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Abstract

The goal of this research was to fabricate and characterize vertically aligned silicon nanowire gas
sensors. Silicon nanowires are very attractive for gas sensing applications and vertically aligned
silicon nanowires are preferred over horizontal nanowires for gas sensing due to the high density
of nanowire arrays and the increased nanowire surface area per substrate area. However, the
development of such devices has been limited by a number of challenges. Two of the key
challenges in fabricating vertical silicon nanowire sensors are the difficulty of making electrical

contact to the tops of the wires and the large serial resistance of the substrate.

In this thesis, highly ordered, dense arrays of vertically aligned silicon nanowires in patterned
areas have been fabricated utilizing metal assisted chemical etching (MACE) in combination
with interference lithography. In addition, we report a novel and simple approach for making
reliable top electrical contacts by using tilted electron beam evaporation with a custom-built
rotation plate. A suspended metal top contact layer was formed on vertically aligned silicon
nanowires using this approach. We have also systematically investigated the contact behavior
between silicon nanowires and metal electrodes with different nanowire doping and contact
materials. Ohmic contact was formed between the suspended top metal layer and the tips of
silicon nanowires. We have also solved the serial resistance problem by using lightly doped

epitaxial silicon films (needed for the sensors) on heavily doped substrates. Based on these



techniques and design considerations, we have successfully fabricated vertically aligned silicon

nanowire field effect gas sensors.

Finally, we have demonstrated highly sensitive detection of hydrogen, oxygen, 10 ppm (parts-
per-million, 10°°) ammonia and nitrogen dioxide gases using the fabricated sensor devices at
room temperature. The sensors have exhibited the highest sensitivity per unit chip area for
hydrogen, oxygen and 10 ppm NH; gases at room temperature, among other vertically aligned
silicon nanowire based gas sensors reported. Further improvements of the current sensor devices

can be made to accelerate response and recovery of gas sensing.
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Chapter 1 Introduction

1.1  Motivation and Background

Gas sensors are playing an increasingly important role in our lives for a wide range of applications in
control of industrial and vehicle emission, detection of toxic or flammable gas leakage, and environmental
monitoring [1-3]. There have been many studies of the detection of gases such as O, O3, Hz, N3, CO, CO,,
SO, NO, NO,, H,0, etc. [4, 5] Various materials have been explored as sensing elements for gas sensors,
including metals, metal oxides, semiconductors, polymers, etc. [6-8] Basically, the electrical or optical
properties of these materials will be changed when analyte gases physically absorb or form a chemical
bond with the sensing materials. This effect is much more pronounced when the dimension of the
materials shrinks to micro- or even nanomcters. This is because a larger portion of the materials is on the
surface instead of being in the bulk form. This effect has led to considerable investigation of different

nanostructures for gas sensors in the past decades [9, 10].

Among all the nanostructures, such as nanoparticles [11-14], nanobelts [6, 15-17], nanorods [18-20] and
nanotubes [21-26], nanowires have attracted the most attention for sensing applications [27-30]. A
nanowire is basically a one-dimensional nanostructure with its diameter in the range of 1-100 nm. This
type of architecture exhibits novel and interesting electrical, mechanical, optical properties that are not
significant in the material’s bulk form. Nanowire gas sensors can be classified into several categories
based on the material used, including metal nanowire sensors [31-33], metal-oxide nanowire sensors [34,
35], conducting polymer nanowire sensors [36, 37], silicon nanowire (SINW) gas sensors [38-40] and

other semiconductor nanowire sensors [41].

Silicon nanowire gas sensors, which have attracted much attention from researchers in recent years, arc

believed to be promising next generation gas sensors with high sensitivity, selcctivity, ultrafast sensing
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speed and compatibility with integration with integrated circuits (IC) and manufacture using the tools and
manufacturing infrastructure provided by the microelectronics industry. Silicon nanowire gas sensors,
compared with other gas sensors of different materials and dimensions, have advantages for gas sensing

applications that include:

(a) Large surface-to-volume ratio

Since the diameters of nanowires are in the nanometer range while their lengths are in the micrometer
range, the surface-to-volume ratio of high aspect ratio nanowires can be very large compared to materials
in the bulk form. This feature enables ultrahigh sensitivity. Due to their small size, a small amount of gas
adsorption is sufficient to change the electrical or optical properties of nanowires significantly, such as the
carrier distribution inside nanowires, or the refractive index. The nanoscale size of the wircs allows gas

detection of extremely low concentrations down to parts-per-billion (ppb).

(b) Large scale production and higher integration

Compared to nanowirc sensors made from other materials, silicon nanowire sensors are much more
attractive in terms of fabrication and integration. Existing complementary metal-oxide—semiconductor
(CMOR) fabrication techniques widely used in the industry make mass production of silicon nanowires
possible. In addition, nanowires can be integrated with many other functional parts such as devices for
signal processing, power supplies and wireless communication devices in a single chip using standard

CMOS technology.

(c) Label-free, real-time detection and room temperature operation

Typically nanowire gas sensors do not require labeling as nanowires are usually used as electrical signal
transducers. This enables real-time signal readout without expensive and complicated labeling as in many

other biosensors. Another great advantage of silicon nanowire sensors is that they can operate at a low

13



temperature. The temperature of operation is one of the most important parameters for gas sensors. Many
thin film metal oxide gas sensors have an elevated operating temperature, even hundreds of degree
Celsius [42-44]. Since small amounts of analyte gas can result in measurable electrical or optical signals
inside silicon nanowires, silicon nanowire-based gas sensors can be operated at room temperature, which

makes them more practical for use in different environments.

(d) Low power consumption and low weight

The dimensions of nanowire-based gas sensors make them extremely power saving. The power needed in
an integrated nanowire gas sensor generally involves just electrical (or optical) measurements and signal
processing. A single ZnO nanowire gas sensor can operate at extremely low power levels of ~15-30 uW

[45].

With all the advantages given above, silicon nanowire based gas sensors have attracted much attention in
the past decades. The semiconducting properties of silicon nanowires make it easy to modulate their
electrical properties, which provides a direct sensing readout. In addition, nanowire gas sensors made
from silicon can be integrated with CMOS technology, which makes them extremely attractive in terms of
manufacturing and applications. Field effect transistors (FETSs) are the most common category of
nanowire gas sensors. Silicon nanowires are excellent building blocks for field effect transistors (FETs),
which exhibit significant conductivity changes when exposed to analyte gases [46]. Silicon nanowire field

effect gas sensors will be discussed in more details in section 1.3.

1.2  Fabrication techniques for silicon nanowires
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There are numerous SiNW fabrication methods, which are commonly classified into two categories:

bottom-up and top-down methods.

The bottom-up method assembles individual atom and molecule to build up a variety of nanostructures.
There are a number of bottom-up methods for silicon nanowire fabrication, which include vapor-liquid-
solid (VLS) growth, chemical vapor deposition (CVD), etc. Among these approaches, VLS is the most
commonly used method for fabrication of silicon nanowires . The VLS approach was first explored by
Wagner et al. for crystal growth of silicon whiskers [47]. A schematic of the VLS growth process is show
in Figure 1.1. As Figure 1.1 shows, the metal catalyst absorbs the vapor and forms liquid alloy, which
becomes supersaturated. This supersaturation drives the precipitation of the crystal. Because vapor
(rcaction gases), liquid (catalyst alloy) and solid (precipitated nanowires) phases are involved during this
process, it is known as the VLS method. This VLS mechanism was firstly used to grow various types of
micro-scale whiskers. Then it was employed to grow 1D nanowire structures from the 1900s by a number

of groups and was then widely accepted as a key method for the growth of semiconductor nanowires.

VAPOR

\l/

SILICON
VAPOR CRYSTAL

\1/ Au-Si LIQUID
ALLOY

4D

SILICON SUBSTRATE

Figure 1.1 Schematic illustration of growth of a silicon crystal using the vapor-liquid-solid (VLS)
approach [47].
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In a typical VLS silicon nanowire growth process, Au is used as the metal catalyst while SiHy is used as
the gaseous precursor. The SiHy is decomposed and incorporated at the Au surface, forming an Au-Si
eutectic alloy. The silicon nanowire grows from this alloy due to the supersaturation and nucleation of
crystal silicon. As the dominant fabrication technique for silicon nanowires, VLS method has several
advantages. First, it can be used to generate nanowires on any type of surface, such as silicon or silicon-
on-insulator (SOT) wafers, making it very attractive for various applications. Another advantage is that the
VLS method can be used to grow nanowires with dimensions ranging from sub-nanometers to hundreds
of nanometers {48, 49]. However, there are also distinct disadvantages of the VLS growth method. First,
the VLS process takes place at a high temperature (typically a few hundred degrees Celsius). Second, the
unintended metal contamination from the catalyst in silicon nanowires is often difficult to avoid. In
addition, the growth direction of epitaxial silicon nanowires is diameter-dependent. For silicon nanowires
grown expitaxially on (100) silicon by the VLS method, the growth direction is <111> for a diameter
small than 20 nm and <110> for a larger diameter [50]. Therefore VLS method cannot be used to grow
silicon nanowires normal to the (100) silicon substrate. Similarly, the epitaxial growth of silicon
nanowires normal to (110) substrates has not been accomplished without the use of templates [S1]. This
growth direction limitation hinders the applications of VLS method in fabricating nanowires for

functional devices.

Compared to bottom-up approaches, top-down approaches are more standard techniques for
semiconductor manufacturing. Typical top-down approaches involve deposition, patterning and etching
processes to reduce the lateral dimensions to the nanoscale. Common top-down approaches include the
use of electron-beam lithography (EBL), nanoimprint lithography, scanning probe lithography,
interference lithography and focused-ion-beam (FIB) lithography, etc. Nanoscale patterns are created by

the use of photons, electrons or ions and then the bulk material is etched away with patterned masks by
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cither wet or dry etching. The key advantage of top-down approaches is that it is easy to fabricate large
scale well-ordered arrays of nanowires with high uniformity. In addition, the top-down approach is
lithography based so it is compatible with standard IC manufacturing technology. The shortcomings of

top-down approaches include low throughput and difficulty in achieving small sizes.

1.3  Introduction to silicon nanowire field effect gas sensor

1.3.1 Mechanism of silicon nanowire field effect gas sensor

The sensing mechanism of silicon nanowire field effect gas sensors is shown in Figure 1.2.

Reducing gas molecules !
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Figure 1.2 Schematic of the sensing mechanism of a SINW p-type field effect gas sensor. The black
dots represent the majority hole carriers inside the p-type silicon nanowire. The yellow squares represent
metal electrodes connected to the two ends of nanowires. The red and green dots represent reducing and

oxidizing gases, respectively.

