range of ~150 – 200 mV/dec. The
S values of our AMOSFETs are comparable with the S values (150 – 500 mV/dec)
commonly reported by several other groups for SiNW FETs [19 - 27]; however, S value
as low as 70 mV/dec have been reported previously for SiNW FETs [52]. It should be
noted that while the diameter of SiNWs used in our study was ~ 200 nm, the SiNWs used
in Reference [52] had a diameter of only 20 nm. Reducing the diameter of the SiNWs
would also improve the S value of our AMOSFETs; a thinner SiNW would be easier to
deplete (and turn device off) by an applied gate voltage.
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The threshold voltage (VT) of the AMOSFET device is ~ -0.4V, indicating that
this device is an enhancement mode FET [65], i.e. no channel exists underneath the gate
at zero applied bias, and that a negative bias has to be applied to turn on the device. We
believe that the low work function metal (titanium) used as the gate contact induces a
depletion layer of holes underneath the gate at no applied gate bias, thus turning the
device OFF at VG = 0 V.

4.2.2 Influence of annealing on the transfer characteristics of AMOSFET

Annealing of SiNW FETs in inert/reducing atmospheres is frequently used to
improve the transfer characteristics of the devices. Annealing helps in improving the
metal-nanowire contacts by promoting the formation of low resistive metal-silicide
phases, and reducing the contact resistance [53 – 56]. We also found that the transfer
characteristics of our AMOSFET were significantly improved by rapid thermal annealing
the devices in forming gas (10 % H2 in N2) atmosphere at 500 °C for 30 s. Figure 4.6
compares the transfer characteristics of an AMOSFET device before and after such
annealing treatment. As seen, the annealed device shows ION of ~ 10 nA, the ION/IOFF
ratio of ~ 106, and subthreshold swing (S) as low as 70 mV/dec. These ION/IOFF ratio and
S values are among the best values reported for any silicon FETs. We also found that the
VT for the device shifted from -0.4 V to 0 V, which is probably due to reduction in
interface trap charges due to hydrogen annealing [65]. This result indicates a possible
mechanism to achieve significant device improvements by simple thermal treatments.
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Figure 4.6: Experimental transfer characteristics of a SiNW AMOSFET before and after
annealing.

4.2.3 Effect of source/drain contacts on AMOSFET transfer characteristics

The use of simple metal contacts as the source and drain (S/D) terminals makes
the AMOSFET structure extremely simple, easy and cheap to fabricate. However, it is
extremely important to choose metals which make good quality ohmic (low Schottky
barrier, and low contact resistance) contacts with the SiNW. The effect of S/D contact
ohmicity on the transfer characteristics of SiNW AMOSFETs was explored by
fabricating devices with low function metal titanium, instead of higher work function
metal nickel, as the S/D contact metal. Note that both titanium and nickel form Schottky
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barrier contacts on p-type silicon; however, the barrier height for nickel-Si contact is ~
0.3 eV, while the barrier height for titanium-Si contact is ~ 0.5 eV [65]. Thus, as shown
previously, nickel forms a better contact on our unintentionally p-type doped SiNWs.
Figure 4.7 shows the transfer characteristics of SiNW AMOSFETs fabricated
using titanium S/D contacts. Except for the choice of S/D contact metal, the fabrication
process was the same as shown in Figure 4.3. Compared to AMOSFETs fabricated using
nickel S/D contacts, AMOSFETs fabricated using titanium S/D contacts exhibited
extremely poor characteristics with ION ~ 0.1 nA, ION/IOFF ~ 101 - 102, and S values of ~
1000 mV/dec. These experimental results clearly indicate that properly designed ohmic
S/D contacts are essential in AMOSFETs to achieve high ION and low IOFF (i.e. to
maximize ION/IOFF ratios), and to achieve low S values.
Numerical simulations of these devices [70, 71] have revealed how S/D contact
ohmicity impacts AMOSFET transfer characteristics. In the On-state, the high resistance
associated with non-ohmic contacts (i.e. high Schottky barrier contacts) adds to the total
resistance of the nanowire channel, and limit On-state current. The Off-state current of an
AMOSFET is determined by generation of charge carriers in the depletion region formed
underneath the gate. In case of Schottky contacts, there is an additional depletion region
associated with the contact as well. Higher Schottky barrier contacts create a larger
depletion region, adding to the generation volume of electrons and increasing the Offstate current, and may even lead to ambipolar behavior. Since Schottky barriers create an
accumulation of electrons underneath the contact, such contacts can act as supply of
electrons in the Off-state if the contacts are too close to the gated region, leading to
ambipolar behavior. This ambipolar behavior is mitigated by placing the contacts at a

70

Figure 4.7: Transfer characteristics of AMOSFETs fabricated using titanium as the
source/drain contact metal.
certain minimum required distance from the gated region, such that the two regions do
not interact in the Off-state. This minimum distance depends on the doping level of the
substrate [70, 71].
The ohmicity of the S/D contacts can be easily ensured by the proper choice of
contact metal depending on the doping type of the substrate; i.e. by choosing high work
function metal for p-type substrates, and low work function metals for n-type substrates.
Even for our study, we could have improved the ohmicity of the contacts by using higher
work function metals such as Pt or Ir, instead of Ni, for S/D contacts; however, using Pt
or Ir would add significantly to the processing costs. Contact ohmicity can also be easily
improved by incorporating high levels on doping in S/D regions to form tunneling
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contacts (similar to conventional MOSFET); however, this additional process step would
add to the complexity of the fabrication process.

4.2.4 On-state current and hole mobility in AMOSFET

When the AMOSFET is turned on, the channel essentially behaves like a resistor,
where the resistance of the gated region is lower than the ungated regions. Therefore, for
low values of VDS, the On-state current of an AMSOFET can be modeled simply as the
current flowing through a resistor, and is given by Eq. 4.1 [18, 74],

I DS 

A
VDS
 e h N A SiNW VDS
RSiNW
LSiNW

Equation 4.1

where µh is the carrier mobility, and NA is the effective doping concentration of the
channel region (SiNW in our case). For this expression, we have assumed that the contact
resistances are much lower compared to the resistance of the channel, which will be true
for a properly designed AMOSFET. Note that this expression is very different from the
expression for the On-state current of a conventional MOSFET, given by Eq. 4.2 [65],

I DS 

 h COX
2

(VG  VT )VDS

Equation 4.2

where COX is the gate capacitance. Comparison of Eq. 4.1 and Eq. 4.2 reveals some
unique characteristics of AMOSFETs;
(a) Unlike a conventional MOSFET, the On-state current of an AMOSFET does not
depend on the gate capacitance. Instead, the On-state current of an AMOSFET
depends on the resistivity (or µhNA product) of the channel region.
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(b) The On-state current of an AMOSFET increases with the dopant concentration of
the channel region. This characteristic of the AMOSFET is unlike that of
conventional MOSFETs, where increasing the doping of the channel region
reduces the mobility of charge carriers, and reduces the On-state current. Mobility
degradation occurs in case of the AMOSFET as well; however, the µhNA product
is expected to increase as doping increases since µh decreases slower than 1/NA.
We can use Eq. 4.1 as well as the experimental data in Figure 4.5 to estimate the effective
dopant concentration as well as effective mobility of our SiNW AMOSFETs. From
Figure 4.5, VDS = 0.1 V, IDS ~ 1 nA, which gives RSiNW ~ 1010 Ω. Using the dimensions of
the SiNW on which the AMOSFET was fabricated, we calculate the resistivity of the
ρSiNW to be ~ 104 Ω-cm. Note that SiNWs with resistivity between 4000 – 6000 Ω-cm
were dominant for the passivated SiNWs (Figure 3.6). For p-type silicon, this resistivity
corresponds to an effective doping of 10-12 cm-3 and a effective hole mobility of 500
cm2/V-s. Also note that from the modeling work presented in Chapter 3, we know that
unintentionally doped VLS-grown SiNWs contain regions of low resistivity and regions
of high resistivity. Therefore, the doping concentration and mobility calculated using
Eq. 4.1 are only effective or average values for the entire SiNW channel. Also, note that
since only part of the SiNW channel is gated in the AMOSFET, and the SiNW is single
crystalline, we expect that the effective field-effect hole mobility in AMOSFETs to be
very similar to the hole mobility in bulk crystalline silicon. Caution must be taken while
analyzing AMOSFET performance. A number of researchers tend to analyze these
devices using conventional MOSFET equations to calculate field-effect mobility values
for the charge carriers. However, since AMOSFET behavior is fundamentally different
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from that of MOSFET, such calculated values are physically meaningless and misleading
indicator of device characteristics.

4.3 Comparing SiNW AMOSFET performance with other SiNW FETs

Figure 4.8 compares the transfer characteristics of AMOSFET fabricated in our
study (Figure 4.8A) with some of the best transfer characteristics reported by other
groups for their SiNW FETs (Figure 4.8B, C, and D). The transfer characteristics in
Figure 4.8B correspond to a back-gated SiNW FET, with a 20 nm diameter
unintentionally doped SiNW [52]. The transfer characteristics in Figure 4.8C correspond
to a dual-gated SiNW FET, with a 80 nm diameter unintentionally doped SiNW [22],
while the transfer characteristics in Figure 4.8D correspond to a ‘Junctionless transistor’
(another name for AMOSFET) fabricated on 10 nm thick, 30 nm wide SiNW defined on
heavily p-type doped SOI wafer [74] . Despite the fact that the dimensions of the SiNWs
and the devices in our study are much larger than the nanowires and devices fabricated in
these other studies, we were still able to achieve comparable performance. Reducing the
dimensions of our device may help to further improve the AMOSFET performance,
although it is going to add to the complexity and cost of the process, as we will have to
use e-beam lithography instead of simple photolithography to contact. Some of the device
characteristics such as the On-state current and On-state/Off-state current ratios of the
AMOSFETs can be improved by increasing the doping levels on the SiNWs [70, 71].
This can be achieved by introducing an ‘intentional’ dopant into the SiNW. The process
of intentional doping of SiNW and the results are discussed in the next chapter.
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Figure 4.8: Comparing (A) transfer characteristics of our AMOSFETs with (B, C and D)
transfer characteristics of SiNW FETs from other groups.
.