The basic idea is that a silicon nanowire can be configured as a Field Effect Transistor (FET) so that its
resistivity can be modulated by the surface charge associated with the gas adsorption and desorption

processes. SINWSs serve as the conductive channel for carriers and the two ends of the SINWSs are
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connected to source and drain contacts. Then the electrical field induced by the gas adsorption and
desorption processes occurring at the SiINW surfaces act as the gate. The principle of gas sensing by
SiNWs is believed to be the result of electron transfer between SINWs and the target gas, with
accumulation or depletion of carriers inside SINWs [52, 53]. For a p-type doped SINW as shown in
Figure 1.2, when reducing gas molecules (H,, NH;, etc.) are absorbed on the SINW surface, the electron
donating properties of those gas molecules deplete the majority hole carriers (h”) in the SiNW, leading to
an increase of the SINW resistivity. In contrast, when oxidizing gas molecules such as O,, NO, are
absorbed on the SINW surfaces, their electron withdrawing property causes accumulation of the hole
carriers inside the SINW, leading to a decrease of the SINW resistivity. Although this general sensing
principle is commonly accepted, details about how the gas molecules communicate with the SINWs with
the existence of the silicon dioxide (Si0,) layer at room temperature remains to be investigated. Joshi and
Kumar proposed that the sensing phenomenon of SINWs may occur via the passivation of dangling bonds
or incomplete covalent bonds, or the available fast surface states at the Si/ SiO, surface by the target gases
[54]. In their proposed sensing mechanism, the target gas molecules can donate or withdraw electrons due

to the very high reactivity of the incomplete bonds or surface states at the silicon dioxide surface.

The conductivity of a SINW is

neunD?
4L

G = (1.1)

where n is the initial carrier concentration, y is the mobility of the electrons, D and L are the diameter and
length of the nanowire channel, respectively. When analyte gases are absorbed onto the SINW surface,

the induced change of conductivity is [35, 55]:

__ AneunD?
4L

AG (12)
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where 4n is the average carrier concentration inside the wire. This cquation means the gas sensing process
changes the carrier concentration. The modifications of the electrical transport by absorbed gases can be
qualitatively explained by a nonequilibrium Green’s function [56, 57]. In this way, by monitoring the

resistance change of the SINW arrays, the concentration of specific gas molecules can be detected.

1.3.2  Effects of device parameters on silicon nanowire field effect gas sensor performance

The performance of a sensor is characterized in terms of its sensitivity, speed, selectivity and stability,
which are known as “4s”. Sensitivity corresponds to the relative property changes in sensors. In the case
of field effect sensors specifically, sensitivity means the change of conductivity. Speed is the
characterization of the time nceded by the sensor to produce a reliable signal during the sensing process.
Selectivity corresponds to the ability to distinguish particular target analytes among other molecules.

Stability is the ability to produce a stable signal for a considerable period of working time.

For silicon nanowire gas sensors, sensitivity and sensing speed are the two most critical characteristics.
While selectivity and stability are also important, they are more determined by the functionalization of
sensor devices, such as the surface treatment. The sensing speed of a silicon nanowire field effect sensor
depends on the configuration of the sensor device, the gas adsorption and desorption path, surface
modifications and so on. As the most important characteristic, the sensitivity of the sensor is strongly
affected by the device parameters apart from the surface modifications, including the nanowire diameter,

length, density, doping level and sensor configurations.

The sensitivity of a silicon nanowire sensor is defined as the relative conductance change:

S==. (1.3)
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A simple approximation can be made to evaluate the effects of device parameters on sensitivity [58]. As
illustrated in Figure 1.2, exposure to analyte gas molecules leads to carrier accumulation or depletion in
the silicon nanowires. Assume that the surface charge density o induced by the carrier accumulation or

depletion is constant, the amount of charge induced per unit length is given by

AQ = ToD. (1.4)

The change in conductance is then given by

AG =T2E2, (1.3)
So the sensitivity is
4
S= eD—an . (1.6)

Equation (1.6) suggests that silicon nanowires with small diameters and low doping levels will exhibit
higher sensitivity. This conclusion drawn from the approximation is a useful guide for silicon nanowire

field effect sensor design.

More explicit theoretical models can be built to quantitatively evaluate the sensitivity of silicon nanowire
field effect sensors. Nair and Alam modeled planar silicon nanowire biosensors in fluid environments and
evaluated the sensitivity as a function of nanowire diameter, length and doping level [58]. The simulation

result is shown in Figure 1.3.
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Figure 1.3 (a) Schematic of a planar silicon nanowire biosensor. (b) Schematic of three regions of the
system: cylindrical silicon nanowire, insulating oxide layer and electrolyte. (c) Sensitivity of silicon

nanowire (p-type) as a function of nanowire diameter, length and doping densities [58].

Note here that L,, represents the length affected by a single target biomolecule attachment, not the
nanowire length. Figure 1.3 (¢) shows that the sensitivity increases with smaller nanowire diameter and
lower doping density, which is consistent with the approximation results in Equation (1.6).

1.3.3 Configurations of silicon nanowire field effect sensors

Based on the sensing mechanism described in section 1.2.1, several strategies have been developed for the

fabrication of silicon nanowire FET gas sensors. The configurations can be classified into two major

categories: planar and vertical.

(a) Planar silicon nanowire FET sensor

Most of the silicon nanowire FET sensors developed have planar configurations. A schematic of this

configuration is shown in Figure 1.4 (a).
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Figure 1.4 Planer silicon nanowire FET sensor: (a) schematic of planar silicon nanowire FET sensor

fabrication; (b) SEM image of two silicon nanowire FETs [59].

In the planar configuration, silicon nanowires lie horizontally on a substrate with their two ends connected
to metal electrodes. Typical fabrication processes for planar sensors involve lithographical patterning of
contact pads on a silicon substrate, silicon nanowire growth and deposition on the substrate,
photolithography writing of source and drain electrodes. A part of a fabricated sensor array is shown in
Figure 1.4 (b) where an individual silicon nanowire crosses the source and drain electrodes. The major
drawback of this planar configuration is the alignment of the silicon nanowires and electrodes. The silicon
nanowires are usually removed from the substrate where they are generated by a sonication process.
Subsequently, they are deposited onto another substrate with electrodes. A major challenge of this
configuration is the alignment of silicon nanowires and electrodes. When the silicon nanowires are
deposited onto the substrate, the random orientation of the silicon nanowires makes it difficult to connect

nanowires to electrodes efficiently. Although various techniques have been used to align the nanowires,
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such as assembly by electrostatic interaction [60] and dip-coating [61], it remains challenging to align the

nanowires well so that each individual nanowire can be connected to the metal electrodes.

(b) Vertical silicon nanowire FET sensor

Compared to the planar configuration, vertically aligned silicon nanowire sensors are preferred for

sensing applications for the following reasons:
o The surface area of the nanowires exposed to the analyte is increased

In this concept, instead of arranging the nanowires flat on the substrate the nanowires are oriented normal
to the substrate surface, like tiny columns. In this way almost all the surface area of the nanowires is

exposed to the environment for sensing.
e Much denser nanowire arrays can be made to maximize the sensing area per device

In the planar case, a typical nanowire density on the substrate is approximately 1-2 NWs/100um?® [59]
while the density of vertically aligned nanowires is | NW/p” um?, where p is the period of the nanowire
array. For p=300 nm, the density is | NW/0.09 um?, which is about three orders of magnitude higher than
the planar case. Therefore the total sensing area per unit area of substrate is maximized in the vertical
configuration. This can be further increased without adding additional footprint by fabricating longer

nanowires.

For these reasons, a vertical array of highly ordered nanowires is suited for sensing applications. However,
the main challenge in fabricating sensors based on large arrays of vertically aligned nanowires is the
construction of the electrical contact at the top of nanowire arrays. Direct deposition of metal onto the

nanowire array will connect the two ends of a nanowire and cause a short-circuit.
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To address this problem, a number of approaches have been tried over the past decade. The most
commonly used approach involves metal deposition on partially exposed nanowire tips embedded in a
polymeric sacrificial layer [62, 63]. The sacrificial matrix prevents the metal from reaching the lower part
of the nanowires and the substrate. However, this approach has limitations such as the nonuniformity of
the polymer coating, nanowire surface contamination, etc. In this research, a novel tilted electron beam
evaporation method was employed to make reliable top contacts, which overcomes this issue in the

vertical nanowire sensor fabrication.
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Chapter 2  Silicon Nanowire Fabrication by Metal Assisted Chemical
Etching (MACE)

2.1 Introduction to MACE

Among all the fabrication approaches for silicon nanowires, including the top down and bottom up
methods introduced in scction 1.3, metal assisted chemical etching (MACE) stands out and it has attracted

great attention in the last decade.

MACE was first reported in stain etching of porous Si covered with aluminum in an etching solution
composed of HF, HNO; and H,0 in 1997 [64]. It was found that the incubation time was significantly
reduced due to the presence of the aluminum metal film on top of the Si substrate. Dimova-Malinovska
later demonstrated that the decreased incubation time was a consequence of the catalytic feature of the
aluminum film that boosted the reduction of HNOj3 [65]. The mechanism of MACE was further
investigated and explained by Li and Bohn et al. by ctching a Si substrate with a thin layer of noble metal
sputtered on it in an etching solution of HF, H,O, and EtOH [66]. A reaction scheme was proposed that is

described by the following reaction equations:
Cathode: H,0, + 2H™ — 2H,0 + 2h”

2H +2¢ — H, (g)

Anode: Si+ 4h" + 4HF — SiF, +4H"
SiF, + 2HF — H,SiF;
Overall: Si+ H,O, + 6HF — 2H,0 + stlFﬁ +H, (g)
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Since then, several models have been proposed to quantitatively explain the reactions involved in MACE.
A more commonly accepted model was proposed by Chartier et al. that the amount of hydrogen generated
is a function of the ratio of H,O, to HF in the etching solution [67]. The proposed anode and overall

reactions are:

Anode: Si+ 6HF + nh™ — SiF, +nH" + ”"T“ H, 1

Overall: Si + 2 H,0, + 6HF — nH,0 + H,SiF, + -“;—" H, ()

In general, a schematic of the use of the MACE process to make nanowires is shown in Figure 2.1:

Figure 2.1 Schematic of metal assisted chemical etching (MACE). The yellow part represents the noble

metal film deposited on the silicon substrate.

A silicon substrate is partially covered by a film of noble metal (e.g. Au, Pt, Ag) and it is put in an etchant
solution composed of HF and an oxidant (e.g. H,O,, HNO;). The noble metal acts as a cathode to catalyze

the reduction of the oxidant, producing a lot of holes. These holes are then injected into the valence band
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of the silicon substrate due to a higher electrochemical potential of oxidants. These injected holes oxidize
the silicon which is immediately etched away by HF in the solution. Therefore the silicon area with noble
metal on top of it is etched much faster than the silicon without noble metal coverage. This different etch

rate results in the sinking of the noble metal, leaving behind a highly ordered array of nanowire structures.