Chapter 5
Intentional Doping of Nano-tunnel Template Grown Extruded SiNWs

So far in this thesis, we have discussed the synthesis and properties of
‘unintentionally doped’ VLS-grown SiNWs synthesized using our nano-tunnel template
approach. As the name suggests, it is not possible to control the doping level in these
nanowires. Even the exact mechanism by which this doping occurs is still a matter of
debate. However, if SiNWs are to form the basis for future nanoelectronic application, it
is essential to have a precise control on the doping levels as well as the doping type of
these nanowires. Numerous studies have shown that it is possible to control the doping in
VLS-grown SiNWs, and that these SiNWs can be doped in-situ during VLS growth.
Intentional doping of extruded SiNWs grown using our nano-tunnel template approach is
discussed in this chapter.

5.1 Intentional doping of VLS-grown SiNWs

There are two general approaches to intentional doping of VLS-grown SiNWs,
ex-situ (post growth) doping [76,77] or in-situ (during growth) doping [1113,19,20,26,27,78-82]. Ex-situ doping of SiNWs is typically carried out by means of a

spin-on-dopant source or ion implantation after the nanowire have been grown, while insitu doping of SiNWs is a carried out by flowing a dopant source gas along with the
silicon source gas in the CVD chamber during the VLS growth process. Of these two
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approaches, the latter is generally preferred by researchers because of its simplicity.
Dopant source gas such as trimethylboron (TMB, B(CH3)3) or diborane (B2H6) are
frequently used as a p-type dopant source while phosphine (PH3) can be used n-type
dopant source. During the VLS process, the dopant source gas undergoes catalytic
decomposition according to the following chemical reactions,

B2 H 6  2 B  3H 2
2 PH 3  2 P  3H 2
The boron or phosphorous that is formed as a result of the above reactions is incorporated
into the grown SiNW, resulting in p-type or n-type doping of the SiNW, respectively.
The doping levels can also be controlled (approximately) by adjusting the ratio of the
flow rates for the dopant source gas and the silicon source gas. This simple approach
provides us with a very effective tool to modify the doping levels in VLS-grown SiNWs.

5.2 Intentional doping of extruded SiNWs

Intentional p-type doping was incorporated in our nano-tunnel template grown
extruded SiNWs using diborane (100 ppm in hydrogen) as the dopant source gas. These
intentionally doped SiNW were grown using the same growth conditions as used for the
unintentionally doped SiNW, i.e. growth temperature of 475 °C, total pressure of 13 Torr,
total gas flow rate of 100 sccm, for a growth time of 30 minutes. The flow rate of the
diborane gas was set at 20 sccm, while the flow rate of silane was set at 80 sccm, to
achieve a B:Si ratio of ~10-3 in the source gas.
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In order to characterize the influence of doping on the resistivity/conductivity of
the extruded SiNW, four point probe structures were fabricated on SiNWs using the same
process as shown in Figure 3.2. Prior to photolithography, the nanowires were split into
two batches. One batch of nanowires was subjected to a dry thermal oxidation in oxygen
atmosphere at 700 °C for 4h. We refer to these SiNWs as the passivated SiNWs. The
other batch of nanowires was process as such without any oxidation. We refer to these
SiNWs as the unpassivated SiNWs.
Figure 5.1

compares

the

resistivity

of

unpassivated

intentionally

and

unintentionally doped SiNWs. As expected, intentionally doped extruded SiNWs
exhibited lower resistivities compared to the unintentionally doped ones. However,
considering the large variation in the experimental data, the differences in resistivity does
not appear to be very significant. This result is in sharp contrast with results from several
other previous studies, which have reported that intentional doping (at similar B:Si ratio
in the source gas) can decrease the resistivity of VLS-grown SiNWs by orders of
magnitude. However, these studies typically measured resistivity for only a few SiNWs,
and do not report any spread in experimental data. It is possible to achieve lower
resistivity for our SiNWs by incorporating higher B:Si ratio in the source gas. However,
addition of diborane to silane is known to increase the decomposition rate of silane [7882]. As a result, we observed excess deposition of a-Si film and particles all over the

nano-tunnel template if B:Si ratio was increase beyond 10-3 in the source gas. This excess
deposition not only hinders with the growth of SiNWs, but also forms an electrically
conductive a-Si film covering the template and the nanowire. The presence of this
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Figure 5.1: Histogram summarizing and comparing resistivity of unpassivated
unintentionally and intentionally doped extruded SiNWs.
conductive film makes it very difficult to isolate the electrical properties of just the
extruded nanowire while investigating nanowire devices.
Figure 5.2 compares the resistivity of unpassivated and passivated intentionally
doped extruded SiNW. The oxidation process was found to severely impact the resistivity
of the intentionally doped SiNWs, with passivated intentionally doped SiNW exhibiting
much higher resistivities compared to the unpassivated nanowire. This behavior of the
intentionally doped SiNWs is very different from that of the unintentionally doped
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Figure 5.2: Histogram comparing resistivity of unpassivated and passivated intentionally
and intentionally doped SiNWs.
SiNWs, where the resistivities of the passivated and unpassivated nanowires were almost
the same (see Figure 3.6).
The effect of oxidation can be possibly explained on the basis of the mechanism
by which boron gets incorporated into VLS-grown SiNWs during in-situ doping [78-82].
A number of previous studies have shown that when diborane is used as the dopant
source gas, boron incorporation occurs through the surface of the SiNW, rather than
through the gold catalyst at the top of the growing SiNW. Moreover, addition of diborane
to silane also increases the deposition of silicon along the surface of SiNW, especially at
high partial pressures of diborane in the source gas. As a result, these ‘heavily doped’
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SiNWs exhibit a core-shell structure, with a highly doped a-Si shell, and a relatively
undoped crystalline core. From the results and modeling discussed in Chapter 3, we also
know that there is a high concentration of gold along the outer regions of the VLS-grown
SiNWs, and that this gold rich outer shell is most likely the source of electrical
conductivity of the SiNWs. Upon oxidation, boron diffuses and segregates along the
nanowire/oxide interface. We believe that the presence of such high levels of gold and
boron in the outer shell and the interaction of these two elements render them both
electrically inactive, resulting in a higher resistivity of the oxidized nanowires. Note that
several other previous studies have also reported observing an increase in resistivity when
gold is added to p-type silicon [59, 60].

5.3 Temperature-resistivity behavior of intentionally doped extruded SiNWs

Similar to the unintentionally doped extruded SiNWs, the resistivity of the
intentionally doped extruded SiNWs also exhibited a thermally activated (Arrhenius type)
behavior. Figure 5.3 plots the measured activation energy against the measured room
temperature resistivity for a number of unpassivated intentionally and unintentionally
doped extruded SiNWs. The measured activation energy for both sets of nanowire was
found to increase with increasing resistivity. However, a number of the intentionally
doped SiNWs exhibited lower resistance and lower activation energy compared to the
unintentionally doped SiNWs due to the presence of an additional shallow dopant in such
nanowires. We believe that the temperature-resistivity behavior of the intentionally doped
SiNWs can also be explained using the same heavy doped shell, low doped core model
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Figure 5.3: Room temperature resistivity vs. resistivity activation energy behavior of
unpassivated intentionally doped VLS-grown extruded SiNWs (circles) and unpassivated
unintentionally doped VLS-grown extruded SiNWs (squares).
(see section 3.3.2.3) to explain the resistivity of the unintentionally doped SiNWs. The
fact that a heavy doped shell region and a low doped crystalline region has been
experimentally observed for the intentionally doped SiNWs provide more support to our
modeling work.
Temperature-resistivity measurements were also performed on the passivated
intentionally doped SiNWs. However, due to the very high resistance of these SiNWs, we
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were not able to perform these measurements accurately, and were not able to achieve
any conclusive results.

5.4 AMOSFET on intentionally doped extruded SiNWs

AMOSFETs fabricated on unintentionally doped extruded SiNWs exhibited very
good characteristics. AMOSFET devices were fabricated on intentionally doped extruded
SiNW in an effort to improve the ON-state current and the transfer characteristics of the
devices even further. Figure 5.4 compares the experimentally measured transfer
characteristics of AMOSFET on intentionally doped and unintentionally doped SiNWs.
Contrary to expectation, the devices fabricated on intentionally doped SiNW show very
poor transfer characteristics, with ION ~ 0.1 nA, ION/OFF ~ 10-1 to 10-2 and S value ~ 1000
mV/Dec. The oxidation of intentionally doped SiNW results in significant degradation of
the nanowire conductivity; as a result the ON-state current of these AMOSFET is
reduced. The low doping levels of the nanowire result in larger depletion regions
associated with the source and drain contacts; charge generation in these depletion
regions contribute to an enhanced OFF-state current. As a result of these two factors, the
ON-state/OFF-state current ratios as well as the subthreshold swing are greatly reduced
for AMOSFETs fabricated on intentionally doped SiNWs.
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Figure 5.4: Comparison of transfer characteristics of AMOSFET fabricated on
intentionally doped extruded SiNW and unintentionally doped extruded SiNW.

5.5 AMISFETs on intentionally doped extruded SiNWs

Since thermal oxidation of intentionally doped extruded SiNWs results in
degrading the conductivity of these nanowire, we fabricated accumulation type devices
on unpassivated SiNWs using atomic layer deposited (ALD) deposited hafnium oxide
(HfO2) as the gate dielectric. The fabrication steps are shown schematically in Figure 5.5.
After cleaning the SiNW (step A), the source/drain contacts are fabricated by lithography,
native oxide etch, metal deposition and lift-off (step B). A 10 nm thick HfO2 is then
deposited using the atomic layer deposition system as the gate dielectric (Step C), and
finally the gate is fabricated (step D). Similar to other AMOSFET on unintentional doped
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SiNWs, nickel (1 nm Ti/ 300 nm Ni) is used for the S/D contacts, and titanium (250 nm
Ti/ 50 nm Au) is used for the gate contact. Since these devices use as HfO2 insulator as
the gate dielectric instead of a thermally grown oxide, we refer to these devices as
accumulation mode metal insulator semiconductor FETs or AMISFETs.
Figure 5.6(A) compares the transfer characteristics of an AMOSFET with that of
an AMISFET, both on intentionally doped extruded SiNWs. As expected, the transfer
characteristics for the AMISFET are significantly improved compared to the transfer
characteristics of the AMOSFET. However, as shown in Figure 5.6(B), compared to
AMOSFETs on unintentionally doped SiNW the AMISFET on intentionally doped
SiNW do not show any improvements in the ON-state current or significant changes in
the transfer characteristics. This is likely due to the fact that a significant difference in
resistivity of intentionally and unintentionally doped SiNWs was not observed in our