The processes involved in MACE are suggested by Huang and Gésele et al. shown in Figure 2.2:
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Figure 2.2 Scheme of processes involved in metal-assisted chemical etching [51].
Process 1: The oxidant in the solution is preferentially reduced with the existence of noble metal as
catalysts, generating holes;
Process 2: The generated holes diffuse through the noble metal and reach the metal-silicon interface:

Process 3: The Si underneath the noble metal is oxidized by the injected holes and then immediately

etched away by the HF, forming H,SiF; ;

Process 4: There is high concentration of holes at the metal-silicon interface. As a result, the silicon in

contact with the noble metal is etched much faster than the silicon without noble metal coverage;

Process 5: When the ratio of oxidant to HF is large, the generation rate of holes is greater than the rate of

consumption of holes. Therefore there are net holes diffusing from the metal-silicon interface to the
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silicon where there is no metal on it. The result of this net hole diffusion is that silicon left behind might

be porous due to the hole injection.

Compared to other silicon nanowire fabrication methods, MACE is gaining increasing interest for many

reasons, including the following:

e MACE is a simple and economical method for controllable fabrication of Si nanowires. The etching
solution is composed of commonly used chemicals and the whole etching process is conducted at
room temperature in a chemical lab without use of any expensive facilities. In contrast, many other
fabrication methods, such as VLS growth or dry etching require complicated facilities such as a
Chemical Vapor Deposition (CVD) system or a plasma etcher.

¢ MACE enables good control of nanowire diameter, length, crystalline orientation and doping. The
geometry of the fabricated Si nanowires can be well controlled during the fabrication process. Since
the cross-section of the resulting Si nanowires is determined by the noble film, it can be precisely
controlled by various metal film patterning techniques, which will be discussed in detail later. The
height of the Si nanowires can be controlled by the etching time.

e As for material characteristics of the Si nanowires, such as crystalline orientation and doping
concentration, they are essentially the same as the Si substrate. However, in VLS growth method, the
crystalline orientation of silicon nanowires is dependent on the nanowire diameter [50].

e  MACE enables fabrication of silicon nanowires normal to the substrate. As previously discussed, the
growth direction of silicon nanowires epitxially grown on (100) substrate by VLS method is not
normal to the substrate. In contrast, the etching direction of (100) silicon substrate is <100> using
MACE. It has also been demonstrated that epitaxial [110] silicon nanowires can be fabricated on (110)

substrate using MACE by suppressing the crystallographically preffered <100> etching direction [68].
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e The quality of the lightly doped Si nanowires fabricated by MACE is very high. MACE can be used
to produce anisotropic high-aspect-ratio lightly doped Si nanowires without incurring lattice damagc.
In comparison, dry etching methods such as Deep Reactive Ion Etching (DRIE) leads to scalloped

and sloped surfaces and also induces defects to the etched Si nanowire surfaces [69].

2.2  Metal film patterning techniques for MACE

As described in section 2.1, the cross-section of the etched Si nanowires is a replica of the shape of the
holes in noble metal films on the Si substrate. Therefore, in order to control the shape, diameter,
periodicity or density of the fabricated Si nanowires, metal film patterning techniques are used in
combination with MACE to fabricate high-aspect-ratio Si nanowires. Several approaches have been
developed for this template-based MACE, including a nanosphere lithography method [70, 71], a block
copolymer lithography method [72], an AAO mask method [73], an interference lithography method [74].
Among these metal film patterning techniques, nanosphere lithography and interference lithography
methods were investigated and used for fabricating Si nanowires in this thesis research, as presented in

the following sections.

2.2.1 Nanosphere lithography

Nanosphere lithography starts from self-assembly of a monolayer of nanospheres made from polystyrene
or silica, followed by a reactive ion etching (RIE) process to reduce the size of the nanosphcres. After the
RIE process, the nanospheres shrink and become the mask for subsequent noble metal (gold or silver)
film deposition and lift-off. The as-deposited metal film works as the catalytic mask for the MACE

process. The scheme of this method is depicted in Figure 2.3.
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Figure 2.3 Scheme of nanosphere lithography in combination with MACE [70].

Therefore, the period and diameter are determined by the initial diameter of the nanospheres and the

remaining size of the nanospheres after reactive ion etching.

The detailed procedure for the nanosphere lithography method used in this thesis research is outlined

below:

T A Si substrate was cleaned in a piranha solution composed of H,SO4 : H,O, = 3:1 for 15 minutes to
grow a thin layer of silicon dioxide. The purpose of this step is to make the Si surface hydrophilic for
subsequent nanosphere coating.

II. A dip coating method was used to coat a monolayer of polystyrene spheres using a dip coater built by

Shih-wei Chang for her PhD thesis research [75].
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Figure 2.4 Dip coating process. The device used is a custom-built dip coater.

A polystyrene colloidal solution (Fisher Scientific, 10 wt%, sphere size 500 nm) was diluted in deionized
(DI) water to 1.2 wt%. The piranha cleaned Si substrate was then clipped by a sample holder and inserted
into the diluted polystyrene colloidal solution. The sample was pulled up with the stage actuated by a
piezoelectric motor at a withdrawal rate of 1 pm/s, leaving a monolayer of polystyrene spheres on the Si
substrate surface. A closely packed polystyrene nanosphere monolayer can be seen in the scanning

electron microscope (SEM) micrographs in Figure 2.5.
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Figure 2.5 SEM image of polystyrene nanosphere monolayer assembled using dip coating.

III. A dry etching process was needed to reduce the diameter of the nanospheres. For polystyrene, oxygen
reactive ion etching (RIE) was used. The pressure and power of oxygen plasma used was 10 mTorr
and 40W, respectively. The remaining diameter of the PS nanospheres with respect to time is plotted

in Figure 2.6. The etch rate was approximately 40 nm/min.
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Figure 2.6 Polystyrene nanosphere diameter as a function of RIE time for the RIE condition: 10 mTorr
and 40W.
After dry etching of the nanospheres, a 15 nm thick Au film was deposited on the sample using an
electron beam evaporator. A lift-off process was performed by sonicating the sample in toluene for 3
min, forming a porous Au mesh on the Si substrate. SEM images before and after the lift-off process

are shown in Figure 2.7.

Figure 2.7 SEM images of (a) polystyrene spheres after Au deposition; (b) Au mesh after lift-off.
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The samples were then put in an etching solution composed of HF, H,0, and H,O (6:1:36) at room
temperature. The height of the etched Si nanowires was a function of the etch time, which will be
described in later sections. For an etch time of 6 minutes, the resulting height was approximately 570

nm.

Figure 2.8 SEM image showing silicon nanowires after 6 min wet etching. The silicon nanowire height

is about 570 nm.

2.2.2 Interference lithography

Compared with nanosphere lithography, interference lithography allows better control of the diameter,

period, and ordering of Si nanowires. The basic process flow is shown in Figure 2.9.
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Figure 2.9 Process flow for interference lithography and MACE.

The detailed procedure for use of the interference lithography method is listed below:

The interference lithography process starts from making a trilayer stack on <100> lightly doped p-
type Si wafers. First, a 220 nm thick BarLi anti-reflection coating (ARC) is spin-coated on the Si
substrate with a spin speed of 4600 RPM for 60s. The sample is then baked at 175°C for 90 seconds.
Then a 20 nm thick SiO, interlayer is deposited by clectron beam evaporation as the second layer.
The purpose of this interlayer is to facilitate pattern transfer from photoresist to the ARC layer so that
good sidewalls can be obtained in subsequent metal film deposition and lift-off processes. The top
layer is coated by spin coating of 200 nm photoresist PFI-88 (Sumitomo Chemical Co.) with a spin

speed of 3750 RPM for 60s, followed by a pre-exposure bake at 90°C for 90s.
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II.  The trilayer stack on the Si wafer is then exposed with a HeCd laser (A = 325 nm) using a Lloyd’s
mirror. By performing two perpendicular laser exposures, periodic post patterns are recorded in the
photoresist PFI-88 due to the standing wave properties in the Lloyd’s mirror setup. The period and

diameter of the post arrays are determined by the half angle between the mirror and substrate in the

Lloyd’s mirror setup and the exposure dose, respectively. The period is described by the following

2.1)

equation:
_ 4

P= 3
2siné@

Where & = 325 nm in our case, 8 is the half angle at which the incident light and the reflected light meet.

For a post array with P = 325 nm and diameter 200 nm, 6 = 23°58’ and the exposure time is 3min 22s

for a laser power of 0.17 pW.

After exposure, the sample is immersed in CD-26 developer (Shipley Micropost ®) for 60 s to

II1.
remove the unexposed PFI-88 photoresist, so the post array pattern is formed in the top PFI-88 layer

after development as shown in Figure 2.10.
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Figure 2.10 SEM image of an ARC pillar array after RIE. The period of the ARC pillar array is 400 nm

and the diameter of the pillars is about 125 nm.
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A reactive ion etching (RIE) process is performed to transfer the post array pattern to the underlying
ARC layer. First, a CF4 plasma (of power 150 W, pressure 10 mTorr) is used to etch the SiO,
interlayer away for 2 minutes with the top photoresist functioning as an etch mask. Subsequently, a
He and O, plasma (of power 300 W, pressure 10 mTorr) are used to etch the ARC layer for 1 minute.
The remaining PFI-88 is also stripped by the oxygen plasma. After this RIE process, an ARC post

array is obtained on the Si substrate.

A gold layer of 15 nm thickness is deposited onto the sample using electron beam evaporation. The
lift-off process is performed by soaking and sonicating the samples in N-Methyl-2-pyrrolidone (NMP)
at 85°C for 5 min and 2 min, respectively. The samples are then etched in a solution of HF, H,0, and
H>O (6:1:36) at room temperature. The fabricated Si nanowires in the SEM micrograph in Figure

2.11 are the result of 20 minutes’ etching. After etching, the Au film can be removed by immersing

the sample in Au etchant for 10 s.

®XZ0000

Figure 2.11 Si nanowire array fabricated using interference lithography; period=420 nm, diameter=200

nm and height=2.2 pm.
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2.3  Fabrication of wires-in-trench structures using MACE

As shown in section 2.2, metal assisted chemical etching in combination with nanosphere lithography or
interference lithography enables fabrication of an ordered array of Si nanowires. Comparing these two

methods, nanosphere lithography provides much less control of the geometry of the Si nanowire arrays.