A

B

DRAIN

Capping layer
SOURCE

SOURCE

SiNW

D

DRAIN

C

DRAIN

DRAIN

GATE
SOURCE

SOURCE

SOURCE

SOURCE

ALD HfO2

GATE
DRAIN

DRAIN

Figure 5.5: Process steps for fabricating AMISFET on extruded SiNW: A) SiNW after
cleaning, B) source/drain fabrication C) HfO2 deposition using ALD system, and D)
defining gate contact by lithography, metal deposition and lift-off.
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Figure 5.6: Comparing the transfer characteristics of AMISFET on intentionally doped
SiNW with (A) AMOSFET on intentionally doped SiNW and (B) AMOSFET on
unintentionally doped SiNW.
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study, especially if we consider the scatter in our experimental data. The AMISFET do
show a lower threshold voltage which was expected because of the much higher
capacitance of the HfO2 layer used as the gate in this case (dielectric constant of HfO2 ~
25, dielectric constant of SiO2 ~ 3.9, 10 nm thick HfO2 and SiO2 used as gate for
AMISFET and AMOSFET, respectively). The AMISFET also exhibit hysteresis in the
subthreshold characteristics which is likely due to the presence of unpassivated surface
states. Finally, even though the AMISFETs did not show any improvement in
performance compared to the AMOSFETs, they do point to a unique aspect of these
devices; the threshold voltage of AMOSFETs/AMISFETs can be easily adjusted by
simply changing the thickness of the gate dielectric.

Chapter 6
Field Effect Transistors in Nano-tunnel Template Grown Encapsulated SiNWs

The extruded SiNW growth approach using nano-tunnel templates has enabled us
to understand the properties of VLS-grown SiNW (such as the role of gold in doping the
nanowires), as well as to fabricate very high quality AMOSFET devices with relative
ease compared to the methods utilized by other research groups. However, this approach
still suffers from several limitations, such as lack of control on the exact size and
orientation of the nanowire, inability to use this approach to grow array of precisely
positioned SiNWs, and overall low yield of the process (although the yield of this process
is still comparable to other methods found in literature). Due to these limitations, it is
very difficult to fabricate arrays of SiNW devices using the extruded SiNW growth
approach. Instead, SiNW devices fabricated in encapsulated nanowires grown using
nano-tunnel templates offer the potential of full control of the position and dimensions of
the encapsulated SiNWs. The fabrication of transistors on encapsulated SiNWs is
discussed in this chapter.

6.1 Limitations of the extruded SiNW growth approach to transistor fabrication

Figure 6.1 shows images of our attempts to grow arrays of parallel extruded
SiNWs. The template in this case consisted of several closely spaced nano-tunnels. The
limitations of this approach are apparent. Since the SiNW growth occurs outside the
nano-tunnel, there is no control on exact dimensions or direction of growth (Figure 2.5)
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Figure 6.1: FESEM images for extruded SiNW array grown using closely spaced multi
nano-tunnel templates.

of the nanowires. In a single nano-tunnel template, a nanowire growing at an angle to the
capping layer can still be processed into device, as the source, drain and gate contacts
were made sufficiently wide. However, such an approach is not feasible when trying to
fabricate an array of nanowire devices using these ‘multi’ nano-tunnel templates.
Another limitation of the nano-tunnel template approach is that the amorphous
silicon deposited all over the template during VLS-growth (due to the non-catalytic
thermal decomposition of silane) can significantly hinder the nanowire growth, and also
alter the properties of final devices. This was especially true when diborane was added to
the silane source gas for intentional doping. Diborane enhances the decomposition of
silane resulting in formation of doped a-Si films everywhere on the template. As a result,
we were limited to the maximum doping that can be incorporated into our SiNWs. This
issue may be resolved by using other dopant source gases that do not have the same
influence on decomposition of silane, or by switching to ex-situ doping methods. Still
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there will be silicon deposition all over the template which will have to be cleaned or
etched away prior to device fabrication. Such cleaning and etching can potentially lead to
low yield, as some of the grown SiNWs may break away.
In order to solve the issues related to device fabrication on extruded SiNWs, we
decided to re-explore the encapsulated SiNW growth approach first proposed by our
group [18]. However, unlike our previous attempt, electrical contacts were not built into
the templates prior to nanowire growth. Built-in contacts made the device fabrication
process much simpler; however, the devices exhibited very poor performance which was
related to the presence of impurities and poor quality of the SiNW surface [18]. Instead,
in the modified approach of this work, the nanowires were grown confined to the
template, and the capping layer was etched away prior to any contact deposition or device
fabrication. Removing the capping layer and exposing the SiNWs allows us to subject the
grown SiNWs to cleaning and passivation processes to improve the quality of the SiNW
surface. The expectation was that this approach will allow us to produce arrays of
precisely aligned SiNWs, and fabricate high performance FETs on these SiNW arrays.

6.2 Synthesis of encapsulated SiNWs

6.2.1 Nano-tunnel template fabrication for encapsulated SiNW growth

Figure 6.2 shows the process steps for fabrication of nano-tunnel templates and
growth of encapsulated SiNWs. First, gold nanowires with the desired size (height,
width), number, spacing and position are fabricated on silicon nitride substrates using ebeam lithography, gold deposition and liftoff steps (Step A). For this study, we used 100
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Figure 6.2: Process steps for encapsulated SiNW growth inside nano-tunnel templates: A)
deposition of the gold nanowire, B) deposition of the capping layer using PECVD, C)
pattern and dry etch capping layer to open ends of gold nanowire, D) selective wet etching
of the gold nanowire to leave a gold catalyst slug in the nanochannel, F) SiNW growth via
VLS process, and F) etching of the capping layer to expose the SiNW.
nm wide and 40 nm thick gold nanowires for template fabrication. Next a capping layer is
deposited on the gold nanowires. The main difference between the nano-tunnel templates
designed for extruded and encapsulated SiNW growth is the width of the capping layer
relative to the length of the SiNWs. During this study, we used simple photolithography
(instead of e-beam lithography) to define contacts for four point probe or FET
fabrication; therefore, the SiNWs investigated in this study were typically 10 to 15 µm
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long. As a result, a 3 µm wide capping layer was used in templates designed for extruded
nanowire growth (Figure 2.2), while a 40 µm capping layer was used in templates
designed for encapsulated nanowire growth. However, since the capping layer was much
wider in case of the ‘encapsulated templates’, the capping layer oxide was deposited by
means of PECVD (instead of thermally evaporated oxide as for extruded templates) to
ensure the mechanical stability of the much longer nano-tunnels (Step B). After PECVD
oxide deposition, the capping layer was patterned using photolithography and dry etched
to create opening at the two ends of the gold nanowire (Step C, see Figure 6.3A). A timed
wet etch of 10 minutes at room temperature using commercially available gold etchant
solution (Type TFA, Tansesne Inc) followed by immersion in DI water leaves a micron
size gold slug in the middle of the capping layer, which is confirmed using optical
microscopy (Step D, see Figure 6.3B ). The templates were rinsed with DI water for at
least 5 minute to remove any residual etchant from the tunnels, and immediately dried
and transferred to the LPCVD chamber for nanowire growth (Step E). Finally, the
capping layer is etched away to expose the grown encapsulated SiNW for cleaning
processes and subsequent device fabrication (Step F).
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Figure 6.3: Optical microscope images of the nano-tunnel templated for encapsulated
nanowire growth after A) pattern and etching of capping layer to expose gold nanowires,
and B) wet etching of gold nanowire to leave a ~ 1 µm slug inside the nano-tunnel.
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6.2.2 Encapsulated SiNW growth inside nano-tunnel templates

Figure 6.4 shows FESEM images of typical results for encapsulated nanowire
growth using our nano-tunnel templates. The encapsulated nanowires were grown using
silane (10% in hydrogen) as the source gas, with a total flow rate of 100 sccm, at a
temperature of 500 °C, pressure of 13 Torr, for a total time of 60 minutes. Figure 6.4A
shows FESEM image of an array of 10 encapsulated nanowires, spaced 2 µm apart. As
expected, the encapsulated SiNW approach provides us with precise control on nanowire
position. Moreover, based on the FESEM images, the yield of the process appears to be
significantly higher than either the extruded nanowire approach, or conventional growand-place approaches. As can be seen from the figure, SiNWs grew in eight out of ten
templates, while one template is empty and one template has a partially grown SiNW.
Based on these results, the yield of the encapsulated SiNW approach is ~80 % compared
to 30 – 40% yield for the other approaches. There can be two possible reasons for the
lack of growth or partial growth of SiNWs inside a template; a) the gold nanowire could
have been completely etched away leaving behind an empty nano-tunnel, or a gold slug
which is too small to support growth of a longer SiNW, or b) the template may have been
obstructed by some debris (most likely from the nano-tunnel walls itself) slowing down
or even completely preventing the growth of SiNWs. These factors can be mitigated by
better control on process (etching time, better quality oxide) to improve the yield even
further.
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Figure 6.4: Typical growth results for encapsulated nanowire growth inside nano-tunnel
templates: A) an array of ten nanowires, and B) higher magnification images showing
rough surfaces and porosity in the nanowires.
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Figures 6.4B and 6.4C show high magnification FESEM images of a few
encapsulated SiNWs. These high magnification images clearly show that the
encapsulated SiNWs have an extremely rough and uneven surface. The reason for this
surface roughness is the fact that the gold nanowires used to define the nano-tunnels are
also very rough, which in turn makes the nano-tunnels very rough as well. These rough
surfaces would lead to a large density of surface states compared to a smooth nanowire
surface. However, the surface states can be easily passivated by subjecting these
nanowires to oxidation or by using hydrogen plasma processes. A more critical concern is
the fact that a small fraction of encapsulated nanowires were found to also have small
pores. It is unclear how these pores may have formed during VLS-growth of the SiNW. It
is possible that the growing nanowire may be contaminated with debris (i.e. silicon
oxide) from the nano-tunnel walls; when the capping layer is etched away to expose the
encapsulated SiNWs, the oxide contamination is also removed resulting in a porous
SiNW structure. The presence of any porosity will severely degrade the electrical
properties of the nanowire and of any FETs fabricated on such nanowires. Moreover,
since the formation of these pores cannot be controlled or avoided by the processing used
in this work, it also reduces the overall yield of the process.
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6.3 AMOSFETs in encapsulated SiNWs