First, the period of the Si nanowire array is determined only by the initial diameter of the polystyrene
spheres, which cannot be changed once the colloidal solution is purchased. Second, the diameter of the
fabricated nanowires is determined by the RIE process, which serves the purpose of reducing the
nanosphere diameters. As the diameter of the polystyrene spheres shrinks to less than 250 nm, the
periphery of the spheres becomes rough (as shown in the inset of Figure 2.6), making the cross section of

the resulting Si nanowires not circular.

Another important aspect is the ability to fabricate Si nanowire arrays in well patterned positions. This is
critical since the structure of Si nanowirces in patterned trenches must be controlled for array-type devices,

such as chemical sensors.

A process for making a wires-in-trench structure has been developed in the research group using

interference lithography with MACE. The process flow is shown in Figure 2.12.
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Figure 2.12 Process flow for fabricating a wires-in-trench structure using interference lithography and
MACE.

The first several steps for making ARC post arrays is the same as described in section 2.2.2. After an

ARC nanopillar array is obtained (Figure 12 (c)), photolithograph is employed to pattern the trench area.

The detailed procedure is listed below.

I1.

111

Iv.

Bake the ARC pillar array sample at 150°C for 5 minutes for dehydration;

Spin coat a negative photoresist NR9-3000 PY (Futurrex, Inc.) at a spin speed of 700 RPM for 5s
and then raise to 3000 RPM for 55s. Perform a pre-exposure bake at 150°C for 1 minute.

Expose the sample through a mask with square patterns (5 mm x 5 mm) in a mask aligner MA4.
The exposure time was 15 s for a UV light power of 9-10 mW/cm”.

Perform a post-exposure bake (hard bake) at 100°C for 1 minute.

Immerse the sample in developer RD6 (Futurrex, Inc.) for 20 s and dry with a nitrogen gun.
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After exposure and development, we obtained an ARC nanopillar array with patterned photoresist NR9-
PY3000 on top of the ARC pillars (Figure 12 (d)). Subsequently, a 15 nm Au film was deposited on the
sample using electron beam evaporation. The subsequent lift-off and etching processes were the same as
described in section 2.2.2. Note that after lift-off, a patterned Au mesh was obtained in a position defined
by the mask during the photolithography step (Figure 12(e)). After the wet etch step, a Si nanowire array
was fabricated in the defined trench area. SEM images of fabricated wires-in-trench structures are shown

in Figure 2.13.

}'l‘iUUD

Figure 2.13 Scanning electron microscopy (SEM) images showing (a) fabricated Si nanowires with
period 410 nm, diameter 300 nm and height 5.25 pm; (b) wires in patterned trench.

As we can see from Figure 2.13, Si nanowires with aspect ratios of 18 were fabricated in a patterned
trench area. With this capability, array-based devices can be made with a single silicon substrate, such as

multiple trenches with Si nanowires inside.
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Chapter 3 Silicon Nanowire FET Design and Fabrication

3.1 Design overview

The mechanism of silicon nanowire FET sensors is that Si nanowires can be configured as FETs so that
the resistivity of the nanowires can be modulated by the charge induced by target analytes at the Si
nanowire surfaces. In this way, the amount (or concentration) of the target analytes (gases, ions,

biomolecules, etc.) can be detected by monitoring the resistivity change of the Si nanowires.

Based on Equation (1.6) in section 1.3.2, silicon nanowires need to be thin and lightly doped in order to
obtain maximum sensitivity. In addition, to better extract signal (resistivity change) from a measurement

and increase the signal-to-noise ratio, there are scveral design considerations:

¢ The silicon nanowire needs to be lightly doped;
e Serial resistance from the substrate has to be minimized;
¢ Contact resistance between the Si nanowires and metal electrodes has to be minimized. That is to

say, the contacts between Si nanowires and metal electrodes should be Ohmic.

3.2  Structure design

For vertically aligned Si nanowire arrays, metal electrodes must be connected to the two ends of the Si
nanowires so that the resistance of the Si nanowires can be measured electrically. A metal electrode must
be in full contact with the Si nanowire tips while the two electrodes cannot be in contact, which would
cause a short circuit. To meet these requirements, there are two designs proposed here: top-top and top-

bottom contact structures, as shown in Figure 3.1.
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Figure 3.1 Two electrical contact schemes for vertically aligned Si nanowire FET sensors: (a) top-top

contact; (b) top-bottom contact. The red lines represent the current flow paths.

The measured resistance in the closed circuit is the total resistance
Riotal = Ryw + Rsup + Reg + Rez s (3.1)

where Ryy and Ry, are the resistances of the Si nanowires and substrate, and R, and R, are the
contact resistances between the Si nanowires and metal electrodes. To maximize the signal to noise
ratio, Rgyp, Ry and R, must be minimized. For the two structure designs, resistance simulations were

conducted using COMSOL Multiphysics.

Assume a 3 cm x 2 cm Si substrate with resistivity pyy = 10 - cm (lightly doped) is used, and the
period, diameter and height of the SINW array are 400 nm, 200 nm and 5 pm, respectively. Assume the
area of the Si nanowire array in contact with the top metal electrode is 0.4 cm x 0.4 cm. The resistance of

the Si nanowire array is

3 um
(100 nm)?
(400 nm)

Ryw = pyw= =100 cm =0.01 pyw- (3.2)

0.16 cm2x

where pnw is the resistivity of the Si nanowires. For these conditions, R, in the two structure designs

was calculated below. For the top-top contact structure, two shapes of metal contact pads are considered
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here: square pads and ring pads. Assume that Ni is used as the contact material in the following

simulations with resistivity p = 6.99 x 1078Q - m.

For the square pads, it is assumed that the area of the two Ni pads is 0.4 ¢cm x 0.4 cm, separated by a
distance of d = 0.2 cm (Figure 3.2 (a)). Note here that the distance can be smaller but we can still
estimate Rg,,;, for smaller distances since Ry, changes approximately linearly with the pad distance.
When one pad is grounded (E=0 V), the electrical potential of another pad is swept from -1 V to 1 V. The
electrical potential distribution for bias=1V is plotted in Figure 3.2 (b). The corresponding simulated /-V

curve is shown in Figure 3.3.
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Figure 3.2 Simulation of a square top-top contact structure in COMSOL: (a) Two square top contact
pads on the Si substrate; (b) Electrical potential distribution in a square top-top structure with a bias

potential of 1 V.
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Figure 3.3 [-V curve of a square top-top contact structure shown in Figure 3.2 based on a COMSOL

simulation.

It can be calculated from the I-¥ curve that
RSub =—=—=69930Q. (33)

This simulated result can also be tested by an analytical estimation based on Ohm’s law.

0.2cm
0.4 cm X 500 um

Rewp = p7 =10 02.cm =100 Q. (3.4)

Here we assume that the current density inside the Si substrate is uniformly distributed inside the wafer

thickness (500 pm). The simulated and analytical results are close.

Another contact design for the top-top structure is a circle and a ring pads. Assume a circle and a ring

pads are used as the two top contact pads, as shown in Figure 3.4.
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Figure 3.4 Simulation of a ring top-top contact structure in COMSOL.: (a) one circular and one ring top
contact pads on the Si substrate; (b) Electrical potential distribution in a ring top-top structure with a bias

potential of 1V.

The corresponding simulated /-V curve or this ring contacts is shown in Figure 3.5.

Current [A]

28 6 04 02 0 e.2 04 0e o8
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Figure 3.5 [-V curve of a ring top-top contact structure of Figure 3.4 based on a COMSOL simulation.

Similarly, it can be calculated from the -V curve in Figure 3.5 that

u_ 1v
R S S ™ 30.58Q. (3.3)
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This simulated result can also be compared with an analytical estimation based on Ohm’s law.

0.2cm
m X 0.4 cm X 500 um

Rsup = p= =100.cm =31.83 0. (3.6)

Here we also assume that the current density inside the Si substrate is uniformly distributed inside the

wafer thickness (500 pm). The simulation and analytical results matches well.

For the top-bottom contact structure, there is only one contact pad on the substrate and the backside of the
Si wafer is contacted with a deposited bottom metal electrode. In the COMSOL simulation, the bottom
contact is grounded and the bias of the top contact is swept from -1V to 1'V. The corresponding simulated

[-V curve between the top and bottom electrodes is shown in Figure 3.7.

Figure 3.6 Simulation of top-bottom contact structure in COMSOL: (a) scheme of one top contact pad
with a back contact to the Si wafer; (b) Electrical potential distribution in the top-bottom structure when

the bias potential of the top contact is 1V.
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Figure 3.7 [-V curve of the top-bottom contact structure between top and bottom contacts in COMSOL

simulation.

Note that the current is negative for a positive bias due to the definition of the sign of current in

COMSOL. The simulated resistance of the Si substrate is

U 1v
Rsup =7 = Gataea = 24100 (3.7

This result can also be compared with a simple analytical estimation. Assuming the current which flows
from the top contact through the Si substrate is confined to a cross-section equal to the top contact pad

(0.4 cm x 0.4 cm), the substrate resistance is

Rsup = p3=100.cm— 2" — =3130, (3.8)

04cmXx0.4cm

Comparing this analytical value to the simulated result, it can be found that the simulation result is

reasonable.

The results of the simulations and analytical estimations are summarized in Table 3.1:

47



Analytical Substrate Simulated Substrate
Contact Structure
Resistance [€2] Resistance [Q]
Square 100 69.93
Top-Top
Ring 31.83 30.58
Top-Bottom 3.13 2.41

Table 3.1 Summary of analytical and simulated substrate resistances for top-top and top-bottom contact

structures (assuming the Si wafer resistivity p=10 Q.cm).

As shown in Table 3.1, the substrate resistance in the top-bottom contact structure is much smaller than
that in the top-top contact structure by about one order of magnitude. However, the current pad-to-pad
distance in this analysis is 2 mm. Techniques such as photolithography can reduce this distance to the
micro scale to achieve comparable or even smaller substrate resistance than the top-bottom contact
structure. This is because the substrate resistance is approximately inversely proportional to the pad-to-
pad distance according to Ohm’s law. For example, if the gap in the ring contact structure is reduced from
2 mm to 1 um, the corresponding substrate resistance will be about 0.015 €, which is much smaller than
that in the top-bottom structure. This result is very meaningful as a top-top contact structure is desired

for integration with other devices.

We have calculated that Ryyw = 0.01pnw, where pyw is the resistivity of the Si nanowires. If pyw is the
same as the substrate resistivity pyy = 10Q - cm, then Ryw = 0.1 Q « 2.412 Q. Therefore, in order to
maximize the ratio of Si nanowire resistance to substrate resistance, the resistivity of the SINW should be
much larger than that of the substrate. To solve this problem, an epitaxial Si wafer was used in the process.
The parameters of the cpitaxial Si wafer (Silicon Valley Microelectronics, Inc.) used are listed in Table

3.2:
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Diameter 150 mm Resistivity 0.01-0.02 ohm-cm
Type/dopant P/Boron Thickness 510-540 pm
Orientation 100
Epitaxial Layer
Type/Dopant P/Boron Thickness 6.75-8.25 um
Resistivity 8.5-11.5 ohm-cm

Table 3.2 Parameters of the epitaxial silicon wafer used for sensor fabrication.