6.3.1 AMOSFETs fabrication in encapsulated SiNWs

Figure 6.5 shows the process for fabricating AMOSFETs on encapsulated SiNWs.
An additional probe was incorporated into the design which allows us to measure the
resistance of the nanowire channel as well. By performing I-V measurements between
probes 1 and 2 and probes 2 and 3, the total resistance R12 and R13 can be calculated. The
difference between R13 and R12 gives us the resistance of the SiNW segment between
probes 2 and 3 independent of the contact resistance. The resistivity of the SiNW can
then be calculated using the dimensions of the wires.
The fabrication process for the devices is as follows; first the nanowires were
subjected to gold etching and standard cleaning processes. Next, the nanowires were dry
thermally oxidized (for 4 h in flowing oxygen atmosphere) in order to passivate the
surface states and to grow a ~10 nm oxide shell / gate dielectric for the AMOSFET
devices (Step A). Three contact probes were then patterned using photolithography, and
the oxide shell in the patterned region is etched away using BOE to expose the SiNW
core (Step B). Metal (~ 1 nm Ti/100 nm Ni) deposition and liftoff steps define the three
probes (Step C). Nickel was used as the contact metal as we expected to observe
unintentional p-type doping in the encapsulated SiNWs as well. Finally, a gate electrode
positioned between probe 1 and probe 2 is defined using photolithography, metal (~100
nm Ti/50 nm Au) deposition and liftoff (Step D); probes 1 and 2 also serve as the source
and drain contact of the resulting AMOSFET device. Figure 6.6 shows a FESEM image
of the resulting devices.

97

Figure 6.5: Process steps for fabricating AMOSFETs on encapsulated SiNWs grown
using nanochannel templates: A) grown SiNWs after cleaning and oxidation, B)
lithography pattering of three probes and oxide etching to expose SiNW, C) three probe
contact metal deposition and lift-off, and D) define gate using photolithography, metal
deposition and liftoff.

Figure 6.6: FESEM image on AMOSFET on encapsulated SiNW.
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6.3.2 Transfer characteristics of AMOSFETs in encapsulated SiNWs

Figure 6.7 shows the experimentally measured transfer characteristics of an
AMOFSET fabricated on encapsulated SiNW. Contrary to our expectations, these
AMOSFETs exhibited extremely poor characteristics compared to the AMOSFETs
fabricated on extruded SiNWs. The reason for this poor performance becomes clear when
we measure the resistance of the SiNW. Figure 6.8 shows the results of I-V
measurements between probes 1 and 2, and probes 1 and 3. Based on these I-V
measurements, the resistance of the SiNW segment between probes 2 and 3 was
calculated to be approximately 1012 Ω, and the resistivity of the encapsulated SiNWs was
calculated to be approximately 105 Ω –cm. Note that the resistance of the SiNW channel
in the encapsulated SiNW AMOSFETs is approximately two orders of magnitude higher
that the resistance of the SiNW channel in the extruded SiNW AMOSFETs (see section
4.2.4) , while the resistivity of the encapsulated SiNWs is at least an order of magnitude

higher that the resistivity of extruded SiNWs (Figure 3.6). The high resistance of the
nanowire channel explains the very low ON-state currents. The low doping levels (high
resistivity) of the encapsulated nanowire also result in larger depletion regions associated
with the source and drain contacts; charge generation in these depletion regions
contribute to an enhanced OFF-state current. As a result of these two factors, the ONstate/OFF-state current ratios as well as the subthreshold swing are greatly reduced for
AMOSFETs fabricated on encapsulated SiNWs.
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Figure 6.7: Transfer characteristics of AMOSFET on encapsulated SiNW.

Figure 6.8: Results of I-V measurements between probes 1 and 2 (diamonds) and probes
2 and 3 (squares). The SiNW resistivity was calculated to be ~ 105 ohm-cm
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There could be several reasons for the higher resistivity of the encapsulated
SiNWs. It is possible that gold is not incorporated into the encapsulated nanowire to a
similar extent as in extruded SiNWs. Gold may be segregating along the walls of the
nano-tunnels rather than being incorporated into the nanowire, and is removed during the
capping layer removal/cleaning steps. The presence of defects such as twin boundaries
[40], possibly even grain boundaries, can also degrade the mobility of the charge carriers
in the encapsulated SiNWs. Furthermore, the presence of defects such as voids or
contaminants (debris from nano-tunnel walls) can also degrade the conductivity of the
nanowires. Extensive structural and compositional analysis of the nanowires is required
to identify the exact cause for the low conductivity of the encapsulated SiNWs. However,
the conductivity of the SiNWs can be easily improved through the use of in-situ or ex-situ
intentional doping methods; the use of such methods should allow us to fabricate arrays
of precisely positioned SiNWs and high performance SiNW devices using the
encapsulated SiNW grow-in-place approach.

Chapter 7
Summary and Future Work

7.1 Summary

In this study, we have investigated the nano-tunnel template grow-in-place
approach to silicon nanowire synthesis. The nano-tunnel template approach provides a
very convenient methodology for SiNW synthesis and nanowire device fabrication, as it
eliminates all the nanowire manipulation/assembly steps involved in conventional growand-place approaches. Two different versions of the nano-tunnel template approach were
investigated, one in which the nanowires are allowed to grow without any confinement
outside the template (i.e. the extruded SiNW growth approach) and the other in which the
nanowires are allowed to grown confined inside the template (i.e. the encapsulated SiNW
growth approach).
The extruded SiNW approach, while not allowing us precise control on nanowire
dimension and position, is well suited for investigating the basic electrical properties of
VLS-grown SiNWs. Based on our investigation, we have proposed a model which
describes how residual gold catalyst incorporated into the nanowire can cause an
unintentional p-type doping observed in Au-catalyzed VLS-grown SiNWs [18- 26, 33-36,
51]. The model suggests that VLS-grown SiNWs contain a high resistance core region

and a low resistance shell region in parallel; while the high resistance core region is
dominated by the known gold-related bulk energy levels, the low resistance shell region
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contains an additional shallow acceptor level in addition to the known gold-related bulk
energy levels. We believe that this additional level is created due to the presence of high
concentrations of gold near the nanowire surface [66], and/or as a result of interactions
between residual gold and the interface states [67, 68]. Chemical identification and the
cause of this level and therefore further support for the model was not undertaken in this
study.
The extruded SiNW approach was also used to further explore AMOSFET
devices. The impact of source/drain contact resistance, as well as influence of annealing
on AMOSFET transfer characteristics has been investigated. The properties (ION/IOFF
ratios, subthreshold swing) of AMOSFETs fabricated in this study were found to be
comparable with the best reported values for SiNW FETs in literature. AMOSFETs were
also fabricated on intentionally doped SiNWs in an attempt to improve AMOSFET
performance; however, these devices exhibited very poor transfer characteristics. This
observation was related to the segregation of the dopant atoms during the oxidation step.
Instead, an alternative devices structure called the AMISFET was proposed and
demonstrated. The performance of AMISFETs was found to be almost comparable to that
of AMOSFETs on unintentionally doped extruded SiNWs. Our attempts to in-situ dope
the nanowire using diborane were not very successful as the resistivities of the
intentionally doped SiNWs were found to be very close to the resistivities of the
unintentionally doped SiNWs. However, this issue can be easily solved by switching to
another in-situ dopant source (such as tri-methyl boron), or by switching to ex-situ doping
methods.
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The encapsulated SiNW approach was also explored in this study as a means to
synthesize arrays of SiNWs with precise control on dimensions and position of the
nanowires, and fabricated devices on them. While we succeeded in synthesizing arrays of
precisely controlled SiNWs, the devices fabricated on encapsulated SiNWs exhibited
very poor transfer characteristics due to the very high resistance of the encapsulated
SiNWs. Moreover, the surface of the encapsulated SiNWs was found to be very rough,
and presence of voids/pores was also observed in some SiNWs. The encapsulated SiNW
growth approach needs to be optimized further to improve the quality of the nanowires.
Moreover, intentional doping needs to be incorporated in encapsulated SiNWs to achieve
higher conductivity and improved AMOSFET performance.

7.2 Future work

In this study, we extensively investigated the basic electrical properties and the
effect of residual gold catalyst on VLS-grown SiNWs. It would be beneficial to continue
this work by carrying out temperature vs. resistivity measurements on unintentionally and
intentionally doped extruded SiNWs to better understand the role of gold as well as
dopant atoms on the conductivity of these nanowires. Moreover, we investigated only
intentional p-type doping of extruded SiNWs; however, our attempts were not very
successful. Other dopant gases (trimethyl boron for p-type, and phosphine for n-type
doping) could be used for in-situ doping of these nanowires. Moreover, the use of ex-situ
doping methods such as conventional ion implantation can be explored.
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Methods to achieve better control on the direction of growth for the extruded
nanowires for SiNW array fabrication also need to be explored. For example, attempts to
control the direction of growth of extruded nanowires using electric field are already
underway in our research group. This way, the issues of surface roughness and
contamination associated with encapsulated nanowires can be easily avoided.
The encapsulated nanowire approach also needs to be refined and optimized to
improve the quality of the SiNWs. The e-beam lithography conditions used to define the
gold nanowires need to be optimized to make sure that the nanowires are as smooth as
possible. Moreover, the capping layer can be deposited using techniques other than
PECVD, such as LPCVD and ALD. Such alternatives could produce lower stress films
than PECVD deposited films, which will make the capping layer less prone to cracking
and forming debris during the process. The use of intentional doping also should be
explored to improve the conductivity of the encapsulated SiNWs and greatly improve the
transfer characteristics of the nanowire devices.
The issues such as porosity and defects in the encapsulated SiNWs can be greatly
mitigated by fabricating transistors with shorter length. The very long transistors used in
this work increase the chances of encountering a defect. Reducing the size of the
nanowire channel will reduce the chances of encountering a defect, which will help to
improve the performance of the AMOSFETs and also make these devices more attractive
for commercial applications. Therefore, the next step should be to reduce the dimension
of these devices to the nanoscale by using e-beam lithography tools to pattern and
fabricated these devices.
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