This epitaxial Si wafer was uscd in the fabrication of SINW arrays using interference lithography and
MACE. Because the height of the etched SINWs is about 5 pm which is less than the cpitaxial layer
thickness (6.75-8.25 pum), the fabricated SiNWs are in the layer. The remaining epitaxial layer underneath

the silicon nanowire arrays is about 3 pm in thickness.

To evaluate the substrate resistance, electrical simulation is also conducted using COMSOL. The
resistivity of the SINWs and the epitaxial layer are pyw = 10 ohm - cm and the substrate resistance is

Psub = 0.0lohm : cm, respectively.

For the top-top contact structure, both square and ring contacts (configuration shown in Figure 3.3 and
Figure 3.4) are simulated with the epitaxial wafer specified in Table 3.2. The corresponding /-V curve

between the two pads for square and ring contacts are shown in Figure 3.8 and Figure 3.9, respectively.
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Figure 3.8 /-V curve between square top and top contacts using epitaxial wafer in COMSOL simulation.
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Figure 3.9 -V curve between ring top and top contacts using epitaxial wafer in COMSOL simulation.
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It can be calculated from the /-V curves that the substrate resistance of the square and ring top-top contact

arc

u 'V
Square: Reup = Pl 6.53 (. (3.9
i u Vv
Ring;: Rsyp =7 = 0;8% ~ 2.00 Q. (3.10)

For the top-bottom contact structure shown in Figure 3.6, the I-V curve of the device using epitaxial

wafer is shown in Figure 3.10.

Current [A]

Bias voltage [V]

Figure 3.10 /-V curve of top-bottom contact structure using epitaxial wafer in COMSOL simulation.

Similarly, the substrate resistance between the top and bottom electrodes is

U 1v
Rsup =7 = 7=~ 0.062 Q. (.11)

To sum up, the substrate resistances of both top-top contact (square and ring shapes) and top-bottom

using uniformly lightly doped Si and epitaxial Si are listed in Table 3.3.
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Substrate resistance [€2]
Contact Structure
Lightly doped Si wafer Epitaxial Si wafer
Square 69.93 6.53
Top-Top
Ring 30.58 2.00
Top-Bottom 241 0.062

Table 3.3 Comparison of simulated substrate resistances of both top-top contact (square and ring shapes)

and top-bottom using uniformly lightly doped Si and epitaxial Si wafers.

Table 3.3 shows that by replacing the uniformly lightly doped Si wafer with a wafer which is heavily
doped with a thin lightly doped epitaxial layer on top, the substrate resistances for both top-top and top-
bottom contacts are significantly reduced by at Icast onc order of magnitude. The reason for much smaller
substrate resistance is that the major part of the substrate material is changed from lightly doped to

heavily doped.

Another conclusion drawn from the simulations is that if the pad-to-pad distance is on the order of a few
millimeters, the top-bottom contact design is preferred due to its much lower substrate resistance. That is
why the top-bottom contact design is used in this study. However, the pad-to-pad distance can be reduced
to the micro scale by lithographic or other patterning techniques. Then the top-top contact may have even
smaller substrate resistance compared to the top-bottom design, which opens the possibility of on-chip

sensing integrated with other electronic devices.

3.3 Ohmic contacts between silicon nanowire and electrodes

To measure the resistance of SINW arrays, electrodes need to be in contact with the SINWs. In order to
minimize the contact resistances, Ohmic contacts are desired for the fabrication of SINW field effect gas

SCNSOrs.

» Top contact material

52



The top contact is made with the SINWs, which are p-type and lightly doped. Gold and nickel were

chosen and tested for making Ohmic contact to silicon wafers with different doping type and doping level.

Au

The contact tests were done by depositing two contact pads on the Si wafer by electron beam evaporation

through a shadow mask, as shown in Figure 3.11.

(a) (b)

]

Metal
Shadow s o—— ——
mask
SR A o e e d

si
Schematic of metal deposition Contact measurement

Figure 3.11 Scheme of the contact material test: (a) scheme of metal deposition through a shadow mask;

(b) scheme of contact pads and measurement.

Two metal contact pads were deposited on the Si substrates with different doping level and dopant type. /-
V measurements were performed to test if the -V curves were linear. The measurement results for Au

with p-type and n-type lightly doped Si are shown in Figure 3.12:
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Figure 3.12 /-V measurement results for contacts between two Au pads on (a) p-type (b) n-type lightly
doped Si wafers.

The linear curve in Figure 3.12 (a) indicates that Au forms very good Ohmic contact with p-type lightly
doped Si. In comparison, the contact between Au and n-type lightly doped Si is a Schottky junction. The
difference can be explained by the Schottky barrier height between the semiconductor and metal, as

shown in Table 3.4.
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Semiconductor

Metal

Barrier height, Og* (V)

I I I
Au 0.78 0.80 -
n-CdS (vac-cleaved)
Cu 0.36 0.35
Au 0.68 0.66 0.68
n-CdS (chem-cleaved)
Cu 0.50 0.41 047
Au 0.90 0.95 -
n-GaAs (vac-cleaved)
Cu 0.82 0.87 -
Au 0.42 0.48 -
p-GaAs (vac-cleaved)
Pt - 0.48 -
Au - 0.45 -
n-Ge (vac-clcaved)
Al - 0.48 -
Au 0.78 0.80 0.79
n-Si (chem-treated)
A\ 0.65 0.65 0.67
p-Si (chem-treated) Au - - 0.25

II.

1, photoelectric measurement; 11, capacitance measurement; 111, measurement of /-V characteristic.

Table 3.4 Table of measured valucs of the Schottky barrier height between different types of

semiconductors and metals [76].

As shown in the table in Table 3.4, the barrier height between p-Si and Au is 0.25 eV, while the barrier
height between n-Si and Au is about 0.65 ¢V. The lower the barrier height is, the more linear the I-V
curve is. For a low barrier height like 0.25 eV, as in the p-Si/Au case, the /-V curve is almost linear and

the contact can be called “Ohmic”. Therefore, Au can be used to form Ohmic contacts with p-type lightly

doped Si.

Ni
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In addition to Au, nickel was tested as alternative top contact material as Ni is a much cheaper material.
The same contact test (Figure 3.11) was performed on Ni with p-type lightly doped Si. Note that for all

the Ni contact tests, the sample was dipped in diluted HF solution (1:50 in deionized water) for 15

seconds before electrical measurement to remove the nickel oxides. The measurement is shown in Figure

3.13.
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Figure 3.13 [-V measurement for contact between two Ni pads on p-type lightly doped Si.

The I-¥ curve in Figure 3.13 shows a typical Schottky junction. According to an online metal-

semiconductor barrier height calculator [77], the barrier height between Ni and p-type lightly doped Si is

about 0.45 eV, so it is expected that the -V curve is not linear.

In order to form an Ohmic contact between Ni and p-type lightly doped Si, nickel silicide can be formed

by rapid thermal annealing (RTA), which will greatly lower the barrier height. Among the various phases

of silicide, NiSi is the most commonly used. During the past decade, NiSi replaced TiSi,- and CoSi,-
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based metallization in VLSI ICs, owing to its lower annealing temperature and lower resistivity. The

different phases of nickel silicide during annealing are shown in Figure 3.14 [78]:

Figure 3.14 Formation of the different phases of nickel silicide on a (100) Si wafer [78].

The sample with Ni contact pads on the Si substrate was annealed at 500°C in forming gas (H,+N,) for 1

minute. The contact behavior was measured again and the /-V curve is shown in Figure 3.15.

Current (mA)

v T v :
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Figure 3.15 /-V measurement for contact between two Ni pads on p-type lightly doped Si after rapid
thermal annealing at 500°C in forming gas for 1 minute.
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Compared with the measurement in Figure 3.13, the /-V curve becomes much more linear after the RTA
process. The formation of NiSi during the annealing reduces the energy barrier between Ni and Si,
making the contact much more Ohmic. It can be found in Figure 3.13 and Figure 3.15 that the total

resistance has been reduced by more than one order of magnitude.

> Bottom contact material

The bottom contact metal was deposited on the backside of the Si substrate. For the epitaxial Si wafer
used in the sensor fabrication process, the backside of the Si substrate is p-type heavily doped (see Table
2). The resistivity is p=0.01-0.02 ohm-cm. It can be calculated from an online resistivity & mobility
calculator [77] that the dopant concentration is approximately N,=5x10"® cm™. Such a high doping level
makes it easy for carriers to tunnel through the energy barrier between the Si substrate and metals,

resulting in Ohmic behavior.

A Cr/Au bilayer was used to make the bottom contact. Cr was deposited between the Si substrate and the
Au layer to enhance adhesion. The thickness of the Cr/Au bilayer was 10 nm/100 nm. A contact test was
also done with Cr/Au as two contact pads on p-type heavily doped Si. The /-V curve indicates good

Ohmic contact (as shown in Figure 3.16):
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Figure 3.16 -V measurement for contact between two Cr/Au pads on p-type heavily doped Si. The
linear /-F relationship is consistent with the theory that heavily doped Si forms good Ohmic contact with

metal.

In conclusion, by conducting the contact tests, it was found that Au or Ni can be used as top contact
materials and a Cr/Au bilayer can be used as the bottom contact material to obtain Ohmic contacts
between the Si wafer and the metal electrodes. For Ni, a rapid thermal annealing process is necessary to

cause formation of NiSi.

3.4 Top electrical contact fabrication

3.4.1 Overview

The major challenge in making electrical contacts to vertically aligned SINW sensors is in making the top

electrical contact. The metal electrode needs to be in contact with the upper part of the SINW array
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without touching the other ends of the SINWs or the substrate. A number of approaches have been
explored to make reliable top electrical contacts. The most common approach involves using a polymer as

a sacrificial layer for suspended metal electrode deposition [39, 41, 79]. A typically procedure is shown in

Figure 3.17 [79]:

Figure 3.17 Schematic and real images of the fabrication of ZnO NRA sensors [79].

Typically, a polymer is filled into the nanowire gaps by spin coating to embed the nanowire array in the
polymer. Plasma etching is then performed to etch back the polymer and reveal the nanowire tips.

Subsequently, a metal layer is deposited on the exposed tips by sputtering or thermal evaporation to form
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contacts with the nanowire array. Finally, the polymer is removed, forming an air-bridged top electrical

contact.

However, this approach has many drawbacks. First, it is challenging to embed the nanowire arrays well
inside polymers, especially when the wire spacing in the array is small. The small gaps in dense nanowire
arrays make it difficult for the polymer to fill the gaps well. If the polymer layer is suspended in some of
the nanowire areas and has a small thickness, it might be etched completely during the subsequent plasma
etching process. The metal deposition step will then cause a short-circuit of the device. Second, if the
nanowire heights are non-uniform, uniform coating with polymers is even more difficult. Finally, the
polymer may not be removed completely and the residuc will contaminate the nanowire surfaces, and

affect their sensor functionality.

Due to the reasons mentioned above, a few researchers have explored alternative approaches to construct
top electrical contacts. Han et al. developed a technique to directly form suspended layer of polystyrene
on the upper part of vertical SINWs by bringing an aluminum foil with spin-coated polystyrene into
contact with the nanowire surface and heating to its glass transition temperature.[40] However, the
variation of polystyrenc thickness makes it very challenging to just cover the upper part of SINWs. The
nanowire height is usually less than 10 pm while the roughness of the polystyrene after heating is very
likely to exceed the nanowire height. In this case, those nanowires which arc entirely embedded in the
polystyrene matrix will not be utilized. It is therefore expected that the uniformity of the top contact will
not be very good. Koto et al. developed a process based on sacrificial layer deposition and chemical

mechanical polishing (CMP) to make top contact [80], as shown in Figure 3.18.
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Figure 3.18 Schematic of vertical Germanium nanowire fabrication process [80].

However, this process involves complicated processes such as CMP for planarization, PECVD of SiO, as
the sacrificial layer and sacrificial layer removal. Therefore new approaches for constructing

mechanically reliable and electrically Ohmic top contacts are needed.

3.4.2 Tilted electron beam evaporation for top contact

To overcome the limitations of existing approaches for the fabrication of top electrical contact to
vertically aligned nanowires, a new technique has been developed in this study. Tilted electron beam
evaporation was used to deposit metal film on the uppermost part of SINW tips to directly form a

suspended top contact. A schematic is shown in Figure 3.19.
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Figure 3.19 Schematic of tilted electron beam evaporation for making a top contact.

As shown in Figure 3.19, metal is deposited onto the SINW sample at an angle 6 in an electron beam
evaporator. A shadow mask is placed just above the sample to pattern the top contact area. In this way,
metals can be deposited and accumulated on the SINW tips without going down to the substrate due to the
shadowing effect. The tilted evaporation is realized using a custom-built rotating plate shown in Figure

3.20.
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Figure 3.20 A custom-built rotating plate for tilted ebeam evaporation.

During evaporation, the sample is placed on the transparent circular plate, which can be tilted at an angle
with respect to the evaporant source. The rotating plate can also rotate during the evaporation process
driven by an electric motor to ensure conformal metal coverage over the top contact area. This device is

run on a battery, which is also placed inside the chamber of the electron beam evaporator.

A two-step deposition process was developed for tilted electron beam evaporation. After fabrication of
wires-in-trench structures using interference lithography, as shown in Figure 2.13, the sample was dipped
in diluted HF solution (1:50 in deionized water) for 10 seconds to remove the native oxide on the surface

of the SINWs to ensure good Ohmic contact between the SINWs and the metal film.

Au was first used as the top contact material. After attaching the SINW sample onto the rotating plate
using double-sided adhesive tape, the rotating plate was put inside the electron beam evaporator

immediately after the HF dip. The rotating plate was tilted at an angle of 60° with respect to the metal
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source. A shadow mask with a 4 mm x 4 mm opening was put on the sample for contact patterning. 800
nm Au films were then deposited onto the sample at a rate of about 1A/s. A scanning electron microscopy

(SEM) micrograph of a cross-section of a sample are shown in Figure 3.21.

Figure 3.21 SEM micrographs of a 800 nm Au film deposited at an angle of 60° with respect to the

sample normal: (a) cross-section of the SINW array (b) top view of the large top contact area.

65



A second evaporation step was performed in order to completely seal the top Au film. 300 nm Au was
deposited onto the sample at normal incidence with respect to the sample through the same shadow mask
used in the first tilted evaporation step. After this second deposition, the suspended Au film became

continuous, as shown in Figure 3.21.

Figure 3.22 SEM micrographs of an Au film after a two- step ebeam evaporation process: (a) cross-

section of SINW array; (b) top view of the large top contact area.
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As the SEM micrographs show, the Au film was fully sealed to form a continuous film suspended on the

top of the SINW arrays. The final Au film thickness was about 700~800 nm.

In addition to Au, Ni was also tested as the top contact material, following the same tilted evaporation
process for Au described above. SEM micrographs of the Ni top contact after the two-step electron beam

evaporation are shown in Figure 3.23.
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Figure 3.23 SEM micrographs of a Ni film after a two-step ebeam evaporation process: (a) cross-section

of SINW array; (b) top view of the large top contact area.

3.5 Bottom contact and wire bonding

After the construction of the top contact using the tilted electron beam evaporation approach, the bottom
contact was made by depositing a bilayer of Cr and Au. The role of the Cr layers was to enhance the
adhesion between the Si backside and the Au contact. The contact test results show that such as bilayer

will form a good Ohmic contact with the heavily doped Si substrate.

The sample was dipped in a diluted HF solution for 10 seconds for surface oxide removal. A 10 nm Cr
layer was then deposited onto the backside of the epitaxial Si sample using electron beam evaporation
with a deposition rate of 0.1 A/s. A 100 nm Au second layer was then deposited immediately after the Cr
layer deposition with a deposition rate of 14/s (without breaking vacuum) by rotating the deposition

material inside the ebeam evaporator.

After fabrication of the top and bottom contacts, the sample was mounted on a Leadless Chip Carrier
(LCC) or TO Headers (Spectrum Semiconductor materials, Inc.) with a double-sided conductive carbon
tape. The top contact metal film was connected to the chip carrier using silver conductive epoxy (Ted
Pella, Inc.). A small amount of silver epoxy was deposited onto the top contact film and a thin electrical
wire was immersed in the epoxy before it hardened. A schematic of the sensor device is shown in Figure

3.24.
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SiINWSs (d: 250 nm, h: 5 ym)

Au top contact
(thickness: 1 um)

Lightly doped (p type) epi layer
(thickness: 7.5 ym)

Heavily doped (p type) Si substrate
(thickness: 500 pm)

.
\\\ Cr adhesion layer (thickness: 10nm)

\ Au (thickness: 200 nm)

Figure 3.24 Schematic of the fabricated SINW field effect sensor.

Sensor devices were made with different chip carriers as shown in Figure 3.25:

Figure 3.25 Picture of the fabricated sensor device with (a) an LCC chip carrier; (b) a TO Headers chip

carrier.
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3.6 Device electrical characterization

After the sensor device fabrication, the current (I) — voltage (V) characteristic of the sensor device was
measured using a probe station. The two probes were landed on the pads connected to the top and bottom
contact of the sensor device. Figure 3.26 shows the I- V characteristics measured from a fabricated

device with Au as the top contact material.

0.03 T v T ¥ T o T ¥ T

0.02 4 -

0.01 -

0.00 = : i E

Current (A)

-0.01 4 : -

-0.02 e

-0.03

-1.0 -0.5 00 05 1.0
Voltage (V)

Figure 3.26 -V curve of a fabricated sensor device with Au contact top contact.

The voltage was swept from -0.1V to 0.1V and the current was recorded. The linear I- V curve shown in
Figure 3.26 clearly shows the Ohmic characteristic of the electrical contact between the SINW array and

the top and bottom electrodes. This is consistent with the previous contact tests described in section 3.3.
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Chapter 4 Silicon Nanowire FETs for Gas Sensing

4.1 Measurement setup

In order to demonstrate the sensing performance of the fabricated SINW sensor devices, a sensing
measurement setup was built for gas sensing. Figure 4.1 represents a schematic of the sensing

characterization system:

Sensor
MFC device
. MFC ? == exhaust
il
—— MFC |
é --—.———-‘a
Semiconductor
| analyzer
Gas|  |Gas Air
Sk 2

Figure 4.1 Schematic of gas sensing characterization setup.

Gas tanks with target analyte gases were connected to Mass Flow Controllers (MFC) which were used to
control the flow rate of the gas. The sensor device with TO Headers chip carriers was inserted in a device
holder (Figure 4.2 (a)) and placed into a transparent plastic tube (Figure 4.2 (b)). The two pins were
connected to the top and bottom contacts of the sensor device. The size of the tube was about 10 cm x 3
cm x 2 cm. Analyte gases flowed through the tube where they were absorbed onto the SINW surfaces.

The sensor device was electrically connected to a Solartron impedance analyzer (Solartron analytical.,
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Inc.). The MFCs were programmed using a Labview interface (Figure 4.2 (c)). The sensing setup was in

a fume hood for safety considerations.

C iDocumerts and Settings|
st Tk 42011011730 .

Figure 4.2 Photos of the gas sensing equipment: (a) sensor device inserted in device holder; (b) plastic

tube with sensor device inside; (¢) Labview interface for MFC control.

4.2  Gas sensing results

As explained in section 4.1, reducing gases such as hydrogen absorbed on the SiINW surface can lead to

an increase of the SINW resistivity while oxidizing gases like oxygen have the opposite effect. To test the
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performance of our sensor devices, sensing measurements were performed with the setup shown in
Figure 4.1, using different gases including hydrogen, oxygen, ammonia and nitrogen dioxide gases as
target gases at room temperature. Gases were connected to the tube through three MFCs. A built-in
program CorrView in a Solartron impedance analyzer was used to monitor the resistance of the sensor
device. A constant voltage of ¥=0.1V was applied between the two pins of the device, which were
connected to the top and bottom electrodes of the sensor device. The current of the closed circuit was
recorded using the impedance analyzer at a sample rate of 5 Hz. Therefore the resistance can be
calculated and plotted directly from the measured current without any filtering or smoothing data

processing steps. All the sensing measurements were carried out at room temperature.

4.2.1 Hydrogen and oxygen detection
Hydrogen and oxygen gases were first tested as target gases to demonstrate the sensing performance of

the devices.

a. Hydrogen sensing

Initially the device was sitting in the plastic tube in an air ambicnt. At time # =120 s, pure hydrogen gas
flowed into the system with a flow rate of 100 sccm (standard cubic centimeters per minute). The total

measuring time was 30 min. The resistance response to H, is plotted in Figure 4.3.
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Figure 4.3 Electrical response of the SINW field effect gas sensors to H, gas.

As shown in Figure 4.3, the device resistance increased immediately when exposed to H, after a few

seconds. Then the resistance reached a saturation point after exposure to the hydrogen gas for 3 minutes.

To test the repeatability of the hydrogen sensing result, a number of sensing cycles were conducted
including an air test as the control experiment. The sensor response is plotted as the normalized resistance
change, which is defined as the change in resistance divided by the initial baseline resistance (AR/Ry).

The normalized resistance change is plotted in Figure 4.4.
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Figure 4.4 Normalized resistance change of SINW field effect sensors for air test and multiple H, gas

sensing cycles.

First, an air test was performed to eliminate possible resistance change induced by the air gas. For the air
test, the sensor device was initially in an air ambient. At time # =120 s, air was sent into the tube with a
flow rate of 100 sccm. As the air test curve shows, the resistance of the device almost did not change.
Subsequently, six H, gas sensing cycles were performed. For each cycle, pure H, gas flowed into the tube
with the same flow rate (100 sccm) after time £ =120 s. Between each cycle, the device was heated on a
hotplate at 200 °C for 10 minutes and then cooled down to room temperature for 15 minutes. This heating
process was used to accelerate the gas desorption process so that the device could return to the initial
baseline resistance quickly after a sensing cycle. The curves in Figure 4.4 clearly show that the sensing
response to H, gas was repeatable, indicating good stability of the sensor device. The resistance increased
instantly after H, gas was turned on and it reached saturation after exposing to H, gas for about 3 minutes.
The normalized resistance change at saturation level is about 60%~80%. The resistance dropped a little
bit after reaching the maximum point. Similar overshooting behaviors are also reported in other gas
sensing experiments reported by Pehrsson ef a/ [81].This overshooting phenomenon in resistance is
considered to be the result of the competition between diffusion and reaction of the gas molecules at the

nanowire surface under non-steady state conditions [82].

75



(b) Oxygen sensing

The same sensing experiments were done using oxygen as the target gas. Pure oxygen gas was turned on
at t =120 s with a flow rate of 100 sccm. As expected, oxygen exposure led to very quick decrease of the
sensor’s resistance and it reached saturation after about 6 minutes, which was just the opposite to

hydrogen sensing. The normalize resistance change AR/R, is about 15%. A typical electrical response of

a sensing test to oxygen gas is shown in Figure 4.5.
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Figure 4.5 Electrical response of the SINW field effect gas sensors to O, gas.

Similar to the cycle tests in the hydrogen case, multiple sensing cycles were conducted including an air
test. The sensors also went through the same heating and cooling processes as described in H. gas sensing.

Figure 4.6 presents the electrical response of the sensor device to air and O. gas.
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Figure 4.6 Normalized resistance change of SINW field effect sensors for air test and multiple O, gas

sensing cycles.

As shown in Figure 4.6, almost all the curves reached saturation after exposure to O, gas for 8 minutes.
The largest normalized resistance change is about 22% at ¢ =10 min. For the total 6 cycles, the range of
maximum normalized resistance change is about 11% to 22%. As we can see, the sensitivity has roughly
a decreasing trend from cycle 1 to cycle 6. This degradation might be the result of the thickening of the
oxide layer during the heating process. Further material characterization (such as transmission electron

microscopy) can be done to evaluate the change in the nanowire structures.

To compare the different response to H, and O, gases, the normalized resistance change can be plotted
using two typical sensing data shown in Figure 4.3 and Figure 4.5. The comparison is shown in Figure
4.7. It clearly shows different trends of resistance change when the sensor device is exposed to hydrogen
or oxygen gas. The electrical responses are consistent with the electron donating properties of H; and
electron withdrawing properties of O,. The normalized resistance changes for H, and O, at saturation

levels are 70% and 16%, respectively.
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Figure 4.7 Comparison of typical electrical response to H, and O2 sensing.

4.2.2 Ammonia and nitrogen dioxide detection

To evaluate the sensing capabilities of our silicon nanowire sensors, the devices were also tested when
exposed to low concentrations of ammonia (NH;) and nitrogen dioxide (NO,). Ammonia and nitrogen
dioxide are hazardous gases and common air pollutants. Ammonia contributes to several important
environmental problems, including toxic effects on vegetation [83], atmospheric visibility [84] and
transformation into components of PM 2.5 [85]. As for nitrogen dioxide, it is a well-known by-product
from combustion or automobile exhaust emissions. It is also hazardous to the environment and human
beings, especially for the formation of acid rain. Therefore the detection of these gases has important

applications for pollution monitoring [86].

NH; and NO, gases at low concentrations were detected using the fabricated silicon nanowire field effect
sensor devices. Initially the device was in a dry air ambient where the resistance almost did not change.
At time 1 =300 s, 10 ppm (parts-per-million) NH; and NO, gases in air flowed into the tube with a flow

rate of 100 scem. The resistance of the sensor device increased (decreased) upon exposure to the NH;
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(NO:) gas, which was similar to the H; (O,) sensing, as shown in Figure 4.8. The different responses to
10 ppm NH; and NO, gases demonstrate the capability of the fabricated sensor to detect low
concentrations of these gases in air. However, the sensing speed was much slower than the hydrogen and
oxygen sensing. After 1 hour, both curves still did not reach saturation. The normalized resistance

changes at =1 h for 10 ppm NH; and NO, are 33% and 15%, respectively.
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Figure 4.8 Normalized resistance change to 100 ppm NH; and NO, gases.

4.2.3 Periodic sensing results
To test the rate of recovery of the fabricated sensors, periodic gas sensing experiments were conducted for

different gases.

H, and O, were first tested as target gases. Figure 4.9 and Figure 4.10 present typical electrical responses
of the fabricated SINW sensor to periodic exposures to pure H, and O, gases at room temperature,
respectively. The sensor was in an air ambient in the first 20 minutes, then the analyte gas was turned on
(with a flow rate of 100 scem) and off periodically, with intervals of 1 hour for both the on and off status.
It can be observed that both the resistance increased (decreased) instantly when the H, (O-) gas was

turned on for the first time and subsequently reached a saturation level. However, in the following gas-off
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period, there was only a small fluctuation of resistance for H,. For O,, no obvious resistance changes were
observed when O, was turned off. No signs of recovery were observed during later cyclic gas on and off

periods.
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Figure 4.9 Electrical response to periodic switches of Ha gas at room temperature; H2 exposure interval
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Figure 4.9 and Figure 4.10 indicate poor recovery capabilities of the sensors. For further confirmation,
similar periodic sensing tests were done for NH; and NO, gases by replacing the analyte gases to 10 ppm
NHj; and NO,. The electrical responses are shown in Figure 4.11 and Figure 4.12. For 10 ppm NH;, the
resistance increased slowly after exposure to NH; and reached saturation after about 4 hours. However,
the periodic switches of analyte gas had little influence on the resistance of the device (Figure 4.9).
Similar result was obtained for 10 ppm NO,. The resistance kept decreasing after exposure to the NO, gas

for the first time.
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Figure 4.11 Electrical response to periodic switches of NH; gas at room temperature; NH3 exposure

interval = 1 h.
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4.3 Discussion and conclusion

In this Chapter gas sensing results were presented using the fabricated silicon nanowire field effect gas

sensors. Both reducing and oxidizing gases have been tested at room temperature.

First, the sensor successfully exhibited different resistance changes upon exposure to both oxidizing and
reducing analyte gases, which have electron donating and withdrawing properties. For pure H, and O,
gases, the maximum normalized resistance changes are 80% and 22%, respectively. The time for
saturation is about 3-5 minutes. Good repeatability has also been demonstrated by multiple cycle sensing
tests. 10 ppm NH; and NO, gases balanced in air were also tested. 33% and 15% normalized resistance
changes were observed after exposure to 10 ppm NH; and NO, for 1 hour. However, the device did not
reach saturation within 1 hour. Periodic sensing measurements were conducted to test the recovery
capability of the sensor devices. Nevertheless, no recovery was observed when analyte gases were turned

off for 1 hour.
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Similar studies can be found in the literature. Han ef al. fabricated gas sensors based on vertical silicon

nanowire arrays by using an air-bridged top electrical contact [40]. Figure 4.13 shows their sensing

results for H, and O,.
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Figure 4.13 Electrical responses of vertical SINW array-based sensor to periodic switches of (a) oxygen
and (b) hydrogen gases at room temperature [40].

As shown in Figure 4.13, the calculated normalized resistance changes are 35% for oxygen and 20% for
hydrogen. In comparison, our sensors exhibit similar sensitivity for oxygen sensing (22%) and much
higher sensitivity for hydrogen sensing (80%). If the metric of sensitivity per unit chip area is used, our
device shows better performance. The chip area of the sensor reported by Han et al. is about 10 mm x 10

mm while our device has an area of 7 mm x 7 mm. This comparison is listed below in Table 4.1.

Sensors Ours Han et al.
Sensitivity to H, 80% 20%

Sensitivity to H,/chip size 163.3% /cm’ ~20% / cm’
Sensitivity to O, 22% ~35%

Sensitivity to O,/chip size 44.9% /cm’ ~35% /cm’

Table 4.1 Comparison of sensitivity per unit chip area to H, and O, between the sensor presented in this
thesis and that reported by Han et al.

It can be found that our device exhibits higher sensitivity per unit chip area for both H, and O,. A careful

comparison of our device and the reported work is listed in Table 4.2.
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Substrate . . SiNW SiNW SiNW

Sensors doping SiNW doping diameter length density Contacts

. -type, . Ni, top

Presented in P-typ p-type, lightly 6x10° s

this thesis heavily doped 250 nm 3 pm NW/cm? b"“"?“’

doped ohmic

p-type, ~ . 10 Au, top

Han, et al. lightly p-type, lightly 50 nm 8 pm 10 2 bottom,

doped NW/cm .
doped ohmic

Table 4.2 Comparison of parameters of sensor device presented in this thesis and by Han ez al.

As Table 4.2 shows, the sensor device presented in this study differ from that by Han ef al. mainly in the
SINW geometry, density and substrate doping. The smaller SINW diameter and higher SINW density of
their sensors are supposed to contribute to higher sensitivity. Therefore, the higher sensitivity of our
device for hydrogen sensing is mainly attributable to the low substrate resistance in our design. As

discussed in section 3.2, the use of epitaxial Si wafer greatly decreases the substrate resistance.

A distinct difference in the behavior of our devices from the behavior reported by Han et al. is the
response time and recovery time (defined as the time required to reach 90% of the final equilibrium
value). The response time and recovery time of their device is claimed to be about 5 s. However, our

device has a response time of about 3-5 min and no recovery has been observed within one hour.

The slow sensing speed and poor recovery of our device is believed to be the result of two possible

reasons: the solid electrode and the nanowire temperature.

First, the solid top electrode hinders the gas adsorption and desorption processes. Because the top
electrode is not porous, analyte gases can only diffuse from the periphery of the nanowire array into the
closely arranged network of nanowires forest in order to interact with individual nanowires. As the
diffusion distance from the top contact is ~ 700 nm (the top contact layer thickness) and ~2 mm from the
side, this solid top electrode is supposed to significantly delays the gas adsorption and desorption process
compared to a porous top electrode. This argument is supported by a study of vertical silicon nanowire
gas sensor with a porous top electrode by Pehrsson et al. [39]. They fabricated the periodically porous top
electrodes by using a nanosphere-enabled metal deposition method. Sensors with a porous top electrode
and solid top electrode which were identical in all other aspects were tested and compared. The electrical

responses to 500 ppb (parts-per-billion) NH; are shown in Figure 4.14.
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Figure 4.14 Porous top electrode sensor (black) and solid electrode sensor (red) responses to 500 ppb of
NH; at ~30% RH [87].

As Figure 4.14 shows, the sensors with a porous top electrode reached the saturation level in
approximately 6 min. In comparison, the sensor with a solid electrode, which was similar to our device,
required almost 1 h to reach saturation (data not shown). This difference indicates that the solid top
electrode significantly delays detection response. Moreover, it is likely to be the reason that no recovery
was observed after analyte gases were turned off after 1 h. Similar studies about gas desorption and
recovery were also investigated by Pehrsson ef a/. [81]. It was found that even for sensors with a porous
top electrode, the sensor needed 1h of clean air exposure to partially desorb the analyte from the nanowire

surfaces at 40 °C. This may explain why our device has poor recovery capabilities.

Another possible reason is the nanowire temperature during measurement. The Joule heating effect will
heat the nanowire at a higher temperature than room temperature. In this study, the gas sensing
measurement is done by applying a constant 0.1 V voltage. The power of the Joule heating is about

Uz _o.

L UE B = e
P=L =20 = 25x1075W =25 uW 4.1)

So the Joule heating power is very small in this study. However, if a larger voltage is applied, the heating
power can be large enough to increase the temperature of the wires. The temperature has a significant

influence on the response time and recovery time, which has also been demonstrated by the heating
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process in the cycle tests shown in Figure 4.4 and Figure 4.6. It might be possible that the gas sensing
experiments reported by Han et al. was conducted with a higher Joule heating power therefore higher

temperature of the nanowires.

The NH; and NO, sensing results can also be compared to similar studies by Pehrsson et al. [81]. The
response to NH; and NO, at various concentrations for a vertically aligned silicon nanowire-based sensor

with a porous electrode is shown in Figure 4.15.
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Figure 4.15 Response to ammonia and nitrogen dioxide at various concentrations for an ordered,

vertically aligned silicon nanowire-based sensor with a porous electrode [81].

Their sensors reached saturation in 10 min for 10 ppm NH;, with a normalized resistance change of 56%.
Our sensing results in Figure 4.11 shows that the normalized resistance change at saturation level is about
55%, despite the fact that it took hours for our sensor to reach saturation. If we take into account the chip

size to calculate the sensitivity per unit chip area, the comparison is as shown below in Table 4.3.

Sensor Sensntnw;yl;o 19 pom Chip size Sensitivity/chip size
3
Ours 55% 7mmx7mm 112.2% /em’
Pehrsson et al. 56% 25mmx25mm 8.95% /cm’

Table 4.3 Comparison of sensitivity to 10 ppm ammonia and chip size of our fabricated device with that

reported by Pehrsson ef al.
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By comparison, it can be found that our device exhibits much higher (about one order of magnitude
higher) sensitivity per unit chip area. Although they did not test 10 ppm NO,, it is promising that our
sensor may also have larger sensitivity per unit chip area since our chip size is about 10 times smaller

than theirs.

The detailed sensor parameters of our device and that reported by Pehrsson ef al. are shown in Table 4.4.

Substrate . . SiNW SiNW SINW
Sensors doping SiNW doping diameter length density Contacts
. p-type, . 8 Ni, top
Presented in . p-type, lightly 6x10
this thesis heavily doped 250 nm 3 pm NW/cm? bo“"?n’
doped ohmic
p-type, i . ~ 8 Au, top
Pehrsson et al. lightly p-type, lightly 200 nm 4 um 6x10 2 bottom,
doped NW/em .
doped ohmic

Table 4.4 Comparison of parameters of sensor device presented in this thesis and by Pehrsson et al.

From Table 4.4 it can be found that a major difference is the low substrate resistance our sensor has. This
is likely to be the reason for much higher sensitivity per unit chip area. High sensitivity per unit chip area
is an important metric for sensors as their size is scaling down to centimeters or even millimeters. It is
essential to achieve high sensitivity using minimum chip areas, especially for commercialization and

miniaturization of such devices.

In summary, the various sensing experiments have demonstrated the highest sensitivity per unit chip area
for H,, O, and 10 ppm NH; gas, among other vertically aligned silicon nanowire based gas sensors in the
literature. Problems of the current sensor devices lie in the slow response for detection and inability to
recover without heating. These problems are likely to be caused by two possible reasons: the solid top
electrode and the Joulc heating effect. A porous top electrode might facilitate the gas adsorption and
desorption processes. The Joule heating effect during resistance measurement can increase the

temperature of the nanowires therefore accelerate the response and recovery proccsses.
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Chapter 5 Summary and Outlook

5.1 Summary

Over the last decades, there has been a considerable amount of work on nanowire-based gas sensors to
fabricate sensors with high sensitivity, selectivity, stability and sensing speed. Although planar silicon
nanowire based sensors have been studied and developed extensively, there have been far less studies of
sensors based on vertically aligned highly ordered nanowires. Vertically aligned silicon nanowire array
based sensors are preferable for a number of reasons, including much higher utilization of sensing area,

high integration density of nanowires to electrodes, etc.

In the present study, metal assisted chemical etching was used to controllably fabricate vertically aligned
silicon nanowires in trenches and these wire arrays were used to fabricate field effect gas sensors. Highly
ordered large-area arrays of silicon nanowires were fabricated using both nanosphere lithography and
interference lithography. The fabrication of patterned silicon nanowire arrays in trenches was
demonstrated using photolithography and interference lithography. The flexibility of this fabrication

method makes it ideal for fabrication of nanowire structures for gas sensing applications.

The effects of various sensor parameters on sensing performance, cspecially sensitivity, have been
analyzed. Based on this investigation, a number of design considerations have been taken into account
during the design and fabrication of the sensors. A new tilted electron beam evaporation approach was
employed to deposit patterned metal on the upper part of the nanowire array, to serve as the suspended
top contact. Contact materials were tested and selected for ohmic contact formation, a heavily doped
wafer with a lightly doped epitaxial layer was used for low serial resistance and silver ecpoxy was used for
wire bonding. The electrical characterization results showed the sensor devices had good ohmic contacts

with high repeatability.

88



The sensing behavior of the silicon nanowire sensor devices was tested with a gas flow system setup.
Highly sensitive detection of hydrogen, oxygen and 10 ppm ammonia and nitrogen dioxide gases has
becn demonstrated. The sensors have exhibited the highest sensitivity per unit chip area for hydrogen,
oxygen and 10 ppm NHj; gases, among other vertically aligned silicon nanowire based gas sensors
reported. However, slow response for detection and the inability of recovery remain problems for the
current scnsors. These problems are likely to be caused by the solid top clectrode, which significantly

delays the gas adsorption and desorption processes.

5.2 Future work

In this section, some future research efforts are described in order to further advance our understanding of

the gas sensing process and improve the sensing performance of the gas sensors,

(a) Surface trecatment of SINWs

In this research, the sensor devices were fabricated without any further treatment or modification of the
silicon nanowire surfaces. The sensing mechanism is merely based on the adsorption of electron donating
or withdrawing properties of analyte gases. However, it would be very interesting to look into the surfacc
treatment of SINWs. Many materials are more suitable for gas sensors in terms of sensitivity and stability
compared to silicon. For sensitivity, many semiconducting metal oxides (such as TiO,, ZnO) and other
wide bandgap materials have the ability to detect extremely low concentrations of analytes [88] and can
have much larger resistance changes (cven orders of magnitude). In particular, TiO, is widely used for gas
sensors, both in the form of thin films [89] or nanowires [90]. However, it is worth noting that TiO,

coated nanowire scnsors arc typically operated at temperatures ranging between 200-350 °C [90].
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Moreover, a very big problem for silicon is surface oxidation. In comparison, metal oxide materials do
not have such problems. Therefore it is promising to deposit other materials such as TiO, on SINW
scaffolds using Atomic Layer Deposition (ALD). The high aspect ratio structure and high nanowire
surface area per substrate arca of the SINW scaffold can be taken advantage of and the functional layer on
the SINW surfaces can offer more flexibility in choosing the sensing materials. Surface modification is

also crucial for selective sensing.

(b) Improving the sensing speed and recovery capabilities

In order to improve the gas sensing speed, the top electrode cam be made porous instead of a continuous
suspended layer. In the existing device in this research, the top contact layer was continuous. A porous
top electrode makes it easy for the analyte to directly reach the nanowires. A porous top electrode is also
crucial to realize fast recovery since the gas desorption process is also significantly facilitated. The
improvement can be made by using a perforated shadow mask during the tilted ebeam evaporation
process. For example, a shadow mask can be designed with 100 pm-sized holes. When this mask is used
during the tilted ebeam evaporation process, a perforated metal film will be deposited onto the top of the
nanowire arrays. It is very promising that this change is supposed to solve the recovery problem the

current sensors have and it should also increase the sensing speed upon exposure to analyte gases.

Another approach to increase sensing speed is to pattern the silicon nanowire arrays with channels for gas
flow. During the step (d) in Figure 2.12, the ARC nanopillars can be patterned in certain distributed areas
separated by gas or liquid flow channels. This can help deliver the analyte gases much easily to the

nanowire sensing areas. In this way, the response time and recovery time might be reduced significantly.

(¢) Self-heating effect of silicon nanowires
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In this study, the sensor was operated at room temperature with a constant DC voltage ¥=0.1V applicd for
measurement. However, the adsorption and desorption of gases occur faster at an elevated temperature
due to higher kinetic energy. The operational temperature can be changed by utilize the Joule heating
effect of silicon nanowires. The applied voltage for measurement can be tuned to change the temperature
of the silicon nanowire arrays. By increasing the sensing temperature, this self-heating effect of silicon
nanowires can be used for improving the response speed and achieving fast recovery. This Joule heating
effect has been utilized on a Palladium nanowire sensor to accelerate response and recovery to hydrogen

gas sensing [91].

Self-heating effect can also be potentially used to selectively modify the nanowire surface by generating a
localized heat to produce chemical reactions on nanowires [92]. This local surface modification can be
very useful for selective sensing. For example, different nanowire areas (or channels) can be modified

locally by different functional groups to achieve multiplexed detection on a single device.
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